LIMIT THEOREMS FOR DISPERSING BILLIARDS
WITH CUSPS
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ABSTRACT. Dispersing billiards with cusps are deterministic dy-
namical systems with a mild degree of chaos, exhibiting “intermit-
tent” behavior that alternates between regular and chaotic pat-
terns. Their statistical properties are therefore weak and delicate.
They are characterized by a slow (power-law) decay of correlations,
and as a result the classical central limit theorem fails. We prove
that a non-classical central limit theorem holds, with a scaling fac-
tor of v/nlogn replacing the standard y/n. We also derive the
respective Weak Invariance Principle, and we identify the class of
observables for which the classical CLT still holds.
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1. INTRODUCTION

We study billiards, i.e., dynamical systems where a point particle
moves in a planar domain D (the billiard table) and bounces off its
boundary 9D according to the classical rule “the angle of incidence is
equal to the angle of reflection”. The boundary 9D is assumed to be
a finite union of C? smooth compact curves that may have common
endpoints.

Between collisions at 9D, the particle moves with a unit speed and
its velocity vector remains constant. At every collision, the velocity
vector changes by

(1.1) vi=v  —2(v ,n)n

where v~ and v* denote the velocities before and after collision, re-
spectively, n stands for the inward unit normal vector to 9D, and (-, )
designates the scalar product.

If the boundary 0D is entirely smooth and concave, and the cur-
vature of 9D does not vanish, the billiard is said to be dispersing.
Such billiards were studied by Sinai [22], and now they are known as
Sinai billiards. A classical example is a unit torus T? with finitely
many fixed disjoint convex obstacles B;, ¢ = 1,...,k, i.e., the table is
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Sinai proved that the resulting billiard dynamics in D is uniformly
hyperbolic, ergodic, and K-mixing. By uniform hyperbolicity we mean
that the expansion rates of unstable vectors are uniform, i.e., they
expand exponentially fast. Gallavotti and Ornstein [15] proved that
Sinai billiards are Bernoulli. Young [24] proved that correlations decay
exponentially fast. The central limit theorem and other limit laws were
derived in [4, 6].

All these results have been extended to dispersing billiards with
piecewise smooth boundaries, i.e., to tables with corners, provided the
boundary components intersect each other transversally, i.e., the angles
made by the walls at corner points are positive.

Ficure 1. Billiard table with three cusps.

A very different picture arises if some boundary components con-
verge tangentially at a corner, i.e., make a cusp. Dispersing billiards
with cusps were first studied by Machta [19] who investigated a bil-
liard table made by three identical circular arcs tangent to each other
at their points of contact (Fig. 1). He found (based on heuristic ar-
guments) that correlations for the collision map decay slowly (only as
1/n, where n denotes the collision counter). The hyperbolicity is non-
uniform meaning that there are no uniform bounds on the expansion of
unstable vectors: when the trajectory falls into a cusp (Fig. 1), it may
be trapped there for quite a while, and during long series of collisions
in the cusp unstable vectors expand very slowly.

Rigorous bounds on the decay of correlations were derived recently
in [11, 13]. It was shown that if A is a Holder continuous function
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(“observable”) on the collision space M, then for all n € Z

(12) G = [u(A- (Ao F7) = [u(A)]*] = O(1/ )

where F': M — M denotes the collision map (billiard map) and p its
invariant measure; we use standard notation p(A) = [,, A du. We refer
the reader to [10] for a comprehensive coverage of the modern theory of
dispersing billiards and to [11] for a detailed description of dispersing
billiards with cusps.

Billiards with cusps are among the very few physically realistic chaotic
models where correlations decay polynomially as in (1.2) leading to a
non-classical Central Limit Theorem. However, the proofs of limit
theorems (Theorems 1, 2 and 3 presented here) require much tighter
control over the underlying dynamics than the proof of (1.2) does. As
for the general strategy, our arguments follow the scheme developed
in [8]. Nonetheless, concerning the specifics of billiards with cusps, we
implement new ideas in the following sense.

Machta’s original argument [19] consists of approximating the dy-
namics in the cusps by differential equations. The proofs in [11] involve
direct, though technically complicated, estimates of the deviations of
the actual billiard trajectories from the solutions of Machta’s equations.
We employ a novel approach: we integrate Machta’s differential equa-
tion and find a conserved quantity, then show that the corresponding
dynamical quantity is within O(1) of that ideal quantity. This gives us
the necessary tight control over the dynamics.

Here we summarize some issues that provide the main motivation
for proving Theorems 1, 2 and 3. Billiards with cusps can be obtained
by a continuous transformation of Sinai billiards. Suppose we enlarge
the obstacles B; on the torus T? until they touch each other. At that
moment cusps are formed on the boundary 9D and the billiard ceases
to be a Sinai billiard. Thus billiards with cusps appear on a natural
boundary 06 of the space & of all Sinai billiards. Strong statistical
properties of Sinai billiards deteriorate near that boundary and one
gets slow nonuniform hyperbolicity with ‘intermittent chaos’.

Billiards within the class & but near its boundary 0& are also inter-
esting, because the obstacles nearly touch one another leaving narrow
tunnels (of width € > 0) in between. A periodic Lorentz gas with
narrow tunnels was first examined by Machta and Zwanzig [20] who
analyzed (heuristically) the diffusion process as ¢ — 0. We plan to
investigate billiards with tunnels rigorously, and the current work is a
first step in that direction.

Our interest in billiards with cusps also comes from the studies [9]
of a Brownian motion of a heavy hard disk in a container subject to
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a bombardment of fast light particles. When the slowly moving disk
collides with a wall of the container, the area available to the light
particles turns into a billiard table with (two) cusps, see [9, p. 193],
and some light particles may be caught in one of them, and they would
be hitting the disk at an unusually high rate. An important task is
then to estimate the overall effect produced by those rapid collisions in
the cusp. At each collision the light particle transfers some momentum
to the heavy disk, and the total momentum transferred to the disk can
be represented by a Birkhoff sum of a certain function.
We study the limit behavior of Birkhoff sums

(1'3) SnA:A—f‘AOF—l—-H—FAoF"*l

for Holder continuous functions on M. As usual, we consider centered
sums, i.e., S,A—nu(A) = S, (A—pu(A)), so we will always assume that
w(A) = 0; otherwise we replace A with A — p(A).

Because correlations decay as 1/n, the central limit theorem (CLT)
fails. Indeed, due to (1.2)

n—1

(1.4) p(19.A7) = > (n—[k[)¢(A) = O(nlogn),

k=—n+1
so the proper normalization factor for S,,A must be y/nlogn, rather
than the classical y/n. Our main goal is to establish a non-classical
central limit theorem:

Theorem 1 (CLT). Let D be a planar dispersing billiard table with a
cusp. Let A be a Holder continuous® function on the collision space M.
Then we have a (nonclassical) Central Limit Theorem

(1.5) Sl

= N(0,0?%)

for some a* = 0% > 0, which is given by explicit formula (1.7).

The convergence (1.5) means precisely that for every z € R

(1.6) { ol } 1 / =y
) P —= <z — e 202 ds
Jnlogn V202 J o
as n — oco. In the degenerate case o = 0, the left hand side of (1.5)
converges to zero in probability; see also Theorem 3.

Remark. Since the map F is ergodic, the limit law (1.5) is mizing in
the sense of probability theory, i.e., the limit in (1.6) holds true if we

IThe function A may be piecewise Holder continuous, provided its discontinuity
lines coincide with discontinuities of F* for some k > 1.
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replace p with any measure that is absolutely continuous with respect
to u; see [14, Section 4.2].

The limit law (1.5) can be interpreted, in physical terms, as superdif-
fusion, and o* = 0% as superdiffusion coefficient; see similar studies in
[1, 8, 23]. In [1], an analogue of Theorem 1 was proved for another
billiard model where correlations decay as O(1/n) — the Bunimovich
stadium. In [8, 23] a similar superdiffusion law was proved for the
Lorentz gas with infinite horizon, which is also characterized (after a
proper reduction [12, 13]) by O(1/n) correlations. Our proofs follow
the lines of [8].

B

FI1GURE 2. Orientation of r and ¢ on 9D

There are natural coordinates r and ¢ in the collision space M, where
r denotes the arc length parameter on 9D and ¢ the angle of reflection,
i.e., the angle between v and n in the notation of (1.1). Note that
—m/2 < ¢ < 7/2; the orientation of r and ¢ is shown in Fig. 2. The
billiard map F' preserves measure p on M given by

dp = ¢, cos pdr, dp,

where ¢, = [2length(dD)]! is the normalizing factor. In these co-
ordinates, M is a union of rectangles [r}, r!] x [—m/2,7/2], where the

intervals [}, 7] correspond to smooth components (arcs) of 9D.

The Holder continuity of a function A: M — R means that
A, ) =A@, @) S Ka(lr =17 + o — ¢/|*)

for some ay > 0 (the Holder exponent) and K4 > 0 (the Holder
norm) provided 7 and 7’ belong to one interval [r], r]. The function A
need not change continuously from one interval to another, even if the
corresponding arcs have a common endpoint.

The cusp is a common terminal point of two arcs, i; and iy, of OD;
thus the coordinate r takes two values at the cusp, r’ = r; and 7" = r}.
Now the coefficient 0% is given by

c /2 2
(1.7) ol = [/ [A(7, ) + A(r", )] \/cos p dp

B 8a —7/2
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where a = (a; + a2)/2 and ay, as denote the curvatures of the two arcs
making the cusp measured at the vertex of the cusp.

Remark. Our results easily extend to dispersing billiards with more
than one cusp. To account for the total effect of all the cusps, 0% must
be the sum of expressions (1.7), each corresponding to one cusp.

The non-classical limit theorem (1.5) leads to the following lower
bound on the correlations (,(A) defined by (1.2):

Corollary 1.1. If 6% # 0, then the sequence |n|(,(A) cannot converge
to zero as n — %00.

Proof. This is an analogue of Corollary 1.3 in [1]. If we had (,(A) =
o(1/|n|), then the first identity in (1.4) would imply p([S,A]?) =

o(nlogn), hence % would converge to zero in probability. This
would contradict (1.5). O

Our next result reinforces the central limit theorem (1.5):

Theorem 2 (WIP). Let A satisfy the assumptions of Theorem 1 and
0% # 0. Then the following Weak Invariance Principle holds: the
process

SsvA

\/JiNlogN7

converges, as N — 00, to the standard Brownian motion.

(1.8) W(s) = 0<s<l,

As usual, Ssy A here is defined by (1.3) for integral values of sN and
by linear interpolation in between.

The same remark as we made after Theorem 1 applies here: the limit
distribution of the left hand side of (1.8) is the same with respect to
any measure that is absolutely continuous with respect to pu.

Lastly we investigate the degenerate case 04 = 0 (which occurs when
the integral in (1.7) vanishes).

Theorem 3 (Degenerate case). Let A satisfy the assumptions of The-
orem 1 and 0 = 0. Then we have classical Central Limit Theorem

SpA 9
NG = N(0,67)

for some 6% = 6% > 0 (see Theorem 6 for a precise formula).

(1.9)

The remark made after Theorem 1 applies here, too, i.e., the limit
distribution of the left hand side of (1.9) is the same with respect to
any measure that is absolutely continuous with respect to p. Also, if a
billiard table has several cusps, then 04 = 0 if and only if the expression
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(1.7) vanishes for every cusp. Lastly, it is standard that 6% = 0 if and
only if A is a coboundary, i.e., there exists a function g € L2 (M) such
that A = g—go F almost everywhere (this follows from general results;
see, e.g., [18] and [17, Theorem 18.2.2]).

Remark. The function A is a coboundary if and only if for every peri-
odic point # € M, FPx = z, we have > ¢ | A(F'z) = 0; see [7]. And
in dispersing billiards periodic points are dense [5]. Thus cobound-
aries make a subspace of infinite codimension in the space of Holder
continuous functions, i.e., the situation 6% = 0 is extremely rare. On
the other hand, 0% = 0 occurs whenever the integral in (1.7) vanishes,
hence such functions make a subspace of codimension one (for billiards
with k cusps it would be a subspace of codimension k), so such func-
tions are not so exceptional.

Remark. Correlations decay slowly in discrete time, when each collision
counts as a unit of time. The picture is different in physical, continuous
time: the collisions inside a cusp occur in rapid succession, thus their
effect is much less pronounced. In fact, the corresponding billiard flow
is rapid miring in the sense that correlations for smooth observables
decay faster than any polynomial rate, and a classical Central Limit
Theorem holds [2].

It is worth noting that any observable A on the phase space of the
flow, D x S', can be reduced to an observable A: M — R for the
billiard map by integrating A between collisions. If A is bounded, then
clearly A — 0 near cusps, hence ¢4 = 0, and therefore A, too (just like
A), satisfies a classical CLT.

On the other hand, some physically important observables for the
flow are not bounded near cusps, and for them the classical CLT may
fail; for example the number of collisions during the time interval (0, T'),
as T" — oo, does not satisfy a classical CLT.

2. INDUCED MAP

It is standard in the studies of nonuniformly hyperbolic maps to
reduce the dynamics onto a subset M C M so that the induced map
F: M — M will be strongly hyperbolic and have exponential decay
of correlations.

In the present case the hyperbolicity is slow only because of the
cusp. So we cut out a small vicinity of the cusp; i.e., we remove from
M two rectangles, Ry = [rj ,r;, + €| x [-7/2,7/2] and Ry = [r}, —
€0, 75,] X [=7/2, /2], with some small £y > 0 and consider the induced
map F on the remaining collision space M = M \ (R; U Ry). It
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preserves the conditional measure v on M, where v(B) = u(B)/u(M)

for any B C M. The map F: M — M is strongly hyperbolic and has

exponential decay of correlations [11]. On the other hand, the induced

map F is rather complex and has infinitely many discontinuity lines.
Now let

(2.1) R(z) =min{m >1: F"z € M}
denote the return time function on M. The domains
M, ={z € M: R(z) =m}

for m > 1 are called cells; note that M = U,;,>;M,,. Cells are sepa-
rated by the discontinuity lines of F.

Given a function A on M we can construct the “induced” function
on M as follows:

R(z)—1
(2:2) A) = 3 A(F").
m=0
We also denote by S,, A its Birkhoff sums:
(2.3) S A=A+ AocF+---+ Ao F 1L

It is standard that v(R) = 1/u(M) (Kac’s formula) and v(A) =
w(A)/u(M). Since we always assume p(A) = 0, we also have v(A) = 0.
If the original function A is continuous, then the induced function A
will be continuous on each cell M,,, but it may have countably many
discontinuity lines that separate cells M,,’s from each other. So the
discontinuity lines of A will coincide with those of the map F.

Theorem 4 (CLT for the induced map). Let A: M — M satisfy
the assumptions of Theorem 1 and A be the induced function on M
constructed by (2.2). Then

S, A

(2.4) T

= N(0,0%),

where 04 = v(R)o3.

Remark. The function R itself (more precisely, its “centered” version
Ro =R — v(R)) satisfies the above limit theorem, i.e.,

S, R —nv(R)

(2.5) Noo

:>N(0=‘772z)7

where

w/2 2
(2.6) op = ;—’f [/ ,/cosgodgo] :
a

—7/2
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Indeed, define a function A by

e 1-v(R) for z e M
- 1 for © € M\ M

Then by (2.2) we have 4 = R — v(R). Note that A is piecewise
constant, with a single discontinuity line that separates M from M\ M
(hence its discontinuity line coincides with that of F), and u(A) = 0.
Thus Theorem 4 applies and gives (2.5). The formula (2.6) follows
from (1.7), because A =1 in the vicinity of the cusp.

The remark made after Theorem 1 applies here, too. Indeed, the
ergodicity of F' implies that of F, hence the limit law (2.4) is mixing,
i.e., the limit distribution of the left hand side of (2.4) is the same with
respect to any measure that is absolutely continuous with respect to v.

Proof of Theorem 1 from Theorem 4. Our argument is similar to [8,
Section 3.1]; see also [10, Theorem 7.68] and [16, Theorem A.1].

First, according to the previous remark, the limit law (2.4) holds
with respect to the measure 7 defined by dv/dv = R/v(R). Our next
step is to prove the limit law (1.5) with respect to .

Given n > 1 we fix n; = [n/v(R)]. For every x € M let ny = ny(x)
be the number of returns to M of the trajectory of x within the first n
iterations, i.e., ny satisfies Sp, R(2) < n < Sp,+1R(x). Then we have

(2.7) SpA =8n A+ (Spy A — Sny A) + (S A — Spy, A)

Due to Theorem 4, we have
Sn, A

Vnlogn

thus it is enough to show that the other two terms in (2.7) are negligible,
le.

(2'9) X1

(2.8) = N(0,0%),

S, A-8 A S A= 8n, A

T Valogn YT Julogn

both converge to zero in probability. It is enough to prove the conver-
gence to zero with respect to v, because r is an absolutely continuous

measure. To deal with x; we use (2.5), which implies that for any € > 0
there is a C' = C. > 0 such that

(2.10) v(jn —my| < Cy/nlogn)>1—c¢
Now the desired result x; — 0 would follow if both expressions
ni+j

Z A(Fiz)

1
2.11 max _—
( ) 1<j<C+v/nlogn v/nlogn
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and

| > A(Fa)

i=ny—j

1
2.12 max _—
( ) 1<j<Cynlogn y/nlogn

converged to zero in probability. Because F preserves the measure v, we
can replace n; with 0 in the above expressions. Then their convergence
to zero easily follows from the Birkhoff Ergodic Theorem.

To deal with y2 we note that A is bounded, hence |S,A — Sy, A| <
| Al|oo(n — Sn,R). Note that n — (Sp,R)(x) = k if and only if F™(z) €
Fk¥(M,,) for some m > k, hence

v(z:n— (Sn,R)(x) =k) =) v(My)
m=k
Thus the distribution of n —&,, R does not depend on n, which implies
X2 — 0 in probability.

We just proved (1.5) with respect to the measure . The latter is de-
fined on M, but it corresponds to a representation of the space (M, u)
as a tower over M, whose levels are made by the images F‘(M,,),
0 < i < m. Thus the space (M, ) is naturally isomorphic to (M, u),
and the limit law (1.5) on the space (M, D) can be restated as follows:
with respect to the measure p on M we have

S, Aoll
vnlogn

where II(z) = F¢@)(z) and ((z) = max{m < 0: F™z € M}; so II
plays the role of the “projection” on the base of the tower. Lastly, the
effect of II is negligible and can be handled in the same way as the

difference S, A — S,,.A above. O

(2.13) = N(0,0%),

Theorem 5 (WIP for the induced map). Let A satisfy the assump-
tions of Theorem 1 and 04 # 0. Let A be the induced function on M
constructed by (2.2). Then the following Weak Invariance Principle

holds: the process
S;s
(2.14) Wa(s) = _ SwA 0<s<l,

\/UiNlogN’

converges, as N — 00, to the standard Brownian motion.
We derive Theorem 2 from Theorem 5 in Section 8.

Theorem 6 (Degenerate CLT for the induced map). Let A satisfy the
assumptions of Theorem 1 and 0% = 0. Let A be the induced function
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on M constructed by (2.2). Then we have a classical Central Limit
Theorem

S, A
NZD
where 6% = v(R)6%. The latter satisfies standard Green-Kubo formula

e}

(2.16) =Y v(A-(AoFM)).

n=—oo

(2.15) = N(0,6%)

This series converges exponentially fast.

We derive Theorem 3 from Theorem 6 in Section 7.

Remark Even in the non-degenerate case, 0% # 0, all the terms in
the series (2.16), except the one with n = 0, are finite and their sum
converges (see our Lemma 3.2 below). Hence 6% given by the series
(2.16) is finite if and only if its central term (with n = 0) is finite. The
latter occurs if and only if 0% = 0 (see our Lemma 4.3 and Section 7
below), so we have

65 <00 & o3=0.

In the bulk of the paper we prove Theorem 4. The degenerate case
is treated in Section 7. The more specialized limit law (Theorem 5) is
proved in the last section 8.

The underlying map F: M — M is strongly hyperbolic and has
exponential decay of correlations for bounded Holder continuous func-
tions [11]. But we have to deal with a function A that has infinitely
many discontinuity lines and is unbounded; in fact its second moment
is usually infinite; see below.

There are two strategies for proving limit theorems for such func-
tions. One is based on Young’s tower and spectral properties of the
corresponding transfer operator on functional spaces [1]. The other is
more direct — it truncates the unbounded function A and then uses
probabilistic moment estimates [8]. We follow the latter approach.

In Sections 3-4 we describe the general steps of the proof, which can
be applied to many similar models. In the Sections 5-6 we provide
model-specific details.

3. TRUNCATION OF A

The constructions and arguments in Sections 3—4 are rather general,
they are based on a minimal collection of properties of the underlying
dynamical system. Thus our arguments can be easily applied to other
models. The necessary model-specific facts are stated as lemmas here;
they will be all proved in Sections 5-6.
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Lemma 3.1. We have v(M,,) < m™3.

The notation P < @ means that C; < P/Q) < Cy for some positive
constants Cy > Cy > 0. This lemma is in fact proved in [11].

The power 3 here is the minimal integral power for this estimate.
Indeed, the sets F'(M,,), 1 < i < m, are disjoint, hence the se-
ries Y °_ mv(M,,) converges; its sum is ¥(R) = 1/u(M). Thus,
if v(M,,) < m™* for some a > 0, then a > 2.

In most interesting systems with weak hyperbolicity (such as stadia,
semi-dispersing billiards, etc.; see [12, 13]), we have either v(M,,) =
O(m™3) or v(M,,) = O(m™); in the latter case one expects the clas-
sical central limit theorem to hold.

Next we note that A, = O(m), because the original function A
is bounded. This implies that v(|.A]) < oo, but usually the second
moment of A is infinite, i.e., v(A?) = co. To cope with this difficulty
we will truncate the function A (in two different ways).

To fix our notation, for each 1 < p < ¢ we denote

Mp,q = UpSm<qu

(occasionally we let ¢ = 00). Note that if p < ¢, then
q
(3.1) v(Mpg) =< Y mP =< p
m=p

We also put A, , = A-1,y,,, where 15 denotes the indicator of the set
B, and
- 1
Apq = (A ————
P v(Mp,) Mp.q

the “centered” version of A,,. Note that both A,, and A,, vanish

outside M, ,. Also, v(A,,) = 0.
Now we choose a large constant w (say, w > 10) and fix two levels at
which we will truncate our function:

_n
(3.2) p= Togn)-

SO thavt A — ALp + Ap7q + Aq,oo‘
Due to (3.1) we have

(3.3) v(3i <n: F(z) € Myo) = O((loglogn)™?) — 0,

.A dlj) ]-./\/lp,q

and ¢ = +/nloglogn,

so the values of A, o0 F* can be disregarded because their probabilities
are negligibly small. Thus we can replace A with A; ;. Again, due to
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Lemma 3.1
1
V(Asg) Moo v (ﬁlog logn)
Next, we show that A, , can be further replaced with
(3.4) A=A — Ay,

To this end we need to prove that the overall contribution of the values
A, ,0F" is negligible because they tend to cancel each other. Our proof
involves a bound on correlations:

Lemma 3.2. Foreach k > 1 and any 1 <p<g< oo and1l <p <
q < oo we have

(3.5) v (Apg - (Ay g0 F))| < COF
for some C' > 0 and 6 € (0,1) that are determined by the function A
but do not depend on p,q,p’,q" or k.

The condition k& > 1 here is essential, because for & = 0 the resulting
integral I/(Ap7q.,4p/7q/) is not uniformly bounded (and it actually turns
infinite for ¢ = ¢’ = o).

We now return to (3.4). The second moment of S, A, , = S " A, 40
F* can be estimated by
(3.6) V([Sud,)?) = O(nloglogn),

where the main contribution comes from the “diagonal” terms
A~ Z 2
v[A, g0 F']" = O(log(q/p)) = O(loglogn),

as all the other terms sum up to O(n) due to (3.5). Now by Chebyshev’s
inequality for any ¢ > 0

- t - nlogl
(3.7) V(|80 Apq| = ey/nlogn) < COMSL MOB 0BT )

e?nlogn

Hence we can replace A, , with A given by (3.4), i.e., Theorem 4 would
follow if we prove that

~

S, A
vnlogn
with respect to the measure v. We prove (3.8) in Section 4.

We record several useful facts. The function A is constant on the set
M, ,, and its value on this set is

1
V(M) Mpg

(3.8) = N(0,0%)

Alm,, = Adv = O(p).
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The first few moments of A can be roughly estimated as

~

(3.9) v(A) =v(A,) = —v(Aj) = O(1/q),

(3.10) v(A?) = O(i @2) +0 1];_2) = O(logp),

m=1

<
o(f 1) ro(s) o
( |

(3.11) v(JAP)

m=1

(3.12) v(AY) = O(mil %) +0 ;

Also note that A = A;, — A, , + v(A), hence due to (3.9) and the
correlation bound (3.5) we have

(3.13) V(A (Ao FN)| < 406" + C' /¢

for some constant C’ > 0 and all & > 1.

4. MOMENT ESTIMATES

Here we begin the proof of the CLT for the truncated function, i.e.,
(3.8). Our truncations have removed all excessively large values of the
function A, so now we can apply probabilistic arguments.

We shall use Bernstein’s classical method based on the “big small
block” technique. That is, we partition the time interval [0,n — 1] into
a sequence of alternating big intervals (blocks) of length P = [n*] and
small blocks of length @ = [n?] for some 0 < b < a < 1. The number of
big blocks is K = [n/(P + Q)] ~ n'~® There may be a leftover block
in the end, of length L=n—- KP — (K —1)Q < P+ Q.

We denote by Ay, 1 < k < K, our big blocks and set

K
S =3 AoF, 8 = st,&“
=1

1€EAL
and
SI=8SA-8,= >  AoF.
i€[0,n—1]\UA,

The second sum S contains no more than n” = KQ + P < 2n" terms,
where h = max{a,1 —a+ b} < 1.
Just as in the proof of (3.6), we estimate

v([Sn]?) = O(n"logn) = O(n" logn)
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where the main contribution comes from the “diagonal” terms
v[AoF]* = O(log p) = O(logn),

as all the other terms sum up to O(n”) due to (3.13). Now by Cheby-
shev’s inequality for any ¢ > 0

t-n"l
v(|S)| > ey/nlogn) < COmsL T 081 L,

e?nlogn

Hence we can neglect the contribution from the small blocks, as well
as from the last leftover block.
Thus Theorem 4 is equivalent to

Sl
vnlogn

By the Lévy continuity theorem, it suffices to show that the character-
istic function

wt0=r{en{ 25 - finl 25)

converges, pointwise, to that of the normal distribution N(0,0%), i.e
to exp(—3 0% t?).

First we need to decorrelate the contributions from different big
blocks, i.e., we will prove that

(4.2) bu(t) = klil/(@}{p (%)) +o(1)

This requires bounds on multiple correlations defined below.
Let f be a Holder continuous function on M which may have dis-
continuity lines coinciding with those of F. Consider the products

= F ) (FoF ) (fo F )
for some 0 < p; < --- < pi and
[H=(FoFm) - (foF™)-(foFT)

for some 0 < ¢; < --- < ¢.. Note that f~ depends on the values of f
taken in the past, and f* on the values of g taken in the future. The
time interval between the future and the past is p; + ¢1.

(4.1) = N(0,0%),

Lemma 4.1. Suppose f is a Holder continuous on each cell M., with
Holder exponent oy and Holder norm Ky. Then

(4.3) v (f~f5) —v(f ()] < Bor+el
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where § = 6(ay) € (0,1), and
(4.4) B = Gy fIIS™

oo

where Cy = Cy(D) > 0 is a constant.

To prove (4.2) we apply Lemma 4.1 to the function f = exp(z'tfl/\/n logn).
We obviously have || f|| = 1; for the Holder exponent we have oy = a 4
and for the Holder norm Ky = tK ;/v/nlogn.

Now the proof of (4.2) goes on by splitting off one big block at a time,
and the accumulated error in the end will be O(KICAQQ/\/nlog n)
This is small enough due to the following lemma:

Lemma 4.2. The induced function A is Holder continuous on each cell
M,,. Its restriction to M,, has Holder exponent aq > 0 determined
by as alone (i.e., independent of m) and Holder norm K4, = O(m?)
for some d > 0.

Since we truncated our function A at the level ¢ = y/nloglogn, we
have K 4 = O(n?), and since we chose @ = n® for some b > 0, the
factor #% will suppress K 4 and K. This completes the proof of (4.2).

Due to the invariance of v we can rewrite (4.2) as

(4.5) dn(t) = {y (exp (\/%))} ) +o(1)

where Sp = 31(31) corresponds to the very first big block. Next we use
Taylor expansion

itSp _ 1tSp t*Sp [Se|®
(4.6) eXp(W) = oen antogn T O\ Gilogn)2

and then integrate it. For the linear term, we use (3.9) and get

(4.7) v(Sp) = O(P/q).
For the quadratic term, we have
(4.8) v(82) = Pu(A%) + O(P) = O(Plogp).

Indeed, the main contribution comes from the “diagonal” terms, v(A2?) =
O(logp), as all the other terms sum up to O(P) due to (3.13). More-

over, v(A?) = v(A?,) + O(1), hence (4.8) can be rewritten as
(4.9) v(Sp) = Pu(A7,) + O(P).

2

l,p) must be computed precisely, to the leading order:

The value v/(

Lemma 4.3. We have v(A7 ) = 20% logp + O(1).
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Therefore, (4.9) takes form
(4.10) v(83) = 2Po* logp + O(P).
For the cubic term, we apply the Cauchy-Schwartz inequality:
(4.11) v(I8p) < [SPImSE)]”.

For the fourth moment we use expansion
(4'12) V(Sjg) = Z V('Ajl'AjzAjB'Ajz;)
where we denote /l Ao Fi for brevity. We will consider ordered
sets of indices, ie., 0 < j1 < jo < j3 < ju < P. We fix a large
constant C; > 1 and divide the products Aj;A;,A;,A;, into several
types depending on the gaps between indices

Dy=jo—=j1, Day=js—Ja, Ds=js—Js
Case 1 (most significant): |D;| < Cylogp for all ¢ = 1,2,3. Then by
the Holder inequality and (3.12)

’V(AlejzAjzaAsz)’ < V(-A4) = O(p2),

thus the total contribution of such terms is (D(Pp2 log® p).
Case 2 (of moderate significance): |Ds| > Cjlogp and |D;| < Cylogp

for i = 1,3. We again apply Lemma 4.1 to the function f = A, then
use Lemma 4.2 and the Holder inequality:

I/(AlejQAj3Aj4) = [y(AQ)}Q + O("A"iond601logp)

It follows from (3.10) that the first term is O(log®p), and if C) is
large enough, the second term will be, say, o(p~'%). Hence the total
contribution of all the above terms is O(P?log®p).

Other cases (least significant): If |Dy| > Cylogp and |D;| < Cylogp
for i = 2,3, then the same argument gives, due to (3.9) and (3.11),
V(AleJ'QAjsAj4) = (‘ ( )‘ (‘A’ )) (q p)

(here and below we suppress correlations as they are just o(p~'?)), so
the total contribution of all these terms is O(P?*q 'plog®p). If |D;| >
Cilogp for i = 1,2 and | D3| < Cylogp, then we get

V<Aj1Aj2Aj3Aj4) = O(‘V(A)‘ZV(AQ)) - O(qu logp),
so the total contribution of all these terms is O(P3¢2log®p). Lastly,
if |D;| > Cylogp for i = 1,2, 3, then we get

V(Alej2Aj3Aj4) - O(|V(-’Zl)|4) - O(q_4)7
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so the total contribution of all these terms is O(P1g™*).
Summarizing all the above cases gives an overall bound:

(4.13) v(Sp) = O(Pp2 loggp).
Then (4.11) becomes, due to (3.10) and (4.13),
(4.14) v(|Sp|?) = O(Pplog® p).

Now integrating (4.6) gives
itSp t*o4 P P
P ))l=1= ol —
V(eXp(\/nlogn)) 2n * ny/logn
t?04 P P
( ) exp( 2n (n\/logn))

Finally, (4.5) can be rewritten as

t?04 PK PK
416 (1) = _BATR o 22 1
110) ol e~ 0 2 ) o)
which converges to exp(—3 0%t?), as desired. O

Remark. Now we can justify the need for the second truncation at
level p. If we did not use it, our estimates on the first and second order
terms in (4.6) would be still adequate, but the estimate on the third
order term would not be satisfactory. Indeed, if we just replace p with
q in (4.14), then the first error term in (4.16) would diverge.

5. BASIC FACTS, HOLDER NORMS, AND CORRELATIONS

In this section we begin our proofs of the model-specific facts stated
as lemmas in the previous sections.

Dispersing billiards with cusps have been studied in [19], then with
a mathematical rigor in [11]; see also [2] and [13]. Here we briefly
summarize the basic facts; the reader is advised to check [11] for more
details.

The map F: M — M is uniformly hyperbolic, i.e., it expands un-
stable curves and contracts stable curves at an exponential rate. More
precisely, if v is an unstable tangent vector at any point x € M, then
| D F™(u)|| > cA"™||u|| for some constants ¢ > 0 and A > 1 and all
n > 1. Similarly, if v is a stable tangent vector, then ||D,F~"(v)| >
cA"||v]| for all n > 1. There is no uniform upper bounds on the ex-
pansion and contraction rates, because those approach infinity near
grazing (tangential) collisions.

The singularities of the original map F': M — M are made by trajec-
tories hitting corner points (other than cusps) or experiencing grazing
(tangential) collisions with dD. The singularities of F' lie on finitely
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many smooth compact curves. Those curves are stable in the sense that
their tangent vectors belong to stable cones. Likewise, the singularities
of F~! are unstable curves.

The singularities of the induced map JF are those of F plus the
boundaries of the cells M,,,, m > 1. Those boundaries form a count-
able union of smooth compact stable curves that accumulate near the
(unique) phase point whose trajectory runs directly into the cusp.

The structure of cells M,, and their boundaries are described in
[11]. Each cell has length =< m~"/3 in the unstable direction and length
= m~2/3 in the stable direction. Its measure is pu(M,,) < m~7/3 x
m~2/3 = m~3. Incidentally, this is our Lemma 3.1.

The map F = F™ expands the cell M,, in the unstable direction
by a factor =< m®? and contracts it in the stable direction by a factor
= m®3, too. So the image F(M,,) has ‘unstable size’ < m~%3 and
‘stable size’ < m~"/3. The images accumulate near the (unique) phase
point whose trajectory emerges directly from the cusp.

A characteristic feature of hyperbolic dynamics with singularities is
the competition between hyperbolicity and the cutting by singularities.
The former causes expansion of unstable curves, it makes them longer.
The latter breaks unstable curves into pieces and thus produces shorter
curves. One of the main results of [11] is a so called one-step expansion
estimate [11, Eq. (5.1)] for the induced map F, which guarantees that
the expansion is stronger than the cutting by singularities, i.e., “on
average” the unstable curves grow fast, at an exponential rate.

The one-step expansion estimate is a main tool in the subsequent
analysis of statistical properties for the map F. It basically implies
the entire spectrum of standard facts: the growth lemmas, the cou-
pling lemma for standard pairs and standard families, equidistribution
estimates, exponential decay of correlations (including multiple corre-
lations) for bounded Hélder continuous functions, limit theorems for
the same type of functions, etc. All these facts with detailed proofs are
presented in [10, Chapter 7| for general dispersing billiards (without
cusps), but those proofs work for our map F almost verbatim (see [11,
p. 749]). In particular, our Lemma 4.1 follows by a standard argument
(see [10, Theorem 7.41]), so we will not repeat its proof here.
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Proof of Lemma 4.2. Given x,y € M,,, we obviously have

Alx) — A < 3 |A(F'z) — A(F'y)

—0

~

3

(5.1) <Y Kaldist(Fla, Fiy)]™a.

i

Il
=)

The images F*(M,,), i =1,...,m — 1, keep stretching in the unstable
direction and shrinking in the stable direction, as i increases (see [11,
pp. 750-751]), thus we can assume that z,y lie on one unstable curve.

It was shown in [11, Eq. (4.5)] that unstable vectors u at points
r € M,, are expanded under F = F™ by a factor

(5.2) [ Do F™ ()] /[[ull < mAAm—1,
where
M= D F(u)l[/llull,  Ame1 = [[DoF™ () ||/ || D™ 2 (u)

are the one-step expansion factors at two “special” iterations at which
the corresponding points F/(z) and F™~!(x) may come arbitrarily close
to OM, i.e., experience almost grazing collisions. For this reason \; and
Am—1 do not admit upper bounds, they may be arbitrarily large (see
(11, p. 741]).

For those two iterations with unbounded expansion factors we can
use the Holder continuity (with exponent 1/2) of the original billiard
map F, i.e.,

dist(Fz, Fy) < Cy[dist(z, y)]"/?
for some C; > 0 (see, e.g., [10, Exercise 4.50]). Then due to (5.2) for
alli=2,...,m — 2 we have

dist(F'z, F'y) < Cym dist(Fz, Fy) < C,Cym/[dist(z, y)]"/?
for some C5 > 0. Lastly, again by the Holder continuity of F’
dist(F™ 1z, F™ly) < Cy[dist(F™ 2z, F™2y)|/2
< Cf/QCQ/le/Q[dist(x, )4
Adding it all up according to (5.1) gives
[A(x) — A(y)] < K am[dist (2, y)]*+/*
with K 4,, = O(m?). Lemma 4.2 is proved. O

Proof of Lemma 3.2. Our argument is analogous to the proof of a
similar correlation bound for the Lorentz gas with infinite horizon |8,
Proposition 9.1].
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The domain F(M,,) can be foliated by unstable curves of length
= m~23. Thus the conditional measure v on F(M,,) can be repre-
sented by a standard family G,, such that Z(G,,) = O(m??3); see [10,
Section 7.4] for the definition and properties of standard families and
the respective Z-function. We just remind the reader that given a
standard family G = {(W, )} of unstable curves {WW} with smooth
probability measures {vy/} on them, and a factor measure Ag that
defines a probability measure g on UW | the Z-function is defined by

Z(G): = sup pg(rg <€)

e>0 £

where rg(x) denotes the distance from a point z € W € G to the
nearer endpoint of W, i.e., rg(z) = dist(z,0W). If the curves W € G
have lengths =< L, then Z(G) < 1/L (see [10, p. 171]). The images
G, = F™(G) are also standard families, and their Z-function satisfies

(5.3) Z(Gy) < 10" Z(G) + ¢

where ¢ € (0,1) and ¢, ¢y > 0 are constants.

The further images F"(M), n > 1, have the same property: the
conditional measure v on F"(M,,) can be represented by a standard
family (for example, by F"(G,,)) whose Z-function is O(m??3) (in
fact, the Z-function decreases exponentially under F due to (5.3)).

Now since the size of M}, in the instable direction is k~7/3, we have

(54) v(Mp N F' (M) = v(My) - Om>3k=73) = O(m~7/3k~7/3)
for all n > 1 (this estimate was first derived in [13, p. 320]). Next

we turn to the estimation of correlations I/(Ap,q - (/lp/,q/ o F™)) that
are involved in Lemma 3.2. For brevity, we denote AWM = /lp,q and
A®) = Apgq/. Recall that }A(i)|Mm} < em for i = 1,2 and some ¢ > 0.

We truncate the functions A® at two levels, p < q, which will be
chosen later, i.e., we consider

AD = AP 1+ AD 4 AD

The functions Aﬁ are bounded (their co-norm is C;: = HA%HOO =
O(q)) and have Holder norm K® = O(q?) by Lemma 4.2. Thus
the standard correlation estimate [10, Theorem 7.37] (which is our
Lemma 4.1 with k£ = r = 1, applied to two different functions) gives

v(Afy - (AT 0 F) = O((KY + KP)CiCo8") + v (ALl v (AL)
(5.5) = O0(q™?0") + O(q™?).
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Next,
P [e'e)
v (AL) - (AR 0 F))| < ¢ SO mky(Mi N FH (M)
m=1 k=q
P o]
<EpY Y kv(Mpn Fr (M)
m=1 k=q
(5.6) <p Y k(M) =O(p/a),
k=q

and a similar estimate holds for V(Aﬁf,)oo . (Aﬁ), o F™)). Lastly, by (5.4)

v (AGhe - (AGk o F))| < @ ) 0 Y mkv(My N F* (M)

m=p k=p

< 2 i i m4/3—4/3

m=p k=p

(5.7) =0(p ")

Combining our estimates (5.5)—(5.7) gives
V(AW (AP 0 FM)) = O(q*?0" + q > + p/a+p ?)

(the shrewd reader shall notice that V(AS}; : (Agz] o F™)) is accounted
for twice — once in (5.5) and once in (5.7) — but since (5.7) estimates
absolute values, such a duplication cannot hurt).

Now choosing q = 6~/(@3) and p = q!/? gives the desired exponen-
tial bound on correlations. 0

6. SECOND MOMENT CALCULATION

Here we prove Lemma 4.3. This is the only place where we need a
precise asymptotic formula, rather than just an estimate of the order
of magnitude. This entails a detailed analysis of the ‘high’ cells M,,
(where m is large) which are made by trajectories that go deep into
the cusp and after exactly m — 1 bounces off its walls exit it.

We use the results and notation of [11]. Let a cusp be made by two
boundary components ©1,0, C 0D. Choose the coordinate system
as shown in Fig. 3, then the equations of ©; and ©, are, respectively,
y = fi(x) and y = — fo(z), where f; are convex C? functions, f;(x) > 0
for z > 0, and f;(0) = f/(0) = 0 for i = 1,2. We will use Taylor
expansion for the functions f; and their derivatives:

file) = 3aia®+0(7),  fi(x) =a@+0(?),  f(x) =a;+0(2),

7
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where a; = f/(0). Since the curvature of the boundary of dispersing

billiards must not vanish, we have a; > 0 for i = 1, 2.

($n+1a ynJrl)

©2

FIGURE 3. A cusp made by two curves, ©; and Os.

Consider a billiard trajectory entering the cusp and making a long
series of IV reflections there (so it belongs to My.1). We denote re-
flection points by (z,,yn,), where y,, = fi(z,) or y, = — fa(2,,) depend-
ing on which side of the cusp the trajectory hits. We also denote by
Yn = /2 — |pn| the angle made by the outgoing velocity vector with
the line tangent to 0D at the reflection point (x,,, yy).

When the trajectory goes down the cusp, x,, decreases but ~,, grows.
Then ~,, reaches 7/2 and the trajectory turns back and starts climbing
out of the cusp. During that period x,, grows back, but v, decreases.
Denote by N, the deepest collision (closest to the vertex of the cusp),
then

Ty >Tg > >IN, STNy41 < Tnype < -0 < TN
It was shown in [11] that Ny = N/2 + O(1). The following asymptotic
formulas were also proven in [11]:

(6.1) Ty =n BN Yn=1,..., Ny
Also, 71 = O(N~2/3) and
(6.2) Yo = Ny, =< 02BN Vn=2,...,Ns.

During the exiting period (Ny < n < N), we have, due to time reversal
symmetry, z, < (N —n)"Y/3N=2/3 and v, < (N —n)*3N~%/3, with the
exception of vy = O(N~%3). We also note that vy, = 7/2 + O(1/N).

The sequence (x,,,v,) satisfies certain recurrence equations (that fol-
low from elementary geometry). If we assume that y, = fi(x,), and
hence Y11 = —fo(Tpy1), then

(6.3) Tnt1 = Tn + tan ™! f{ (zn) + tan~" fé(xn-i-l)
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and

fi(zn) + fo(Tny1)
tan [y, + tan~" f{(z,)]

If, on the other hand, y, = — fo(x,) (and hence y,4+1 = fi(zn41)), then
the above equations hold, but f; and f; must be interchanged. This is
all proven in [11].

To motivate our further analysis we note that equations (6.3)-(6.4)
can be approximated, to the leading order, by

(6.4) Tpil = Tp —

2

ar;

(6.5) Vel — Vo = 24T, Tpgl — Ty R —
tan vy,

where @ = (a1 + a2)/2. Now (6.5) can be regarded as discrete versions
of two differential equations

ar?

v = 2azx, T =— .
tan vy

These equations were first derived (and solved) by Machta [19]. They
have an integral I = x%siny (i.e., I = 0). This suggests that the
quantity I,, = N2z2 sin~, should remain almost constant (the factor
N? is included so that to make I,, < 1).

Indeed, we have foralln=2,..., N —2

(6.6) Ly — I, = O(Nz, /)

which follows by Taylor expansion of the functions involved in (6.3)—
(6.4) and using the asymptotic formulas (6.1)—(6.2). (The largest er-
ror terms comes from the approximation of tan[y, + tan™' f{(z,)] by
tany,.) As a result, we have

Liy1 — I, = O(max{n > (N —n)"?}),
hence
(6.7) I, — In,| = O(n™1).

Next we use an elliptic integral to introduce a new variable
gl
(6.8) s=®(y): = / Vsin z dz
0

and accordingly we put s, = ®(v,) for n < N, (i.e., while v, keeps
increasing). Then

Tn+1

Spil — Sp = Vsinzdz = \/sinv: (Vo1 — Tn)

Tn
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for some v € (Yn, Yn+1). Again using Taylor expansion and (6.1)—(6.4)

we obtain
Syl — Sn = 2aN"\/1,, + O(1/n)
(6.9) =2aN"'\/In,(1+O(1/n)).

Summing up from 1 to n gives

0z
(6.10) sn= T+ O(
N
w/2
/ Vsinzdz = a\/In, + O(N 'log N),
0

logn
N

In particular, for n = Ny = N/2 + O(1) we get

thus
1 (72 ? log N
(6.11) In, = {_/ \/sinzdz] +(9( °8 )
a o N
and (6.10) becomes, with notation x = [ V/sin zdz,
(6.12) sn = rn/N + O(N"'log N).

We now estimate the sum Sy, = S22, A(r,,, 0,), where (1, @,) are
the standard coordinates of the reflection points (rather than (x,,,v,)).
If the n’th collision occurs at the curve ©, , 7, = 1,2, then r, =
Ti, + 7i, () where 71 = rj and 7, = 7}, are the r-coordinates of the
vertex of the cusp, on the curves ©; and O, respectively (see Section 1),

and
ri(z): :(_1)in+1/0 VI @P de.

Also, ¢, = (=1)(7/2—7,), which can be verified by direct inspection.
Now

Sna = AR, + 7, (), (~ 1) (/2 = 27 (s,).

First, recall that the function A is Hélder continuous with exponent
a4 in the variables r and . It has the same Holder continuity with
respect to z, but in terms of s we have

A /2= 871(5)) — A(rn/2 — B71()| = Ol — "4

because ®(s) ~ s*3 for small s, so our Holder exponent reduces to
2a.4/3. Also note that the collisions at the curves ©1 and O, alternate,
and the angle ¢ is negative when colliding at ©; and positive when
colliding at © (see Fig. 3). Thus it is convenient to introduce

Alp): =5 [A(r,, —¢) + Alr,, ).
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Approximating an integral by Riemann sums gives
Z A(m/2 — (kn/N))

+ (’)(N(N_1 log N)2O‘A/3 + Z x‘fj‘)

S T A2 - a7 () ds 1 O(Nea)
N/ A(m/2 — ) /sinydy + O(N'~*4/2)
(6.13) = g/o A(p)\/cos pdp + O(N'~4/2)

By the time reversibility, the trajectory going out of the cusp during
the period Ny < n < N has similar properties, but now the angle ¢ is
positive when colliding at ©; and negative when colliding at ©5. Thus

N _
(6.14) Z AT, o) = A(p)y/cospdp + O(NI_O‘A/Q),

n= NQ 77'('/2
Combining (6.13) and (6.14) gives

N /2

(6.15) ZA Ty @n) = _N A(p)y/cos pdyp + O(Nl’O‘A/Q)

—7/2

where again k = ffﬂ/Z \/cos dy. This can be written as

(6.16) A|MN+1 = JuN + O<N1—a,4/2)
where
1 w/2
(6.17) Ja=5- , [A(r],, o) + A(rh,, @) ] y/cos g d

For example, if A is a constant function (A = Ap), then the left hand
side of (6.16) is (N + 1)Ap, and on the other hand J4 = A,.
Next we turn to the proof of Lemma 4.3 per se. By (6.16)

Ji

v(Mp)m?* + O(1)

N
M”@
hS] »—A

(6.18)

I
DO
<

v(Hp)m + O(1)

m=1
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where H,,, = U2, , My, is the union of ‘high’ cells. Note that
u(Hm) = (M), M= U, PP (M),

because the domains FI*/2) (M) do not overlap. They consists of phase
points deep in the cusp that are nearly half way in their excursions into
the cusp. More precisely, if for x € H! we denote by i* the number of
forward collisions in the cusp before exiting it and by ¢~ the number
of backward (past) collisions in the cusp before exiting it, then either
it=4i"orit =i +1.

Also, the domain H!, consists of two parts, one on ©; (where the
r-coordinates are near and above r; ) and the other on ©, (where the
r-coordinates are near and below 7}, ). On both parts the ¢-coordinates
are near zero.

More precisely, in our previous notation we have

Iy, = N?z3,, sinyy, = N%23, (1 + O(1/N?))

(because yn, = 1/2+ O(1/N)), hence (6.11) implies zy, = k/(2aN) +
O(N~%log N). Thus our domains have the range of z-coordinates

0 <x < k/(2am) + O(m ?logm)

The same bounds obviously hold for |r — 77 | and |r — 7] |.

Now for each fixed x, the range of the p-coordinate corresponds to
the change of that coordinate during one iteration of F' (indeed, at
every iteration ¢ changes by =< z, while z only changes by O(z?), cf.
(6.3)—(6.4); besides, z is near it “stationary point” at iteration N/2,
because it stops decreasing and starts increasing). So the range of ¢
can be estimated from (6.8)—(6.9): ¢ € [¢1, po] With

0o — 1 = k/N+O(N?log N) = 2azy, + O(N ?log N).
Thus (remembering that H/, consists of two parts)
2o TOC25")
w(H,,) = QCH/ [2ar + O(r?|log r|)] dr
0
2
Cuk logm
- o(=E1).
2am? * m3

We disregard the density sin~y of the measure pu because vy, = 7/2 +
O(1/N). Now recall that v(B) = v(R)u(B) for any set B. Therefore
(6.18) becomes

V(A3 ) = v(R)eus’a ' T3 logp + O(1)

which completes the proof of Lemma 4.3. U
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7. DEGENERATE CASE

Here we prove the classical Central Limit Theorem (Theorem 3) for
degenerate functions A, which are characterized by ¢% = 0. We begin
with Theorem 6 that deals with the induced map.

Proof of Theorem 6. As it follows from (6.16), we now have A|pr,, =
O(m!'=*4/2) because J4 = 0. Hence v/(A?) < co. Moreover v(|A>*?) <
oo for some small > 0. So the proof of the CLT will be much easier
than it was in Sections 3—4 for the generic case J4 # 0.

Still, we will have to truncate A at least once, for two reasons: (i)
the third and fourth moments of A may be infinite, and (ii) there is no
uniform upper bound on the Hoélder norm of A|,4,,, thus the multiple
correlations estimate (Lemma 4.1) does not apply to .A.

We truncate A at a single level ¢ = y/nloglogn, i.e., we replace A
with A; ,. Due to (3.3), this truncation does not affect any limit laws.
The formulas (3.9)-(3.12) are now replaced with

> 1-a/2

(7.1) V(Aig) = —v(Ageo) = O(Z -

m=q

(7.2) v(AY ) = V(A%) = v(A] )

) =0l

m3

() + O<mi ) = A+ 0l
(7.3)  v(lAl) = o(;:l mi;;m) = O(q" ),
(T4)  w(AL,) = o(nizl m;;a) — O(¢* ).

where we denote a@ = a4 for brevity. Next, because A;, = fAqu +
v(A;,) we have by Lemma 3.2 and (7.1)

(7.5) V(ALq “(Ajq0 Fk)) = O(@k + q_2_°‘)

The estimate (7.5) remains valid if we replace either one of the A; ,’s
(or both) with A, . We also have A = A;, + A, 0, thus

(7.6) v(A- (Ao FM) =v(Aig- (Aig0 F")) + Xnk
where the remainder term can be bounded as follows:
(7.7) |Xnk| = O(min{@k +q q*a/Z}).

The first bound follows from the above modification of (7.5), and the
second bound, ¢~¢, comes just from the Cauchy-Schwartz inequality,
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because v(A? ) = O(q~); see (7.2). We will use the first bound for
k > logn and the second one for k£ < logn.

Now the analysis of Section 4 carries through with a few changes
described below. First, naturally, v/nlogn is replaced everywhere with
v/n. The Taylor expansion (4.6) now reads

itSp itSp 1?83 |Sp|?
' oP) g 2p :
(78) eXp( \/ﬁ) Tm o PO e

For the linear term we have v(Sp) = O(Pq~'~*/?) due to (7.1).
For the main, quadratic term we have (accordlng to (1.4))

V(S3) = PulA2,) + 25 (P — K(Avy - (Aug 0 7).

By using (7.2) and (7.5)—(7.7) we can replace A; , with A and get
P-1
v(Sp) = PU(A®) +2) (P— k(A (Ao F¥) + X, p
k=1
with x/, p = O(Pq~*logn + P?q~*"%). Since P < ¢* we have x|, p =
O(Pq~*logn). Lastly, by Lemma 3.2

v(S}) = Po5 +O(1) + X P>

where 6% is given by (2.16).

For the cubic term we apply (4.11) and then analyze the fourth order
term as in Section 4 (except logp is now replaced with logq). The
most significant case gives a contribution of O(Pg¢*>~>*log® ¢), and the
moderate significance case gives O(P?log® q) which can be neglected if
we choose P = [n®] with a < 1 — . Thus we get

v([Spl) = O(Pg'~*log® q).
Now integrating (7.8) gives

itSp\\ _, 03P P
V(exp(—\/ﬁ))—l— o +0 v

64 P P
(79) = exp <— on + O(W))
Finally, raising to the power K gives the desired result, just like in the
end of Section 4. O

Proof of Theorem 3. Our argument is very similar to the derivation
of Theorem 1 from Theorem 4 in Section 2, so we only describe the
differences.
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The decomposition (2.7) remains valid, but (2.8) changes to
Sn A N
vn
which follows from Theorem 6 that we just proved. Now (2.9) become
Spy A — Sn A SpA — Sy, A
X1 = T; X2 = T
which must both converge to zero in probability. The argument for ys

is the same as it was in Section 2, but our analysis of y; requires more
work. Indeed, since (2.10) remains valid, we now have to show that

1
7.10 ma —
( ) 1§j§C\/)§logn NLD

Z A(Fiz)

converges to zero in probability (note that (7.10) replaces (2.11), while
(2.12) should be replaced similarly and we omit it).

Since the number of iterations C'v/nlogn in (7.10) exceeds the nor-
malization factor \/n, we cannot use the Birkhoff Ergodic Theorem
anymore. Instead, we use specific features of our function A to prove
an even stronger fact:

Proposition 7.1. The function max, <<y, |Si.A|/n%°

i probability, as n — oo.

CONVeETges to zero

Proof. First, we truncate the function A replacing it with A, , as before.
Note that A;, = O(¢'=%/2) = O(n'/?=*/*) (we drop less important
logarithmic factors). Hence

S Ay — SpwAi, = o(n®/°)
whenever

lk—K|<A: = [n1/3+°‘/5]
Thus it is enough to show that
(7.11) max |S;aAy4|/n®C

1<j<n/A
converges to zero in probability. By Chebyshev’s inequality
const - JA
2215/3
because v([SyA;4)?) = O(k). Summing up over j =1,...,n/A gives

5/6) < const - n?/A
) =T 2,578

V(|Sjadsy > en®f) <

1/< max |SjaAiql > en — 0.

1<j<n/A

This proves the proposition, which guarantees that (7.10) converges to
zero in probability. U
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The rest of the proof of Theorem 3 is the same as the proof of The-
orem 1 in Section 2.

8. WEAK INVARIANCE PRINCIPLE

Here we turn to the more specialized limit law, the WIP (Theorems 2
and 5). First we derive Theorem 2 from Theorem 5. Our argument is
similar to [8, Section 3.1].

Proof of Theorem 2 from Theorem 5. To prove that a family of sto-
chastic processes Wiy (s) weakly converges to a limit process W (s),
0 < s < 1, one needs to verify two conditions: (i) finite-dimensional
distributions of Wy (s) converge to those of W (s), and (ii) the family
{Wn(s)} is tight.

The first condition means that the random vector {Wy(s1), ..., Wn(sg)}
converges in distribution to {W(sy),...,W(sg)} for every k > 1 and
0 <s; <---<sp <1 Fork =1 this is just Theorem 1 derived in
Section 2, and our argument extends to k£ > 1 easily.

The tightness means that the family of probability measures { Py}
on the space C[0,1] of continuous functions on [0, 1] induced by the
processes Wy have the following property: for any € > 0 there exists a
compact subset K. C C[0, 1] such that Py(K.) > 1 —¢ for all N. The
compactness of K. means that the functions {F' € K.} are uniformly
bounded at s = 0 and equicontinuous on [0, 1].

All our functions vanish at s = 0, hence we only need to worry about
the equicontinuity. That is, we need to verify that for any € > 0 there
exists § > 0 such that

1/( sup |[Wn(s") — Wn(s)] > 6) <e
0<s<s’'<1

|s'—s|<é

for all N > Ny(e). Since the function Wix(s) is continuous and piece-
wise linear, we only need to compare its values at “breaking points”,
where ns and ns’ are integers.

We denote n = sN and use notation n; and ny introduced in the
previous derivation of Theorem 1 from Theorem 4. Similarly we denote
n’ = s’ N and use the respective values n}, n},. We have the decompo-
sition (2.7) for both n and n’. Now

v su‘ SuA  SwmA >c)| <e
P vVNlogN /NlogN

due to the tightness of the family {Wx(s)} (which follows from Theo-
rem 5).
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Next, due to the Birkhoff Ergodic Theorem, S,,R = mv(R) + o(m),
hence sup |ny — ny|/N converges to zero in probability, i.e., for any
€ >0 and 0 > 0 there exists Ny such that for all N > N

1/< sup |ng — ny| >5N) <e.

0<s<1

Thus, again due to the tightness of the family {Wy(s)}, we get

Sny Sn,
S — >e ) <e.
V( up‘\/NlogN VN log N )
A similar estimate obviously holds for n/, and nj.
Lastly, due to Lemma 3.1, we have

=~ 1 1
V(|SpA — Sp, Al > e/ Nlog N) = (9( Z ﬁ) = O(NlogN)’
VNTog N
hence
v( sup [SpA—8n Al >ey/NlogN) =0O(1/logN) — 0,

0<n<N

and a similar estimate holds for n’ and n). This completes the proof
of Theorem 2 from Theorem 5. [

Note that at the last point of the proof we had to use Lemma 3.1, i.e.,
a specific power law for the measures of the cells M,,,. The derivation
of Theorem 1 from Theorem 4 did not require such specifics.

Proof of Theorem 5. First we note that N now plays the role of n in
the proof of the CLT (Theorem 4). In particular, the truncation levels
p and ¢ must be defined by
VN

8.1 = — d ¢=+VNloglogN.

(8.1) P= g VN log log

Recall that the function A was replaced by its truncated version A
defined by (3.4) based on the estimates (3.3) and (3.7). Now, since the
WIP requires us to control the entire path {S,.A}, 0 < n < N, not just
its final state Sy.A4, the estimate (3.7) must be upgraded to

(8.2) 1/( max |S, A, | > ev/N log N) — 0,

1<n<N

The proof of (8.2) resembles the reflection principle in the theory of
random walks. We consider “bad” sets

B,.= {\SnflM\ >e\/NlogN}
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and “new additions” N, . = B, .\ U B;.. Due to (3.7), v(By.) — 0,
thus it is enough to show that

N
(83) V<UnN:18n,e \ BN,&/Q) = Z V(Nn,€ \ BN@/Q) — 0.

n=1

Each point z € N, .\ By /2 satisfies (simultaneously) three conditions:

(8.4) S, Ayl > ey/Nlog N

(8.5) Ap,q o F'1 #£0,
(8.6) ISnAyg — SuAyyl > Ley/Nlog N.

Since A,, 0 F*' # 0, we have F*"'(z) € M,, for some p < m < q,
i.e., the point F"~1(z) lies in a ‘high’ cell with index m ~ y/n (modulo
less significant logarithmic factors; see (8.1)).

The image F(M,,) intersects cells M., with c;\/m < m’ < cym? for
some c1,co > 0, see [11, 13], but typical points y € M,, are mapped
into cells M,y with m’ ~ m!2. Their further images are typically
mapped into cells M,,» with m” ~ m'/*, etc. Since m'/? ~ n'/* < p,
we typically have /lp,q o Ftt = () for several small 7’s.

Precisely, there exist a,b > 0 such that for any large C' > 0 there is
a subset M}, C M,, of measure

vIMpu \ M:) < Km™*v(M,,),

where K = K(C') > 0 and such that for every y € M’ the images
Fi(y) for i = 1,...,Clogm never appear in cells M, with k > m!~°.
This was proved in [13, p. 320]. We will apply this fact to cells M,,
with p < m < ¢, hence we can replace C'logm with C'log V.

The points falling into M,,, \ M for p < m < ¢ make a set of a
negligibly small measure:

V(U F 7 Uy (Mo \ M3)]) = O(Np2%) = 0.

Hence we can assume that whenever A, , o F"~! # 0, we have A, , o
Frti=0foralli=0,1,...,ClogN.

For i > C'log N, the correlations between A,, o F7, j < n, and
/lm o F"** are small due to Lemmas 4.1 and 4.2. One can easily check
that they are < N7°0 if C' > 0 is large enough. In the following, we
use shorthand notation

F, = ‘Sn-’zlp,q‘l/\/n,sa Gn= ‘SNAp,q - Sn-’zlp,q‘
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where 1p stands for the indicator of the set B, and we also denote
Dy =¢ev/Nlog N. Now we have

V(Npe \ Byep) <v(F, > Dy & G, > 3 Dy)
<v(F,G,>1DY)
< 4w(F;G})/Dy
< 4[v(F2)u(G?) + O(N~™)] /D4,

The term O(N°Y) accounts for correlations and is negligibly small.
The second moment estimate (3.6) can be easily adapted to v(G2) =
O(nloglog N) < ¢N loglog N for some ¢ > 0. Also note that

Fn = |SnAp’Q‘1Nn,E S (DN + ||Ap,q||00)1Nn,a S 2DN1Nn,57
because || A, qllse < || Allseg < Dy for large N’s. Thus

N
> V(Nae \ Bxej2) < 16cN loglog N/D3, + o(1) — 0,
n=1

which completes our proof of (8.3) and that of (8.2).
Thus we again can replace the unbounded function A with its trun-
cated version A. That is, Theorem 5 would follow if we prove that

(8.7) W(s) = —oxA oo,

Vo4 Nlog N ’
converges, as N — 00, to the standard Brownian motion.

Our proof of (8.7) is analogous to that of a similar property of the
Lorentz gas with infinite horizon [8, Section 11]. The proof consists of
two parts: (i) the weak convergence of finite-dimensional distributions
of Wy (s) to those of the Brownian Motion, and (i) the tightness, see
below. To derive (i), by the Lévy continuity theorem it is enough to
show that for any 0 < 57 < --- < s < 1, any sequences

nq N9 N
N HSI:N HSQ:"'?N — Sk,
and any fixed tq,to, ..., we have
AWl A k 2 22
0251 tSn, A ouls; — si-1)°T;
(8.8) v (exp (7— — Hexp — !
v Nlog N e 2

where sp = 0 and T; = Zf,j t,. This convergence can be proved by

the same big small block tec?mique as in Section 4: small blocks allow
us to decorrelate the contributions from big blocks, and in particular
the contributions from the intervals s; — s;_;, which implies (8.8).
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It remains to show that the family of functions

Wi (s)} = {SsnA/+/Nlog N}, 0<s<1

is tight. By the standard argument (see, e.g., [3, Chapter 2]) it is
enough to show that there exists a sequence {05} with >, dp < oo

such that V(M kn) — 0 as K — oo uniformly in N, where

(8.9) Mgy ={3j.k:j <2F and Wy (52) = Wy (&)] > K6}
Let 6 = 1/k*. First we estimate the v-measure of

(8.10) M i ={I8nA =80, Al > & K/Nlog N}

where ny = [jN/2¥] and ny = [(j + 1)N/2*]. Recall that A = O(p),
hence

Sm/l — Sm/l = O(p(ng - nl)) = O(pN/Qk).

Thus the set (8.10) is empty if 2¥/k? > N, in particular if k£ >
100log N. For k < 100log N, we use the fourth moment estimate
(4.13) and the Markov inequality to get
K0 ([Snp A — Suy AJY)

K4N2log? N
B O(kg(ng —ny)p? log3N)
B K*N?log? N

V(MK,N,k,j) <

/{38
S
K42k10g” N
Summing over j = 0,...,2" — 1 and then over k& < 100log N gives

v(Mgn) = 0O(1/K*) — 0 as K — oo, uniformly in N, which implies
the tightness. This completes the proof of Theorem 5. U

Acknowledgment. P. Balint and N. Chernov acknowledge the hos-
pitality of the University of Maryland which they visited and where
most of this work was done. P. Bélint was partially supported by the
Bolyai scholarship of the Hungarian Academy of Sciences and Hun-
garian National Fund for Scientific Research (OTKA) grants F60206
and K71693. N. Chernov was partially supported by NSF grant DMS-
0969187. D. Dolgopyat was partially supported by NSF grant DMS-
0555743.

REFERENCES

[1] Bélint P. and Gouézel S., Limit theorems in the stadium billiard, Comm. Math.
Phys. 263 (2006), 461-512.



36 P. BALINT, N. CHERNOV, AND D. DOLGOPYAT

[2] Bélint P. and Melbourne 1., Decay of correlations and invariance principles for
dispersing billiards with cusps, and related planar billiard flows, J. Stat. Phys.
133 (2008), 435-447.

[3] Billingsley P. Convergence of probability measures, John Wiley & Sons, Inc.,
New York-London-Sydney 1968 xii+253 pp.

[4] Bunimovich L. A. and Sinai Ya. G. Statistical properties of Lorentz gas with
periodic configuration of scatterers, Comm. Math. Phys. 78 (1980/81), 479—
497.

[5] Bunimovich L. A., Sinai Ya. G., and Chernov N. I. Markov partitions for two-
dimensional billiards, Russ. Math. Surv. 45 (1990), 105-152.

[6] Bunimovich L. A., Sinai Ya. G., and Chernov N. 1. Statistical properties of
two-dimensional hyperbolic billiards, Russ. Math. Surv. 46 (1991), 47-106.

[7] Bunimovich L. A. & Spohn H., Viscosity for a periodic two disk fluid: an
existence proof, Comm. Math. Phys. 176 (1996), 661-680.

[8] Chernov N. and Dolgopyat D. Anomalous current in periodic Lorentz gases
with infinite horizon, Russ. Math. Surv., 64 (2009), 73-124.

[9] Chernov N. and Dolgopyat D. Brownian Brownian Motion-1, Memoirs AMS
198, no 927, 2009, (193 pp).

[10] Chernov N. and Markarian R., Chaotic Billiards, Mathematical Surveys and
Monographs, 127, AMS, Providence, RI, 2006. (316 pp.)

[11] Chernov N. and Markarian R., Dispersing billiards with cusps: slow decay of
correlations, Comm. Math. Phys., 270 (2007), 727-758.

[12] N. Chernov and H.-K. Zhang, Billiards with polynomial mizing rates, Nonlin-
earity, 18 (2005), 1527-1553.

[13] Chernov N. and Zhang H.-K., Improved estimates for correlations in billiards.
Commun. Math. Phys., 277 (2008), 305-321.

[14] Eagleson G. K., Some simple conditions for limit theorems to be mizing, Teor.
Verojatnost. i Primenen. 21 (1976), 653-660.

[15] Gallavotti G. and Ornstein D., Billiards and Bernoulli schemes, Comm. Math.
Phys. 38 (1974), 83-101.

[16] Gouézel S., Statistical properties of a skew product with a curve of neutral
points, Ergod. Th. Dynam. Syst. 27, (2007) 123-151.

[17] Ibragimov I. A. and Linnik Yu. V., Independent and stationary sequences of
random variables, Wolters-Noordhoff, Groningen, 1971.

[18] Leonov V. P., On the dispersion of time-dependent means of a stationary sto-
chastic process, Th. Probab. Appl., 6 (1961), 87-93.

[19] Machta J., Power law decay of correlations in a billiard problem, J. Statist.
Phys. 32 (1983), 555-564.

[20] Machta J., Zwanzig R., Diffusion in a periodic Lorentz gas, Phys. Rev. Lett.
50 (1983), 1959-1962.

[21] Melbourne I. and To6rok A. Statistical limit theorems for suspension flows,
Israel J. Math. 144 (2004), 191-209.

[22] Sinai Ya. G., Dynamical systems with elastic reflections. Ergodic properties of
dispersing billiards, Russ. Math. Surv. 25 (1970), 137-189.

[23] Szasz D. and Varju T. Limit Laws and Recurrence for the Planar Lorentz
Process with Infinite Horizon, J. Statist. Phys. 129 (2007), 59-80.

[24] Young L.-S. Statistical properties of dynamical systems with some hyperbolicity,
Ann. Math. 147 (1998) 585-650.



LIMIT THEOREMS FOR DISPERSING BILLIARDS WITH CUSPS 37

P. BALINT: INSTITUTE OF MATHEMATICS, BUDAPEST UNIVERSITY OF TECH-
NOLOGY AND EcoNnowmics, BUDAPEST, HUNGARY

N. CHERNOV: DEPARTMENT OF MATHEMATICS, UNIVERSITY OF ALABAMA
AT BIRMINGHAM, BIRMINGHAM, AL 35294

D. DOLGOPYAT: DEPARTMENT OF MATHEMATICS, UNIVERSITY OF MARY-
LAND, COLLEGE PARK, MD 20742



