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RIGHT-ANGLED BILLIARDS
AND VOLUMES OF MODULI SPACES
OF QUADRATIC DIFFERENTIALS ON CP*

BY Javyapev S. ATHREYA, ALex ESKIN AND ANTON ZORICH
WITH AN APPENDIX BY JoN CHAIKA

ABSTRACT. — We use the relation between the volumes of the strata of meromorphic quadratic
differentials with at most simple poles on CP! and counting functions of the number of (bands of)
simple closed geodesics in associated flat metrics with singularities to prove a very explicit formula for
the volume of each such stratum conjectured by M. Kontsevich a decade ago.

Applying ergodic techniques to the Teichmiiller geodesic flow we obtain quadratic asymptotics for
the number of (bands of) closed trajectories and for the number of generalized diagonals in almost all
right-angled billiards.

REsuME. — Nous utilisons le lien entre les volumes des strates de différentielles méromorphes
quadratiques avec des poles simples sur CP! et les fonctions de comptage du nombre de (cylindres
de) géodésiques fermées simples pour la métrique plate associée afin de démontrer une formule tres
explicite pour le volume des strates, conjecturée par M. Kontsevich il y a une décennie.

En appliquant des techniques ergodiques au flot géodésique de Teichmiiller nous obtenons une
asymptotique quadratique pour le nombre de (bandes de) trajectoires fermées et le nombre de diago-
nales généralisées dans presque tout billard a angles « droits ».

1. Introduction

Motivated by the study of computing asymptotics for the number of generalized diagonals
and for the number of closed billiard trajectories in right-angled polygons, we were naturally
led to questions on Masur-Veech volumes of strata of moduli spaces of quadratic differen-
tials on CP'. Our main result, explicitly computing these volumes, resolves a conjecture of
M. Kontsevich.

J.S.A. is partially supported by NSF grants DMS 1069153, NSF grants DMS 1107452, 1107263, 1107367
RNMS: GEometric structures And Representation varieties (the GEAR Network), and NSF CAREER grant DMS
1351853. A.E. is partially supported by NSF grants DMS 0244542 and DMS 0604251. A.Z. is partially supported
by IUF and by ANR “GeoDyM”..
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1312 J. ATHREYA, A. ESKIN AND A. ZORICH

1.1. Volumes of moduli spaces of quadratic differentials

THEOREM 1.1 (Kontsevich Conjecture). — The volume of any stratum Q,(dy,...,dy) of
meromorphic quadratic differentials with at most simple poles on CP* (i.e., d; € {—1; 0} UN
fori=1,...,k, ande:1 d; = —4) is equal to

(1.1) Vol @y (ds, ..., dy) = 2n* - [ v(ds)
(where all the zeroes and poles are “named”).
Here, the function v is defined on integers n greater than or equal to —1 by

(1.2) v(n) =

n+) "

nl! » |m™ whennisodd
2 when n is even

forn = -1,0,1,2,3..., and the double factorial n!! = n - (n — 2)--- is the product of all
even (respectively odd) positive integers smaller than or equal to n. By convention we set

()l =o0l=1,

which implies that
v(-1)=1 and v(0) = 2.

This formula for the volume (up to some normalization factor) was conjectured by
M. Kontsevich about ten years ago. It is much simpler than the formula for the volumes of
the strata of Abelian differentials found by A. Eskin and A. Okounkov [25].

When this paper was written, there was not a single stratum of quadratic differentials for
which the explicit volume was known, though an algorithm of computation was presented
in [26]. In addition to this work, there is some very recent progress in evaluation of volumes
of low-dimensional strata in genera different from 0. Rigorous formal methods used in [29]
(in particular, implementation of the algorithm [26]) are confirmed by independent numer-
ical experiments [12]. However, any known approach involves significant computer-assisted
computations, and is limited to volumes of strata of sufficiently small dimension, while
Theorem 1.1 provides a simple formula for all strata in genus 0.

Returning to our original motivation, we obtain as an important application of Theo-
rem 1.1 asymptotics for the number of closed trajectories and for the number of generalized
diagonals in right-angled polygons (see §1.3 below). This choice is particularly natural in the
context of this paper since we have to solve an analogous problem for quadratic differentials
and to compute the corresponding Siegel-Veech constants ¢y for the strata of quadratic
differentials in genus 0 anyway: it makes part of the proof of Theorem 1.1. This theorem also
immediately provides asymptotics for certain Hurwitz numbers, see §1.2. Another example
of applications is discussed in [14] where the values of volumes and the related Siegel-Veech
constants are used to compute Lyapunov exponents of the Hodge bundle over hyperelliptic
loci in the strata of quadratic differentials and to compute the diffusion rate for interesting
families of generalized wind-tree billiards [13].
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RIGHT-ANGLED BILLIARDS AND VOLUMES OF MODULI SPACES 1313

Strategy of the proof

We start by solving the counting problems for quadratic differentials. The Siegel-Veech
constant c,.e, responsible for the exact quadratic asymptotics of the weighted number of
bands of regular closed geodesics on almost any flat sphere in a given stratum ¢(dq, ..., d,)
of meromorphic quadratic differentials with at most simple poles on CP* was recently
computed in [16],

(1.3) Carea( Q(ds, ... dp)) = _$ ' ‘W

Jj=1
Developing techniques elaborated in [21] for the strata of Abelian differentials and using
the further results from [8] and [39] on the principal boundary of the strata of quadratic
differentials we express the Siegel-Veech constant c,,, in genus 0 in terms of the ratio of the
volumes of appropriate strata,

(1.4) Carea(@(d1, ..., dy))

__explicit polynomial in volumes of simpler strata
Vol(Q(dy,...,dy))

In this way we obtain a series of identities on the volumes of the strata of meromorphic
quadratic differentials with at most simple poles in genus zero. The resulting identities recur-
sively determine the volumes of all strata. The proof of Theorem 1.1, given in §5, consists
in verifying that the expression (1.1) for the volume satisfies the combinatorial identities
implied by (1.3) and (1.4). Part of this verification is performed in Appendix A.

REMARK 1.2 (Normalization conventions). — Note that the convention that all zeroes
and poles are “named” affects the normalization: we compute the volumes of the corre-
sponding covers over strata with “anonymous” singularities. For example, the stratum
Q(1,—15) of quadratic differentials with “anonymous” zeroes and poles is isomorphic to
the stratum 7 (2) of holomorphic Abelian differentials; by convention the volume elements
are chosen to be invariant under this isomorphism. However, by (1.1) we have

4

2
Vol Q4(1,-1%) = 272 - (1) - (v(-1))° = 272 - % 15 =5!. o5 = oF Vol 71 (2),
which corresponds to 5! ways to give names to five simple poles.
Similarly,
472 6! wt 6!
1= = = — . Vol#H(1,1).
3 2135 2 VoD
This time there is an extra factor % responsible for forgetting the names of the two zeroes

of #(1,1).

Vol @ (2, —1%) = 272 - v(2) - (v(—1))® = 272

1.2. Counting pillowcase covers

One of the ways to compute the volumes of the strata of Abelian or quadratic differentials
(actually, the only one before the current paper) is to count square-tiled surfaces or pillowcase
covers, see [25], [26], [27], [51]. In the current paper we proceed in the other direction: we first
compute volumes of the strata by an alternative method, and then, as a corollary of volume
computation, we get an explicit expression for the leading term of the function counting
associated pillowcase covers, when the degree of the cover tends to infinity.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



1314 J. ATHREYA, A. ESKIN AND A. ZORICH

Actually, we consider two different types of branched covers over the standard “pillow”.
Covers of the first type (“pillowcase covers” as in [26]) are branched not only over the four
corners of the pillow: all branching points of odd degree of a pillowcase cover in the sense
of Eskin and Okounkov project to distinct points of CP' different from the four corners.
Namely, following [26] we define a pillowcase cover of degree 4d as a ramified cover
(1.5) PP
over the pillowcase orbifold # = (C/(Z @ iZ)) /+ (as in Figure 1) with ramification data
given as follows. Let n be a partition and v a partition of an even number into odd parts.
Viewed as a map to the sphere, 7 has profile (v, 224-1*1/2) over 0 € & and profile (22¢) over
the other three corners of #. Additionally, 7 has profile (n;, 1*¢=") over £(n) given points
of # and unramified elsewhere, where £(n) is the number of parts in 5. This ramification data
determines the genus g of P by

2 — 29 = x(9) = £(n) + £(v) — |n| — |v]/2.

We consider only those ramification data for which g = g(£) in the above formula is equal
to zero,

(1.6) ) + L) = Inl = |v[/2 = 2.

Denote by Covy,(n,v) the number of inequivalent degree 4d connected covers w : # — P

H

FiGure 1. Pillowcase orbifold.

~

with ramification data (7, v).

Denote by ¢(n, v) the moduli space of quadratic differentials with singularity data {v; —2}
and {2n;—2}. Condition (1.6) guarantees that ¢)(n, v) is nonempty, and corresponds to genus
zero.

Covers of the second type are “square tiled” in the following sense.

Consider the same partitions 7, v as above and a ramified cover

Te: P =P

of the same degree 4d over the pillowcase orbifold & with ramification data given as follows:
7 has profile (2n,v,22¢711=1¥1/2) over 0 € & and profile (22¢) over the other three
corners of &. The cover 7g is unramified elsewhere. Applying the Riemann-Hurwitz formula
and using relation (1.6) we see that covers with such ramification profile again have genus
zero. The corresponding flat surface belongs to the same stratum ¢)(n, v) as before. Denote
by CovgzjlEE (n,v) the number of inequivalent degree 4d connected covers 7g : P — P with
ramification data (n, v) as above.

Theorem 1.1 and the Theorem 1.3 below provide very simple asymptotic formulae for the
Hurwitz numbers Cov{y(n, v) and Covyy (1, v).

4¢ SERIE - TOME 49 — 2016 — N° 6



RIGHT-ANGLED BILLIARDS AND VOLUMES OF MODULI SPACES 1315

THEOREM 1.3. — For any ramification data (n,v) satisfying condition (1.6) the numbers
Cov'y(n, v) and Covgf(n, v) of pillowcase covers of type (n,v) admit the following limits:
N

1 _ ooy Vol @y(n,v)
(1.7) hm | )2 ZCOV4d (n,v) =2 2 1 ) =)
VOlQl(,rh )
1. li =
(1.8) NI N2 n>+e<u> 2 ZCOVM ) = 3t + ew) - 2

where Vol Q1 (n, v) is given by Equatton (1.1).

Theorem 1.3 is proved in §B.2. Note that the more natural direct geometric approach
to the counting of pillowcase covers leads to rather involved combinatorial problems. We
present this alternative geometric approach in a separate paper [2].

REMARK 1.4. — There are several different combinatorial approaches to computing
volumes of strata, based on counting (pillowcase) covers.

For the strata of Abelian differentials, the problem is solved in [25]; see also [51] for a
more direct but much less efficient approach. Many of these combinatorial approaches can be
pushed to produce some complicated expressions for the volumes in Theorem 1.1. Currently,
the most efficient approach to calculation of volumes of strata of quadratic differentials
(independently of genus) is suggested in [26]. The exact values of volumes of all strata up
to dimension 11 are presented in [29] based on the algorithm of [26]; this result is close to
limits of current computational capacities of modern computers in manipulating huge tables
of characters. For an approach based on Kontsevich’ solution to the Witten conjecture [32]
see [2]; one more version developing ideas of Eskin and Okounkov is suggested in [45]; see
also [12] for yet another approach. Paper [29] suggests a comparison of various approaches.

However, we were not able to get the simple expressions (1.1) using any of these methods.
In fact, our proof of Theorem 1.1 is not purely combinatorial, but has analytic, geometrical
and dynamical inputs (and is motivated by consideration of Lyapunov exponents). It thus
remains a challenge to give a more direct proof of Theorem 1.1, in particular bypassing [16].

1.3. Counting trajectories of right-angled billiards

Currently it is not known whether there exists a single closed billiard trajectory in every
obtuse triangle (see [46] for some progress in this direction and for further references).
The situation with billiards in rational polygons (that is in polygons with angles which are
rational multiples of 7) is understood much better: trajectories of such billiards are related
to geometry of certain compact flat surfaces with conical singularities, which are thoroughly
studied starting with the landmark papers of H. Masur [33] and W. Veech [47]. In particular,
it is known that a billiard in any rational polygon has infinitely many closed trajectories [34]
(see also [31] for further applications), and, moreover, the number of trajectories of length at
most L is bounded between ¢; L? and ¢ L? for some 0 < ¢; < ¢y and for L large enough, see
[35] and [36].

In the current paper we study families of right-angled billiards like the ones in Figures 2
and 3. Namely, we assume that the billiard table is a topological disk endowed with a
flat metric, and that the boundary of the disk is piecewise geodesic such that the angle at

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



1316 J. ATHREYA, A. ESKIN AND A. ZORICH

every corner of the boundary is an integer multiple of 7. Note that by allowing integer
multiples k7 /2 with k& > 5, we can obtain billiard tables which may not be embeddable in
the plane (see Figure 2). In particular, we can consider helical right-angled billiards.

|

FIGURE 2. A Right-angled billiard table which is not embeddable into the plane.

We consider families of polygons sharing the same collection of interior corner angles
(gkl, Sk, ..., gkn) Actually, it will be convenient to consider a slightly larger space
Bk, ..., ky) of “directional billiards” distinguishing a billiard table IT and the same table
turned by angle ¢. The measure in the space B(ki,...,ky,) is the product measure of
Lebesgue measure arising from the side lengths and the angular measure d¢.

We count the number of generalized diagonals of bounded length in such billiards (that is,
the number of trajectories of bounded length which start in some fixed corner P; and arrive to
some fixed corner P;, see Figure 3) and the number of closed billiard trajectories of bounded
length. Note, that closed regular trajectories are never isolated in rational billiards: they
always form bands of “parallel” closed trajectories of the same length, see Figure 3. Thus,
when counting closed trajectories one actually counts the number of such bands. Sometimes,
it is natural to count the bands with a weight which registers the thickness of the band, see
e.g., Theorem 1.9 at the end of §1.3. By convention we always count non-oriented generalized
diagonals and non-oriented closed billiard trajectories.

To give an idea of the general theorems stated in detail in §2 and developed in §4, we
present the following representative results.

THEOREM 1.5. — For any right-angled billiard 11 outside of a zero measure set in any family
Bk, ..., kyn) the number N;;(II, L) of generalized diagonals of length at most L joining a pair
of fixed corners P;, P; with angles 5 has the following quadratic asymptotics as L — o0o:

1 L?
(1.9) Nij (I, L) ~ 21 area of the billiard table

Theorem 1.5 is proved in §4.11, using the theorem proved by Jon Chaika in Appendix C.

The fact that this asymptotics does not depend at all on the billiard table is at the first
glance counterintuitive. What is even more surprising is that it is universal: it is the same
not only for almost all billiard tables inside each family, but it does not vary even from one
family to another! In particular, though the shape of the two polygons of the same area in
Figure 3 is quite different, the number of trajectories of length at most L joining the right-
angle corner P; to the right-angle corner P; is approximately the same in both cases, and is

4¢ SERIE - TOME 49 — 2016 — N° 6



RIGHT-ANGLED BILLIARDS AND VOLUMES OF MODULI SPACES 1317

P, Pj P

FIGURE 3. A family B(k1,...,kn) of right-angled polygons; a band of periodic
trajectories on the left, and a generalized diagonal on the right.

approximately the same as the number of trajectories of length at most L joining two corners
of the usual rectangular billiard of the same area when L > 1.

The situation becomes more complicated when we consider other types of corners of the
billiard. Consider, for example, an L-shaped billiard table as on Figure 4. Let P, ..., P; be
the right-angle corners of the L-shaped billiard, and let P, be the corner with the interior
angle 37

Py Ps

I Py

P3 P2

FIGURE 4. L-shaped billiard.

THEOREM 1.6. — For almost any L-shaped billiard 11 the number N;y(IL, L) of generalized
diagonals of length at most L joining a fixed corner P; with angle 5 and the corner Py with angle
37” has the following quadratic asymptotics as L — oo

2 L?

(1.10) Ni(IL, L) ~ 7 area of the billiard table

The proof of this theorem also relies in part on Theorem C.1 proved by Jon Chaika in
Appendix C.

The naive intuition does not help: the angle 37” at the corner P, is three times larger than
in the previous case, while the constant in the asymptotics for the number of generalized
diagonals is four times larger than in the previous statement. Currently we have no idea how
to obtain this factor 4 without using techniques of the Teichmiiller geodesic flow, Lyapunov
exponents of the Hodge bundle, and the computation of volumes of the moduli spaces
of meromorphic quadratic differentials with at most simple poles on CP'. Theorem 1.6 is
proved in §4.9.

Using recently developed technology, one can prove weak asymptotic formulas similar to
Theorem 1.5 and Theorem 1.6 for individual billiard tables. In particular, the following holds:

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



1318 J. ATHREYA, A. ESKIN AND A. ZORICH

THEOREM 1.7. — Suppose 11 is an L-shaped billiard table as in Figure 4. Let

_ | 5Py p o [P2P]
|P1P,|’ |PyPs|’

Then,

(1) If a and b are both rational, or if there exists a non-square integer D > 0 such that
a,b € Q(\/E) and a + b = 1 (where b is the Galois conjugate of b), then there exist
constants c;; such that

L2
I area of the billiard table’

(i1) For any other L-shaped billiard table, we have the “weak asymptotic formulas”

1 L?
Nij(IL L) “~" o— - -
s ) 2w area of the billiard table

(1.11) Ny;(ILL) ~ ¢

and

2 L

7 area of the billiard table’
The meaning of the “weak asymptotic” “~" is defined in §2.2.

Niyo(II, L) “~”

In the case (i) the Siegel-Veech constants c;; for rational values of parameters a, b can be
computed by the formula due to E. Gutkin and C. Judge [30]. For i, j # 0 and a,b € Q(v/D)
the constants c¢;; are computed by M. Bainbridge, see [6, Theorem 1.5 and §14].

Proof. — Theorem 1.7 is a compilation of several different results. In case (i), the polygon
IT is a Veech polygon, which gives rise to a Teichmiiller curve, see [9], [40]. The existence of
an asymptotic formula such as (1.11) for such a situation was proved in the pioneering work

of W. Veech [48].
1% * %
U= C SL(2,R), P= C SL(2,R).
01 0 =

Let
The fact that weak asymptotic formulas such as those of part (ii) hold for any rational
billiard table follows from [23, Theorem 2.12], which uses the general invariant measure
classification theorem of [22] for the action of P on moduli space. However, to evaluate the
constant for an arbitrary L-shaped table, one also has to appeal to the explicit classification
of SL(2,R)-invariant affine submanifolds in the moduli space of Abelian differentials in
genus 2 due to C. McMullen, [41]. O

We note that asymptotic counting formulas for individual billiards are associated with
invariant measure classification theorems on the action of subgroups of SL(2, R) on (certain
subsets of) the moduli space. In particular, when a measure classification theorem for the
action of the subgroup U exists (e.g., in the case of a Teichmiiller curve), one can get a strong
asymptotic formula. Also, a measure classification theorem for the action of the subgroup P
leads to a weak asymptotic formula.

4¢ SERIE - TOME 49 — 2016 — N° 6



RIGHT-ANGLED BILLIARDS AND VOLUMES OF MODULI SPACES 1319

For other examples when a classification of invariant measures for the action of U (and
thus strong asymptotic formulas) are known see [20], [18], [10], [7]. All examples of indi-
vidual billiard tables for which the (strong) quadratic asymptotics was known are, essen-
tially, covered by several families of triangles depending on one integer parameter; by several
sporadic triangles beyond these families; by a square with a specially located barrier; and by
a family of L-shaped tables with or without a wall for special values of parameters of the
L-shaped table.

In §2.2 for each family By (ki, ..., k,) of right-angled billiards we describe all geometric
types of generalized diagonals and all closed billiard trajectories which can be found on
a billiard II outside of a zero measure set in By (ky,...,k,). For such II, and each such
geometric type we prove (strong) quadratic asymptotics for the number of associated gener-
alized diagonals (or of bands of closed billiard trajectories), and explicitly evaluate the
constant in the quadratic asymptotics.

Theorem 1.8 below illustrates an application of the general Theorem 2.5 and of the general
Theorems 4.3-4.8 to billiards more complicated than the L-shaped ones, see Figure 5.

FIGURE 5. A billiard table from the family (4™, 3™, 1™+ +4),

By B(4™,3",1m+"+4) we denote the family of right-angled billiards with m corners
with angles 27 (endpoints of the walls); n corners with interior angles 37 /2, and with the
remaining n + m + 4 corners with interior angles 7 /2.

THEOREM 1.8. — Consider two distinct corners P;, P; of a billiard II in any family
B(4™, 3", 1Y) Assume that at least one of the interior angles kiw/2 and kjm/2 is
different from /2 (i.e., k;, k; are not simultaneously equal to 1).

For almost any 11, any generalized diagonal § joining P; to P; and non parallel to a side of TI
never bounds a band of closed trajectories. No other generalized diagonal in 11 has a segment
parallel to any segment of 6. For almost any II, the number N;;(II, L) of such generalized
diagonals of length at most L has the following asymptotics as L — +o0:

L2
" area of the billiard table’

Nij(IL L) ~ c;

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



1320 J. ATHREYA, A. ESKIN AND A. ZORICH

where the constant c;; depends only on the angles k;m /2 and k;n /2 at P; and Pj correspondingly;
its value is presented in the following table:

angle|*x =X

47 |9 457 97
2 (10 64 32

3m (457 16 2
2164 37 w
m|9wr 2 1
2132 = 27

Note that the values of the constants do not depend neither on the numbers n or m of
corners, nor on the particular shape of the billiard. The proof of this theorem also relies in
part on Theorem C.1 proved by Jon Chaika in Appendix C.

We complete this section with an illustration of further counting problems where one can
apply our techniques. Let Ny, (II, L) denote the number of bands of closed periodic billiard
trajectories of length at most L counted with a weight given by the normalized area of the
band. More precisely, we count the area of overlapping domains of the band twice: the area
of the band is naively measured as the area of the associated cylinder on the flat sphere, that
is, the width of the band times the length of the closed trajectory, normalized by the areca
of the billiard table. Having measured the area of the band, we divide it by the area of the
billiard table to get the weight of the band.

THEOREM 1.9. — For any billiard T1 in any family B(ky, ..., ky) of right-angled billiards
the weighted number Nyeo(IL, L) of bands of closed billiard trajectories of length at most L
satisfies the following weak asymptotics as L — oo

Navea(IL L) © W14 k. L
aread 167 = kj 7)) area of the billiard table

For almost any billiard 11 in the same family, the asymptotics is, actually, exact:

1 (4 L?
1.12 Narea(II, L) ~ — ——k; - — .
(112 ( ) 167 o (kj kj) area of the billiard table

The weak asymptotics for all billiards follows, as before, from [23, Theorem 2.12]. The
strong asymptotics (1.12) is proved in §6.1, using Jon Chaika’s Theorem C.1 which is proved
in Appendix C. The constant in the corresponding counting function is directly related to
the Siegel-Veech area constant for the corresponding stratum of meromorphic quadratic
differentials on CP! discussed in §1.1.

1.4. Right-angled billiard tables and quadratic differentials

Given a right-angled billiard II in B(ky, ..., k,) we can glue a topological sphere from
two superposed copies of II identifying the boundaries of the two copies by isometries, see
Figure 6. By construction the resulting topological sphere is endowed with a flat metric. Note
that the metric is regular on the interior of the segments coming from the boundary of IT: one
can unfold a neighborhood of any such point into a small regular flat domain.
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RIGHT-ANGLED BILLIARDS AND VOLUMES OF MODULI SPACES 1321

F1GURE 6. Flat spheres glued from two copies of a right-angled billiard. The angle
by which the billiard table is rotated with respect to the horizontal position encodes
the “phase” of the corresponding quadratic differential. A general generalized diag-
onal in the polygon gives rise to two distinct saddle connections on the flat sphere.

However, the resulting flat metric has conical singularities with cone angles 7wk, . .., 7k,
at the points coming from the vertices of II. By construction the linear holonomy of the flat
metric with isolated singularities belongs to the group Z/2Z: the parallel transport along a
short path encircling a conical point P; brings a tangent vector ' either to itself or to —/
depending on the parity of k;.

It is known that a flat metric with isolated conical singularities and with holonomy
in Z /27 on a closed surface defines a complex structure and a meromorphic quadratic differ-
ential gwith respect to this complex structure defined up to multiplication by a scalar e*?.
Choosing a line direction +¢ at some point of the resulting flat sphere as a “horizontal”
direction we fix the scalar e*®. In an appropriate flat local coordinate z outside of the conical
points the resulting quadratic differential has the form (dz)2. A conical singularity with a
cone angle k;m corresponds to a zero of the quadratic differential of degree k; — 2, where a
“zero of degree —1” is a simple pole.

Actually, the two structures are synonymous: a meromorphic quadratic differential ¢ with
at most simple poles on a Riemann surface defines a canonical flat metric with isolated
conical singularities, with linear monodromy in Z/27Z and with a distinguished foliation by
straight lines in the flat metric (see the original papers [33] and [47] or surveys [38] and [52]).

By construction closed billiard trajectories in II are in canonical one-to-two correspon-
dence with closed regular geodesics on the associated flat sphere, and generalized diagonals
on IT are in the natural one-to-two correspondence with the saddle connections on the asso-
ciated flat sphere, see Figure 6. Thus, the two counting problems are closely related.

It is known by work of Veech [49] and of Eskin-Masur [19] that almost all flat spheres in a
given stratum ¢)(dy, . .., d,) satisfy a quadratic asymptotic formula for the number of saddle
connections. However, we cannot immediately translate this result to right-angled billiards.
An elementary count shows that the space B(ky, . . ., k) has real dimension n — 2, while the
associated stratum ¢(k; — 2, ..., k, — 2) has complex dimension n — 2. Thus, flat spheres
constructed from right-angled billiards form a subset of measure zero, and “almost all”
results for the strata are not applicable to families of billiards. This is the common difficulty
of translating results valid for flat surfaces to billiards.

In our specific case we are lucky enough to get a subspace of flat spheres “of billiard
origin” which is transversal to the unstable foliation of the Teichmiiller flow (see §3). This
allows us to apply certain techniques of hyperbolic dynamics to obtain some ergodic results
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in slightly weaker form. As a corollary we obtain the desired information on quadratic
asymptotics in the counting problems for almost all billiards. The corresponding ergodic
technique is presented in §6. A key tool we use is Theorem C.1 proved by Jon Chaika in
Appendix C.

1.5. Reader’s guide

The paper (like Caesar’s Gaul) is composed of three parts. The reader interested only in
the billiards may read only §2 (and optionally §3 and §6). The ergodic theorem we use in §6
is due to Jon Chaika, and is proved in Appendix C.

The part where we compute the volume of any stratum ¢, (dy, ..., d,) of meromorphic
quadratic differentials with at most simple poles on CP* and where we compute the Siegel-
Veech constants for these strata is independent from the rest of the paper. It is presented in
§2.1, §§3.1-3.2 and in §§4-5 (with one verification in Appendix A).

Finally, Appendix B devoted to pillowcase covers is completely independent of the rest of
the paper.

1.6. Historical remarks

The formula for the volume of the strata of quadratic differentials was guessed by
M. Kontsevich more than a decade ago. At this time Formula (1.3) related to Lyapunov
exponents was known experimentally. The Siegel-Veech constant (1.4) has especially simple
form for the strata Q(d, —19%%) of quadratic differentials with a single zero and only simple
poles on CP!. Comparing (1.3) and a version of (1.4) M. Kontsevich obtained a conjectural
formula for Vol @, (d, —19*4). Motivated by the simplicity of the resulting expression as a
function of d he stated a guess that Vol ¢;(ds, ..., dy) for any stratum in genus 0 might be
expressed as a product of the corresponding expressions for all d;.
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2. Configurations and Counting Theorems

2.1. Types of saddle connections and generalized diagonals

We distinguish the following four ways of getting generalized diagonals in a right-angled
billiard. They correspond to four types of configurations of saddle connections on a flat
sphere defined by a meromorphic quadratic differential with simple poles, see [21] and [39] for
general information on configurations of saddle connections and [8] for specific case of CP*.

L Saddle connection joining distinct singularities. — In this situation (see Figure 7) we have a
generalized diagonal joining a corner P; with the inner angle k; 5, where k; > 3, to a distinct
corner P;.

B

FIGURE 7. Type L. On the left: a generalized diagonal joining two distinct corners
of the billiard, where at least one of the two corners has inner angle at least 37"
It does not bound a band of closed trajectories. On the right: a saddle connection
on CP" joining a zero to a distinct zero (or to a pole).

The induced flat metric on CP! has an associated saddle connection of the same length
joining the zero P; to the distinct zero (or simple pole) P;.

11. Saddle connection joining a zero to itself. — This situation (see Figure 8) can happen only
when we have a corner P; with a corner angle k; 5 with k; > 4. In this case we can have a
generalized diagonal joining the corner P; to itself such that it does not bound a band of
closed regular trajectories.

P;

FiGure 8. Type II. On the left: a generalized diagonal returning to the same
corner. For this type, it does not bound closed trajectories. On the right: the corre-
sponding saddle connection joining a zero (of order at least 2) to itself.

For the induced flat metric on CP! we get a corresponding saddle connection of the same
length joining the zero P; to itself such that the total angle k;7 at the singularity P; is split
by the separatrix loop into two sectors having the angles strictly greater than .

Proposition 2.1 below implies that for almost all flat surfaces in any stratum of meromor-
phic quadratic differentials with at most simple poles on CP* each boundary component of
any maximal cylinder filled with periodic geodesics contains exactly one saddle connection.
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This implies that for such almost all flat surfaces the saddle connections of types I and IT as
above never belong to a boundary of such maximal flat cylinder. In the remaining two cases
we consider saddle connections which do bound a cylinder of closed regular flat geodesics.

III. A “pocket”. — In this situation (see Figure 9) we have a band of periodic trajectories.
The boundary of the band is composed of two generalized diagonals. The first generalized
diagonal joins a pair of corners P;, P; with inner angles 7. The length of this saddle connec-
tion is twice shorter than the length of periodic billiard trajectory in the band. The second
generalized diagonal joins a corner P; with inner angle k; 5 with k; > 3 to itself. The length
of this saddle connection is the same as the length of periodic billiard trajectory in the band.

FiGure 9. Type III. On the left: a band of closed trajectories bounded by two
generalized diagonals. One of generalized diagonals joins two distinct corners with

us

angles 7; the other returns to the same corner. On the right: the corresponding
“pocket” configuration with a cylinder bounded on one side by a saddle connection
joining two simple poles, and by a saddle connection joining a zero to itself on the
other side.

For the associated flat metric on CP! we get a cylinder filled with closed regular trajec-
tories. One of the boundary components of the cylinder degenerates to a saddle connection
joining two simple poles P;, P;. Clearly, this saddle connection is twice shorter than the
length of the periodic trajectories. The other boundary component is a saddle connection
joining the zero P; to itself. The total angle k;7 at the singularity P, is split by the separatrix
loop into two sectors, such that the sector adjacent to the cylinder has angle . The length of
this saddle connection is the same as the length of the periodic trajectories in the cylinder.

1V. A “dumbbell”. — In this last situation (see Figure 10) we again have a band of periodic
trajectories. The boundary of the band is again composed of two generalized diagonals, but
this time the first generalized diagonal joins the corner P; with inner angle k; 7 to itself,
and the second generalized diagonal joins the distinct corner P; with inner angle k; 3 to
itself. Both k;, k; are greater than or equal to 3. The length of each of these two generalized
diagonals is the same as the length of every periodic billiard trajectory in the band.

For the associated flat metric on CP! we get a cylinder filled with closed regular trajec-
tories. On each of the boundary components of the cylinder we have a saddle connection
Jjoining the zero P; (correspondingly P;) to itself. The length of each of the two saddle connec-
tions is the same as the length of the periodic trajectories in the cylinder.
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5N

FI1GURE 10. Type IV. On the left: a band of periodic trajectories, such that each of
the two bounding generalized diagonals returns to the same corner. On the right:
a “dumbbell” composed of two flat spheres joined by a cylinder. Each boundary

component of the cylinder is a saddle connection joining a zero to itself.

The following two propositions explain why we distinguish these four particular types of
configurations (see more details in §3.2 which discusses a homological interpretation of these
statements).

PROPOSITION 2.1. — Almost any flat surface S in any stratum Q(dy,...,d,) different
from the pillowcase stratum @ (—1%*) does not have a single pair of parallel saddle connections
different from the pairs involved in configurations of types I, 11,111, IV.

Proposition 2.1 is proved in §3.2. An analogous statement can be formulated for right-
angled billiards.

PROPOSITION 2.2. — For almost any right-angled billiard in any family B(k1, ..., ky) the
following property holds. Consider a pair of trajectories, where each trajectory is either a closed
regular trajectory or a generalized diagonal. Suppose that these trajectories are not parallel to
any side of the polygon. If some segment of the first trajectory is parallel to some segment of
the second trajectory, then both trajectories make part of one of configurations I-1V described
in2.1.

Proposition 2.2 mimics Proposition 7.4 in [21]; it is proved in §3.3.

Configurations of saddle connections. — In addition to the type I-1V of a saddle connection,
we may specify some extra combinatorial information, for example the indices (“names”
of all singularities involved. For saddle connections of type IV, where a cylinder is joining
two spheres, we specify not only the zeroes P; and P; at the boundary components of the
cylinder, but we also specify the subcollections P, , .. ., Py, and Pj,,... s Pj, of numbered
zeroes an poles which get to the first and to the second sphere correspondingly. We call
this information the configuration of a saddle connection (or the configuration of saddle
connections, when there are several saddle connections involved as in types I1I and IV). By
convention, the configuration of saddle connections includes its type. See also §3.2 for a

homological interpretation of a configuration of saddle connections.

Configuration of a generalized diagonal. — By the configuration of the generalized diagonal
we mean the configuration of the associated saddle connections in CP* described in §1.4.
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2.2. Counting Theorems

By the notation
N(L) ~ cL?

we mean as customary,
N(L)
li =
o L2 ¢

We will also consider “weak asymptotic formulas”
N(L) “. CL2

which means

The following theorem (which is a special case of results of [49] and [19]) establishes a
strong asymptotic formula for almost all flat surfaces in a stratum. By convention we always
count non-oriented saddle connections and non-oriented closed flat geodesics.

THEOREM 2.3. — For almost any flat surface S in any stratum Q(dy, .. .,d,) of meromor-
phic quadratic differentials with at most simple poles on CP' the number N (S, L) of occur-
rences of saddle connections of length at most L and of fixed configuration €, has quadratic
asymptotics in L:

nL?
“area of S

The constants cyg are called Siegel-Veech constants. They depend only on the configuration G
andon dy,...,d,. Their values are given in §4.

N«'@(S, L) ~ Cg

Theorem 2.3 is proved in §4.5. Note that Theorem 2.3 has no relation to billiards, it
concerns only flat metrics on CP! induced by meromorphic quadratic differentials with
simple poles. In §1.4 we described how a right-angled billiard table IT canonically determines
a meromorphic quadratic differential on CP'. However, since the image of the resulting map
Bk, ... kn) — Q(k1—2,... k,—2) hasmeasure 0in Q(ky —2, ..., k, —2), results such as
Theorem 2.3 do not immediately imply anything about right-angled billiards. Nevertheless,
we have the following:

THEOREM 2.4. — For almost any billiard table 11 in any family B(ky,...,k,) of right-
angled billiards the number N¢(I1, L) of occurrences of generalized diagonals of configuration
G and of length at most L has quadratic asymptotics in L:

Cg 7TL2

@D Ne(L L) 4 area of the billiard table I’

where the constants cg are the corresponding Siegel-Veech constants cg for the stratum
Q(k1 —2,...,k, — 2) in Theorem 2.3.
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Theorem 2.4 is proved in §6.1, using Jon Chaika’s Theorem C.1 which is proved in
Appendix C.

The factor of i in (2.1) is explained as follows. Note that any generalized diagonal in the
billiard table IT which is not parallel to one of the sides of II canonically determines two
symmetric saddle connections of the same type on the flat surface S glued from the two copies
of I, where the symmetry is the antiholomorphic involution, see Figure 6. Hence,

1

Note also that by construction the area of S is twice the area of the billiard table II.

FIGURE 11. A helical billiard corresponds to the stratum Q(d, —1¢+%).

Note that our billiard table does not need to be necessarily embeddable into the plane, say,
we can consider a helical right-angled billiard as in Figure 11 (see also [11] for more general
billiards of this type).

More precisely, by a right-angled billiard table we call a topological disc endowed with a
flat metric having the following properties. The flat metric is allowed to have isolated cone-
type singularities in the interior of the disc with cone angles of the form [;7, with [; € N.
The boundary of the disc is piecewise-geodesic in the flat metric, and the angles between the
geodesic segments have the form k;7 /2, with k; € N.

In fact, some version of Theorem 2.4 holds for individual billiards:

THEOREM 2.5. — Suppose 11 is a billiard table from the family of right-angled billiards
Bk, .., kn). Furthermore, suppose 11 is such that the flat surface S glued from two copies
of II does not belong to any proper GL(2,R)-invariant affine submanifold of the stratum
Q(dy,...,dy). Then, for any choice I-1V of configuration G, the weak asymptotic formula

. . CE nL?
Ne(II, L) “~7 — -
¢(IL, L) 4  area of the billiard table 11

holds, where cy is the Siegel-Veech constant corresponding to the configuration G in the stratum
(k1 —2,...,kn, —2) (asin Theorem 2.3).

Proof. — The statement is an immediate corollary of [23, Theorem 2.12]. O

We note that a complete proof of [23, Theorem 2.12] involves the measure classification
theorem of [22] and is well over 200 pages long, and yields weak asymptotic formulas. The
proof of Theorem 2.4 is much shorter, and uses special features of right-angled billiards,
namely Proposition 3.3. However, Theorem 2.4 is an almost everywhere statement, and does
not imply any type of asymptotic formula for an individual billiard table.
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We also note that for most other families of billiards, almost-everywhere statements like
Theorem 2.4 are not available (since the analogue of Proposition 3.3 fails.)

3. Billiards in right-angled polygons and quadratic differentials

In §3.1 we describe the cohomological coordinates in a stratum of quadratic differentials.
We proceed in §3.2 with a reminder of the notions of homologous saddle connections and a
configuration of homologous saddle connections.

In §3.3 we analyze the canonical embedding of the space of (directional) right-angled
billiards B(ky, . . ., ky) into the corresponding space Q(k; — 2,. .., k, — 2) of meromorphic
quadratic differentials on CP*. Namely, we prove in Proposition 3.3 that its image projects
surjectively onto the unstable foliation of the Teichmiiller geodesic flow, which allows us
to apply certain ergodic techniques of hyperbolic dynamics not only to flat surfaces from
Q(k1 —2,...,k, — 2) but to billiards from B(ky, ..., k).

We complete §3 with a proof of Proposition 2.2.

3.1. Coordinates in a stratum of quadratic differentials

Consider a meromorphic quadratic differential 1) having zeroes of arbitrary multiplicities
but only simple poles on CP*. Let P, ..., P, be its singular points (zeros and simple poles).
Consider the minimal branched double covering p : S — CP! such that the induced
quadratic differential p*1) on the hyperelliptic surface S is a square of an Abelian differential
prp = w?

The zeros Py, . .., Py of the resulting Abelian differential w correspond to the zeros of ¥
in the following way: every zero P € CP! of 4 of odd order is a ramification point of the
covering, so it produces a single zero P € § of w; every zero P € CP! of ) of even order is a
regular point of the covering, so it produces two zeros P, P~ e Sofw. Every simple pole
of ¢ defines a branching point of the covering; this point is a regular point of w.

Consider the subspace Hy (S, {Py, ..., Px}; Z) of the relative homology of the cover with
respect to the collection of zeroes {P, ..., Py} of w which is antiinvariant with respect
to the induced action of the hyperelliptic involution. We are going to construct a basis in
this subspace (in complete analogy with a usual basis of absolute cycles for a hyperelliptic
surface).

We can always enumerate the singular points Py, ..., P, of ¢ in such a way that the first
point P; and the last point P, correspond to simple poles.

Chose now a simple oriented broken line Py,..., P,_, on CP! joining consecutively
all the singular points of 1 except the last one. For every arc [P;, P;41] of this broken
line, i = 1,...,n — 2, the difference of their two preimages defines a relative cycle
in H{ (S,{Py,...,Px};Z). By construction such a cycle is antiinvariant with respect
to the hyperelliptic involution.

LEMMA 3.1. — The resulting collection of integer relative cycles antiinvariant with respect
to the involution forms a basis of cycles in Hy (S,{Pi,...,Pn};Z).
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FIGURE 12. Basis of cyclesin Hy (S, {P1, ..., Px};Z). Note that the cycle corre-
sponding to the very last slit is omitted.

Proof. — Let X = {Py,..., Py}. By construction the set ¥ is invariant under the involu-
tion (as a set, not pointwise), so we can consider the exact sequence of the pair ¥ C S sepa-
rately for invariant and antiinvariant homology subgroups. Consider the following fragment
of such exact sequence:

Hy (S;Z) — Hy (8,%;Z) — Hy (7).
First note that the image of H; (S;Z) is spanned by our collection of relative cycles.

To verify this statement, it is sufficient to consider sums of relative cycles corresponding
to consecutive segments [P;, , P;, 11], [P, 41, Piy+2), - - - [Pis+ex» i1 ], Wwhere P, and P;

k41
located at the extremities of the corresponding broken line are poles or zeroes of odd orders
while all P, 11, P;, +2,. .., Pi,+e, located in between are zeroes of even orders. In this way

we get a standard basis of absolute cycles of a hyperelliptic surface.

Now note that the homomorphism H; (S, 3;Z) — H, (X;Z) is surjective. Note also that
0-cycles of the form [P;"] — [P,”] generate the group H,, (¥;Z), and that any such 0-cycle can
be obtained as a boundary of an appropriate sum of the relative 1-cycles in our collection.

These two observations imply that our collection of cycles is a generating set in
HT (S’,E;Z). It remains to note that its cardinality coincides with the rank of the free
Abelian group Hy (S, %; 7). O

Note that a preimage of a simple pole does not belong to the set Py, ..., Py. Thus,
a preimage of an arc [P;, P,11] having a simple pole as one of the endpoints does not
define a cyclein H{(S,{ P, ..., Pn}; Z). However, since a simple pole is always a branching
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point, the difference of the preimages of such arc is already a well-defined relative cycle
in HI(S’, {Pl,. .o ,pN},Z)

Let ¢(dy,...,d,) be the ambient stratum for the meromorphic quadratic differential
(CP',4). The subspace H (S,{P;,..., Py};C) in the relative cohomology antiinvariant
with respect to the natural involution defines local coordinates in the stratum, see [15].

3.2. Homologous saddle connections

We follow the exposition in [39] introducing the notions of a rigid collection of saddle
connections and of homologous saddle connections. Consider a flat sphere S corresponding
to a meromorphic quadratic differential (CP',) with at most simple poles. Any saddle
connection on the flat sphere S persists under small deformations of S inside ¢(«). It might
happen that any deformation of a given flat surface which shortens some specific saddle
connection necessarily shortens some other saddle connections. We say that a collection
{71,.-.,7vn} of saddle connections is rigid if any sufficiently small deformation of the flat
surface inside the stratum preserves the proportions |y1| : |y2| : ... : |vs| of the lengths of
all saddle connections in the collection.

Consider the canonical double cover S over S defined in §3.1. Given a saddle connection y
on S choose an orientation of v and let 4/,~"” be its lifts to the double cover S endowed
with the orientation inherited from ~. If [y'] = —[y”] as cycles in Hy(S,{P, ..., Px}; Z)
we let [4] := [y'], otherwise we define [9] as [§] := [¥] — [¥”]. It immediately follows from
the above definition that the cycle [§] defined by a saddle connection + is always primitive
in Hl(S’, {]51, .. ,PN}; 7) and belongs to Hl_(S’, {]51, e ﬁN}; 7).

Following [39] we introduce the following

DEerINITION 3.2, — The saddle connections 73,7, on a flat surface S defined by a
quadratic differential ¢ are omologous if [§1] = [42] in Hy (S, P; Z) under an appropriate
choice of orientations of v1,v2. (The notion “homologous in the relative homology with
local coefficients defined by the canonical double cover induced by a quadratic differen-
tial” is unbearably bulky, so we introduced an abbreviation “homologous”. We stress that
the circumflex over the “h” is quite meaningful: as it is indicated in the definition, the
corresponding cycles are homologous on the double cover.)

Note that since there is no canonical way to enumerate the preimages +', v of a saddle
connection «y on the double cover, the cycle [4] is defined only up to a sign, even when we fix
the orientation of . Thus, v, is homologous to 7, if and only if [§1] = £[42].

ProrosiTiON (H. Masur, A. Z.). — Let S be aflat surface corresponding to a meromorphic
quadratic differential q with at most simple poles. A collection 71, . .., vy, of saddle connections
on S is rigid if and only if all saddle connections 71, . . ., vy, are homologous.

There is an obvious geometric test for deciding when saddle connections 1,72 on a
translation surface S are homologous: it is sufficient to check whether S \ (71 U 72) is
connected or not (provided S \ 71 and S \ 72 are connected). It is slightly less obvious to
check whether saddle connections 7, 2 on a flat surface S with nontrivial linear holonomy
are ﬁomologous or not. In particular, a pair of closed saddle connections might be homol-
ogous in the usual sense, but not homologous; a pair of closed saddle connections might be
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homologous even if one of them represents a loop homologous to zero, and the other does
not; finally, a saddle connection joining a pair of distinct singularities might be homologous
to a saddle connection joining a singularity to itself, or joining another pair of distinct
singularities. The following statement provides a geometric criterion for deciding when two
saddle connections are homologous.

ProposiTION (H. Masur, A. Z.). — Let S be a flat surface corresponding to a meromor-
phic quadratic differential ¢ with at most simple poles. Two saddle connections v1,7y2 on S are
homologous if and only if they have no interior intersections and one of the connected compo-
nents of the complement S\ (y1Uv2) has trivial linear holonomy. Moreover, if such a component
exists, it is unique.

Now everything is ready for the proof of Proposition 2.1.

Proof of Proposition 2.1. — Configurations I and II involve a single saddle connection.
Using the above criterion it is immediate to check that all saddle connections involved in
configurations III and IV are homologous. Thus, these configurations are rigid, and we can
find them on almost every flat surface in the stratum.

Theorem 2.2 in [8] applies general results from [39] to classify all possible configurations
of homologous saddle connections on CP*, and shows that there are no such configurations
different from types [-IV.

To complete the proof it remains to apply Proposition 4 from [39] which claims that for
almost every flat surface in any stratum, two saddle connections are parallel if and only if
they are homologous. This statement is proved following the lines of Proposition 7.4 in [21];
see also the analogous proof of Proposition 2.2 in §3.3 below. O

3.3. The subspace of billiards
Consider now the map
%(k}l,...,kn) — Q(kfl —2,...,]€n —2)

In the chosen coordinates in H' (S, {Py, ..., Py}; C) the image of a directional billiard IT is
presented by a point

P, Pr_1
3.1 2/ dz,...,2/ dz | =
Py Pn_2
(2|P1P2|6i¢, 2|P2P3|6(k27r)/2+i¢, ey 2|Pn_3Pn_2|6(k2+'"+k"_2)7r/2+i¢) .

The components of the projection of this vector to the H (S, {P;, ..., Py };R) are of the
form

+2sin(¢)|P;Pir1| or  +2cos(¢)|PiPii1]

depending on the parity of k3 +. . .+ k;. Thus, for ¢ different from an integer multiple of /2
the composition map T, B — H' (S, {Py,..., Py };R) is a surjective map. We have proved
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ProrosITION 3.3. — Consider the canonical local embedding
Bk, kn) — Qk1 —2,...,k, —2).

For almost all directional billiards in B(ki,...,kn) the projection of the tangent space
T B(k1,- .., kn) to the unstable subspace of the Teichmiiller geodesic flow is a surjective map.

We complete this section with a proof of Proposition 2.2.

Proof of Proposition 2.2. — By assumption we do not consider generalized diagonals and
closed billiard trajectories parallel to the sides of the polygon. First note that without loss of
generality we can consider only generalized diagonals: any closed regular trajectory makes
part of a band which is bounded on both sides by a (chain of) generalized diagonals, see
Figure 3.

Letl,, = |PpPr1| form =1,...,n — 2. Recall that /; are the independent coordinates
in the space B(ki,...,k,). Unfolding the billiard along a generalized diagonal we see that
every generalized diagonal (non parallel to one of the sides of the polygon) defines a relation

Z ail;

> bl
where 0 < ¢ < m/2; the sum in the numerator is taken over the vertical sides of the polygon;
the sum in the denominator is taken over the horizontal sides; and all a; and b; are integers.
Since the second generalized diagonal has a segment going in the same direction ¢, it also
defines a relation

> cili

= tan(¢),
> djl;
where the sum in the numerator is taken over the vertical sides of the polygon; the sum in the
denominator is taken over the horizontal sides; and all ¢; and d; are integers.

= tan(¢),

Each generalized diagonal determines a saddle connection v on the corresponding flat
sphere, which in turn defines a cycle +9 € H; (S, {131, e PN}; 7). Moreover, up to appro-
priate choice of signs of the basis vectors in the basis from §3.1 the cycle corresponding to the
first generalized diagonal has the form & := ) a;4; + Y b;9; and the cycle corresponding
to the second generalized diagonal has the form é; := Y ¢;%; + > d;9;.

Assume that the two generalized diagonals do not make part of any of configurations I—-
IV. By the result of Boissy [8] there are no configurations of homologous saddle connections
on CP! other than configurations I-IV. This implies that the corresponding saddle connec-
tions are not homologous, and, hence, the cycles & and é, are not proportional. This implies
that the relation

doaili D ocl;

is a nontrivial relation on coordinates iy, . . . , l,,_o. Thus, the set, satisfying this condition, has
measure zero. Taking a union over the countable collection of possible conditions (countable,
because we have to consider all possible collections of integers a;, b;, c;, d;) we still get a set
of measure zero. 0
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4. Values of the Siegel-Veech constants

In this section, we derive formulas for the Siegel-Veech constant of each configuration
of saddle connections. There are two kinds of formulas. The first kind expresses the Siegel-
Veech constant as a ratio of volumes of strata, with explicit combinatorial coefficients. These
formulas will be stated and proved in this section. The second kind of formula gives the
Siegel-Veech constants as numbers (depending only on the stratum and the configuration).
They are proved by plugging the expression (1.1) from Theorem 1.1 into the formula of the
first kind. We also present these formulas here; however, Theorem 1.1 will only be proved in
§5. For this reason we have attempted to separate the formulas which depend on Theorem 1.1
from the formulas which do not.

The results obtained in this section are based on techniques developed in the papers [19],
[21], and [39] written in collaboration with H. Masur.

4.1. Normalization of the volume element

Recall that for any flat surface S in any stratum ¢)(dy, . . . , di) we have a canonical ramified
double cover S — S such that the induced quadratic differential on the Riemann surface S is
a global square of a holomorphic Abelian differential. We have seen in §3.1 that the subspace
H: (5‘ , {Pl, RN PN}; C) antiinvariant with respect to the induced action of the hyperelliptic
involution on relative cohomology provides local coordinates in the corresponding stratum
Q(dy, .. .,dy) of quadratic differentials. We define a latticein H! (S, {Py, ..., Py}; C) as the
subset of those linear forms which take values in Z @ iZ on H; (S, {P;, ..., Py }; Z).

We define the volume element du on ¢(dy,...,d) as the linear volume element in
the vector space H' (M 7 {P1,...,Py};C) normalized in such way that the fundamental
domain of the above lattice has volume 1.

We warn the reader that for N > 1 this lattice is a proper sublattice of index 4V ~1! of the
lattice

Hi(s’\,{ﬁl,,ﬁN},C) N Hl(g,{ﬁl,,ﬁN},Z@ZZ)

Indeed, if a flat surface S defines a lattice point for our choice of the lattice, then the
holonomy vector along a saddle connection joining distinct singularities can be half-integer.
(However, the holonomy vector along any closed saddle connection is still always integer.)

The choice of one or another lattice is a matter of convention. Our choice makes formulae
relating enumeration of pillowcase covers to volumes simpler; see Appendix B. Another
advantage of our choice is that the volumes of the strata Q(d, —19*) and of the hyperelliptic
components of the corresponding strata of Abelian differentials are the same (up to the
factors responsible for the numbering of zeroes and of simple poles).

CONVENTION 4.1. — Similar to the case of Abelian differentials we now choose a real
hypersurface ¢;(dy,...,dx) of flat surfaces of fixed area in the stratum Q(dy,...,dx). We
abuse notation by denoting by ¢);(d1, ..., dx) the space of flat surfaces of area 1/2 (so that
the canonical double cover has area 1).
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The volume element dy in the embodying space ¢(dy, . . ., dx) induces naturally a volume
element dyu; on the hypersurface ¢);(ds,...,dy) in the following way. There is a natural
C*-action on ¢(dy,...,dx): having A € C* we associate to the flat surface S = (CPl, q)
the flat surface

4.1) M-S :=(CP',\%.q).

In particular, we can represent any S € Q(di,...,dx) as S = rS), where r € R, and
where S(1) belongs to the “hyperboloid™: S(1) € @(dy,...,dy). Geometrically this means
that the metric on S is obtained from the metric on S(;) by rescaling with linear coefficient
r. In particular, vectors associated to saddle connections on S(;) are multiplied by r to give
vectors associated to corresponding saddle connections on S. It means also that area(S) =
r? . area(S(1)) = r?/2, since area(S(1)) = 1/2. We define the volume element dy, on the
“hyperboloid” ¢, (d1, ..., dx) by disintegration of the volume element du on ¢(dy, . ..,dg):

4.2) dp =r""Ydrdu, ,

where
2n = dimg Q(dy,...,dx) = 2dim¢ Q(dy,...,dr) = 2(k — 2).

Using this volume element we define the total volume of the stratum Qy(dy, . .., dg):
4.3) Vol @y (dy, .. ., dy) ::/ dyiy.
Q1 (d1,---,di)

Forasubset E C §1(dy,...,dx) welet C(E) C 1(dy,...,ds) denote the “cone” based
on E:

4.4) C(E):={S= rSa) |S(1) eE, 0<r<1}.

Our definition of the volume element on ¢);(dy,...,dx) is consistent with the following
normalization:

4.5) Vol(@:(d1,...,dy)) = dimg Q(d1,...,dx) - u(C(Q1(d1,-..,dx)),

where pu(C(&1(d1, ..., dx)) is the total volume of the “cone” C(&;(d1,...,dx)) C &(d1,...,dk)
measured by means of the volume element dy on ¢)(dy, ..., dy) defined above.

4.2. SL(2,R)-action

There is an action of SL(2, R) on the moduli space of quadratic differentials that preserves
the stratification, and moreover, preserves ([33, 47]) the measures on ¢ and ¢); described
above. Recall that a quadratic differential ¢ determines (and is determined by) by an atlas
of charts to C whose transition maps are of the form z — £z + ¢. Since SL(2,R) acts on C
via linear maps on R?, given a quadratic differential ¢ and a matrix g € SL(2,R), define
the quadratic differential g - ¢ via post-composition of charts with g. This action generalizes
the action of SL(2,R) on the space of (unit-area) flat tori SL(2,R)/SL(2,Z). Note that
SL(2,R) preserves the area of the quadratic differential ¢, and in particular it preserves the
level surface @y (dy, ..., dy).
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4.3. Strata of surfaces with marked points

In this section we shall also consider the strata ¢, () of flat surfaces S = (CP', ¢) where
we mark a regular point on the surface. Say, ;(2,12,0,—18) will denote the stratum of
meromorphic quadratic differentials on CP! with one zero of order 2, two zeroes of order 1
denoted by 12, eight simple poles —18, and one additional marked point: “zero of order 0”.

Let « = {di,...,di} be a set with multiplicities, where d; € {-1,1,2,3,...} for
i = 1,...,k,and > d; = —4. A stratum with a marked point §(0,d,...,d;) has the
natural structure of a fiber bundle over the corresponding stratum without marked points
@(dy,...,dx). This bundle has the surface S (punctured at all singularities P, ..., P;)asa

fiber over the “point” S € ¢)(ds,...,dg). Clearly, the dimension of the “universal curve”
(0,dy, ..., dy) satisfies
(4.6) dime Q(0,d; ..., di) = dime Q(dy ..., dg) + 1=k — 1.

By convention we always mark a point on a flat torus. We denote the corresponding
stratum % (0); it has dimension two: dim¢ #(0) = 2.

The natural measure on the stratum ¢)(0, d; .. ., di) with marked points disintegrates into
a product measure, where the measure dy, along the fiber is proportional to the Lebesgue
measure on S induced by the flat metric on S, and the measure on the base §(d; ..., dg) is
the natural measure duq on the corresponding stratum taken without marked points.

When the flat structure on S is defined by a quadratic differential the measure of the fiber S
is different from the measure of the analogous fiber S with the flat structure defined by an
Abelian differential. Namely, by Convention 4.1 the area of the surface S in terms of our
flat metric defined by the quadratic differential is 1/2. Note also, that a saddle connection ~
joining a zero and a marked point and having half-integer linear holonomy +hol(y) € R?
defines an integer cycle 4 € H{(MQQ, {151, e PN}; 7). Hence, our choice of the funda-
mental domain of the lattice in the relative cohomology H' (M, z, {P1,...,Py};C)described
in §4.1 implies that the component dyg of the disintegrated measure along the fiber S is

4.7) dug = 4dzx dy,
i.e., 4 times the standard Lebesgue measure coming from the flat metric. This gives po(S) = 2

for the total measure of each fiber, which implies the following relation between the volumes
of the strata:

(4.8) Vol ©1(0,dy,...,dx) =2Vol @,(dy,...,dg).
Recall that v(0) = 2, see (1.2); so this is coherent with Formula (1.1) for the volume.

4.4. Volume of a stratum of disconnected flat surfaces

It will be convenient to consider the strata §(o’) = @(a,) x Q(ay), of closed flat surfaces
S having two components S, LI S, of prescribed types. Such strata play especially important
role in the context of the principal boundary discussed in §4.6. In the consideration below
each of o, o might contain an entry “0” or not. In other words, the strata §(a},), @(ay)
are allowed to have a marked point.

CONVENTION 4.2. — Using notation o’ = «/, Ll o, for the strata ¢(a’) of disconnected
surfaces we assume that we keep track of how o is partitioned into o/, and «;.
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We shall need the expressions for the volume element and for the total volume of such
strata. The corresponding expressions for the strata of Abelian differentials were obtained
in §6.2 pp. 81-82 in [21]. Though the corresponding formula translates to the strata of
quadratic differentials without any difficulties we present this simple calculation since it is
very instructive in view of calculation of Siegel-Veech constants performed below.

We write S; = riSi(l), where area(SEl)) = 1;4 € {a,b}. Then area(S;) =r? - 1. Let

n; := dim¢ Q(as); n := dime Q(a’) = ng + np.

Let du® (correspondingly du’) be the volume element on the stratum ¢)(c,) (correspond-
ingly Q(c)). Let du§ (correspondingly du?) be the hypersurface volume element on the “unit
hyperboloid” ¢, (a,) (correspondingly ¢, (). We have

du(S) = du®(S,) - du®(Sp) = r2m =12~ dr, dry du$ dus.

Set
W = Vol @y (c) - Vol Q1 (a,).
Then,
— — 1(na—1)!(nb—1)!
Y — . 2nq,—1,.2n,—1 _ -
W(C@@) =W [ty e =
74 >0; 75 >0

where we have left the computation of the integral over the disk as an exercise. Hence,
applying (4.5) we get

(4.9) Vol @Qy(a') =2n - u(C(&1(a))
B 1 (dimc¢ Q(a),) — 1)(dime Qo) — 1)
2 (dime Q(a’) — 1)!
Repeating literally the same arguments we obtain the corresponding formula for the
volume elements:

3 Vol @y (al,) - Vol @y (ap).

(dime Q(o)) — 1)!(dime Q(a) — 1)

|
c. a b
(dime Q(a’) — 1)! dpi dpy.

(4.10) duy = % :

4.5. Reduction to ergodic theory

In this section we recall the strategy given in [19] to obtain the quadratic asymptotics in
Theorem 2.3.

Fix an unordered collection (dy,...,d,) of integers d; € NU {-1},i = 1,...,n,
satisfying ) . | d; = —4, and let ¢; denote the stratum @, (dy,...,d,). Note that every
such stratum is nonempty and connected. Let 1 denote the canonical PSL(2, R)-invariant
measure on ¢;. Fix a configuration & as in §2.1. To each saddle connection we associate
a holonomy vector in the Euclidean plane R? having the same length and the same line
direction as the saddle connection. By convention the configuration III is represented by
the closed saddle connection joining a zero to itself (the holonomy vector associated to the
partner saddle connection joining two simple poles is parallel but twice shorter). Since by
convention the saddle connections are not oriented, the holonomy vector is defined up to a
sign, so we actually consider a pair of opposite holonomy vectors +#. Given a flat surface
S = (CP',q) € @4, let Vg(S) be the set of holonomy vectors of saddle connections whose

4¢ SERIE - TOME 49 — 2016 — N° 6



RIGHT-ANGLED BILLIARDS AND VOLUMES OF MODULI SPACES 1337

configuration is . For any flat surface S the set Vi (S) is a discrete subset of R%. We are
interested in the asymptotics of the number

)

4.11) Ne¢(S,L) = %W(S) N B(0,L)

of saddle connections of type & on the flat surface S of length at most L. The weight 1/2 in
the above expression compensates the fact that each saddle connection is represented by two
holonomy vectors +7.

In the remainder of §6, the stratum ¢ and the configuration & are fixed. We will
often omit & from the notation, and we will use the abbreviated notation ¢ for the flat
surface S = ((CPl, q).

4.5.1. Siegel-Veech formulas. — Given f € C.(R?), define the Siegel-Veech transform
f:@ — Rby
~ 1
4.12) =5 > f)
v€Vie(q)

We have the Siegel-Veech formula ([49], Theorem 0.5). There is a constant (called the
Siegel-Veech constant) bg({)) so that:

@13 575 | Fdm(@) = 5@ [ sta.y) dzay,

Ml(Q1) 01
et 0
g ==
! 0 et
cosf sin6
T = .
—sinf cos @

Let f be (a smoothed version of) the indicator function of the trapezoid & defined by the
points

Let

(17 1)7 (_1’ 1)7 (1/27 1/2)7 (_1/27 1/2)'
Note that the area of this trapezoid is 3/4.
We then have, for ¢ > 0, and any v € R? ([19], Lemma 3.4):

2 {e“ et/2 <|lv| < et

(4.14) L7 pgren)do ~ 4 7

27 Jo 0 otherwise.

(See [19] for the exact meaning of ~.) Heuristically, the integral measures the proportion of
angles 6 so that rgv € g_;&. The trapezoid g_; & has vertices at

(7" e"), (—e7"e"), (e7"/2,€'/2), (—e7"/2,¢' /2).
The range of (inverse) slopes is of size 2¢~2!, and thus the length of the interval of 6’
satisfying rgv € g_;7 is also of size 2e~2¢, if v has length in between e’/2 and ef, and zero
otherwise. Dividing by 27 to get the proportion, we obtain (4.14). Combining (4.12) and

(4.14), we obtain

e2t 27

@.15) 5| Farwa s~ (Ne(ae) - Nela.e'/2).
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4.5.2. Equidistribution results. — The equation (4.15) reduces the problem of studying
tlim e ' Ng(q,e')

to that of studying the limiting behavior of

27rA

1
— do.
27 J, f(giroq)

Assuming this limit exists, and is equal to ¢, a geometric series calculation shows

tlirgo e 2 Neg(qg,e') = gwc.
Assuming further that Lebesgue measure supported on the circles {g:70q fo<g<2r converges,
ast — 0o, to the absolutely continuous SL(2, R)-invariant measure u; on ¢;, we would have
thatc = m /. o, f(q)dul(q), and then using (4.13), we would obtain, since the area of the
trapezoid is 3/4,

Jim e Ny(q, ") = mbg(Q).
In fact, this is the approach used in [19]. There, the key tool is a general ergodic theorem
on SL(2, R)-actions, proved by A. Nevo [43] which shows

2 N

' . 1
Jim. ; f(gtTGQ)d‘g—i’ul(Ql) . f(q) dua(q),

for almost every g € ¢). However, since the set of billiards has measure 0, this does not yield
any information about them. We will instead use Theorem C.1 to obtain our results.

4.6. Siegel-Veech constants and the principal boundary of strata

In this section we present a strategy for evaluating the Siegel-Veech constants. This
strategy was successfully applied in [21] to compute all Siegel-Veech constants for all
connected components of the strata of Abelian differentials. In this section we present the
general scheme elaborated in [21] and developed in [39]. In the further sections we adjust it
to the concrete cases of configurations of saddle connections I-I1V described in §2.1.

Fix a stratum @(a) of meromorphic quadratic differentials on CP', where a =
{dy,...,dr}. Consider a configuration & of one of the types I-IV (in the case of general
strata in higher genus it would be any configuration of homologous saddle connections).
We have seen in §4.5 that to each flat surface S € ¢(a) we can associate a discrete subset
Vg(S) C R? of holonomy vectors of saddle connections whose configuration is &. By
construction the set Vg(S) is centrally symmetric with respect to the origin. To any func-
tion f with compact support on R? Formula (4.12) associates its Siegel-Veech transform f
defined on the stratum ¢. By Definition (4.12), choosing the characteristic function x, of
a closed disk of radius L centered at the origin of R? as a function f, we get as X (S) the
counting function N¢(S, L) of the number of saddle connections of type & and of length at
most L on the flat surface S defined by (4.11).

Applying Siegel-Veech Formula (4.13) we obtain

1 R B B -
@16 s [ RO =be@ [ xalev)dedy = bu(@) 71
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By the results of A. Eskin and H. Masur (Theorems 2.1 and 2.2 in [19]), for almost all flat
surfaces S in the stratum ¢); one has

4.17) Ng(S,L) = Xp(S) ~ by - wL?

with the same constant by as in (4.16).

Formula (4.16) can be applied to X, for any value of L. In particular, instead of taking
large L we can choose a very small L = ¢ < 1. The corresponding function . (S) counts
how many (collections of) e-short saddle connections (closed geodesics) of the type & we can
find on a flat surface S € Q.

Consider a subset ¢(6) C ¢y of surfaces of area 1/2 having a saddle connection shorter
than . Consider a smaller subset Qi’thm C )7 of those surfaces of area 1/2 in ¢); which have
at least two distinct collections of homologous saddle connections of type & and of length

at most ¢. Finally, define Qi’thmk as the complement @ — Q’i’thi“.

For the flat surfaces S outside of the subset ¢ (%) there are no saddle connections of
the type @ shorter than ¢, so X(S) = 0 for such surfaces. For surfaces S from the subset
Qi’thiCk(i?) there is exactly one collection like this, so X:(S) = 1. Finally, for the surfaces
S from the remaining subset Q5™ (%) one has {.(S) > 1. Though X-(S) might be large
on 5™ the measure of this subset is so small that

/Qs,thin((g) QE(S) d,u,]_ = 0(52)
1

(see Lemma 7.3 in [21] based on Theorem 5.1 in [19]. Formally speaking, Lemma 7.3 in [21]
is formulated for the strata of Abelian differentials; however, the proof applies to strata of
quadratic differentials without any modifications).

Hence
/ Re(8) dpr = Vol G7™(6) + o(&?).

1
This latter volume is almost the same as the volume Vol @ (), namely, by Corollary 7.2
in [21] based on formula (7) on page 518 in Section 10 of [37], one has Vol §7(€) =
Vol Q5™ (%) 4 o(¢2). (Once again, though Corollary 7.2 in [21] is formulated for strata of
Abelian differentials the proof applies without any changes to strata of quadratic differen-
tials. See also Theorem 1.4 in [44] generalizing the result of [37].)

Taking into consideration that

/ Xe(2,y) da dy = me?
RQ

and applying Siegel-Veech Formula (4.16) we get
Vol 01(%)
Vol &,

which implies the following formula for the Siegel-Veech constant by:

1 Volgi(®)
4.18 by = lim — - )
(4.18) 6= M re2 Vol

+ 0(e?) = bg - 7e?
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We complete this section by establishing an elementary relation between the Siegel-Veech
constant by used in §6 and in §4.6 and the Siegel-Veech constant cg used in §2. Recall that
counting function (4.17)

N¢(S,L) ~ by - nL?

counts the number of saddle connections of type & of length at most L on the flat surface
S € @;. By convention 4.1 surfaces from ¢, have area 1/2. Thus, applying the asymptotic
Formula (2.3) from Theorem 2.3 to the flat surface S € ¢); we get

w2

Ne(S,L) ~ o o ors

= 2cy -wL?,
which implies that
(4.19) bg = 2cp.

4.7. Principal boundary

When saddle connections of a configuration & are contracted by a continuous defor-
mation, the limiting flat surface decomposes into one or several connected components
represented by nondegenerate flat surfaces S7, ..., S,,. Let the initial surface S belong to a
stratum (o), where a is the set with multiplicities {dy, ..., dx}. Let @(a}) be the stratum
ambient for S}. The stratum @(af) = Q(a) U --- U Q(ay,) of disconnected flat surfaces
SiuU---US! isreferred to as a principal boundary stratum of the stratum ¢(«). The principal
boundary of any connected component of any stratum of Abelian differentials is described
in [21]; the principal boundaries of strata of quadratic differentials are described in [39].

The papers [21], [39] also present the inverse construction. Consider any flat surface
S = S u---uS), € Q(af) in the principal boundary of ¢(a); consider a vector
¥ € R? ~ C such that ||7]] < e. One can reconstruct a flat surface S € Q(a) endowed
with a collection of saddle connections of the type & such that the linear holonomy along
saddle connections is represented by £+, and such that the degeneration of .S contracting the
saddle connections in the collection gives the surface S’. When the configuration & does not
involve any cylinders, any flat surface S’ € ¢); and any holonomy vector ¢ define the surface
S € 05(%), basically, up to some finite order ambiguity which can be explicitly computed.
Moreover, the measure in ¢7(%) disintegrates as the measure in ¢ (/) times the measure
dpo in the space of parameters of the deformation. The latter space can be viewed as a finite
cover of the space of holonomy vectors £, that is the quotient of the disk D?/4 of radius
€ over the central symmetry. As a result we get

(4.20) Vol (Q5(©)) = (explicit factor) - 7e? - Vol @ (o) + o(e?).

Thus, in order to compute the constant by by Formula (4.18) it is sufficient to express the
volume of Vol ¢, («') in terms of the volumes Vol &, (¢}), ..., Vol &, (a,), and to compute
the explicit factor, responsible for the fixed finite number of flat surfaces S € @5 (a) which
correspond to a fixed flat surface S’ € ¢(a’) in the boundary stratum and to a fixed
holonomy vector #. The first problem is simple; the answer to this problem is given in §4.4;
the second problem is solved for configurations I-IV in the remaining part of §4.
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FIGURE 13. Breaking up a zero into two. In the particular case, when one of
the newborn singularities is a simple pole, we can slit along the resulting saddle
connection of length § to get a surface with geodesic boundary of length 24.

The situation for configurations which involve a cylinder is slightly more complicated, but
similar to the previous one. In both cases, applying Formula (4.18) and (4.20) we express the
constant by as

TT5_, Vol @, (a})
Vol (&4 (@)

4.21) bg = (explicit combinatorial factor) -

4.8. Surgeries on a flat surface

Consider a flat surface S" € ¢; (o) in a stratum of meromorphic quadratic differentials
with at most simple poles on CP*, possibly with a marked point. Fix some zero, or a simple
pole (or the marked regular point) P;. Consider a vector ¢ € R?, defined up to reversing
the direction. Assume that ¢ is much shorter than the shortest saddle connection on S.

The papers [21] and [39] describe how to perform a small deformation of the surface S’
breaking up the chosen singularity P; of degree d; into two singularities P/, P/’ of any
two prescribed degrees d; and d] satisfying the relation d} + d = d;, where d;,d},d; €
{-1,0,1,2,...}. The deformation can be performed in such way that the holonomy vector
of the resulting tiny saddle connection joining the newborn singularities P}, P}’ is exactly .
This deformation is described in details in Sections 8.1-8.2 in [21] and in Section 6.3 in [39].
When at least one of d}, d! is even, the deformation is local: it does not change the metric
outside of a small neighborhood of P; and it does not change the area of the flat surface.
When both d}, d are odd the deformation involves some arbitrariness and involves some
small change of the area of the flat surface. A discussion in the original papers [21] and [39]
explains why both issues might be neglected in our calculations.

The cone angles at the distinguished singularity is equal to w(d; + 2). Thus, there are
(d; + 2) geodesic rays in linear direction +% adjacent to P;. Take a small disk D? of radius ¢
centered in the origin and consider its quotient D? /+ over the action of central symmetry.
Letting the vector +4 vary in D? /4 and taking care of normalization (4.7) of the measure
dpo on D2 /4 we get a set of parameters of measure

2
4.22) (d+2)-4- % =2(d+2) - me.

For this configuration the “(explicit factor)” in (4.20) equals 2(d + 2).

Consider now a particular case, when one of the newborn singularities P/, P/, say, P/’ is
a simple pole. Since d; + df = d; > —1, the singularities P}, P;’ cannot be simple poles
simultaneously. Making a slit along the short saddle connection joining P/ to P’ we create a
surfaceS with geodesic boundary. Note that the cone angle at the singularity P’ was 7. This
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means, that after opening up a slit, the point P}’ becomes a regular point of the boundary
of S, see Figure 13. In other words, the boundary of S corresponds to a single closed geodesic
with linear holonomy +4.

Parallelogram construction

In order to construct the subset )] (%) corresponding to configuration 11, we need another
surgery. Given a flat surface S’ € ¢; (') in a stratum of meromorphic quadratic differentials
with at most simple poles on CP!, given a pair of singularities P, P on S’ and given a short
vector £v € R?, we construct a surface with two boundary components creating a pair of
small holes adjacent to the chosen singularities P’, P”. The surgery is performed in such way
that the holes have geodesic boundary with linear holonomy +4. Let d’, d” be the degrees of
singularities P’, P” respectively. The corresponding cone angles are 7 (d’ 4+ 2) and 7(d” + 2).
Thus, there are (d’ + 2) geodesic rays in linear direction +¢ adjacent to P’ and (d” + 2)
geodesic rays in linear direction +4 adjacent to P”.

The corresponding surgery is described in Section 12.2 in [21] and in Section 6.1 in [39]
as the “parallelogram construction”. This is a nonlocal construction, so it is not canonical,
and it changes slightly the area of the surface. Up to this ambiguity (which can be neglected
in our computations as explained in [21] and in [39]), given the data as above, there are
(d' + 2)(d" + 2) ways to construct the described surface with boundary S. Take a small
disk D? of radius ¢ centered in the origin and consider its quotient D?/+ over the action
of central symmetry. Let the vector +4 vary in D?/+. Note that contrary to the previous
case, the saddle connection is now closed. Thus the measure along the fiber has the form

dug = dx dy

and not the form (4.7) as before. This implies that for this configuration the set of parameters
of deformation having holonomy vectors in D? /4 has the measure

mwe?
. b (13 b 2 d/+2 d”+2
For this configuration the “(explicit factor)” in (4.20) equals ()%
4.9. Type I: A simple saddle connection joining a fixed zero to a fixed pole or to a distinct

fixed zero

Now we finally pass to explicit computation of the Siegel-Veech constants following the
strategy described above.

Throughout the rest of this section ¢(dy,...,d) denotes any stratum of meromorphic
quadratic differentials with at most simple poles on & different from the stratum §(—1%) of
pillowcases.

THEOREM 4.3. — For the configuration G of saddle connections of type I, i.e., for saddle
connections joining a fixed pair P;, P; of distinct singularities of orders d;, d;, the Siegel-Veech
constant cg is expressed as follows:

VOlQl(di+djvd17d23"'7(/1;7"’7dj""7dk)
Vol @y (dy, - - -, dy,) '

(424) Cy = (dz + dj + 2)
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After plugging in Theorem 1.1, we get:

(i 4 dy + 21 (ds + DN (dy + 1! { when both d;, d; are odd

otherwise.

4.25 -
@2 e (di + dj + 1)1 d;11 d;!

N= 3
S

Proof of (4.24). — The principal boundary ¢, (a3,) for this particular configuration @ is
obtained by collapsing the saddle connection joining singularities of degrees d; and d;. This
operation merges two singularities to a single one of degree d = d; + d;. Thus,

oy = {di +dj,dy,dy,...,di, ... dj, ... dy}.

By (4.20)
Vol (Q7(€)) = (explicit factor) - me? - Vol @ (o) + o(e?),
where the “(explicit factor) - me2” in Formula (4.20) stands for the measure of the space of

parameters of deformation corresponding to holonomy vectors in D2 /+. This measure was
computed in (4.22). Thus, we can rewrite (4.20) as

-~

Vol (5(%)) = 2(d +2) - we% - Vol Q1 (d; + dj, dy,da, ..., ds, ..., dj, ..., di) + o(?).
Applying (4.18) and (4.19) to the above expression we obtain (4.24). O

We are ready to give a proof of Theorem 1.6 (based on (4.25) which would be proved in §5).

Proof of Theorem 1.6. — Let Q(dy,...,dx) = Q(1,-1°%). Letd; = 1, di = —1.
Applying (4.25) we get c; = 8/7w2. Applying Theorem 2.4 to the L-shaped billiard as in
Figure 4 we get the coefficient % in the weak asymptotics of the number of generalized
diagonals joining a fixed corner with angle 7 with the corner with angle 27, and thus prove
Formula 1.10 and Theorem 1.6. O

4.10. Type II: A simple saddle connection joining a zero to itself

The configuration & of type 11 consists of a single separatrix loop emitted from a fixed zero
P, of order d; such that the total angle (d; + 2)7 at the singularity P; is split by the separatrix
loop into two sectors having the angles (d; 4+ 3)7 and (d} 4+ 3)w. We assume that d;, d} > —1,
so we do not have any cylinders filled with periodic geodesics for this configuration. The

angles satisfy the natural relation
d;+d! =d;—4 d,d/ >-1
which implies, in particular, that d; > 2.

Our saddle connection separates the original surface S into two parts. Let P, ..., P;,  be
the list of singularities (zeroes and poles) which belong to the first part and let P;,, ..., P;,,
be the list of singularities (zeroes and poles) which belong to the second part. This informa-
tion is part of the configuration of this saddle connection.

We assume that the initial surface S does not have any marked points; as usual we denote
by d,, the order of the singularity P,,. The set with multiplicities {d1, ..., dy} representing
the orders of all singularities (zeroes and poles) on S can be obtained as a disjoint union of
the following subsets:

{di,oooydi} = {diyse o diy, YU{dyy, - g Y U {di)
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THEOREM 4.4. — The Siegel-Veech constant cyg for this configuration is expressed as
follows:

_ (di+2)(d) +2)
B 8
(dlm([j Q(d;, dip ce 7dik1) - 1)' (dlm(c Q(d;/,djl,. .. 7djk2) - 1)' )
(dlm(c Q(dl, d2, e ,dk) — 2)'
Vol Oy(d}, diys - diy,) - VoL O (df s, - dy,)
Vol @, (d1,...,dx) ‘

4.26) ¢

After plugging in Theorem 1.1 we get:

1 (ds+2)0 (@ + 2)1 (d; + 1!
42 R i
427) ee = 5 @ (@ + D) il
(k1 — 2)! (k2 — 2)! 1 when both d;,d are odd
(k — 4)! 4

otherwise.

Proof of (4.26). — Let
o = A{di,diy,s - diy Y ayi=A{d]dy,, . dy Y o= an Uy,

Contracting a saddle connection of type II and detaching the resulting singular flat surface
into two components we get a disconnected flat surface 5" = S, U Sy, where S" € (o).
The stratum of disconnected surfaces ¢(a,) is the principal boundary for configuration II.
By (4.20)

Vol (05(6)) = (explicit factor) - we® - Vol @ (o) + o(e?).
By (4.9) we have

, 1 (dim¢ @(af) — 1)/(dime Q(a}) — 1)! , ,
VoL Qi) = 5 T G gy — i Ve () Vol @a(af).

Note that by definition dim¢ Q(ay,) = dime &(ay,) + dime @(ay,). Hence

dime Q(afy) = ((k1+1) = 2) + ((k2 + 1) — 2) = (k1 + k2) — 2 =k — 3 = dim¢ Q(a) — 2.

The “(explicit factor) - 72" in Formula (4.20) stands for the measure of the space of param-
eters of deformation corresponding to holonomy vectors in D2 /+. For configuration & of
type II this measure was computed in (4.23). Thus, we can rewrite (4.20) as

vol (5 (6)) = CEACED e

1 (dimc Q(d;, diy, ..., di, ) — 1)! (dime &(d7, dj,, ..., dj,, ) — 1)!

2 (dime Q(dy, dg, ..., dy) — 2)!
- Vol Ql(d;, dil, ey d’bkl) - Vol Ql(d;—/, djl’ vy djk2 )
Applying (4.18) and (4.19) to the above expression we obtain (4.26). O
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4.11. A “pocket”, i.e., a cylinder bounded by a pair of poles

Consider a configuration & of type 111 where we have a single cylinder filled with closed
regular geodesics, such that the cylinder is bounded by a saddle connection joining a fixed
pair of simple poles P;,, P;, on one side and by a separatrix loop emitted from a fixed
zero P; of order d; > 1 on the other side. This information is considered to be part
of the configuration. By convention, the affine holonomy associated to this configuration
corresponds to the closed geodesic and not to the saddle connection joining the two simple
poles. (Such a saddle connection is twice as short as the closed geodesic.)

THEOREM 4.5. — The Siegel-Veech constant cg for this configuration is expressed as
follows:

_ dz VOlQl(dl,dQ,...,di—2,...,dk)
2(dim¢ Q(dy,...,dg) — 2) Vol Q1 (d1, .- diy...ydi)
After plugging in Theorem 1.1, we get

(4.28) ¢

di+1 1
4.29) cg = =1 gt

Proof of (4.28). — Let ay, = {d1,...,di—1,d; — 2,di41,...,dx}. Consider a config-
uration of type III with a short saddle connection v joining a zero of degree d; to itself.
Contracting y we get a flat surface S’ in the principal boundary stratum ¢)(a/).

To go backwards, we need to create a hole on S’ with geodesic boundary having holonomy
+4 and attach a cylindrical “pocket” to this hole; see the right picture in Figure 9. The cone
angle at the singularity P; of degree (d; — 2) is 7 - d;. Thus, having a surface S’ € @, (ay,)
and a vector =7 € D? /= there are d, rays in line direction @ adjacent to the singularity P;.

Note, however, that now a deformation involves not only the surface S’ from the principal
boundary and a holonomy vector £+, but also additional parameters describing the geom-
etry of the “pocket”. Geometrically, a “pocket” is equivalent to a flat cylinder endowed with
a distinguished line direction and with a marked point on each of the boundary components.
Thus, in addition to the holonomy vector ¢ representing the waist curve, it is parameterized
by the height h of the cylinder and by the twist t of the cylinder, 0 < ¢ < |¢]. Parameters h and
t record the information about the holonomy along a saddle connection joining the zero P;
on one side of the cylinder to one of the simple poles, say, P;, on the other side of the cylinder.
The flat area of a “pocket” T'(+7, h, t) equals |7| - h.

The measure dp in Q%™ (a) disintegrates into the product measure dy’ on Q(o’) and
the measure dv on the “space of pockets” &,

dp(S) = dp(S") - d(T).

The parameter +4 corresponds to the holonomy along a closed saddle connection, while
the parameters (h,t) correspond to holonomy along a saddle connection joining distinct
singularities. Hence, the resulting measure on the space of parameters defining a “pocket”
is
dv(T) = dv - 4dhdt.
Following Convention 4.1 we denote by %, the hypersurface of pockets of area % Let
S € @i(a). We denote by 7S € @(«) the surface proportional to the initial one with the
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coefficient 7; in particular, area(rS) = r?/2, see Convention 4.1. We use similar notations
r5S" and r¢T for surfaces from @(a’) and from & correspondingly. We recall that the volume
elements in the strata and the area elements on the corresponding “unit hyperboloids” are
related as follows, see (4.2):

dp =r?"~Ydr du;, wheren = dimg Q(a) = 2(k —2)
du = r3"$ " 'drg dp), where ng = dime Q(a') = 2(k — 4)

dv = r%"T_ldrT dvy, where ny = dimg R = 2.

Let S’ € @,(a’). Consider a surface rgS’, where 0 < rg < 1; it has area 7%/2.
Define Q(g,75) C R to be the set of pockets, such that performing an appropriate surgery
to rsS’ and pasting in a “pocket” from (g, 7s) we get a surface S € C(Q5(a)). Ignoring a
negligible change of the area of the surface 5.5’ after creating a hole, we get the following two
constraints. The first constraint imposes the bound on the area 72./2 of a pocket rT', where
T € Ry: the total area of the compound surface S should be at most 1/2, so r + 72 < 1.
The second constraint imposes a bound on the length of the waist curve of the cylinder: after
rescaling proportionally the compound surface S to let it have area 3 we should get a waist
curve of length at most . Thus, the waist curve of the original cylinder should be at most
ey/r% + rZ. Clearly, the set Q(e, rg) does not depend on the particular surface 7,5’ € Q(c/),
but only on the parameters rg and €.

We have seen that there are d; rays in line direction £ adjacent to the singularity P;. Using
the above notations we can represent the volume of a cone in @, («) over @i («, ) (see (4.4)
for the definition of a cone) as

(4.30) u(C(Qi(a, €))) = di - Vol @1 (a') - /0 vr(Qe,rs))rg"s " drs + o(e?).

Denote by Cusp(e) the volume of the e-thin part of the “unit hyperboloid” in the space
of “pockets™:

Cusp(e) := Vol %].

From the definition of the subset (g, rg) it immediately follows that its volume is expressed
by the following integral

\/1—7r2 /2 )
(4.31) vr(Qe,rg)) = / : r2T 1. Cusp <6TS+TT> drp.

0 rr

Thus, we need to evaluate the following integral

(4.32) u(C(Q (a, ©))) = d; - Vol(@y (a))-

1 V1-1% ) )
_ _ E-/Te+T
/() r?s*ns 1d7"s/0 T%nT . Cusp ( Tf‘ T> drp + 0(82)~

LEMMA 4.6. —

Cusp(e) = 27e?.
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Proof. — We first evaluate the volume v(C(£7)) of the corresponding cone. Pockets
belonging to this cone are described by the following conditions:

he 5] <1/2
5] < & \/2h - [7.

Hence

1/(2w) w e /1 )
vee) = [ [ aan [Caa—an [Cu (G- 2 waw =T
D2/x  Jw/(2e?) 0 0 2w 2 2

where w = |]. It remains to apply (4.5):
v(C(R7)) = dimg X - Vol(R])
and to note that dimgp £ = 4. 0

Having found the expression

2 2 2 2

E-\TS+T s+ T

Cusp (S T> =2ne?. =2 5 L
rT TT

we can rewrite the integral (4.32) as
(4.33) w(C(Z (e, ©))) = d; - Vol @y (a)-

2

1 i—r 24,2
_ s 1 Tg+rT
27rs2~/ rats 1dr5/ parr—h. 8 5 drp + o(e?).
0 0 T

Taking into consideration that ny = dimg £ = 2 we compute the above integrals and get

2me?

2
ng(2ns +4) T o(£%)-

(4.34) w(C(Qi(e, 6))) = d; - Vol @1 () -
It remains to note that

Vol @i (a, G) = L

dimz Q(a) -u(C(2i(a, 6))),

see (4.5), and that
dimg @(a) = 2dimc @(a) = 2(dimc (') + 2) = 2ng + 4

to get
d.
4. 105 =7e?. —— . Vol ! 9,
(4.35) Vol ¢;(a, G) = me dime () — 2 Vol @4 (a) + o(e?)
Applying (4.18) and (4.19) to the above expression we obtain (4.28). O

The rest of the discussion in §4.11 also depends on Theorem 1.1. Consider a slightly more
general configuration: as before we consider a fixed pair of simple poles P, , P;,, but this time
we do not specify which zero we have at the base of the cylinder. Clearly the corresponding
Siegel-Veech constant c?ﬁ?l;et is equal to the sum of the Siegel-Veech constants considered
above over all zeroes P; on our surface S:

k
= e

i=1|d;>1
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The following corollary follows immediately from the Formula (4.29) above.

COROLLARY 4.7. — For any stratum of meromorphic quadratic differentials with at most
simple poles and with no marked points on CP* and for every fixed pair P;,, P;, of simple poles,

. pocket .
the Siegel-Veech constant c; " " is equal to
pocket __
(4.36) Civiz T gp2
Proof. — By assumption the stratum ¢)(dy, ..., d;) does not contain marked points. We
can order d; in the reverse lexicographic order, so that ds, . . . , d,,, are positive (i.e., correspond
to the zeroes) and d,;, 11, - - - , dmtn are equal to —1 (i.e., correspond to the simple poles).
Since we live on CP' we have Y. | d; = —4 which is equivalent to 37" | d; = n — 4.
Hence,
1 “ 1
Poc'l(et — d. 1) —
i1, 2(k _ 4) i:l( i+ )7r2
1 - Ly 1 1 1 1
=— (Y4 1)—=7 —4 —=—.0
2(n+m—4)(; +; 2 2(n+m—4)(" M) 5= g0

Proof of Theorem 1.5. — Note that Theorem 1.5 counts the number of generalized diago-
nals joining two fixed corners of a right-angled billiard, while in the “pocket” configuration
we count the number of closed flat geodesics on the induced cylinder, which are twice longer.
Rescaling, we get an extra factor 4 for the counting problem in this alternative normaliza-
tion. Applying Theorem 2.4, and taking into consideration the factor i in Formula (2.1) we
get the answer

N, (H L) “. ” 1 4. cpqcket 7TL2
A 4 “J area of the billiard table IT’

pocket e get Formula (1.10). O

Plugging in expression (4.36) for ¢;';

4.12. A “dumbbell”, i.e., a simple cylinder separating the sphere and joining a pair of
distinct zeroes

Consider a configuration & of type IV, where we have a single cylinder filled with closed
regular geodesics, such that the cylinder is bounded by a separatrix loop on each side. We
assume that the separatrix loop bounding the cylinder on one side is emitted from a fixed
zero P; of order d; > 1 and that the separatrix loop bounding the cylinder on the other side
is emitted from a fixed zero P; of order d; > 1.

Such a cylinder separates the original surface S in two parts; let P;,, ..., P, be the list
of singularities (zeroes and simple poles) which get to the first part and P, , ..., Pj, be the
list of singularities (zeroes and simple poles) which get to the second part. In particular, we

have i € {i1,...,ix, } and j € {j1,...,Jk, }. We assume that S does not have any marked
points. Denoting as usual by d,, the order of the singularity P,, we can represent the sets with
multiplicities « := {dy, ..., dx} as a disjoint union of the two subsets

{d1,...,dp} ={di,, ... d;, yU{dj,, ..., dj,, }.

This information is considered to be part of the configuration.
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THEOREM 4.8. — The Siegel-Veech constant cyg for this configuration is expressed as
follows:

4.37) cp= di;ldj

(dime Qdiy, -y ds = 2, diy ) = Didime Qdy,, .y = 2,0 dy,,) = 1))
(dime Q(dy,da, - .., dy) — 2)!
Vol Qs (diys o di =2,y diy) - VoL Qs (djy, oo yds =2, dy,)
Vol @, (dy, .- ., dp)

Plugging in Theorem 1.1 we get:

(di +1)(d;+1) (k1 =3)! (k= 3)! 1

(4.38) co = : B =

Proof of (4.37). — The proof is completely analogous to computation of the Siegel-
Veech constant for configuration III. Denote by «/, the set with multiplicities obtained
from {d;,,...d;, } by replacing the entry d; by d; — 2. Similarly, denote by ay, the set with
multiplicities obtained from {d;,,...,d;, } by replacing the entry d; by d; — 2. Define
o' := o), Ua;. Contracting the two saddle connections we get a disconnected flat surface .S’

in the principal boundary stratum ¢)(a).

Given a flat surface S’ € ¢(a’) and a holonomy vector +¥ we have d; separatrix rays in
direction +4 adjacent to the point P; of S’ and d; separatrix rays in direction ¢ adjacent
to the point P;.

Following line-by-line the proof of (4.28) in the previous section we get an expression
for Vol @5 (o, &) completely analogous to (4.35): the only adjustment consists in replacing
the factor d; by the product d;d;:

Vol Q5 (o, €) = me? - did; — Vol @, (/) + o(€?).

dim¢ Q(a)
Applying expression (4.9) from §4.4 for Vol ¢;(a’) and taking into consideration that
dim¢ @(a) = dime @(a) — 2 we can rewrite the latter expression as

did;
Vol Q5 (a, €) = 7e? - TJ
(dime Qdi,, ... di —2,...,d;, ) — D)(dime Q(dj,,...,dj —2,...,d;, ) — 1)!
(dim(c Q(dl,dg,...,dk) —2)'
Vol @y (diy, -y di = 2,...,ds, ) - Vol Qy(dj,, ..., dj —2,...,d;, ) + o(e?).

Applying (4.18) and (4.19) to the above expression we obtain (4.37). O

4.13. Siegel-Veech constant c,ye,

Consider an SL(2, R)-invariant manifold in a stratum of Abelian differentials or a
PSL(2, R)-invariant manifold in a stratum of quadratic differentials. Denote by ccy1 the
associated Siegel-Veech constant responsible for counting the maximal cylinders of closed
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geodesics and denote by carea the Siegel-Veech constant responsible for counting the cylin-
ders of closed geodesics counted with weight

(area of the cylinder)
(area of the surface)

In [50] Ya. Vorobets proved the following result:

THEOREM (Vorobets, 2003). — For any connected component 5 °"% (¢ of any stratum of
Abelian differentials the ratio carea/ccy1 0f the corresponding Siegel-Veech constants satisfies
the following relation:

Carea — 1 — 1
Cyl 29—2+n dimcH(a)—1"

Note that a configuration of homologous saddle connections of CP! involves at most
one cylinder. The following proposition states the Vorobets formula for individual configura-
tions involving cylinders for strata of meromorphic quadratic differentials with simple poles
on CP',

PROPOSITION 4.9. — For any stratum ¢)1(d1, . ..,d,) of meromorphic quadratic differen-
tials with simple poles on CP and for any admissible configuration € of saddle connections
involving a cylinder the following equality holds:

Carea(6) 1 1
c(€)  dimc Q(dy,...,d,)—1 n—3"

Proof. — The proof consists in an elementary adjustment of the computation from the
previous two sections. We will present the computation of carea (&) for the “pocket configura-
tion” (configuration of type III) following the analogous computation in §4.11. The compu-
tation for the configuration of type IV is completely analogous and is omitted.

2
This time we have to compute the integral of the ratio r;ﬁ of the area 72./2 of the
S T
cylinder over the total area (r% + r%)/2 of the entire surface. We integrate this expression
over ¢ (a, €). Note that this ratio is the same for proportional surfaces. Thus we can

integrate with respect to the corresponding cone C(%](a, ©)):

2 2
T . T
i = dim 0(a) - [ au(S).
/Qi(a,i@) rg+r C((a,0) TR T T

Moreover, the ratio of the corresponding Siegel-Veech constants satisfies

7‘2
Carea(@, 6) _ 10 Jes o) 2y WS

(4.39)
Ccyl(aa (6) £—0 fC(Qi(a,?)) d/J,(S)

The denominator

/ du(S) = u(C(%5 (o, )))
C(Qi(,6))

4¢ SERIE - TOME 49 — 2016 — N° 6



RIGHT-ANGLED BILLIARDS AND VOLUMES OF MODULI SPACES 1351

of the above ratio is given by (4.33). To evaluate the integral in the numerator we modify (4.33)
by multiplying the function inside the integral by an extra factor r2./(r% + r2) obtaining:
2
T
C(&5(,8) Ts T 1T

2 ! 2ns—1 1_7% 2nr—1 2
2me” - | rg"tT N drs re T dre +o(e”).
0 0

Taking into consideration that ny = dims £ = 2 and evaluating the latter integral we obtain

(4.41) / T 4u(S) = d; - Vol 0y () dme?
' (G5 (o)) T+ TT g ' ' 2ng(2ns +2)(2ns +4)
Plugging (4.41) and (4.34) into expression (4.39) and recalling the definition

ng = dim¢ @(a’) = dimc Q(a) — 2

+ o(e?).

we obtain
Carea(a7 (6) _ 2 _ 1
ceyi(, €)  2ng+2  dime Q(a) — 1’
which completes the proof of Proposition 4.9. O

Proposition 4.9 immediately implies the following statement.

COROLLARY 4.10. — For any stratum Q(d1, ..., dy) of meromorphic quadratic differen-
tials with simple poles on CP" the Siegel-Veech constant c,yea is expressed in terms of the Siegel-
Veech constants of configurations as follows.

1
Carea = n7_3 . Z Cg.

configurations &
containing a cylinder

5. Computation of the volumes of the moduli spaces

In this section, we prove Theorem 1.1. The approach taken here is somewhat indirect.

5.1. An identity for the Siegel-Veech constant

The idea is to prove Formula (1.1) in Theorem 1.1 for the volume by induction, using
the formulas expressing Siegel-Veech constants in terms of the volumes. Namely, by [16,
Theorem 3] one has:

k

1 d;(d; +4)

area(Q(d1, ..., dg)) = —=— 2
carea( (d1 W) =g 4+ 2

On the other hand, by the Vorobets formula applied to CP* (see Corollary 4.10 in §4.13)
one has

1
Carea(Q(dlv"'adk)) = dlmc Q(dlau-,dk)_l ’ Z ce-

Configurations @
containing a cylinder

In view of §2.1, for CP! there are exactly two configurations containing a cylinder: a
“pocket” and a “dumbbell”. The formulas for the Siegel-Veech constants were given in §4.
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Taking into consideration that dim¢ @(dy,...,dx) — 1 = k — 3, for any collection
dy,...,d; of integers in {—1, 1, 2, 3} satisfying the relation

k
D di=—4
=1

we get the following identity:

k
1 d;(d; +4) 1
5.1 BRI N A B/ : + )
2 b et N I SR A DI
j=1 “pocket” “dumbbell”
configurations configurations

If we plug in the expressions (4.28) and (4.37) into (5.1), we get a formula of the form:
(5.2) Vol ¢,(ds, . ..,d,) = Explicit polynomial in volumes of simpler strata.

The formulas (5.2) clearly determine the volumes. Thus, to prove Theorem 1.1, it is enough
to show that the expressions for the volumes given by Theorem 1.1 satisfy the recurrence
relation (5.2), or equivalently to prove the following:

THEOREM 5.1. — The explicit expressions (4.29) and (4.38) for the Siegel-Veech constants
satisfy the identity (5.1).

The proof of the Theorem 5.1 is quite involved and is done in Appendix A. This completes
the proof of Theorem 1.1.

6. Counting trajectories and ergodic theory on moduli space

In this section we will prove Theorem 2.4. We modify appropriately the strategy from §4.5
to obtain the asymptotic formula (2.1). The key tool is Theorem C.1 proved by Jon Chaika
in Appendix C.

6.1. Pointwise asymptotics

To understand the asymptotics for any set of special trajectories for the flat metric asso-
ciated to q € ¢4, we use (4.15) to reduce the problem to understanding

2
1 T

(6.1) o ; flgereq)dd,

where f is the indicator function of the trapezoid defined in §4.5.1. We are particularly
interested in the differentials g7, II € B. If f € £, (in the notation of Appendix C), we
could directly apply Theorem C.1 to conclude that

27

. 1 -~ 3
lim — f(gsroqu)dl = Zbﬁ(Q)
0

t—oo 27

for almost every IT € 3. Following an argument from [20], we will approximate fby such
functions. Fix € > 0, let h. : &; — R be a continuous function with

1 Ug) > e
6.2 he(g) = {0 = o).
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Here, I(g) denotes the length of the shortest saddle connection on ¢. The function A, is
a smoothed version of the indicator function of the compact part of the stratum ¢;. Given
¢: 7 — R, define

2w

63) (Ad) (@) = — [ $lgiroq)dd.

=5 ;

For any q € ¢4,

~

64 (4lTh) (@ < (4F) (@) = (4Fhe)) (@) + (4F0 = D) (o)

We follow [20, p.435, proof of Theorem 2.4] . Fix 1 > 1 > § > 0.[19, Theorem 5.1] shows
there is a C(d) so that forallq € ¢

-~ C(9)
6.5 < L.
65) fla) < yryve
On the other hand, 1 — h.(q) > 0 implies I(q) < ¢, so

—~ -~ c(s _ _s C(6
Fla)1 = h@) < Flo) < ook -t < o 200

Thus,
(4:(F( = ko)) (a) < €@ (Ad777) (g).
[19, Theorem 5.2] states that for n < 1, there is a C; = C;(n,II) so that for all ¢ > 0,
(A=) (qn) < Ci(n,T0).

Since fhg is continuous and compactly supported, for any II from the set of full measure
to which Theorem C.1 applies we get

Jlim (At(fh5)> (qn) = m(lQl)/g Fhe(q) dpa(q).

So we have
. -~ 1 -
(6.6) i Af(a) 2 s [ @ dm o
and
(6.7) limsup A, f(grr) < L Fhe(q) dpa(q) + C(8)Cy(n, M)e"°.
t—o0 :u’l(Ql) Q1

Combining (6.6) and (6.7) and letting ¢ — 0, we obtain, as desired, Theorem 2.4. O

We complete this section with the proof of Theorem 1.9 from §1.3.

Proof of Theorem 1.9. — The proof is completely analogous to the proof of Theorem 2.4
above; we just have to carefully follow the normalization which is different from the previous
case.

By [16, Theorem 3] one has:

(6.8) carca(@(k1—2,...,k, —2)) =

1 & (kj—2)(kj +2) 1 /4
Tk cemxln )
j=1 j=1

J
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The length of a closed trajectory in IT is the same as the length of the associated closed
geodesic on the covering flat sphere S. By definition, the area of the band of closed trajec-
tories on II is the same as the area of each of the maximal cylinders on CP'. However, the
flat area of S is twice the area of II. Thus, the ratio
(area of the band of periodic trajectories on II)
(area of II)

is twice larger then the corresponding ratio

(area of the maximal cylinder of periodic geodesics on .S)
(area of S) '
Taking into consideration that the bands of closed trajectories in the polygon IT are in the
natural one-to-two correspondence with the maximal cylinders of closed regular geodesics
on the covering flat sphere S, see Figure 6, we get

Narea(H, L) = Narea(Sa L)

It remains to note that

2 2
Narea(S, L) ~ Carea(Q) ) L _ Carea(Q) L

area(S) 2 area(I])
to conclude that the constant in the weak quadratic asymptotic (1.12) in Theorem 1.9 is one
half of the Siegel-Veech constant c,re, (&) from (6.8). O
Appendix A

Proof of combinatorial identity

In this appendix, we prove Theorem 5.1. Our proof follows the following scheme. In
Section A.1 we rewrite the conjectural identity (5.1) in a more detailed form (A.1) and
then applying elementary algebraic manipulations we rewrite it again in the form (A.2). In
Section A.2 we rearrange the summation in (A.2) and in Section A.3 we introduce multi-
index notation. Combining this rearrangement with new notation we rewrite the conjectural
identity in the form (A.3).

In Section A.4 we introduce generating functions F'(s) and G(s) as power series in
(multi)variable s with coeflicients involved in the conjectural combinatorial identity (A.3).
The desired combinatorial identity (A.3) now wraps to the identity F2(s) g (s). At this
stage we have just gained a more concise and convenient form for the conjectural identity,
nothing serious has happened.

In Section A.5 we introduce an entire collection of auxiliary generating functions M, (s)
indexed by a positive integer a (and depending on an integer multiindex parameter b):

My(s):== > A(a;b;k)sk,
ke (zz0)m
where the Mohanty coefficient A(a;b;k) is defined in Section A.5. By a theorem of
Mohanty [42], all these generation functions M, (s) are expressed in terms of M (s) denoted
by z(s) := M, (s). Moreover, al/l these generation functions are expressed in terms of z(s) in

a very simple way, namely,
M, (s) = 2°%(s).
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By the same theorem of Mohanty, the basic generating function z(s) satisfies the functional
relation

m
(%) 1—z+Zsizbi:0.
i=1

Note that this relation is polynomial in the basic generating function z and in formal variables

S=(S15.-,8m)-

The strategy of the proof is to express our generating functions F'(s) and G(s) as poly-
nomials in Mohanty functions M,(s) = z%(s) and formal variables s. As soon as we get
the corresponding expressions for F' (Lemma A.3 in Section A.6) and G (Lemma A.4 in
Section A.7) we express the difference G — F?2 as a polynomial in z and formal variables s
and show (Theorem A.2) that in the resulting polynomial one can factor out the square of
expression (x). Since by Mohanty’s Theorem this expression is identically zero, this proves
that G — F? is identically zero, which completes the proof of Theorem 5.1.

A.1. General identity to prove

Let dy,...,d,, be the degrees of zeroes only. The number n of simple poles is expressed
asn =4+ 2111 d;. The total number & = m + n of all singularities is, thus, expressed as
k=4+3"(di+1).

Recall that all zeroes and poles are named. A “pocket” configuration is uniquely defined
by a choice of a distinguished zero (at the base of the cylinder) and by a choice of an
unordered pair of simple poles (corners of the “pocket”); all choices of a zero and of a pair
of poles are admissible. When the distinguished zero at the base of the cylinder has degree d;,
Formula (4.29) gives the following value for the Siegel-Veech constant cg for an individual
“pocket” configuration (with distinguished zero and distinguished pair of fixed poles):

_ di+1 1
AT (it D) 7P

where we have replaced k — 4 in the denominator of Formula (4.29) by k—4 = >~ | (d; +1).
For each choice of the zero in the “pocket” configuration there are

()= (5)
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ways to choose a pair of distinguished poles. Hence, the total impact of all “pocket” config-
urations to the right-hand-side of (5.1) (based on Formula (4.29)) can be written as

>
. Ccg
k-3 =~
pocket
configurations

B 1 A 2indi) di+1 1
(14320, (di + 1)) 5 =2 (di+ 1) 7
1 1 4+ 27;1 d;

EZETED SN C7ES) )

A “dumbbell” configuration @ is uniquely defined by a choice of the following data.
We need to choose zeroes go to one part of the “dumbbell”; all the remaining zeroes
go to the complementary part. In other words, we have to consider all partitions of
the set {1,...,m} enumerating the zeroes into two nonempty complementary subsets
{i1, -+ y8my t U {J1,-..,Jm,}- For each such partition we have to consider all possible
choices of a distinguished zero (at the base of the cylinder) in each of the two groups. After
that, we have to choose ny =2+ > /" d; out of n =4 + 37" | d; simple poles which go to
the first part of the “dumbbell”; the remaining simple poles go to the other part. When all
these data are chosen and when the distinguished two zeros (one in each of the two groups)
at the base of the cylinder have degrees d;, d;, Formula (4.38) gives the following value for
the Siegel-Veech constant cy for the individual “dumbbell” configuration:

ey CLESBE D! (L SR E )

s 2 (S (d + 1) ks

Here we have replaced k in the denominator of (4.38) by k = 4 + >_7" , (d; + 1), and have
replaced k; and ks in the numerator of (4.38) by ky = m; +n1 = 2+ Z:.';ll(di + 1) and
by kg = ma +ny =2+ 377 (d; + 1) correspondingly.

For each partition of the set {1, ..., m} enumerating the zeroes into two nonempty subsets
{i1, -y 8my U {41, -, Jm,} (Which makes part of the “dumbbell” configuration) there are

(4+ X300, di)!
(2+ X do) (2 + X272, dy)!

ways to partition the simple poles between two parts of the “dumbbell”. Taking into consid-
eration this counting and plugging in the explicit conjectural expressions (4.29) and (4.38)
for the Siegel-Veech constants cg into (5.1) we observe that the right-hand-side of (5.1) can

4¢ SERIE - TOME 49 — 2016 — N° 6



RIGHT-ANGLED BILLIARDS AND VOLUMES OF MODULI SPACES 1357

be read as

e D T S

“pocket” “dumbbell”

configurations configurations
m
7 1 1 4+Zi:1 dl
T (Tl (d+ D) )
4+5™ )1
+ ) (di+1)(d;+1) 3 (4435, di)!

(2422 )2+ 2052 dy)!

1<i<j<m partitions of {1,...,m} into
{i1sesimy JU{g1,0 0 00my }

such that 4 is in the first subset

and j is in the second subset

. (=143 (di +1))! (—1+Z}”_21(dj+1))!>
(Zi:l(di + 1))! .

Multiplying both parts of the conjectural identity by the common factor

2. <1+§:(di+ 1))

4+ 3", d;
moving the binomial coefficient coming from the “pocket” configuration
2
to the left-hand-side of the identity and simplifying the resulting expressions we get the
following conjectural identity:

(A.1) <6+Z d+2 >.(1+§(di+1)>—(4+§di> <3+§di>

;z.m : Z (d; + 1)(d; + 1)
Z (—1+E?"1 (d_,nz+1))'~(—1+2m2 (ds, +1))!

2+ d) - (24272 ds))!

partitions of {1,...,m} into

{r1,-srmq YU{S1,-,8mo }
such that 4 is in the first subset

and j is in the second subset

This is the identity which we need to prove.

Changing the order of the summation we can first sum over all possible partitions of the
set of indices {1, ..., m} and having chosen the partition we consider all possible ways to
select a distinguished element i in the first subset and a distinguished element j in the second
subset. Note, however, that we will see each of the elements of the above sum twice. Thus,
collecting the resulting sums we can rewrite the sum in the right-hand-side of the above
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expression as follows:

Z (= 1+ X0 (dn + D)) (=14 272 (ds; +1))!
@+ d) - 2+ 272 ds,)!

partitions of {1,...,m} into
two nonempty sets
{risesrmy YU {1, s8m, }

> (dn, +1) > (ds, +1)

_ ) (S (dr, + 1)1 (272 (ds, + 1)
N 2+ d)! (24202 d,)!

partitions of {1,...,m} into
two nonempty sets
{resesrmy Ju{s1,.i8my }

Hence, we can rewrite the right-hand-side in (A.1) as a sum over the ratios of binomial
coefficients:

(4+ X", di)! Z (X (e, + D) (2072 (ds, + 1))
( 11d+1)' 2+ dn) - 2+ 272 ds))!

partitions of {1,...,m} into
two nonempty sets
{risermy Ju{s1,8my }

4430 d;

m1
Z 2 + Zl:l dTL
m
partitions of {1,...,m} into Zi:l(di + 1)
two nonempty sets
{r1sesTmy JU{51,0,8mq }

;111 (dTL + 1)

Finally, omitting the conditions that the subsets of the partition are nonempty, we get two
extra terms. It is immediate to verify that their sum is equal to

(10550 (0+550)

and, thus, we can rewrite the needed conjectural identity (A.1) as follows:

(A.2) <6+Z d+2 >~(1+§:(di+1)>
443" d;

2+ >0 dy,

?
= > -
partitions of {1,...,m} into Zi:l (dz + 1)

two complementary sets
{7'1:-~~a7'm1 }u{sly~-75m2}

lTle (dﬁ + 1)

We will show that (A.2) is valid for any nonempty collection of nonnegative integers

{1, dm}.
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A.2. Identity in terms of multinomial coefficients

Let ng be the total number of entries d in the set (with multiplicities) {dy,...,dm,}. The
left-hand-side of conjectural identity (A.2) can be expressed as

<6+Zd:d51d++21)nd> . (1+zd:(d+1)nd> .

The right-hand-side can be represented in terms of ny as

(4+> ,d ng)! Z Z na \ (Q_4(d+ Dka)! - O ,(d+1)(ng — kq))!
(2ald+ 1)ng)! ky ) 2+ 4d-ka)- (2+3,d - (ng — ka))!

k1=0ko=0

_ mplng! . (4+de ng)!
a (Ed(d+ Z Z

k1=0k2=0
(@R (Cyld + 1)(na — ka))!
kl'kgl(2+zddkd)' (nl—kl)!(’ng—kg)! """ (2+(de(nd—kd))'

Note now that the common factor is (up to four missing factors) is a multinomial coeffi-
cient and that the bottom line is a product of two “complementary” multinomial coefficients
(with two missing factors each).

A.3. Notation

To simplify the otherwise complicated factorials and terms, we introduce some notation:
k = (k1,...,km),s = (s1,...,8m), and d = (di,...,d,,) are all m-tuples. We will think
ofk,d € (Z=%)™, and s as variables. We write

lzﬂJV”Jysz“
=1

where e; are the standard basis vectors. Let n denote an integer.

Inner Product:
i=1

is the standard inner product.
Factorials:

k! = I, ;!

Multinomial Coefficients:

n L n
k) \ki,.o kpn—k-1

Deletion of variables: Here, we can have i = j:
k' =k—ei,kl"7 =k—ei—ej
Powers:

_1m kK
=1L0s
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We redefine notations d and m denoting from now on by d the original set {d1,...,d}
with suppressed multiplicities. In other words, we define the new d as the set of distinct entries
of the original set {di,...,d}. We also redefine m denoting by m the cardinality of the
new set d. Applying manipulations performed in §A.2 we can rewrite the identity we need
to prove in the following way:

6+, dl(id;;l)"i . 44+ (d+1)n

(2+(d+1).n).(3+(d+1).n).(4+(d+1).

n
1Zn: . (2r@+y: )

(A.3)

oo (1+@+1) k) (2+@d+1) k)

) (d+1)
- <1+(d+1)-(n—k))(2+(d+1)(n—k)) | n-k
A.4. Generating Functions
We define
_ (re k
F(s) T Z> (+@d+1) WE+d+1) k)
e(z=0)ym
and
B 6+, “litD, 44 (d+1)-k\ 4
o) '_kemzzo)m CTErD WG @) k)<4+<d+1>-k>'< k ) '

In terms of these generating functions, the conjectural identity to be proved becomes

rig.
A.5. Mohanty’s Formula

Our main tools are the combinatorial identities developed by Mohanty [42]. We recall
formulas (31) and (32) of [42], in our own notation. Given a € N, b,k € (Z=%)™, define

the Mohanty coefficient
a a+b-k
A(a;b; k) i= ——— .
(@bt = (")
We have

THEOREM A.1 (Mohanty [42], (31) and (32)). — With notation as above, we have

Z A(a;b; k)s* =

ke(ZZO)?n

where

m
l—z—l—Zsizbi =0
i=1
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Since we will use only one b, namely b = d+1, we will abbreviate the Mohanty coefficient
by defining A(a; k) = A(a;d + 1;k).
In the rest of the appendix we prove:

THEOREM A.2. — We have
F?=G.
More precisely,

2
1 m
(A4 G(s) = F?(s) — 1z2 (1 —z+ 2_:1 sizd"“) ,
where z is as in Mohanty’s Formula Theorem A.1 for A(a;k) = A(a;d + 1;k), so
1—2z+ Z sizd”l =0.
i=1
To prove this formula, we will derive formulas for F' (§A.6) and G (§A.7), and show (A.4).

A.6. Formula for F’

Our first lemma is the formula for F":

LemMA A.3. — We have

m

i . 1
F(s) = Z d":_ 2zd7,+2 _ QZQ 4z,
i=1

where

m
1—2z+ Z 524t = 0.
i=1

Proof. — We expand the right hand side using Mohanty’s formula, and equalize the sk

terms of the right hand and left hand sides. The right hand side expands, term-by-term, as:

mo mo di+2 di+2+(d+1) -k
Yt Y : rrrdy
i:ldi+2 i:1d1+2di+2+(d+1)'k k

1, 1 2 2+ (d+1)-k

1o, 1 2

2° 22+ (d+1) k k

z

1 (1+(d+1)-k>
T l+d+1) Kk k ‘

The sk terms of each of the second and third expressions can be read off directly. For the
first, we have:

§on e (e k)
i=1di+2 i=1d1+2+(d+1)-k1 k?
Observing that

a+di+(d+1)-kKi=a—-1+(d+1)-k,

we can re-write this as

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



1362 J. ATHREYA, A. ESKIN AND A. ZORICH

m m

Z Si Zdi+2'_)z 1 1+(df1)‘k.
di+2 1+(d+1) k ki

i=1 i=1

Thus, our identity reduces to showing that :

(2+(dl-:1)‘k)

(1+(d+1)-k)(2+(d+1) k)

“ 1 1+(d+1)-k
Zl+(d+1)~k< k¢ >’

is the sum of

=1
and
1 1+(d+1)-k\ 1 2+(d+1)-k
1+(d+1) -k k 2+(d+1)-k k '
Multiplying through by

1+d+1)-k)2+(d+1)- k),
our identity reduces to showing that

(z+@;1yk>

equals

(2+(d+1).k)((1+(dl;|—1)-k>+§;<1+(dkt1).k>>

—(1+(d+1).k)<2+(d+1)'k>.

k

Moving the last term to the left hand side, and canceling the resulting (2 + (d + 1) - k), our
identity reduces to:

<2+(d1—:1)-k> _ (1+(d;1)-k>+i(1+(dkt1)-k>7

i=1

which is the basic identity for multinomial coefficients

W)= 20

withn =2+ (d+1) - k. O

A.7. Formula for G

Our second main lemma is a formula for G:

4¢ SERIE - TOME 49 — 2016 — N° 6



RIGHT-ANGLED BILLIARDS AND VOLUMES OF MODULI SPACES 1363

LEmMA A.4. — We have

3 2 1 3 1 ( i diSiZdi+4 . i (dl — 2)sizdi+3

Gls)=37" -3 +3 12 12

Z i (d; —|—4ss ZAtditd;
(di +2)(4 + d; + dj)

Before we prove this lemma, we prove Theorem A.2 assuming it.

A.8. Proof of Theorem A.2

We want to show (A.4) assuming Lemma A.4 (and Lemma A.3), that is, we want to show

2
(A3) @) L F(s) - ;2 (1 2+ d+> .

we obtain

m 2 2 m
S; 1 S; 1
F2(g) — i di+2 _ 12 9 i di+2 _1.2)
(s) <; di+2z + {2 2z + ;di+2z z 2z

Expanding this expression for F2(s), expanding the second term in the right-hand side
of (A.5) and simplifying, we obtain three types of terms in the resulting expression for the
right-hand side of (A.5):

Simple powers: 322 — 123,

Single sums: > ;" (dQﬁ - 5) sizdit3 43 (% - ﬁ) si2%H4,

DOuble sum: ZZ] 1 (m - i) S,L-sz4+di+dj.

Expanding Lemma A .4 in a similar fashion, we have the corresponding terms for G(s):

; . 3,2 1.3
Simple powers: %z° — 52°.

. . m 2—d; d;+3 m d; L ,di+4
Slngle sums: Zi:l (m) S8; 2 + +Zi:1 (m) S; 2 + .

. m di(di+4) 1 e Ardi+d;
Double sum: —3 ", (2(di+2) TrdTa ) Sisizt T,

A quick inspection shows that the simple powers and single sums are equal. For the double
sum, we need to combine the (4, j) and (j,¢) terms in both sums (note that the terms are
identical in the F2 expansion, but not in the G expansion), and check their equality. The F2
term is thus

- (i‘m>

_ 1 (dl(dl +4) n d;(d; +4))
d4+d;i+d; \2(d; +2)  2(dj+2) )

and the G term is
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To check their equality, we reorganize and obtain:
—4 4 (d; +2)(d; +2) 2 1 (di(di+4)(dj+2)+dj(dj+4)(di+2)>
2(d; +2)(dj + 2) 2(4+d; + d;) (d; +2)(dj +2) '
Cancelling and cross-multiplying, this reduces to
(4+ d; + dj)(did; + 2d; + 2d;) = (d] + 4d;)(d; + 2) + (dF + 4d;)(d; + 2),

which is easily verified. O

A.9. Proof of Lemma A.4
Recall that the sk term for G is

' (2+(d+1).k)(3+(d+1) k)(4+(d+1)'k) k '
We observe di(di + 1) )
i(d; +
ST g 14—,
(di +2) +di+2
and write

62%((4+d~k)—d-k).

Using these, we rewrite the term (A.6) as the product of three terms:
Numerator: (%(4+d-k)—z ( di+1-— d+2>k)

Partial Fractions:

1
(2+(d+1)-k - 3+(d+1)~k)‘

Multinomial Coefficient: m«w(dﬁ Dk = %.

We consider terms from this triple product in turn.

A.9.1. k;-terms. — First, we consider the individual term

1 2 1 1 3+ (d+1)- k)
(2di+1_di+2>ki<2+(d+1)~k_3+(d+1)~k> kl(4+d-k)!

Keeping the (fd +1-35% +2
the difference, we are interested in
. 1 B3+ (d+1)-k)!
‘24 (d+1)-k k!(4+d-k)
Expanding

) term outside for now, and considering only the first part of

(14 (d+ 1)k)!
kil(4+d k)

=(3+(d+1)-k)

34+ (d+1)-k)=4+d-k)+1-k',
we first consider
1+@d+1k)! 1+ (d+1k)!
kil4+d k)  k!3+d k)
(di + 2+ (d + 1)k?)!

T Ki(d;+3+d-K)!

1 d; +3 di+3+(d+1)- -k

_di+3di+3+(d—|—1)-ki< ki >

1

713 (d; + 3; k")

(4+d-k)
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Now expanding 1 -k’ = (k; — 1) + 3_ ., k;, we have the terms

(k»—l)(1+(d+1)k)!— 1 4+ 2d; 4+42d; +(d+1) k"'
’ kild+d-k)!  4+2d;4+2d; + (d+1)- ki ki
1 1,0
_4+2diA(4+2di,k )
and
(k‘)(1+(d+1)k)!_ 1 4+d; +d; 4+d;+dj+(d+1) -k
7 kil(4+d k) 4+di+djd+di+dj+(d+1) -k ki
1

=—— A4 k&7
4+d; +d; (4+d; +dj; k).

Collecting all of these, we have

1 3+ (d+1)-k)!
+(d+1)-k kl(4+d-k)

1 lis .

= k%) (44 d; + dj; kM),

i3 A(d; + 3; +Jz=:14+d+d +d; + dj; k)

Next, we work with the factor

e 1 B+d+1) k! (2+(d+1) k)
‘3+(d+1)-k kl(4+d-k)!  kil(4d+d-k)!

_ (B+di+(d+1)-k)!
T ki(4+d; +d-k)!
1

= ———— A4+ d; k).

These k; terms come with the factor of

1 2 di(d; + 4)
Zd+1— —
<2dz+ di+2> 2(d; +2)’

so we have that their total contribution is:

i i(di +4) [ A(di + 3,k A(d; + 4 k) iA(4+di+dj;ki’j)
2(d; + 2) di+3 di +4 — 4+d; + d;

i=1
Summing over k € (Z=%)™, we obtain, using Mohanty’s formula,
’L d + 4 sizdi+3 sizd7:+4

A7 _ i
(A7) 2 5+ | 413 di+4+z4+di+dj

i=1 Jj=1
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A9.2. 3(4+d-k)-terms. — We now expand the 2 (4 + d - k)-terms, keeping 2 on the
outside for now. That is, we consider
1 1 B+ (d+1)-k)!

4+d-k —

(4+ )<2+(d+1)-k 3+(d+1)~k> K(4+d k)
As above, we first work with the term

1 B3+ (d+1)- k)

2+(d+1)-k kl(4d+d k)

(14 (d+1)-k)!
KI(3+d-k)!
(14 (d+1)-k)!
KI(3+d k)

(4+d-k)

=B+ (d+1) k)

=(3+d-k)+1-k)

The 1 - k term can be split up into individual terms, and as above, we have

(1+(d+1Dk)! (1+(d+1Dk)! 1
kI3+d-k)!  kil(3+d-k)! d;+3

The (3 4+ d - k) term yields

(14+d+1)-k)! (1A+(d+1)-k)!
kl(3+d-k)! ~ k!(2+d- k)

1 2 ) k(2+(d+1)~k>

k; A(d; + 3;KY).

(3+d-k)

Thus we have

(4+d-k) =

1 B+ (d+1)-k)! A2;k) <= A(d; +3;kY)
2+(d+1)-k kl(4+d-k)! 2 217

We are left with the term

1 (B+(d+1)-k)! 1 3 3+(d+1)-k
3+(d+1)-k kl(4+d-k)! __33+(d+1).k( k )

1
= —3AB:K).

—(4+d-K)

Combining the above, and recalling the coefficient of 2, and summing over k € (ZZ%)™ we
have the total contribution of the 2 (4 4 d - k)-terms:

3 1 5 1 5 < s2%t3
(A9 2 <zz 5908 )

i=1

A.9.3. Combining terms. — To conclude, we combine equations (A.7) and (A.8) to obtain

3(1 1 U 5i2%it3
G —_21z,2_=,3 ?
(s) 2<2Z 3” +; di+3>

d;(d; +4) Zit3 gl T g5t ditd
_;Qd +2) d1+3_di+4 +J§ 4+d;+d; |-
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Collecting terms, we have

3, 1 s 3 di(di 4+ 4)
Gls) =327 = 37 +;di+3 2 2(d; +2)

idisizdi+ B Z di(d; +4) sisjz4tditdi

1
3 di +2 di+2 4+d;+d,

i=1

Finally, using
§ di(d; +4) . 1(d; +3)(d; — 2)

2 2d;+2) 2 di+2

we get

sizit3 <3 di(di+4)> 1di—2 4.3
- — — 2% .
di+3 \2 2(d; +2) C2d;+2

Substituting this into our expression for G, we obtain as desired
di+a ™ 2)s;2%i+3

3, 15 1[Ndisiz% (di —2)si
G(S)=Zz—§z +2(Z di +2 _Zz::l di +2

3 i di(d; +4)s;s,24Hditdi
(di +2)(4+d; + dj)

ij=1

Appendix B

Counting pillowcase covers

In this appendix we describe the original approach to calculating the volume of the moduli
space of Abelian and quadratic differentials suggested by H. Masur, M. Kontsevich, and
the authors, and developed with success by A. Eskin and A. Okounkov, see [25, 26]. This
approach was also used in [51] and [20]. The key idea is to translate the volume calculation
into a counting problem for “integer points” , which geometrically correspond to square-tiled
surfaces for the moduli spaces of Abelian differentials and to pillowcase covers for the moduli
spaces of quadratic differentials.

In §B.1 we show why volume calculation is equivalent to counting the lattice points. In
§B.2 we recall the definition of the pillowcase cover, show that counting of lattice points is
equivalent to the counting problem for pillowcase covers and prove Theorem 1.3.

B.1. Reduction of volume calculation to counting lattice points
The volume of a stratum ¢, (d1, ..., dy) is defined by (4.5) as
Vol @ (dy, ... ,dg) = dimg Q(dy,...,dg) - p(C(@1(dy, ..., dk)),
where pu(C(%1(d1, ..., dx)) is the total volume of the “cone” C(&;(d1,...,dx)) C &(d1,...,dk)

measured by means of the volume element du on ¢(dy,...,dy) defined in §4.1. The total
volume of the cone C(¢;(dy, ..., dx)) is the limit of the appropriately normalized Riemann
sums.

The volume element dy is defined as a linear volume element in cohomological coordi-
nates, normalized by certain specific lattice. Choose a positive € such that 1 /¢ is integer, and
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consider a sublattice of the initial lattice of index (1/g)dim= £(d1.dx) partitioning every side

of the initial lattice into 1/ pieces. The corresponding Riemann sums count the number of
points of the sublattices which get inside the cone. Thus, by definition of the measure p we
get

w(C(Q1(dy,...,dg)) =
lim edim#2(d1,--dx) (number of points of the e-sublattice inside C(Q; (di, .. ., dx))).

e—0
We assume that 1/¢ is integer. Note that a flat surface S represents a point of the e-lattice,
if and only if the surface (1/¢) - S (in the sense of Definition (4.1)) represents a point of
the integer lattice. Denoting by C(&n(d1,...,dx)) the set of flat surfaces in the stratum
Q(dy,...,dy) of area at most N/2, and taking into consideration that

area((1/¢) - S) = 1/&? - area(S)
we can rewrite the above relation as

(B u(C(Gi(dr,-.. dy)) = Jim N7 Ui,

(number of lattice points inside the cone C(Qy (d1, ..., dx)).

B.2. Lattice points, square-tiled surfaces, and pillowcase covers
Let A C C be a lattice, and let T? = C/A be the associated torus. The quotient
P =T+

by the map z — —z is known as the pillowcase orbifold. It is a sphere with four (Z/2)-orbifold
points (the corners of the pillowcase). The quadratic differential (dz)? on T? descends to
a quadratic differential on #. Viewed as a quadratic differential on the Riemann sphere,
(dz)? has simple poles at corner points. When the lattice A is the standard integer lattice
Z @ i7Z, the flat torus T? is obtained by isometrically identifying the opposite sides of a unit
square, and the pillowcase & is obtained by isometrically identifying two squares with the
side 1/2 by the boundary, see Figure 14.

L
L - 41—
| | !
L -+ |- : —+{. |
|
T - H- e H =
|
I o s it e [
| 1 I 1 | E

FIGURE 14. Pillowcase cover (on the left) over the pillowcase orbifold (on the
right). A general pillowcase cover it is not necessarily glued from two identical
polygons.

Consider a connected ramified cover & over & of degree N having ramification points only
over the corners of the pillowcase. Clearly, 2 is tiled by 2N squares of the size (1/2) x (1/2) in
such way that the squares do not superpose and the vertices are glued to the vertices. Coloring
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the two squares of the pillowcase & one in black and the other in white, we get a chessboard
coloring of the square tiling of the cover &: the white squares are always glued to the black
ones and vice versa.

LeEMMA B.1. — Let S be aflat surface in the stratum ¢)(d1, . . ., dy). The following properties
are equivalent:

1. The surface S represents a lattice point in Q(dy, . ..,dy);
2. S is a cover over P ramified only over the corners of the pillow;
3. S is tiled by black and white (1/2) x (1/2) squares respecting the chessboard coloring.

Proof. — We have just proved that (2) implies (3). To prove that (1) implies (2) we define
the following map from S to &. Fix a zero or a pole Py on S. For any P € S consider a
path «(P) joining Py to P having no self-intersections and having no zeroes or poles inside.
The restriction of the quadratic differential g to such (P) admits a well-defined square root
w = £,/q, which is a holomorphic form on the interior of . Define

(B.2) Pl—)(/(P)w modZ@iZ)/i.
¥

Of course, the path v(P) is not uniquely defined. However, since the flat surface S represents
a lattice point (see the definition in §4.1), the difference of the integrals of w over any two
such paths v;(P) and ~2(P) belongs to Z @ iZ, so taking the quotient over the integer
lattice and over 4 we get a well-defined map. By definition of the pillowcase & we have,
P = (C/(Z®iZ))/=%. Thus, we have defined a map S — . It follows from the definition
of the map, that it is a ramified cover, and that all regular points of the flat surface S are
regular points of the cover. Thus, all ramification points are located over the corners of the
pillowcase.

A similar consideration shows that (3) implies (1). O

Let Sqy(dy, ..., dx) be the number of surfaces in the stratum ¢(dy, ..., ds) tiled with at
most N black and NV white squares respecting the chessboard coloring. Lemma B.1 allows
us to rewrite Formula (B.1) as follows:

PO, dy)) = Tim N8 hendh) . Squ (d, . dy).
Taking into consideration (4.5) we get

(B3) Vol Ql(dl,...,dk) :2dimc Q(dl,...,dk)

: —dich Q(dl,...,dk) .
Nl_l)r_r:q)N Say(dy,...,dk).

We now state and prove two lemmas which we use in the proof of Theorem 1.3.

LemMaA B.2. — For any n, v as above the following asymptotic relation is valid:

N
D=1 COV?Ld(nv v) — 9t)
N=eo 5740, Covyy'(n,v)

where £(n) is the number of entries in 1.

(B.4)

)
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Proof. — Let P be a zero of even degree of a quadratic differential, and U, (P) a multidisc
of flat radius € centered at P. Choosing ¢ sufficiently small, we can assume that U.(P) is
embedded into the ambient flat surface. (For example, for the flat surface % induced from
the standard % X % square pillowcase & by means of the cover g : % — P one can choose
any e satisfying 0 < ¢ < %.) Choose an orientation of the vertical direction in U, (P). For any
vector ¥ € R? such that ||7]| < e there is a unique way to move the zero P in direction ¥ by the
distance ||¢]| via a local move inside U ( P) keeping the flat metric outside of U (P) unchanged.
The corresponding local surgery (called, depending on the author and the context Schiffer

F1GURE 15. Cartoon of a local move of a zero of even degree.

variation, or deformation along the kernel (or Rel) foliation, etc) is represented in Figure 15,
where the separatrix rays (“prongs”) adjacent to P are chosen to be parallel to the vector 7.
This local deformation can be performed as follows. Make short slits along all prongs in
direction ¥ and open them. The original conical point of a cone angle 7 - 2k gives rise to
2k marked points on the sides of the slits. Move the marked points along the sides of the slit
by the distance ||7]| in direction ¥ and zip the slits back up to the new marked points. All
new marked points get identified into a single conical singularity with the cone angle 7 - 2k.
Note that usually, the flat surfaces obtained after deformations along vectors ¥ and —# are
generically non-isomorphic.

Consider now a pillowcase cover 7g : P — P as above. As the base sphere choose the
standard pillowcase % endowed with the quadratic differential gy = (dz)2. It has four simple
poles at the corners of the pillow and no other singularities. Pulling back (dz)? via 7g gives
a quadratic differential on the covering CP'! with zeros and simple poles of degrees {v; — 2}
and {27n; — 2} and with no other singularities. Thus, by construction the pillowcase cover
P = (CP*, 7*qo) belongs to Q(n, v).

Move the zero P; of degree 2n; — 2 in direction ¢ as above. The deformed flat surface
inherits a structure of a ramified cover over the pillowcase orbifold #. The corresponding
cover can be defined by a formal construction as Equation (B.2), or can be seen in plain
terms as follows. We have deformed our flat structure only inside a neighborhood U (P;), so
we let the projection of the complement of U(P;) to the pillowcase orbifold % unchanged.
The neighborhood U(P;) is glued from even number 2k of half-disks as in Figure 15; we
define the projection of each half-disk to the pillowcase orbifold & unchanged.The definition
matches on the common boundaries of the half-discs. By construction, the deformed cover
P o %, has the ramification profile (2ns, . . ., 21y, v, 2247 11+m=111/2) over 0 € 2,
profile (n1, 14¢=) over the projection of the deformed zero P}, and profile (22¢) over the
other three corners of &. The cover 7’ is unramified elsewhere.
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Consider now the same pillowcase cover 7z : # — & as above and move the zero P; of

degree 2n; —2 of the initial quadratic differential ¢ in direction —#/. Clearly we get a pillowcase
Al

cover m”’ : P — P with exactly the same profile as 7’ : 7 =9 Moreover, since the
zero Py of ¢ on the original cover P was projected to a conical singularity of the pillowcase
orbifold & with the cone angle 7, moving from the corresponding corner of the pillow in
directions ¥ and — we get to the same point of the pillowcase orbifold &. In other words,
the zero P; of the deformed quadratic differential ¢’ on @/ obtained by moving the zero P;

of ¢ in direction ¥ is projected to the same point of the pillowcase orbifold & as the zero Py’

Al ~
of ¢ on # obtained by moving the zero P; of ¢ in direction —%. The number of covers &

~ Al
for which the resulting covers # and & are isomorphic has asymptotics of lower order in N
N 0
than ), Covyy(n,v).
Moving all even-order zeroes Pi,..., Py, in directions of pairwise-distinct vectors
41, ..., £Uy,) we establish a 2¢() _to-one correspondence (up to a term of lower order
asymptotics in N) between covers 7 and 7. O

Quadratic differentials induced from dz2 on the standard pillowcase orbifold via the
pillowcase covers (1.5) constructed in §1.2 have the following structure. All zeroes of odd
degrees of such differentials are projected to the same corner of the pillow, while all zeroes
of even degrees are projected to pairwise distinct non-corner points. Quadratic differentials
induced from dz? on the standard pillowcase orbifold via the pillowcase covers 7 : P P
as above have slightly different structure. Namely, all their zeroes (no matter of odd or even
degree) project to the same corner of the pillowcase orbifold, so they are really square-tiled.
Moreover, since all preimages under mg of the three remaining corners of the pillowcase
orbifold are regular points of the flat metric, the resulting flat surface & can be tiled with
1x 1 squares (compared to % X % squares of the pillowcase orbifold). Our next lemma proves,
that (in genus zero) this new square tiling with larger squares admits a chessboard coloring.

LEMMA B.3. — Any pillowcase cover ng : P — P of genus zero with a ramification profile
as above decomposes into two consecutive covers

w:@—nqﬁ—n@,

where Py — P is a cover of order 4 of a pillowcase orbifold of size 1 x 1 over the standard
1

pillowcase of size 5 x 3
REMARK B.4. — Without the condition that the genus of P as above is equal to zero the
assertion of Lemma B.3 is no longer true in general.

Proof of Lemma B.3. — Consider the decomposition of & into maximal horizontal cylin-
ders. We associate to this decomposition a finite graph. The edges of the graph are in one-to-
one correspondence with the cylinders. The vertices of the graph are in one-to-one correspon-
dence with connected components of singular horizontal layers. Two edges have common
vertex if the corresponding maximal cylinders are adjacent to the same connected compo-
nent of the critical horizontal layer.

Note, that for square-tiled surfaces of genus zero the resulting graph is, actually, a tree
which we denote by T. To prove the lemma we first prove that perimeters of all horizontal
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cylinders are even integer numbers. The proof is an induction in the number of horizontal
cylinders.

The base of induction corresponds to the case when % has a single horizontal cylinder.
Then & has only two singular layers, one on each side of the cylinder. Consider one of the
horizontal singular layers as a graph of horizontal saddle connections. Since Pisa sphere, the
corresponding graph is, actually, a tree. By construction each saddle connection has integer
length. The waist curve of the cylinder follows each saddle connection twice, so its perimeter
is twice the sum of lengths of all saddle connections in the layer, and hence the perimeter is
an even number.

When the number of horizontal cylinders is greater than one, analogous consideration
shows that perimeters of all cylinders represented by the extremity edges (leaves) of the tree T
have even perimeters. Chopping one of these cylinders out from the initial flat surface % and
isometrically identifying the parts of the boundary in the natural way we get a new pillowcase
cover & satisfying the same properties as before. By induction all its horizontal cylinders have
even perimeters.

Having proved that the perimeters of all horizontal cylinders are even integers we apply
the induction in the number of cylinders one more time proving now that the tiling of % with
1 x 1 squares admits chessboard coloring. O

Now everything is ready to prove Theorem 1.3.

Proof of Theorem 1.3. — By Lemma B.3 a pillowcase cover mg : P — Pof genus zero and
of degree 4d with ramification data (7, v) as above uniquely defines a square-tiled pillowcase
cover of degree d in Q(n, v).

Reciprocally, consider an arbitrary square-tiled surface S as in Lemma B.1 above in the
stratum ¢)(n,v), and let d be the degree of the corresponding cover over &. Subdividing
each square into four; considering the underlying pillowcase as &, and postcomposing the
initial cover S — &, with the cover #; — P we get a pillowcase cover with singularity
pattern (7, v). This implies that

N
ZCovgf(n,V) =Say(v1 — 2,00 —2,...,2n1 — 2,212 — 2,...).
d=1

Applying Equation (B.4) from Lemma B.2, taking into consideration that
dime Q(v1 — 2,00 —2,...,2n1 — 2,210 — 2,...) = £(v) + £(n) — 2
and applying Equation (B.3) we complete the proof of Theorem 1.3. O

Appendix C
Equidistribution of Circle Translates
by Jon Chaika

We use a variation of an argument of G. A. Margulis to obtain equidistribution of circles
from exponential mixing of the Teichmiiller geodesic flow on ¢);. The strategy is similar in
spirit to [17, Section 3.6].
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C.1. Notation

Asin§l.3,let B = B(ky, ..., ky,) be the space of directional billiard tables, that is, billiard
tables with interior angles (5 ki, ..., 5ky) and a distinguished direction. 3 has the natural
the measure p g4 which is the product measure of the Lebesgue measure arising from the side
lengths and the angular measure d¢.

Given IT € B, let g1 be the meromorphic quadratic differential given by gluing together
two copies of TI. Recall that IT — g from Bto @ = Q(k1—2,. .., k,—2) isalocal embedding
where ()(d4, .. .,d,) is the stratum of quadratic differentials with zeros of order d1, ..., d,.
Using this map, we may view 9 as a subset of ). Let ¢; C @ denote the subset of surfaces
of flat area 1/2 (see Convention 4.1), and let 4y = pg, denote the Masur-Veech measure
on @ . Let B; denote the intersection of B C ¢ with ¢);. We abuse notation by denoting the
restriction of the measure pg to By again by pg. Let B, denote the subset of %; where the
direction of the billiard flow is parallel to one of the sides, and let y1 5 be the restriction of the

measure to %1. We recall notation for important one-parameter subgroups of SL(2, R):

et 0 d cosf siné
= and rg = .
9t 0et ¢ —sinf cos 8

C.2. Equidistribution

We define the function space
1’2 = {f € C.(@4) : f is 1-Lipschitz ,/ fdpy = 0}
2

with respect to the Euclidean metric induced by local coordinates on ¢); (see, for example [3,
§5] for a formal definition of this distance). We denote ¥, the space without the mean 0
condition.

THEOREM C.1. — Let f € Z’S. Then for pg-almost every right angled billiard qr; we have
2m
1

1
lim — r dd = ——— duy = 0.
T—o0 21 o f(gT QqH) ,U'I(Ql) o f 241

C.3. Small arcs and strategy

The strategy to prove Theorem C.1 is to break the integral over the circle into (exponen-
tially) small arcs so that the limit converges as desired. Let M. C ¢; be the e-thick part of
the stratum, that is, the set of ¢ € ¢; so that all saddle connections on ¢ have length at least e.

ProrosITION C.2. — Let f € fg and § > 0. Define

Sy = {96 [0,27) \ <B(O,6)UB<72T,5) UB(W,(S)UB(?’;,a))}.

S5 avoids neighborhoods of directions parallel to the sides. There exists an exponentially
decaying function v : RY — [0, ) such that for any € > 0

1 v(eN) ( ) 1
lim / F(genmospan)dd = ——— [ fdp
N—oo 2’1](5N) —v(eN) +é HI(QI) 04 '
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Jor ug-almost every qn € 7§1 N Ms, Lebesgue almost every 6 € Ss.

We prove Theorem C.1 assuming Proposition C.2 in §C.7. To prove Proposition C.2, we
estimate the L2-norms of the functions

1 v(N)

on MsNry @1, the d-thick part of the rotated billiard subvariety. To estimate

) L ) e
/ N (Fn(q)) dﬂrm:/ ) (N2 / (gn72q) f(gnTyq) dz dy ity 3,
7‘9(8107145 ro B1NMs U( ) —’U(N) —’U(N)

we separate the domain of integration into two pieces: one where x and y are very close, and
another when they are sufficiently separated. Heuristically, for  and y sufficiently separated,
the translates gnr,q and gnr,q move away from each other exponentially in IV, and thus
become uncorrelated due to exponential mixing of the Teichmiiller flow. This is made precise
in Proposition C.10. For x and y sufficiently close, we estimate trivially by the measure of the
set.

C.4. Exponential recurrence, mixing, and contraction

To implement the above strategy, we need three crucial technical results on Teichmiiller
geodesic flow.

C.4.1. Exponential Recurrence. — Athreya [1] showed that most (in an exponential sense)
trajectories spend at least half their life in the thick part of a stratum. Precisely, let

T
GL(E):{q€Q1:|{0§t<T:gtq67%£}|>2f0rallT>L}

denote the set of ¢ € ¢, so that the g;-trajectory of q eventually (after time L) spends at least
half its life in ..

THeOREM C.3 ([1, Theorem 2.3]). — For all small enough e > 0, there exists C,& > 0 such
that for all L > 0

p(Gr(e)) > (1~ Ce™F)uy(Qy).

C.4.2. Exponential Mixing. — Avila-Resende [5], building on work of Avila-Gouezel-
Yoccoz [4], showed that the Teichmiiller geodesic flow is exponentially mixing. Let d be the
Riemannian distance on SL(2,R) induced by the Killing form. For functions f,g on ¢,
and M € SL(2,R), define the M-correlation

G(f, 9, M) = ‘/Ql f(Mq)g(q)dm —/Ql fdpa /Ql gdp

THEOREM C.4. — ([5], [4, Theorem 2.14]) There exists constants C, X so that if hy, ho are
Lipshitz and compactly supported then there exists Ck that depend only on the smallest systole
of a surface in the compact support such that for any M € SL(2,R),

©(h1,ha, M) < O (Cx + IIhalloo + lhallip) (O + Ih2llo + A2l zip) e M.
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C.4.3. Exponential Contraction. — Eskin-Mirzakhani-Rafi [24], following Forni [28], proved
an important result on the hyperbolicity of the Teichmiiller flow. For a subset A C R™ we use
|A| to denote its Lebesgue measure.

TueOREM C.5 ([24, Lemma 8.3]). — Given a fixed compact part M there exists c, C>0
such that if q and q' differ only along a stable manifold for g, (that is, if they share the same
horizontal foliation) then

dS(gtq, giq ) < Cds(q q ){t>0 gtqeﬂ/la }|

dg denotes Hodge distance along the stable manifold. See [24, Section 8.2].

C.5. Mixing on open sets

In this section we state and prove our first key Proposition C.6, which will play a crucial
role in the proof of Proposition C.2. Proposition C.6 uses exponential mixing (Theorem C.4)
in a crucial fashion.

Given an open set U C M, let 0.U denote the e-neighborhood of the boundary 0U. We
say U is polynomially regular with regularity polynomial P if there is a polynomial P so that

w1(0:U) < P(e).

ProrosITION C.6. — Let § > 0 and let U C Ms be polynomially regular. Let f,h € fﬂ.
Then there exist \, D > 0 and £y < 1 so that for all 0 < £ < £y

/Uf(gtq)h(g(l+l)tQ)d,Ufl(Q) < De A

The first step in the proof is the following effective equidistribution lemma for translates
of polynomially regular sets.

LemMmA C.7. — Let § > 0, U C Mg be polynomially regular and f € ¥g. There exist
E, )\ > 050 that

1 e
e / f(gtq>du1<q>‘ < BeMrt

The constants depend only on 6, f and the regularity polynomial of U.
Proof. — LetU, = {q €U :B(qg,r) CU} and

he(q) = xu(q) (1 - id(q,Ue)) :

Notice that h, is e~!-Lipshitz. We will obtain the lemma by applying exponential mixing
(Theorem C.4) to the functions f and h,.

‘/ f(geq)dp S‘ he(q) f(g:q)dpm
U o

By Theorem C.4 we have that there exists Cs (subsuming the various constants)

‘ / f(geq)dp
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By our assumption on U there exists C, d (essentially the leading coefficient and degree of
the regularity polynomial) so that

X — helloop {q : xv(q) # he(D)} | flloo < el
Letting ¢ = e~ we obtain
/ Flgeq)dun < Ce peite ™t 4 Cem .
U

A dA O

To complete the lemma, let Ay = min {5, 2 }.

Applying this to small balls, we obtain

COROLLARY C.8. — Lete >0, go € M.y o+ and f € £2. Then there exists C.c; > 0 50
that for all k > 0,

1
p1(B(go,e7%)))

Moreover, Cy, . ¢ can be chosen to be C.._se*Le.i where L. ¢ depends only on ¢, f.

< Crege ™

/ F(gr)dp (q)
B(qo,e™*)

Applying this corollary to f = xy — u1(U) for a polynomially regular set, we obtain

COROLLARY C.9. — Letd > 0. LetU C Mg be polynomially regular. There exist ko, Do, Ao
so that for any qo € Ms we have, for all r > 0

. r
p1(B(go,e7"))

The number ko can be chosen to be either positive or negative and the corollary holds for all
large enough (in absolute value) ko. The constants can be chosen to only depend on & and the
regularity polynomial of U.

< D26_>\2T.

/ XU (kor @)A1 (q) — pa (U)
B(qo,e™7)

Proof. — Let
H,4(q) = (6" —1)d(q,B(q0,¢™")) XB(go,e—+e—2r) (@) -

By the regularity of U and using period coordinates on the stratum we have that there exist
C1,d; and CY, dy so that

< Cle™ + Che 22,

/ xv (grrq)dpy — / he(q)Hy g0 (q)dp
B(go,e")

1

By Theorem C.4, since
1
1o llip < €7 and [|he]lrip < -

we have that there exists Cs (subsuming the various constants) so that

‘/ hE(gkr‘I)qu,T(Q)dﬂl _/Hq,rdﬂl/hedﬂl
1

Combining these two estimates the corollary follows. O

1
< C3=e%Te ™k,
€
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Note that if f € fg then f o g; is Ce3*-Lipshitz. We use this observation to prove
Proposition C.6 by splitting U into balls of size e~4* where f o g, is basically constant. Then
we apply Lemma C.8 to these balls. This gives us the required independence.

Proof of Proposition C.6. — We want to estimate

‘/U f(gtq)h(gtJrsQ)dﬂl(Q)‘ =

/Q f(Q)h(gsq)XU(g—tQ)dﬂl(Q)‘~
1
By doing an extra integration over small balls, we rewrite this as

1
/Q1 M(B(q()’e%))/B(qme48)f(Q)h(ng)XU(g—tQ)dﬂl(Q)dM(QO)

Since f,h € 22 we can estimate their values in small balls by values at the center points,
allowing us to bound from above the previous integral by

’/1 m(mq;,r”‘s))/mm_“) (f(20)(g590)

+ 0™ *)||fllLipllh © gsll Lip) XU (9—ta)dp1 (q)dp1 (o)

Integrating the error term out, we derive the further estimate

+0 (e_BTS) .

/Q1 Wf(%)h(gs%)/ Xxv(g—tq)du1(g)dp1(go)

QO,6_4S)) B(qo,e~%%)

By Corollary C9 if s < th then for any ¢q in the support of f (which is assumed to be
compact)

1
p1(B(qo, e4%))

So we obtain

/ xv(9-1q)dpa(q) — p1(U)| < Dye 225,
B(qo,e~%#)

C.1) £ (a0)h(ge0) / 0 (g0 dp (@)dpir (a0)

B(qo,e**)

1
- ‘M(U)/ f(qo)h(9sq0)dp1(qo0)
231

+0 (D2e™2°) || flloo | ol oo
Applying Theorem C.4 Proposition C.6 follows. O

C.6. Correlation of translates

In this subsection, we state our other key Lemma Proposition C.10, which estimates the
correlation~ of f € fg with a translate of f along a thickened g;-translate of the billiard
manifold %;. Fix € > 0 so that Theorem C.3 holds.
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ProrosiTioN C.10. — Iff € Z’ d,a > 0and0 ¢ {0, 5, 7,35} then there exist constants
C1, N and Cq,g < 1 such that for any M € SL(2,R) with d(M, Id) < e*“2¢ we have

‘ / /  [(Mgeye) f(gireq) dp,, 5, (g)dE| < Coe oI,
—a JrgBiNMs

Here, and below, .., ¢, denotes (rg)*,ug;l, Cy, Cs,9 and N}y depend on f, §, a and 6. Moreover
fixing f,a,d the dependence on 6 is continuous.

The proof of Proposition C.10 relies on all of the technical ingredients from the previous
sections: exponential recurrence (Theorem C.3) exponential mixing (Theorem C.4) and
exponential contraction (Theorem C.5) as well as Proposition C.6. Our key lemma is:

LemMA C.11. — Let § > 0and U C Ms be polynomially regular. Let f,h € fg. Then
there exist constants C, Cy, X such that for any M € SL(2,R) with | M| < Cat we have

< (e~ (M Id)

/ f(gea)h(Mgeq) dpia(q)
U
As in Proposition C.6, C and X depend on f, h, 8 and the regularity polynomial of U.

Proof. — There exist 0, ¢ € S1, s € R with e* = | M|| so that M = rpgsry.
/ f(9:)h(Mgeq) dpa (g / F(@h(rogsreq)xv (9-1q)dp(g)

= [ (Fors@) o ralo)xo(g-o-sdin @)

1

We now follow the approach of the proof of Proposition C.6 and for convenience introduce
ho =horg, fo=for_g € 2.

1
[ By o B sl o)

/ 1
0, m(B(g,e™*))

Now

= o [l so)dm @)@ +0 (7).

B(g,e~4%)

.
p1(B(g,e=%9))

/ X0 (g s)dpan (@) — 1 (U)
B(g,e=%9)

< Dge_)‘zs

;M/ B(ge=te) xv (g—tw)dur (w) — p1(U)

since r_4B(g,e™*%) has the same regularity polynomial as B(q,e~?%). This implies the
lemma. O
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Proof of Proposition C.10. — Let 6 ¢ {0, %, , 37“} Intersect rg %1 with . and flow it by
a small interval {gy, |¢| < a}, and consider
U gereB1 0.
|<a
Thicken it by ¢/ > 0 along the stable manifold for g;, and call the resulting set V. We
pick a and ¢’ small enough so that the intersection of V' with the support of f has a local
product structure (as stable x unstable x flow) with respect to the Teichmiiller flow g;. By
the continuity of the trigonometric functions in the proof of Proposition 3.3 ¢ and ¢’ can
be chosen to depend continuously on 6. Let ¢ denote the local projection from V to the
a-thickened and f-rotated billiard subvariety
U gero B
|f|<a
By Proposition 3.3,
,ul(V) > 0.
By Corollary C.11, if || M ||op < C2,6 we have that

/ f(Mg:q) f(g:q) dia
VNG,

By the continuity of 7y and the construction of V' the polynomial that bounds the decay of
an e neighborhood of the boundary of V can be chosen to depend continuously on 6. So Cj
and )y depend continuously on 6. By exponential recurrence (Theorem C.3) u; (G¢) decays
exponentially in ¢ and so there exists Cy, Ay such that

/ f(Mg:q) f(g:q) dua
VNG

< CArge—)\gd(M,Id) + NI(GE)

"
< Cé/e—)\s d(M,Id) .

Now for each ¢ € V there exists ¢’ € rg Q;l on the same stable manifold which is distance at
most ¢’ away. It follows from the exponential contraction of g; (Theorem C.5) that for ¢ large
enough and ¢’ € G, then
d(geq, g:q') < Ccle™ 5.
By our assumption that f € £ it follows that
|f(9:9) — £(g:q') | < Ccle™5"
and
|f(Mgeq) = F(Mgid)| < | M[lopCc'e™ 3,
where || - ||op denotes the operator norm of SL(2, R) acting linearly on R?. By our assumption
on V and the fact that f is 1-Lipschitz it follows that

/ f(Mgrq) f(9:9)dp(q)
VNG

>

/ f(Mg:®(q) + eq) (£(9:®(q) + ey) dm(a)‘
VNG,

> + ¢,

/[0 . [ o)+ ) (Farssd) + ) di o VN
N —a JrgBiN H
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where

/

|e:1|, leg s < Cce 2t and legl, leq s < ||M||Opé’c’e_%t.

In the last inequality of the integral estimate, (e ¢! comes from the exponential recurrence
result Theorem C.3. This establishes the proposition. O

C.7. Proof of Theorem C.1

We prove our main Theorem C.1 assuming our key tool Proposition C.2. By Proposi-
tion C.2, for every 6 > 0 there exists a T such that for any T > Ty, T € eN and set S
with

1g(S) > pg(Br N Ms) — 6
we have that for each ¢ € S a subset G4 of S5 with
MGy) >2m—85—6

such that for each § € G, we have

1 v(T)
/ flgrro+eq)de| < 0.

2v(T) —o(T)

It follows that for ¢ € S and T' > T, we have

1 27 1 v(T)
27r/0 Mﬂ/_v(T)f(gTra+¢q)d¢d9 :

We break this integral into two pieces, over G, and its complement. We have

1 27

o ), flgrreq) dcb' =

1 1 v(T)
2 /G 20(T) J_yer) fgrrosq)dpdd| < 6
and
1 oM
/Gg 20(T) /_D(T) F(grro+99)dddd)| < 95| | co-
So we have

1 27

o fl9rrsq) dgb‘ <64+ 96| flloo <106 max (1, || f|loo) -
0

Because f is 1-Lipschitz we have that if

2w

. 1 2m . 1
lim sup ’ f(gTr¢q)d¢‘ <e+limsup |— f(gNr¢q)d¢>‘ :
T—oo 2 0 NeNe 27 0
Since ¢ and ¢ are arbitrary Theorem C.1 follows. O
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C.7.1. Proof of Proposition C.2. — To prove Proposition C.2, we estimate the L2-norms of
the integrals

1 v(N)
Fn(q) = 20(N) /_U(N) fgnreq)ds,

where we define v(IN) below. We have

v(N) v(N)
 (Fn(@)%du, ; =/ / / (gnT2q) f(gnTyq) dz dy dpsy, .
/rg%1ﬁﬂ/l§ 9% Tg%lm_/l/% 4U(N) ’U(N) Y ¢

Changing the order of integration, we obtain

v(N) 1 v(N)
10(N)2 Te—yg- dyd . -) dz.
/U(N) /gm(wgm%) 4v(N)? /_D(N)f(gzv vI-NO)f (@) dy d((gn)«p, , ,5)

To ease notation, pg will denote (gn ). p,. o for the remainder of this proof. We note that

T = hz tan 0 9log cos Ohtan 6-

1 10
hs = ° 7h::,»r = )
01 s1
so the previous expression is

/’U(N / 1 /’U(N) ( ) ( )
f hz* an(z—vy)9log(cos(z— hean n(z—y)4d f q dy d/““ﬁ dz.
o(N) Jgnrare(Binis) 4U(N) v(N) W tana—y)Zlop(cos(emy)) et tan(e—y)

where

Now consider C5 g from Proposition C.10. Recall that we defined
0 T o 0 3r 4
=10,2 B B B B
si=2\ (2(03)un (5.5) va(n5)ua(5.3)).

Cg = min 02 9-
0eSs ’

and

Observe that this is defined and greater than zero because Cs ¢ is continuous in 6 and Ss is
compact. Let

v(N) = min {AH?W, g} .
Then

e-2n tan(m—y)glog@os(m—y))\ < e Nforz,y € [~v(N),v(N)].
Since f is 1-Lipschitz we can dominate the integral by

e o | )@
- f he2n tan(z—y)q f q dydﬂ@dx
v(N) Sgnreto(Binils) 4U(N)2 —v(N) tan(z-y)

We break the domain of integration into pieces, and we estimate the integral on each
separately. Let

Ay = {x,y € [—u(N),v(N)], |z —y| < e(*”%)N}

be a small neighborhood of the diagonal in [—v(N),v(N)]2. The first piece P; is when
(z,y) ¢ An:
P = {(z,y,9) : (z,9) ¢ An,q € gn (T210B1 N Ms)} .
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We add an integral over time so we can estimate the integral over P; using Proposi-
tion C.10, yielding

1 a
To(N)2 h dy dpg dzdl
4v(N)2 (/_a P f (e tan(z—y)90) f (q) dy dpg dz >

; / /a /
= Au(N)2 J(hez2n tan(z—y)IN+9) f(gN1+2q)dp g dl dx dy
4U(N)2 (z,9)¢AN J —a JroBins tan(z—y)
1 / NN NN
< e Cie " 5 Vdoxdy < Cre™™ T .
W(N)? Jayygan

To see this is justified, first observe that the domain of integration is appropriate because for
all large enough N, 6 + = € Ss. Second, the size the matrices is appropriate because by our
choice of v(IN) we have

e?N2u(N) 4+ 1 < 2N
for all N sufficiently large and and so
”hez’\’ tan(z—y) ” < 22N forallz,y € [_U(N)a 'U(N)]’

since tan is 2-Lipschitz on [-7, 7]. Moreover, since

1
|tan(z — y)| > §|:E —yland z,y ¢ Ay

we have

1 o
||h’€2N tan(m—y)” > 56 E N'

Our second piece, P», is when x and y are close:

VORES {(957317(1) (z,y) € AN,q € gN (Tm+eg§1 ﬂﬂ/la)}-

We have, via naive (measure and || - ||, ) estimates
1 £ 1151 AN
<o 2N G < T E—
4’U(N)2 </P2 f(he tan(z—y)q)f(Q) d/"% dy diL’) > 4’1)(N)2
Ca
<e V| fIIZ-

Combining the estimates on the integrals over P; and P, we obtain
) Co Cy
[ @) dun < G FY 4 e BV 4 e,
ro B1NMs
So there exists § > 0 such that for all large enough V.

a
// (Fx(90))” dp,, (q)dl < €N
—a JregB1NMs

Let

my(q,a) = zgfiifa] |Fn(geq)| -

We have, for any n > 0, that

~ 1
L {q €reBr N Ms:mpy(q,a) > 77} < 2a7726_5N'
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Indeed,

2an*pig {q € roBy N Ms : mu(q,a) > 77} < / / i (Fn(9eq))? dpsr, 5(q)de.
—a JrgBi1NMs

Since for any n > 0, we have that

1
E 7676]\[ < oo,
n
N=1

the easy half of the Borel-Cantelli lemma implies that for pg-almost every q € @1 N Ms, the
set
{N >1 :mN(Qaa) > 77}
is finite. Because F' is 1-Lipshitz, for any such ¢ we have that there exists Ny so that
|Fn(q)| < 2a+nforall N > Np.

Since i and a are arbitrary and our estimates hold for all § € S5 the proposition follows. [
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