INFINITE MEASURE MIXING FOR SOME MECHANICAL
SYSTEMS

DMITRY DOLGOPYAT AND PETER NANDORI

ABSTRACT. We show that if an infinite measure preserving system is well approx-
imated on most of the phase space by a system satisfying the local limit theorem,
then the original system enjoys mixing with respect to global observables, that is,
the observables which admit an infinite volume average. The systems satisfying our
conditions include the Lorentz gas with Coulomb potential, the Galton board and
piecewise smooth Fermi-Ulam pingpongs.

1. INTRODUCTION

Mixing plays a central role in the study of stochastic properties of dynamical systems
preserving a finite measure. Recently, there has been a surge of interest in studying
mixing properties of infinite measure preserving systems ([32, 41, 42, 40, 54, 3, 8, 39,
b5, 45, 2, 43, 47, 27, 44, 28]). Contrary to the case of finite measures, there are several
different notions of mixing in the infinite measure preserving case.

A driving force behind the development of ergodic theory and dynamical systems
has always been a desire to understand physical systems. That is why we study here
the question of infinite measure mixing for specific mechanical systems. In many such
systems, it is natural to assume some periodicity or approximate periodicity and to
study the functions whose averages over large boxes stabilize. The notions of global
mixing introduced recently by Marco Lenci [35] (and further studied in [36, 6, 37]) are
particularly suitable for our purposes.

We will approximate our system by a periodic one: a Z9%-extension of a map f acting
on a compact space M and preserving a finite measure. Many finite measure preserving
mechanical systems f are hyperbolic and enjoy good mixing properties, such as the local
limit theorem (LLT'). It turns out that the notions of LLT and mixing of the extended
system are nicely connected. We have studied this connection (for different notions of
mixing) in our recent work [26, 27]. By further exploiting this relation, we are able to
prove global mixing for several mechanical systems.

Next, we give informal definitions of the notions of global mixing. Let T be a map of
a space X preserving an infinite measure p. The idea of [35] is to introduce two spaces:
the space of local functions L' and the space of global functions G C L®. The functions
from G are supposed to admit an average value

o = ddp
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where the limit has to be understood in an appropriate sense. The map 7' is called local
global mizing if for each ¢ € L'(p1) and each ® € G we have

(1.1) lim [ ¢(2)®(T"x)dy = (/ ¢du> P.

n—o0

T is called global global mizing if for each ®1, 5 € G for large n and large V,

ﬁ /V By (2)Bo(T72)dpt ~ B By,

The rest of the paper consists of two parts: an abstract part and an applied part. In
Section 2, we define an abstract framework and formulate several results implying local
global and global global mixing for periodic or approximately periodic maps preserving
an infinite invariant measure. In Section 3, we prove these results. In Section 4, we
extend the previous results to flows; still in an abstract framework.

The second part of the paper is about explicit examples where the abstract results
can be applied. In the preliminary Section 5 we review theory of hyperbolic dynamical
systems with singularities. We focus on the Sinai billiards and related models. The most
important results of this paper are reported in Section 6. Here, we study local global and
global global mixing of several mechanical systems. Our examples include the following
variants of Lorentz gas: periodic, locally perturbed, confined to a half strip, subject
to an asymptotically vanishing potential field and with Gaussian thermostats. Besides
the Lorentz gas, we study Galton boards, the Fermi Ulam pingpong and bouncing balls
in a gravity field. A reader interested in one of these examples can proceed to the
appropriate subsection of Section 6 after reading the abstract part. In some cases (in
particular, the periodic ones) the application of the abstract results from the first part
is straightforward. In other cases a significant amount of work is required to verify our
abstract assumptions. This turns out to be most difficult in the case of the Lorentz gas
with asymptotically vanishing potential, and we present the most technical step of our
analysis in the separate Section 7. We hope that a similar approach could be used to
analyze other nonuniformly hyperbolic mechanical systems. Section 7 also ontains an
important recurrence-transience dichotomy, which is of independent interest. Finally,
we give a short summary of our results and mention some future research directions in
Section 8.

2. ABSTRACT RESULTS

2.1. Periodic systems. Let us start with periodic systems. Let X = M x Z% z =
(y,2) € X and T(y,2) = (f(y),z + 7(y)) where M is a compact metric space and f
preserves a Borel probability measure v. We equip X with the measure p which is the
product of v and the counting measure on Z?. We write

n—1

Tly) = Zf(fj(y))-

Jj=0

We now specify our choice of the space of global functions G to provide the rigorous
definition of local-global and global-global mixing. In fact, we consider three classes of
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global functions.

We say that V C X is a cubeif V.= M x (z+ (—|w/2], w — |w/2]]?) for some z € Z¢
and w € Z,. We also say that z is the center and w is the size of the cube.

Definition 2.1. Let Go be the space of bounded uniformly continuous functions & :
X — R for which there exists ® € R such that for any aq,as,...,aq,b1,bs,....,04 € R
with q; < bl‘,

O(x)du(z) = ®.

1
lim /
N—oo Hj(ij —a;N) v=(y,2):z€ [ [[a; N,bj N]

Let Gy be the space of bounded uniformly continuous functions ® : X — R for which
there exists ® € R such that for each ¢ there exists Ny such that for each cube V of
size greater than Ny we have
‘ 1

(2.1) el

/V O(2)du(z) — @‘ <e.

We say ® € G4o if ® is a uniformly continuous functions from X to R for which there
exists ® € R such that for every € > 0 there exists b(¢) € Z,, and By = By(e) € Z so
that for all B > By we have

\Qb,Bl > (1 — €)Bd,

where G, 5 denotes the set of points z € ((—B/2, B/2]?NZ?) so that the cube V centered
at z and of size b satisfies (2.1).

We note that Gy C G40 C Go (the first containment is trivial, the second one fol-
lows from approximating a large rectangular box by a disjoint union of smaller cubes).
The notation ”O” represents that we require closeness to the average on boxes contain-
ing the origin; 7 AQO” represents approximate closeness to the average near the origin
and "U” stand for uniform. Gg is the largest space of global functions where one
could hope to obtain mixing while Gy is the smallest space of interest. It turns out
that Go is too large for limit theorems, see Example 2.6. The intermediate space G 40
has better properties since it captures the notion that the global observables are often
”close to the local equilibrium on mesoscopic scales” (which is represented by b in our
definition). An important class of global observable are provided by functions of a
random environment. Namely, let h* be an ergodic Z action on a space ) preserving
a measure P. Given a function W on M x Q let &, (x, z) = ¥(x, h*w). Then it follows
from the ergodic theorem that @, € Go for P-a.e. w. We refer the reader to [21] for
the applications of these ideas to the study of mixing properties of skew products.

With the definitions of Go, Gao, Gy, (1.1) furnishes the definition of local-global
mixing with respect to Gp, Gao, Gy. Next we define global-global mixing.



4 DMITRY DOLGOPYAT AND PETER NANDORI

Definition 2.2. T is global-global mixing with respect to Go/Gao/Gy if for each
Dy, Py € Go/Gao/Gy,

1
\4

=0V ey u(Vy—oo M

1 N
li liminf —— [ ® Oy (T"z)dp = O19P5.
i et oy | @@= 81
Here, V is the collection of cubes containing M x {0} in case of Gp and G40 and the

collection of all cubes in case of Gy .

Definition 2.3. T satisfies a mizing local limit theorem (MLLT) at scale L, if there is
a bounded, continuous function p : RY — [0, 00) such that

(2.2) /p(z)dLeb(z) =1

and for each ¢, ¢y € C(M) for each Z%-valued sequence z° such that 22/L, — 0 and
for each K < oo,

(2.3) lim  sup

N0 LeRY 2| <K

L / ()62 F (W) Loy —sps oy A — w(G1)(G2)p(2)| = O

where |.| means taking lower integer part coordinate-wise.
T satisfies a shifted mizing local limit theorem at scale L, if there is a sequence
D,, € R? and a continuous function p satisfying (2.2), such that for each ¢y, ¢ € C(M)
0

- D,
for each Z?-valued sequence 2 such that En Tno 0, and for each K < oo, (2.3)
holds. !

We remark that the MLLT implies the following useful a prior: bound: if ¢y, ¢, are
bounded functions, then

/<151(y)¢z(f”(y))1rn=z2+LanJdV < Cllullocllo2lloo Ly .

Now a standard approximation argument shows that the convergence in (2.3) is
uniform for ¢, ¢» in a compact subset of C'(M) (w.r.t. the C° topology). The same
remark applies to all variants of the MLLT considered in this paper, i.e. to the shifted
MLLT, the AMLLT and condition (M4) (the last two are to be defined later).

Theorem 2.4. Suppose that T' satisfies MLLT. Then
(a) T is local global mizing with respect to Go;
(b) T is global global mixing with respect to G 0.

For random walks, part (a) is proven in [7]. The proof of Theorem 2.4 follows the
arguments of [7], however, we will provide the proof in §3.1 since our setting is quite
different from that of [7].

Theorem 2.5. Suppose that T satisfies a shifted MLLT. Then
(a) T is local global mizing with respect to Gy;
(b) T is global global mixing with respect to Gy .
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In the remaining part of §2.1, we comment on the suitability of the spaces Gop, G40, Gy
for our setup. First, we note that Gp and G4 are suitable spaces in case the MLLT
holds with zero drift. In case the shifted MLLT holds with non-zero drift, we need to
work with the smaller space Gy as suggested by the following example.

Example 2.6. Suppose that d = 1, 7 is bounded and the MLLT holds with Ly = VN
and a Gaussian p. Let ®(y,z) = (—1)™ if m® < |z| < (m + 1)3 for some non-negative
integer m. One can easily check that ® € G and ® = 0. On the other hand, we claim
that for each N,

1

lim —/ B(2) (TN ) = 1,

2.4
(24) VGV,;}(V)—)OO u(V)

where V is the collection of boxes containing M x {0}. (2.4) shows that global-global
mixing with respect to Go does not hold. To prove (2.4), note that ®(y, 2)®(TV (y, z)) =
1 whenever

m? + N||7||oe < |2] < (m + 1) = N||7]|os
for some non-negative integer m and the relative measure of such points (y, z) in large
boxes is close to 1.

Next suppose that T satisfies a shifted LLT with Dy = vN for some v > 0, Ly = VN
and a Gaussian p. Let ¢ be a compactly supported Lipshitz probability density on X.
For any large positive integer m, there exists another large positive integer N so that
(2m)3 + (2m +1)3

2

Since (2m + 1)% — (2m)3 < m? > m%? < N2 the LLT implies that ®(T"z) = 1

for most x in the support of ¢, and so

/ (@) DTV 2)dy — 1

Consequently, T" does not satisfy local global mixing with respect to Go.
Next, set m; = 2’ and let

(25) DN - <w

(2.6) = 0, (1).

By, 2) 1 if (2my)? <z < (2m; 4+ 1)? for some j
7Z = .
Y 0 otherwise.

One can check that ® € G,p with ® = 0, however, taking N given by (2.5) with
m = m;, we get (2.6) showing that the local global mixing fails on G40 as well.

Example 2.6 shows that Go and G o are too large for global mixing in some cases.
A typical application of mixing is to control the ergodic sums. A more sophisticated
version of Example 2.6 given in [23] shows that the Law of Large Numbers also fails on
those spaces (at least in the context of random walks), so one needs to consider smaller
spaces. One can argue that the space Gy is too small for many applications. To address
this issue, [23] introduces larger spaces, where, in the context of random walks, one can
prove local global mixing and the Law of Large Numbers. However the spaces from
[23] involve some additional parameters, so using them would make the present work
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significantly more complicated. We prefer to work on Gy in order to highlight the main
ideas of our approach.

2.2. Almost periodic systems. The main results of this paper concern systems that
are close to periodic in some sense but not exactly periodic. Let us now consider a map
T acting on the space

X = [UZEB (DZ X {Z})] U UzeZil xZd2\B (M X {Z})

where d; and ds are non-negative integers, M and D,, z € B are compact metric spaces.
This setup is more general than the one in §2.1: on the one hand we allow Z, in the
phase space to model systems with global reflections and on the other hand we allow
some drastic departure from perodicity: whenever z € B, the phase space D, can be
different from M.

We assume that B is small in the following sense. For every n > 0 there is £ = £(n)

and Qo = Qo(n) so that for Q > Qo
Hk € 0,Q)" x [-2,9]™ nzd+e: : dist(k, B) < 5@}(

le +d2

(2.7) <.

Furthermore, we assume that 7" preserves a o-finite measure
n= E Vs
2€Z8! x 742

where there is some probability measure v supported on M so that v, (y, w) = 1,—,v(y)
for all z ¢ B, and there is a constant A > 1 so that v, is a finite measure of mass

(2.8) lv.| < A,
supported on D, for all z € B.
Let
(y.z) ifa=(y,z),y€Mzec (29 x Z")\B
(y(x), 2(x)) = . "
(00, 00) if z(z) € B.
Here, 0o is to be thought of as a label for the bad part of the phase space.
Definition 2.7. T satisfies the almost mixing LLT (AMLLT) if there is a bounded

continuous function p : ]R‘il x R% — [0, 00) satisfying (2.2) such that properties (a) and
(b) below hold.

(a) Let 7y, denote the measure defined by
(2.9) AV, (y, 2) = O(y) Le=wdr(y),

where w € Zil x 7%\ B and ¢ : M — R is a Lipschitz function. Then for every £ > 0
and every R € R,

(2.10) lim sup |L4* %z, (@/J(y(fmw))12@%):[2%1_1”) —p(z — w/L)v() ()] =0

n—oo Qle
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where the supremum in g . is taken over all quadruples (¢, 1, w, z) where ¢ and 1 are
Lipschitz functions on M satisfying

16l < R, ¥l <R, we (ZE xZ2)\ B, z€[0,00)" x R®,

< R, dist(L,z,B) > cL,.

w
7 — —
L

(b) Let 74,, denote the measure defined by

(2.11) Vg (Y, 2) = O(Y)La=wdv

where w € B, ¢ : D,, — R is a Lipschitz function. Then for and every w € B, every
Lipschitz function ¢ : D,, — R, every € > 0, every R € R,

(2.12) Jim sup ‘Liﬁd%@ (w@@ ":B))lz(fnx>:[an1> — p(2)v(¥)ru(8)| =0

R,e

where the supremum in B is taken over all pairs (1, z) where v is Lipschitz functions
on M satisfying

]y < R, z€[0,00)" xR® |z| < R, dist(L,z,B) > ¢cL,.

The AMLLT is the first version of our approximate periodic assumptions and it
deserves some commentary. The reader should think of "non-periodic part” U,eg(D, X
{z}) as being "negligible” compared to the ”"periodic part” Uzezilxzdz\B(M x {z}).

The condition (2.7) implies that most cubes of size £Q in the cube of size Q) centered
at origin are disjoint from B. In fact, in all of our applications, either B is a single
point (local perturbations of a periodic system) or d; = dy = 1 and B = {1} x Z
(systems with boundary conditions). In these examples, it is immediate to check (2.7).
However, we present the general condition (2.7) because the proof of the forthcoming
Theorem 2.8 is not easier in the special cases of B as above and we want to allow for
more general framework to accomodate systems with boundary conditions and with
sparse local impurities which might be a subject of a future work.

Note that in (2.10), one observable is encoded in the density of 7 (as compared with
the formulation of the MLLT). We also observe that while we require the convergence
in (2.10) to be uniform in the initial position w and the initial density ¢, we do not
require this uniformity in (2.12). Consequently (2.12) is simpler: we may assume that
n is so large that ||w| < L,). This is because (2.12) is only used in the proof of local
global mixing where the initial density is fixed while (2.10) is needed for global global
mixing and in the latter case one needs to decompose global observables as a sum of
local ones, which requires the uniformity of the convergence. See Section 3 for more
details.

Using X instead of X and i instead of u, we can define Gy, Go, G40 as before with
d = di + dy. Namely, in the case d; = 0, the definition is the same with d = dy. If
dy; > 0, we just need to accommodate for the fact that certain coordinates need to be
positive. That is, in the definition of G, a4, ..., a4, are assumed to be non-negative. In
the definition of Gy, we consider cubes V = M x (z+ (—|w/2], w — |w/2]]?) where z €
Z8Fd2 o zg >0 and w € Z, satisfies w < 2y, ...,w < z4,. Finally, in the definition
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of Gao, G5 denotes the set of points z € ((—b/2, B — /2] x (—B/2, B/2]% UZ?) so
that the cube centered at z and of size b satisfies (2.1).

The definition of global-global mixing is the same as before, using the measure fi. In
the definition of local-global mixing (1.1), we allow any function ¢ which is in L'(j)

We think about B as ”"small” | as exemplified by (2.7) and by the following observa-
tion. The definitions of Go and G40 only depend on the "periodic part” of X in the
sense that if we change a function ® on the set U,epD, x {2z} (so as the new function is
still bounded and uniformly continuous), then it will not affect whether ® € Go/G 40
holds or not. This follows from the condition (2.7).

We have the following result.

Theorem 2.8. (a) If T satisfies the AMLLT, then it enjoys local global mizing with
respect to Go.
(b) If T satisfies the AMLLT, then it enjoys global global mixing with respect to G 0.

2.3. Approximately periodic systems. Next we study global mixing for maps
which are asymptotically periodic at infinity. Thus we consider a periodic map T
on the set X preserving the periodic measure p as in §2.1. In the setup of the next the-
orem, global-global mixing of T is defined using the averages with respect to p, which
need not be preserved by 7.

Proposition 2.9. If T is a periodic map of a space X preserving an infinite measure
1 which is global global mizing with respect to either Gao or Gy and if T equals to T
away from a finite p-measure set, then T is also global global mizing with respect to the
same space.

In the remaining part of Section 2, we discuss more drastic perturbations. The
statements in this part of this section are unavoidably more technical. In fact, in our
formulations we had two (somewhat conflicting) goals. First we wanted to facilitate
the verifications of our abstract conditions for specific models of Section 6. Secondly,
we wanted to emphasize that the proofs of our more technical results are very similar
to the proofs for simpler periodic models. We advise the reader to consult Sections
3.3 and 6 for a complete understanding of the role of the technical conditions imposed
below.

Definition 2.10. Let T be a periodic map on the set X = M x Z<¢ preserving the
periodic measure p as in Section 2.1. Let 7' be a map on X. We say that T is very well
approzimated by T at infinity if T preserves (1 and

(i) For each € > 0 there exists R such that for each |z| > R thereis aset A,. C M
such that pu(A,.) <eand forally & A,,

(2.13) d(T(y,2),T(y,2)) <e.
Definition 2.11. Let T be as in Definition 2.10 and T be a map on X = D U (M x
Zﬂlrl X Zd2), where D is a compact metric space.

We say that T is well approzimated by T at infinity if T preserves a measure fi such
that (D) < oo and for any € > 0 there is 6 = §(e) > 0 which satisfies the following:
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if V is a box centered at z € Zil x 7% of size w € Z, so that for all i = 1, ..., d; + ds,
w < |z]d, then
dji . dp
(2.14) Slép o <(1+e¢) 11‘}f 0
and moreover either (i) or (ii) holds, where
(i) is as in Definition 2.10 (in particular d; = 0,ds = d) and
(i) d; > 0, (2.13) holds for |z1| > R.

Observe that if the measure [ satisfies (2.14) then the spaces of the global observables
defined with respect to p and fi coincide (and the infinite volume averages ® are the
same). Therefore we will suppose in that follows that the spaces Gy and G 4o below
are defined using the invariant measure of the system as a reference measure.

Theorem 2.12. Suppose that T is bounded and both T and T are almost everywhere
continuous.

(a) If T is very well approzimated by T at infinity and T is global global mizing with
respect to either Gao or Gy, then T is global global mizing with respect to the same
space.

(b) If T is well approzimated by T at infinity and T is global global mizing with respect
to Gy, then so is T.

Note that in case of more general perturbations as in Theorem 2.12, we can only
guarantee global global mixing. See the beginning of §6.2 for a counterexample to local
global mixing in the same setting.

Next we provide sufficient conditions for local global mixing. Let T" be a periodic
map on the set X = M x 7% preserving the periodic measure ; as in Section 2.1 and
let 7' be a map on X preserving a measure ji satisfying (2.14). The notion of global
function is, as discussed above, the same whether using p or fi in the definition. Now
we study local-global mixing with respect to fi, that is, u is replaced by & in (1.1). We
assume that there is a class 9 of probability measures on X and for each £ > 0 there
is a class 9. of probability measures on M such that

(M1) (Invariance) 7" preserves O

(M2) (Density) For each compactly supported Lipschitz function ¢ and for each
e > 0 there is a finite set of functions ¢, ..., ¢y € L=(X)N L (1) supported on the unit

k
¢ — (Z Cj¢j)
e and ¢,/ € M, -

(M3) (Approximation) For each ¢ > 0 and n € N there exists R > 0 such that for
each m € M

neighborhood of the support of ¢ and constants ¢y, . .. ¢ such that

IN

[e.9]

m(z : |2(z)] > R and d(T"z, T"z) > ¢) < e.
(M4) (Uniform LLT) The measures from 9. satisfy uniform LLT in the sense that
for each ¢ € C(M), for each K and for each z,,

L;izm ((b(fnx)lz(T"a:):zn) - p(Zn/Ln)V((b) —0
and the convergence is uniform for m € M, and |z,|/L, < K.
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(M5) (Regularity Improvement) There is a constant C' < oo such that for each

m € 9 and each € > 0 there exists ng = ng(m, e) such that for all n > ng there is a

decomposition T"m = > (dm); 4 cfm) where m’;, m7 are supported on M x {z = j}.

Furthermore, for all 7, m When viewed as a measure on M (with z = j fixed), is in
the set 91, and Zj c;’ < CE.
(M6) (Dissipation) For each m € 9t and for each R > 0,

m(|z(T"z)| < R) — 0 as n — oo.

We observe that while conditions (M1)—(M6) are logically independent of well ap-
proximation property (Definition 2.11), condition (M3) has the same flavor as properties
(i) and (ii) in that definition.

Theorem 2.13. If T and T satisfy (M1)-(M6), then T is local global mizing with
respect to Gy .
3. PROOFS

Let L be the space of compactly supported Lipschitz functions on X. Note that L
is dense in L'(11) so a standard approximation argument shows that it suffices to prove
(1.1) for ¢ € L. Henceforth we will suppose that all local functions are in L.

3.1. Periodic and almost periodic systems.

Proof of Theorem 2.4(a). Let ¢ € L, & € Ggp. Since ¢ is compactly supported, we
have ¢(y, 2) = >, ¢x(y)1.—., with a finite sum. Thus it suffices to prove the statement
for the function (y, z) — ¢éx(y)1,—x, which for brevity is denoted by ¢ in the sequel.
By the definition of Gp, for every given € > 0, R and 9, there exists K, such that the
following property holds for all K > Kj:

(H) for any cube V of size 0 K" whose center is within RK from the origin, we have

(3.1) 'ﬁ/‘/q)dy—é‘ <e.

Now choose R such that
(3.2) / p(2)dz < e.
|2|>R

Then for large n, the MLLT implies
vy |m(y)| > LoR) < 2e.
Thus
[t [ o < diolliols

where & = ®1,1<pr,. Let ®,, = ®1,_,, for m € Z%. By the foregoing discussion,

33 |[eweraa- 3 [o@en(r )| < 2/ollx|@]we

|m|<RLy
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By the MLLT, there exists a sequence of positive real numbers &, — 0 so that for every
m € Z% with |m| < RL,,

[ @1 (170) - Lot apton/ L) < 6L

Summing this estimate for all m as above and combining with (3.3), we obtain

[o@aradn— 3 Lu(@)u(@p(m /L)

|m|<RLy,
< 2[[@ ][0 ]oce + R,

Hence in order to prove Theorem 2.4(a), it suffices to verify that

(3.4) limsup | L, * Z 1(®,)p(m/Ly,) — | < (2R + 29).
n—o0
|m|<RLy,
To this end, divide {z € Z% : |z] < RL,} into boxes C; of size §L,,. Let z; be the center

of C;. First, since p is uniformly continuous on the ball of radius R, we can choose &
small so that for every j,

(3.5) Y i @)p(m/Ly) = D (@r)p(z5/Ln)| < ep(M x C;).

mECj mECj

Next, by property (H), we have

(3.6) D w(@u)p(z/Ln) | = p(z/Ln) (M x Cj)| < en(M x C;)

mEC]'

Combining (3.5) and (3.6) and summing over j, we obtain

(3.7) L' > u(cpm)p(m/Ln)—éZp(zj/Ln)(sd < 2¢R%.

|m|§RLn J

Since (3.7) holds for an arbitrary small 6 (provided that n is large enough) we can let
d — 0 thus replacing the second sum by a Riemann integral. Using (3.2), we obtain
(3.4) completing the proof of Theorem 2.4(a). O

Proof of Theorem 2.4(b). In part (b) we prove a slightly stronger result, namely we
only assume that ®; € Gp. Let us fix &, € Gp, D3 € G4 and € > 0. We will show
that there exists ng and By so that for all n > ng and B > By, we have

1 R
3.8 — | D Oy (T"x)dp — P1Po| <
33 7 | BT )= s < ¢
for any cube V' of size B containing M x {0}. In fact, we will choose some aux-
iliary parameters R = R(®q,®y,2) and &' = &'(®y, Po, R, ) before choosing ng =
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no(Pq, Po, e, R,e’) and By = By(Pq, Ps,e, R,e’). To simplify notation, let us write
zeV'if z€Z% and M x {2z} C V. To prove (3.8), we use the decomposition

1
u(V)

_ ﬁ D3 /M 1 (y, 2) P2 (", ) Ly () (y).

z2eV" wezd

We analyise the right hand side of (3.9) in 6 steps.

(3.9) /V Oy () Py (T"x)d ()

STEP 1. Take R so large that for n sufficiently large, the probability that |7,,| > RL,
€

is smaller than . Such R exists as in the proof of Theorem 2.4(a). Then
10[| @1 [|oo || @2 o0

we can restrict the sum in (3.9) to pairs such that |w — z| < RL,, with an error which
is at most 5.

STEP 2. Since f satisfies the MLLT, we can replace the terms with |w — z| < RL,

b
y Lig (/M fI)l(y,Z)dV(y)) (/M <I>z(y,w)dV(y)) p <wL_nZ)

so that the total error we make in the sum (3.9) does not exceed 5. Indeed, by the

MLLT the error for any pair w,z with [w — z| < RL, is less than {zz77 for n large.
So far we derived
1
3.10 —/CD x)Po(T"x)dp(x)—
(3.10) u(V)v1(>2( )dp()
1 1 w—z 2e
— — P d ) d —.
1 2 ([ awaew) ([ eeowm)e (U2 <5

lw—z|<RLn
STEP 3. Let V be the cube with the same center as V such that the size of V equals
to the size of V' plus 2L, R. Denote
;L €
T 10 %< 2RIy e + D)([ @2l + D[l + D)
Recall now the definition of G40 with the corresponding functions b(.), By(.) and set

Gy . First, we let U be the cube centered at 0 and size b(¢'/2). Next, assume that the
size of V' is bigger than By := By(g'/2). Given Z € U let

L:={weV :iw,=% (modb) Vi=1,..,d}.

Since the average proportion of G = Gyr/2), size (v)(P2) in sy L5 is greater than
1 —€’/2 there exists Z such that the proportion of G in L; is greater than 1 —¢’/2. Let
{U,} be the collection of cubes of size b whose centers are congruent to zZ mod b and

which intersect V. Note that Uj’s are disjoint and their union contains V. Let & be
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the union of U; which are completely contained in V' such that

ij) / Dy(a)du(z) - B,

and 9B be the complement of & in V (& and B stand for ”good” and ”bad”). Since
the size of V' is larger than B, we have
(3.12) p(B) <e'p(V)

(we replaced €'/2 by ¢’ in the RHS to account for boundary effects, that is, the cubes
which are not completely contained in V).

(3.11)

5
2

STEP 4. If n is sufficiently large, then the oscillation of p on the boxes of size
b(¢'/2)/L,, is smaller than ¢’. Let us denote by u; the centers of U;. Then by the
definition of €', we can replace (3.10) by

TN IR TOND SN C S

n zeV’ j:d(zuj)<RLy

(3.13) Ld Z/ Dy (y, 2)dv(y) » Z) p (ujL_Z>/U Dy (2)dp(z)

2eV! n J

>Z/(I>2y, )dv(y

weUj

with an error smaller than = 15"

STEP 5. Next, we estimate the error made when replacing [, ®2(z)du(x) in (3.13)
by p(U;)®, for all z and j. First, the error introduced by all j, z so that U; C & is at

most
g €
dZn@um > bl <1

n zeV! J:d(zu;)<RL,,U; C®

where we used (3.11) and the definition of &’. Secondly, the error introduced by all j, z
so that U; C ‘B is at most

—nra D [l > P lloo202(U;) || Plloo

n zeV’ j:d(zuj)<RLy,,U; CB
< 2H‘I> HOOHPHOOHq)ZHOO S S
H/( J:U;CB ZEV/:d(z,uJ-)SRLn

2d+1RdH<I>1HooHPHooH%Hoo €
< wB) < 45
n(V) )

— 107
where the penultimate inequality uses that there are at most (2RL,)? points z with

d(z,uj) < RL, and the last inequality follows from (3.12) and the definition of &'.
Recalling steps 2 and 4, we arrive at

‘ 1 /‘,¢1<x)®2(T"x)dg($)_

(3.14) Gl
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TS Bl IR AUSTZU IS DI e PICAL

" zev! jid(z,u;)<RLn "

STEP 6. Noting that p(U;) = b?, it remains to evaluate

e L T

" ozeVv! J:d(z,uj)<RLn

b L
For large n, the Riemann sum — Z p <u] 7 Z) can be replaced by the
™ jid(z,uj)<RLy "

integral / p(t)dt with an error smaller than
[t|<R

£
10[| D1 [loo [l P2loo
The last integral is in the interval (1 — OE T 1] by our choice of R. Thus we
arrive at
7 [ BT due) - s 3 [ @il ()8 <
nV) Jv nV) =, 1
Finally, since &, € Gp, we have
'L/ By (2)dp(z) — By | < ———
n(V) Jv 10[|Pa||so
The last two displays imply (3.8). Theorem 2.4 (b) follows. O

The proof of Theorem 2.5 is similar to the proof of Theorem 2.4 (a) except that we
need to consider boxes around D, rather than around the origin. In fact, the proof of
Theorem 2.5 (b) is simpler than the proof of Theorem 2.4 (b) because all points w are
good and we don’t need the set B.

Proof of Theorem 2.8. The proof of Theorem 2.8 is similar to that of Theorem 2.4.
Recall that in the proof of Theorem 2.4 (a), we used the MLLT for m € C;, where C; is
a box of size 0 L,, within distance RL,, from the origin. We could treat the contribution
of m with |m| > L, R as an error term by (3.2).

We start the proof of Theorem 2.8 (a) by assuming without loss of generality that ¢
is supported on Dy, x {k} for some k € Z‘f: x Z% as in the beginning of the proof of
Theorem 2.4 (a). Note that now we will have to study both cases of k € B and k ¢ B.
We again choose R as in (3.2) except that we replace ¢ by

e = c
BA(L+ [[P]loe) (1 + [[6]loc)’

where A is defined by (2.8). Then the contribution of points m with |m| > RL,, is
negligible. Then we again partition the set m € Zﬂlrl x 74 with |m| < RL,, into boxes
C; of size dL,. Let us write j € J if dist(C;, B) > 0L,, and j € J, otherwise. Let us
also write d = d; + ds.
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First we prove that the contribution of boxes C;, 7 € J> is negligible. To this end,
apply (2.7) with

8l

Rlploe’

This gives us & and Qy. Now we choose § < ER/(d + 1) and n big so that RL,, > Qo.
Then by (2.7),

77:

> I < {k € Z% x Z%, k| < RL,, : dist(k, B) < (d + 1)dL,}|

JET2
(3.15) < n(RL,)".
Let B* = U C; be dL,, neighborhood of B in the box of size RL,, around the origin
JET2
and G* = U C,;. We have
JEN

[ o e )| < [0l @l (T € B7)
JET2 Dy x{k}

(3.16) < [@llo | Ploo [ (Dk) — ve(T"z € G7)]

Applying the AMLLT (specifically, using (2.10) with ¢ = ¢ = 1 in case k ¢ B and
(2.12) with ¢ = 1/v(Dy), ¥ = 1 in case k € B), we obtain that for large n large

T
V]C(;Deg dz (0Ln)* [p(2j/Ln) + Kjn) = Zéd (2j/Ln) + Kjn)
v (Dr) €T I

where z; are the centers of C; and the error term Z Kjn can be made as small as we
JET2
wish by taking n large. Making § small we can make the last sum arbitrarily close to

/g*/Ln p(2)dz =1 — /z|sz(Z)dZ - /B*/Ln p(2)dz.

Both integrals on the right hand side of the last display are smaller than c

BA(¢lloollPlloo

the first one due to our choice of R, and the second one due to our choice of €', n and
(3.15). Now combining the last two displays, we obtain

3e
= 3Pl 1P loo

which combined with (3.16) shows that the contribution of 7, is indeed negligible.

The computation of the main term, namely the contribution of boxes C;, j € Ji is
done along the lines of the proof of Theorem 2.4 (a). Indeed, the AMLLT is applicable
on those boxes. Theorem 2.8 (a) follows.

(Dk)—Vk<T .Teg )
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The proof of Theorem 2.8 (b) is again similar to the proof of Theorem 2.4 (b) so we
only explain the differences and use the same notations as there. In fact, in this proof
we only use (2.10) and won’t need (2.12).

We still prove (3.8), but now we allow By to depend on n, which is allowed by
Definition 2.2. Now (3.9) reads

L) / By (2)Bo(T"2) dpi(x)

(3.17) Z Z/ O1(y, 2)Po(f"Y, W) s, ()=w—2dV=(y)-

zEV’ wezZd

First we show that the sum over z that are close to the set B is negligible. To this
end, we first apply (2.7) with

£
20A2%| D1 || o || P2l 00

This gives us ¢ and ). Now for an n, we will choose By so large that By > )y and

Now let V' be a cube of size B > By containing M x {0}. Then V is contained in
another box V of size at most 2B centered at the origin. The contribution of z € V'
with dist(z, B) < £B to the sum in (3.17) is now bounded by

’]7:

1

m Z Vo (D)1 ]|oo | P2 oo

H zeV’ dist(z,B)<¢B
A .

< m\\q>1\|m|\®2\\m|{z € Z% x Z* : D, x {z} C V,dist(z, B) < (B}
A €

< —— |1 || oo || P2 ]| on(2B)E < —,

< u(V>H teoll®allocn(2B)" < 15

where the first inequality in the last line follows from (2 7) applied to the box V and
the last inequality follows from the estimate p(V') > B— and the definition of 7.

Thus the sum for z with dist(z,B) < (B is neghglble and instead of (3.17) it is
sufficient to study

oD SENED Sl (S LN VRO -

zeV’ dist(z,B)>EB wezd

(note that if dist(z, B) > ¢B, then in particular D, = M, v, = v).

Now we repeat Steps 1-6 of the proof of Theorem 2.4 (b) with two minor changes.
First, in Step 1, we use the AMLLT instead of the MLLT. Indeed, the AMLLT is
applicable because if |w — z| < RL,, then recalling the inequality B¢ > 2RL,, + b, we
also have dist(w, B) > RL,. Second, in all of Steps 1-6, each sum over z is replaced by
sum over z with dist(z, B) > £B. Since the sum over z with dist(z, B) > £B is negligible
as shown above, this change introduces negligible additional errors to the estimates of
Steps 1-6. This completes the proof of Theorem 2.8 (b). O
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3.2. Global global mixing for approximations.

Proof of Proposition 2.9: Let A = {z : Tz # Tx}. Then
/ Oy (2)[Do(T"x) — %(T%)}dﬂ‘
v

< 2[|@1[oo|PolJoops( : 30 S k < n: T # Tha) < 2|81 ]| P2l cnil(A).
Since the last expression does not grow as u(V') — oo we obtain the result. O

Proof of Theorem 2.12. (a) We will show that for each n

(3.19) lim — {/V(I)l(x)ég(fnm)dp—/

n(V)=oo (V') v
Note that for each n, T™ is continuous almost everywhere. Fix an arbitrary n € N and
e > 0. An induction on n shows that for v a.e. y there exists 6 = §(y,¢) such that if
{yi}i—o is a sequence such that d(yg,y) < 6 and d(f(y;,), V1) < 9, then

(3.18)

(I>1(:E)<I>2(T”x)dp] = 0.

d(f"(y),y,) < e and Tn(y)zif(y;)

We will say that y is (J,¢)-good. Let B, 5. be the set of not (4, ¢)-good points. Choose
d = 0(¢) so small that the measure of B,, 5. is less than € (such ¢ exists by the continuity
of the measure as v(Ns>oBns:) = 0). Next, choose R = R(e) such that for |z] > R we
have p(A.s) <e.

We are now ready to establish (3.19). To fix ideas let us suppose that V' is a cube of
size L. We split V' into two parts. Let V} be the set of points = = (y, z) € V for which

e there is some k < n so that the absolute value of the z-coordinate of TFz is less
than R, or
e there is some k < n so that TFz € U, A, s, or
® yc Bn,é,z—:-
Denote Vo = V — Vi, Assume |7] < 7. Then the orbit of points from V' are within
distance nr from V. It follows that
p(V) < (R47)4 4 2(L + nr)ine + ¢,

where the three summands above corresponds to the three cases in the definition of V;
above. Thus the contribution of V; to (3.19) is less than

[(R+ nr)? +2(L 4 nr)ne+e] ||1]]oo]| P2 |so-
On the other hand if (z, z) € V, then d(T™(z, z), T"(z, z)) < € and so the contribution
of V3 is less pu(V)||®1]]o0 Osc(Po, ) where
Osc(®,e) = sup [®(z) — (2")].

d(a! z'")<e
It follows that for large L
1

u(V)

/V o, (2) [@Q(T%) - @Q(T"x)] du'
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< 3nel|P1]]oo|[Palloo + |[P1]]oc Osc(Py, €).

Since € is arbitrary, we can take the limit € — 0 obtaining (3.19). This completes the
proof of part (a).

To prove part (b) we may assume that V' is such that supy, z < (1 + §(¢)) infy z.
If this does not hold, we subdivide V' into smaller boxes and remove the central part
(which has small relative measure). Next we use (2.14) to replace

1 / - ? 1 {/ -
— Oy (2)Py(T"x)dfi| by —— Oy (2)Py(T"x)d
5 | [t vy | | et
and then conclude as before using (3.19). O]

3.3. Local global mixing for approximations.

Proof of Theorem 2.13. Due to (M2), it suffices to show that for each m € 9t and for
each ® € Gy, we have m(®(T"x)) — ® as n — oo.
Let us fix some m € M, & € Gy and € > 0. We will show that for n large enough,

(3.20) jm(®(T"2)) — @ < (4+ C + [|®]|0)e,

where C' is the constant in (M5). To do so, we will choose a small parameter § =
d(g) > 0 and large numbers n = ni(e), R = R(d,n), n = n(e,d,n, R)> n. We will apply
T for n — @ iterations. Then we will show that during the remaining time 7, we can
well approximate T by T.

First, we prove the following preliminary estimate: for the already fixed £ > 0 there
is 7 so that for all m’ € M. and all z € Z¢

/Cb(f”y, z 4+ 7a(y))dm'(y) — @| < e,

Indeed, (3.21) follows from (M4) and precompactness of the set {®;} (where ®,(z) =
®(x,1)), as in to the proof of Theorem 2.4(a).

Next, by equicontinuity of {®;}, there exists 6 = d(g) < e such that if d(z/, ") < 9,
then |®(2') — (2”)| < e.

Let us now define m = 7" ™"m. We claim that if n is large enough, then

(322)  [W(D(T72)) — m(@(T"x))| = [R(P(T7)) — R(®(T"0))] < 3e.

The equation in (3.22) follows from the definition of m. To prove the inequality, let us
write

(3.21)

[M(Q(T"x) — &(T"x))]
(3.23) < | L ’(I)(T%) - @(T%)H
(3.24) + | Lasn ’(I)(T%) - @(f%)” .
Here, R = R(d,n) is chosen so that
m(x: |2(z)| > R and d(T"z, T"z) > 6) < 0
(such R exists by (M3)).
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By the choice of § and R, (3.23) is bounded above by
2| ®||oei(z 1 |2(2)| > R, d(Tx, T"z) > 0) + & < 2||®||0d + < 2¢

(note that we can assume without loss of generality that § < €/(2||®?||~)). Next, (M6)
implies that (3.24) is smaller than ¢ if n is large enough. We have verified (3.22).

By (3.22), it remains to estimate m(®(7"x)). Assuming that n—n > ng(m, ), where
ng is defined in property (M5), we have

R(B(T72)) = > (m(B(T72)) + m(B(T"x)))

J
_ Z c;m;(@(Tﬁx))—i—S,
J

where £ is an error term satisfying |€| < Ce. By (M5) and (3.21), for each j
[ (D(T"x)) — @ < e.

1> d=1-Y d/>1-e
J J
Combining the last three displays, we derive
[W(Q(T72)) — @ < (1+ [Pl + C)e,
which togather with (3.22) implies (3.20). The theorem follows. O

Next, by (M5),

4. MIXING FOR FLOWS.

The results of Section 2 can be extended to flows. Here, we briefly summarize the
necessary changes in the definitions and theorems.

Let X = M x Z% x = (y,2) € X and G'(y,2) = (¢*(y), z + 7'(y)) for t > 0 (or for
t € R) where X is as before, and ¢' preserves a probability measure k. We equip X
with the measure A which is the product of x and the counting measure on Z?. We
define the spaces IL, Gp, G40, Gy as before.

The definition of local-global and global-global mixing is analogous, we just need to
replace T" by G and let t — oo instead of n — oco. Noting that the second coordinate
of X is still discrete, we can extend the definition of MLLT and shifted MLLT by simply
replacing f", 7,,, 20 € Z4, L,,, D, and n — oo by ¢', 7, 20 € Z% Ly, D; and t — oo
respectively. Similarly, we define AMLLT by replacing ™, 2% Ly and lim, by G, 20,
L; and lim; respectively. With these adjustments, one can extend Theorems 2.4-2.8 as
well as their proofs to the case of flows.

In the remaining results, the map 7" was approximated by a periodic map 7'. In case
of flows, we can define similar approximations by, say, comparing the two flows up to
time 1. First, the following analogue of Proposition 2.9 holds:

Proposition 4.1. If G' is a flow on a space X preserving an infinite measure K which
is global global mizing with respect to either Gao or Gy and if G*(x) equals to G*(z)

for allt € [0,1] and all z away from a finite measure set, then G is global global
miTing.



20 DMITRY DOLGOPYAT AND PETER NANDORI

We can obtain a proof of Proposition 4.1 from the proof of Proposition 2.9 by re-
placing A = {x : Tx # Tz} by A = {x: 3t € [0,1] : G*(z) # G*(x)}, and n by t in
(3.18).

Similarly, in the definition of good and very good approximation, besides the obvious
changes, we require that for all y ¢ A, and for all ¢ € [0,1], d(G'(y, 2), G'(y,2)) < e.
Then we have

Theorem 4.2. Suppose that {r(y) : y € M,t € [0,1]} is bounded and the set
{y € M : g(y) and 7(y) are continuous at y}

has full measure for any fizved t.

(a) If G is very well approzimated by G at infinity and G is global global mizing with
respect to either Gao or Gy, then G is global global mizing with respect to the same
space.

(b) If G is well approzimated by G at infinity and G is global global mizing with
respect to Gy, then so is G.

The proof of Theorem 4.2 is similar to that of Theorem 2.12 with minor changes as
before. We leave the details to the reader.

Finally, the assumptions (M1)—(M6) can analogously be formulated for flows. Namely,
(M1) claims that G* preserves M for every ¢, (M2) is unchanged and all changes in
(M3)~(M6) amount to replacing T, T by G, G are as before. With these changes, and
with a similar proof, we can derive the analogue of Theorem 2.13.

5. PRELIMINARIES ON LORENTZ GAS AND RELATED SYSTEMS.

In the remaining part of the paper, we give several examples of systems satisfying
the assumptions of Section 2. In those examples we have a point mass moving in R¢
with a number of scatterers removed and having elastic reflections from the boundary.
The motion between the collisions will be either free (such as in case of Lorentz gas) or
subject to a field. In this case the most interesting question from physical point of view
is to study mixing properties of the continuous time system, however, mathematically
one could also study the mixing properties of the collision map, too. We will also use
natural examples below to illustrate several subtleties associated to the notions of local
global and global global mixing.

In our examples, the system having approximate symmetry will be denoted by T while
its symmetric approximation will be denoted by 7. In the continuous time setting, the
corresponding systems will be denoted by G* and G, respectively.

For the reader’s convenience, we summarize some basic facts about Lorentz gas in
this section. We will focus on the notions and results that are most important for
studying global mixing properties. Everything in this section (as well as many other
important results) can be found in [16]. Thus we do not give more references. Much of
the theory presented in this section has been extended to billiards subject to external
fields (see [10, 11, 17]). Additional references will be given later when we discuss specific
examples.
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Let Oy,...,0; be disjoint convex subsets of the 2-torus T? with C3 boundary with
non-vanishing curvature. These sets are also called scatterers. Let us consider a point
particle that flies freely (with speed 1) in the interior of Dy = T? \ UO;, and, upon
reaching the boundary, undergoes specular reflection (angle of incidence equals angle of
reflection). This dynamics is called the Sinai billiard flow (g*). It preserves the Lebesgue
measure on Dy x S' (position and velocity). Let k be the invariant Lebesgue measure
normalized so as it is a probability measure. Identifying the torus with [0,1]?, and
extending the scatterer configuration periodically to the plane, we define the billiard
flow on D = R*\ Ugezz UL, (O; +£) as before. We call the billiard flow in this infinite
domain Lorentz gas and denote it by G*. It preserves )\, the product of k and the
counting measure on Z?. We assume that the scatterer configuration is such that the
free flight is bounded (a.k.a. finite horizon condition).

The billiard flow induces a billiard map (or collision map) by the Poincaré section
taken at collisions. Namely, the phase space of the billiard map is

M = {(q,v) € 0Dy x S*, (v,n) > 0},

where n is the inward normal vector of 9D at ¢ (that is, ¢ is the point of collision and
v is the post-collisional velocity). The standard coordinates on M are r: arc length
parameter for ¢ and ¢: the angle between n and v (¢ € [—7/2,7/2] with clockwise
orientation). The billiard map is denoted by f : M — M. It preserves the invariant
measure v = ccos ¢ drdg, where c is a normalizing constant. Similarly, the billiard map
of the Lorentz gas is T : X — X, where X = M x Z?, T(y,z) = (f(y),z + 7(y)) and
T € Z? is the vector connecting the center of the cells where two consecutive collisions
take place. It preserves the invariant measure

(5.1) [ = v X counting.

The map f is hyperbolic: there are stable and unstable conefields, C;,C, C T,M

such that Df(C;) C C3 (), Df7'(Cy) C Cf.1(,)- The cones are transversal, that is the
angle between any stable vector (an element of C; for some y) and any unstable vector
is uniformly bounded below by a positive number. (In fact there exist some constants
0 < ¢1 < ¢y so that C* can be defined as

(5.2) g < dg/dr < co

C?® can be defined as —cy < d¢/dr < —c; for all y € M.)

The map f is piecewise smooth with singularities at grazing collisions. Furthermore,
as the expansion and the distortion are unbounded near grazing collisions, it is common
to introduce artificial singularities

H, = {(r,¢): ¢ = £7/2 F k 2},

for k > ko. We call a smooth curve of uniformly bounded curvature (un)stable if at
cach point its tangent vector belongs to the (un)stable cone. An (un)stable curve is
homogeneous if it does not cross any singularity, genuine or artificial. We call W a local
stable (unstable) manifold if f™(W) is a stable (unstable) curve for any n >0 (n <0,
respectively).
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For any unstable curve W and point y € W, we define the Jacobian of f™* on W
at y by Jwf"(y) = |D.f"(dy)||/|ldy|| with dy € T,W. The uniform hyperbolicity
implies that there are constants A > 1 and C so that Jw f"(y) > CA™ for n > 0 (and
similarly for stable curves and n < 0). Furthermore, after the above extra partitioning
of the phase space, one has the following distortion bounds. Let W be a homogenenous
unstable curve, such that f~"(W) is also homogeneous unstable for n = 1,.... N — 1.
Then for any y;,y. € W and n =1,..., N — 1 we have

5.3 —ClW|M? Jw " (1) < (LW
o ’ = T f () =€

Here, as well as in the sequel, C' denotes some finite number depending only on the
dynamical system (and not on the curve W or n). Furthermore, the value of C' is not
important and may change from line to line.

Given z € M, the homogenous stable (unstable) manifold of x is the set of points
y such that f"y and f"z belong to the same continuity component for all n > 0
(respectively, for n < 0). (Here, in the definition of the continuity component, both
genuine and articifial singulairies are accounted for.) The homogenous stable (unstable)
manifold of x will be denoted by W*(z) (W"(x)). It is known that W#(z) is homogenous
stable curve and W*(zx) is homogenous unstable curve.

For any point y € M, we denote by r,(y) (rs(y)) the distance between y and the
singularity set, measured along the unstable (stable) manifold. More generally, given
an unstable curve W and y € W, there is a homogenenous unstable curve W’ C (W)
that contains f"(y). W’ is cut by f"(y) into two pieces, the length of the shorter piece
is denoted by 7, (y).

The measure of points y such that r,(y) = 0 or rs(y) = 0 is zero. It is also true that
the measure of points having short (un)stable manifolds is small, namely

(5.4) v(y : min{r,(y),rs(y)} <e) < Ce.

A pair ¢ = (W, p) is called a standard pair, if W is a homogeneous unstable curve
and p is a probability measure on W satisfying

d y Wi
*— ()~ log (1) < o9l

1
8 Jmes mes W23

where |W (yy,y2)| is the length of the segment of W bounded by y; and yo. Here, and
also in the sequel, mes stands for the Lebesgue measure.

The image of a standard pair by the dynamics is a weighted sum of standard pairs
(the image of a homogeneous unstable curve is a family of homogeneous unstable curves
and the regularity of the density of p is preserved). A weighted sum of standard pairs
is called a standard family. Namely, a standard family is a (possibly uncountable)
collection of standard pairs G = {(W,, ) }sen and a probability measure n = ng on 2.
Such a standard family G induces a measure on M by

(5.5) val.) = / val- N Wa)dng(a).
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For standard families, the Z-function is defined as

Zg = sup ! / vo(ro < €)dny(a).
e>0 € Jy

Important special cases are standard pairs (2( has a single element ¢, in which case we
simply write vg = 1) or the decomposition of the invariant measure v into conditional
measures on unstable manifolds. It can be shown that the conditional measures have
the required regularity and the Z-function of this family is finite.

Standard pairs are stretched by the dynamics due to expansion and are cut by sin-
gularities. The next result tells us that ”the expansion wins over fragmentation”, that
is, most of the weight is carried by long curves.

Lemma 5.1 (Growth Lemma). There are constants 6§ < 1,Cy,Cy such that for a
standard family G = {(W,,v,)},a € A, and G, = f*(G), we have

Zgn < 010"29 + CQ.

We also consider standard pairs on the phase space of the Lorentz gas, by shifting
W with a vector m € Z?, where £ = (W, p) is a standard pair for the Sinai billiard. In
this case, we write [(] = m.

The Growth Lemma implies that for any unstable curve W and for any n > 0,

mes(y € W :r,(y) <e) < Ce,

where mes denotes the Lebesgue measure on .

We will also use the following important consequence of the Growth Lemma (which
is a local version of (5.4) see [16, §5.12] as well as the a proof of (7.12) in §7.2). Given
an unstable curve y and a positive number ¢, let 75 = {x € v : r4(x) > §}. Then there
is a constant K* such that

(5.6) mes(y — 75) < K*0.

Another application of the Growth Lemma requires an extra definition. Fix a large
constant Z. In particular we require that Z > 2C, where C, is the constant from the
Growth Lemma. In practice it is convenient to choose Z so large that there is a standard
family G with Zg < Z such that vg is the invariant measure v. We say that a standard
family G is proper if Zg < Z. Then the Growth Lemma implies that there exists ng
such that for any n > ng and for any measure v defined by a proper standard family G,
the measure 7,(¢) = v(¢ o f) also corresponds to a proper standard family (namely
f"9).

Another crucial property of partition of (M,v) into stable (unstable) manifolds is
absolute continuity. We refer the reader to [5, §8.6] for a comprehensive overview of
absolute continuity of stable and unstable laminations. Here we just summarize the
results for dispersive billiards we are going to use. Let W; and W5 be two unstable
curves which are close to each other. Let

Wj = {JZ c VVJ : Ws(l’) N W3_j}
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and let 7, : Wy — W be the stable holonomy my(z) = W#(2)NW,. Then 7, is absolutely
continuous and its Jacobian equals to J(z, msx) where ([16, Equation (5.23)])

[e.9]

T (fnx)
5.7 J(z, mex) = w7
(5.7) @) =11 7 s
Next, [16, Theorem 5.42] tells us that there is a constant C' such that
(5.8) e (@ @ma)+h) < J(z, mor) < C(8 @mear0)

where 3 is the angle between the tangent vector to W, at x and the tangent vector to
Wy at wex.

A similar statements hold for the unstable holonomy.

Let us list several standard consequences of this fact ([5]).

Given an unstable curve v and a positive number d, consider the Hopf brush As =

U W#(x). Consider the measure v defined by

P(A) = / mesys (W72 (x) N A) dmes, ().

Let v,, denote the restriction of v to As. Suppose that |y| > 2K*§ so that (5.6) implies
that As # (0. Then there is a constant £ = x1(d) such that

dv

VA&

(5.9) K1 < < Ky
From the foregoing discussion it is not difficult to see that there is a constant kg = K2(0)
such that for each ~ of length at least 2K*9,

(5.10) v(As(7)) = ka.
Another consequence of (5.9) is that if A is a set of measure zero, then
(5.11) for v almost every z, mes(W?*(z) N A) = mes(W*(z) N A) = 0.

We finish this section by commenting on the case of unbounded free flight (infinite
horizon). The preliminaries discussed in this section extend to that case, too. The
billiard map is local-global and global-global mixing just like in the case of finite horizon
(see Section 6.1) as the MLLT holds with scaling L,, = /nlogn [53]. We have little
doubt that the same holds in continuous time, too, but we are not aware of any explicit
proof of the MLLT in the literature. To study the perturbed models as in §§6.2-6.5 one
would need a more serious departure from the case of finite horizon (but see [14, 49|
for some results in these directions). In the rest of this paper, we only study the case
of finite horizon.

6. EXAMPLES

Here we describe several examples satisfying the assumptions of Section 2. Each time
we use the MLLT or its variants (shifted MLLT, AMLLT), we choose L, = /n and,
unless noted otherwise, p a centered Gaussian density. We formulated the results of
Section 2 with general L, and p because there are other natural examples (e.g. the
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infinite horizon Lorentz gas or interacting particle systems studied e.g. in [46]) whose
global mixing properties could be approachable by our methods.

6.1. Lorentz gas. The mixing local limit theorem holds for Lorentz gas with finite
horizon in both discrete [52] and continuous setting [24]. Accordingly Theorem 2.4
applies to both Lorentz collision map and Lorentz flow, and so, both systems enjoy
both local global mixing with respect to Go and global global mixing with respect to
Gao-

One can also consider a Lorentz tube, where instead of motion on the plane the
particle moves on the strip with a periodic configuration of convex scatterers removed.
As before [52, 24| give MLLT in both discrete and continuous setting and so the system
enjoys both local global and global global mixing with respect to Go.

6.2. Local Perturbations of Lorentz gas. Consider a billiard in a domain which is
periodic outside of some ball. If the limiting periodic configuration has finite horizon
(or equivalently, the perturbed configuration has finite horizon) then the conditions of
Propositions 2.9 and 4.1 are satisfied and so the system enjoys global global mixing.
On the other hand, local perturbations of the Lorentz gas do not have to be local
global mixing. Indeed, we can trap particles in a bounded part of the phase space.
For example, by allowing non-convex scatterers, one can arrange that the system has a
stable elliptic orbit, so that the set B of bounded orbits has positive measure. Let By,
be the set of orbits which always stay within distance L from the origin. Take ¢ such
that fBL ¢dp > 0. Take two functions @, ®, € G such that

(i) &2 > ®; and moreover

(ii) ®3 — ®; > 1 inside the ball of radius L;

(iii) ®y = P;.

In this case

[ ol@ =@ o Tz [ oy
L

does not tend to 0, so it is impossible that both

/ o(2)Da(T")dp(x) — p(#)B2 and / o(2)®1 (T dulx) = p(0)3:.

However, the system remains local global mixing if the configuration is a finite per-
turbation (i.e. finitely many scatterers discarded, finitely many new ones included) of
a periodic Lorentz gas such that the scatterers in the entire configuration (including
the perturbed part) are strictly convex, disjoint and have C* boundary. We call such a
perturbation a mild perturbation. Without loss of generality, we can assume that the
fundamental domain is large enough so that outside the cell at the origin, the system
is periodic. Thus we are in the setup of §2.2, with d; = 0, dy = 2, B = {0}, M the
phase space of the billiard map on any cell but zero, Dy the phase space of the billiard
map in the zeroth cell and the measures v and 14 are the usual measures on M and
Dy, as defined in Section 5 (in condinuous time, we need to define M and Dy as the
phase space of the flow, restricted to the same cells as before and consider the invariant
physical measures on them, denoted by k in Section 5).
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Mildly perturbed Lorentz gases are local global mixing with respect to Go and global
global mixing with respect to G40 as implied by Theorem 2.8 and the following.

Theorem 6.1. The mildly perturbed periodic Lorentz gas satisfies the AMLLT.

Proof. The proof is similar to (but easier than) the proof of Proposition 3.8 in [24] so
we provide only a sketch of the argument.

We begin with discrete time. In the proof we will use letters with tildes to denote
the objects associated to the mildly perturbed Lorentz gas, and the same letter without
tildes will refer to periodic (unperturbed) system.

Let Uy, be the measure defined by either (2.9) or (2.11). The global central limit
theorem for mildly perturbed periodic Lorentz gas is proved in [30, Theorem 1]. Thus
there is a positive definite matrix D such that

" (% €O+ %) S u(0) //Q a(u)du

as n — 00, where g is the density of the centered Gaussian distribution with covariance
matrix D and Q C R? is a set whose boundary has zero Lebesgue measure and the
convergence is uniform for ¢ with bounded Lipschitz norm.

We need to evaluate

In - 77¢,w (@Z)(jn)lfn:Lz\/ﬁj—w) .

To simplify the notation, we drop the subscript of 7 and write 2, = |z/n] —w. Take
0; < 1 and denote ny = d;n, ny =n — no.

Let the measure v* be the normalized version of the restriction of T™*7 to the cell
z. That is, if p,,(2) = v(z0T™ = z) and A C M, then

_ 1 ~

(A) = p\z:T™ (2 A =z})).
Vi) = = (5:T7() € (Ax {2 = 7))
Then we have the decomposition

I, = Z pnl(2>V5(¢(i’n2)1fn2:zn—2>+él

zeZ2—-{0}

where £; is an error term corresponding to the set of points Z so that z o Tm () =10
and we assumed that all perturbations are in the zeroth cell.
Choose K > 1 and consider the following approximation

(6.1) L= Y pu (A (@) Le,y—euz) + 1 + £2
|7—2n|<K\/m2

where é; is an error term. Note that there are no tildes inside v*(+). That is we pretend
that the particle moves in the unperturbed environment for the last nsy collisions. The
error £ = &1 + &9 comes from two sources:

(A) There is a contributions from the cells with |z — z,| > K,/n; and

(B) the particle may visit the perturbed region for some k € [nq, n|.

Given ¢ we can choose 0; so small and K so large that both (A) and (B) have
contributions which is less than £ similarly to [24, §6.2]. Note that [24, Lemma 2.8(b)],
which is extensively used in this step, is formulated for the Lorentz tube and thus is
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not directly applicable here. However, we can replace it by [26, Lemma 4.8(b)], which
is valid in a much more general setting, including the Lorentz gas.

Returning to the main term in (6.1) we can use the MLLT for the periodic Lorentz
gas to conclude that

(62) V) e )~ (ﬁ—) V().

Let us divide the set {z : |z — z,| < K\/n2} into boxes B; of size d5y/n where 05 < 0.
Then,

DG 7 CLC SN

|Z—2n | <K\/n2

(6.3) ~ % S pu(2)e (i;%) .

Jj Z€B;

Since the oscillation of g (z ~ e

() —

z z

on B; is small, we can replace it by g (—n
2

. n2
where 2U) is the center of B;. Accordingly

> (22 = (”?;) S pu(2) =

ZEB; ZEB,

(6.4) g (’Zm—_z”> 0(7a, € B;).

The global CLT for the mildly perturbed Lorentz gas and the fact that z() are close to
z, for all j imply that

(6.5) (T, € B)) = 62g(z)

Combining (6.1)—(6.5) we obtain

J

The last sum is the Riemann sum of the integral of a Gaussian density over the set {|z] <
K}. Accordingly taking K large and choosing 5 small to make the mesh sufficiently
fine, we can make the last sum as close to 1 as we wish. This completes the sketch of
proof of the AMLLT in the discrete time case.

The continuous time case is similar but we need to use the MLLT for flows proven
in [26]. OJ
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6.3. Lorenz gas in a half strip. Consider a Lorentz gas in a half strip, i.e. in
R* x [0, 1] with a periodic configuration of convex scatterers removed. (By periodicity
we mean that if S is a scatterer in our configuration and Sy := S £ (1,0), then S, is
in the scatterer configuration and if S_ C (R x [0,1]), then S_ also belongs to the
configuration).

Similarly to the mildly perturbed Lorentz gas, we are in the setup of §2.2, now with
dy =1, dy =0, B={1}. Using [30, Theorem 2] and proceeding as in the proof of
Theorem 6.1, we have

Theorem 6.2. Lorentz gases in half strips satisfy the AMLLT with p being the prob-
ability density of the absolute value of a centered Gaussian random variable.

Thus by Theorem 2.8, the Lorentz gas in a half strip satisfies both local global mixing
with respect to Go and global global mixing with respect to G 40.

6.4. Lorenz gas in a half plane. Consider a Lorentz gas in a half plane, i.e. in
R* x R with a periodic configuration of convex scatterers removed. (By periodicity
we mean that if S is a scatterer in our configuration, then S + (1,0), & £+ (0,1) are
also in the configuration. If § — (1,0) C (R* x R), then S — (1,0) also belongs to the
configuration).

Similarly to the mildly perturbed Lorentz gas and to the Lorentz gas in a half strip,
we are in the setup of Section 2.2, now with d; = 1, dy = 1, B = {1} x Z. Using |30,
Theorem 4] and proceeding as in the proof of Theorem 6.1, we have

Theorem 6.3. Lorentz gases in the half plane satisfy the AMLLT with p being the
density at time 1 of the Brownian motion with diffusion matriz of the Lorentz process
reflected from the y axis.

Thus by Theorem 2.8, the Lorentz gas in a half plane satisfies both local global
mixing with respect to Gp and global global mixing with respect to G 40.

6.5. Lorentz gas with external fields.

6.5.1. Lorentz gas in asymptotically vanishing potential fields. In this example we con-
sider the same configuration of scatterers as in Example 6.1 but assume that the motion
between collisions is subject to the potential

g=—VU.
We suppose that the first three derivatives of U are uniformly bounded and that
(6.6) lim U(q) =0, lim VU(q)=0.
lg|—o00 lgl—o00

An example of such system is given by the Coulomb potential
e

(6.7) Ulg) = -
lq|

For the Coulomb potential it is natural to assume that the origin is contained in the
center of one of the scatterers. In this case U is bounded.

In any case our system is Hamiltonian preserving the energy H = %112 + U(q). Sinai
billiards with external fields were studied in [10, 11]. First, note that the phase space
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of both the map and the flow is the same as in case of no external field. Next, we note
that the flow G preserves the Lebesgue measure and the collision map T preserves the
measure 4 defined in (5.1) (see e.g. the Remark on page 201 of [10]).

Theorem 6.4. Under assumption (6.6) both the collision map T and the continuous
time system G* enjoy global global mizing with respect to G 0.

Proof. We claim that both T and G! are very well approximated by the Lorentz gas
and so by Theorems 2.12 and 4.2 the result will follow. To prove the above claim, it is
sufficient to check condition (i) of Definition 2.10 (and its continuous time counterpart).
In continuous time, we can choose A, . = ) as the flow G' is continuous and for R large,
is uniformly close to the unperturbed billiard flow G* up to time 1 by condition (6.6).
To check condition (i) for the map, choose A, . as the § neighborhood of the primary
singularity set of the unperturbed billiard map 7. By choosing ¢ sufficiently small, we
clearly have p(A..) < ¢ and now choosing R large (and consequently the field small),
we have (2.13). O

Similarly to §6.2, the assumption (6.6) is insufficient to ensure hyperbolicity close to
the origin. In particular the system could have elliptic islands in the bounded part of
the space (cf. [51]) and so it may fail to be local global mixing. On the other hand, our
next result gives local global mixing under the extra assumption that the field is small
everywhere.

Theorem 6.5. Assume besides (6.6) that [|Ul|cs is sufficently small (e.g. in the
Coulomb potential case the charge e is small). Then both the collision map T and
the continuous time system G' enjoy local global mizing with respect to Gy.

Proof. By Theorem 2.13, it suffices to check conditions (M1)-(M6).

We begin with the discrete time system. Much of the theory discussed in Section 5
has been extended to the Sinai billiards on compact phase space with external fields in
[10, 11]. Several of these results can be used in our non-compact setup, too, since the
proofs do not rely on the compactness of the phase space. For example, standard pairs
are defined in [11]. In fact, standard pairs for T are exactly the same as standard pairs
for T' (of course, unstable manifolds are different but the unstable cone can be chosen
the same). Using the notation of Section 5, we say that a standard family is compactly
supported if there is a finite set A C Z? so that for all standard pairs ¢ in the family,
] € A.

Let 971 to be the set of all compactly supported proper standard families. Specifically,
we require that m € 9 satisfies

(6.8) m(x:r(z) <e) < Ke,

where K is a sufficiently large constant only depending on the system. Then (M1)
is checked in [11]. To check (M2), let ¢ be a Lipschitz function supported on a single
scatterer €. (Note that it suffices to check the local global mixing for Lipschitz functions
¢ as the set of Lipschitz functions is dense in L. The condition that ¢ is supported
on a single scatter is also not restrictive since a function supported on a finite set of
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scatterers is a finite linear combination of functions supported on a single scatterer.) We
first observe that for each ¢ there exists K (§) such that if ¢ has the following properties:

(6.9) 5<<5, u@)=1, Lip(¢) <2,

then ¢p € M where M is defined by (6.8) with K = K (), see e.g. [10, Proposition
5.6]. Pick a large R>> §~! We have the following decomposition: ¢ = R1lg— (R —¢)1q.
Thus ¢ = ¢y — ca¢o where ¢; and ¢y are constants and

1q lo— %

TOMTORSY

R
Note that as R — 00, ¢2 — 1lo/u(€2) in the space of Lipschitz functions, so if R
is sufficiently large then ¢;, ¢y satisfy (6.9) with constant ¢ depending only on the
minimal perimeter of the scatterers in our configuration. By the foregoing discussion,
P1it, Poft € M.

To prove (M3), we use the transversality of the unstable curves to singularities of
the system (see [12, Section 4.5] for a similar argument). Specifically, given ¢ and n,
we choose some § < . Then for the given e,n,d, we choose R so large so that for
every & with |2(x)| > R and for any s € [0, n(Tmax + 1)], d(G*(z), G*(z)) < 6. Such an
R exists since for small field, the trajectories are uniformly close to the unperturbed
ones (here, 7.y is the maximum free flight time of the unperturbed system and conse-
quently the maximum free flight time of the perturbed system is bounded by 7ax + 1.)
Thus choosing § small, we can ensure that the singularity curves of T" are in the &2
neighborhood of those of 7. Furthermore, the singularity curves of 7" are transversal
to the unstable cones by [10, Lemma 3.10]. Let m € 9, ¢ = (W, p) a standard pair in m
and z € W. If |z(z)| > R and d(T"z,T"x) > ¢, then by the foregoing discussion,  is
necessarily Ce? close to an endpoint of W (here C' is a geometric constant coming from
the transversality). By (6.8), the m measure of such points is bounded by KCe?. For ¢
small enough, KCe? < € and so (M3) follows (clearly, it is sufficient to prove (M3) for
e small enough).

Next, let 9. be the set of standard families on M such that all standard pairs in m
is longer than €. The local limit theorem for standard families follows from the mixing
LLT for T [24, Lemma 2.8]. Thus (M4) holds.

Next, in our system a stronger variant of (M5) holds, namely ng is uniform in m € 9.
Indeed, for m in 90 let m’ is the measure corresponding to the standard pairs from Tmm
which belong to {z = j} and have length greater than €. The desired inequality of (M5)
follows from the growth lemma (see [10, Lemma 5.3] and the discussion on page 95 of
1))

Since checking (M6) requires more effort, we postpone it to Section 7.

The continuous time case can be handled similarly. We refer the reader to [25, 4] for
the Growth Lemma and related results in the continuous time setting. O

(6.10) b =

6.5.2. Lorentz gas in external field and Gaussian thermostat. Suppose that the system
moves in the same domain as the Lorentz gas but the motion between the collisions is
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not free but rather satisfies

where E(q) is a periodic field and the second term models energy dissipation. This
system is a Z2-cover of a Sinai billiard in external field which we will denote by f.
There are two important differences between this model and the one studied in §6.5.1:
this one is easier in the sense that it is periodic but more difficult in the sense that
the Lebesgue measure is no longer invariant. However, [10] implies that f has unique
SRB measure pug if ||E||c is sufficiently small. Furthermore, a Young tower can be
constructed by the results of [10, 11] (see also [9]). Thus the (shifted) MLLT holds
for (f,ug) by [26, Lemma 4.3] The shifted MLLT for continuous time system also
follows from [26, Theorem 4.1]. Accordingly by Theorem 2.5, we have local global and
global global mixing with respect to (L, Gy). We note that for typical E (including the
constant field) the drift in the CLT is not equal to zero ([15]). We also note that in the
presence of the drift, the system is dissipative in the sense of ergodic theory, that is,
almost every particle tends to infinity. This gives a physical example of a system which
enjoys both local global and global global mixing but is not ergodic.

6.6. Galton board. This model is similar to Example 6.5.1, however, we do not as-
sume that the potential is vanishing at infinity. Namely we consider a particle moving
in a half plane ¢; > 0 with a periodic configuration of convex scatterers removed (we
confine the particle to the half plane by adding the vertical axis ¢; = 0 to the boundary
of our domain). The motion between collisions is subject to a constant force field which
corresponds to a linear potential U = —gg;. This system preserves the energy

H=1v%/2 —gq.

It is convenient to use the following coordinates: ¢ € R? is the position of the particle
and 6 is the polar angle of the velocity vector tanf = ¢; /2. Then the speed could be
recovered using the equation |v| = \/2(H 4 g¢1). In Lemma 6.7 below we will see that
the evolution of ¢ and 6 coordinates is well approximated by the Lorentz gas. Therefore
the appropriate space of observables are functions which are uniformly continuous in
(q,0) coordinates and admit the averages on large cubes. Namely given q = (g1, q2) €
[0,00) xR and R > 0 such that q; > R consider the cube Q4 p = {(¢,0) : [¢—9q|lc < R}
and let

Gy = {® : ¢ is uniformly continuous in (g, ) variables and for each € there is Ry
such that if R > R, then for each ), r as above

< 5} .

Theorem 6.6. There exists Hy such that if H > Hy, then both the collision map T
and the continuous flow G* enjoy global global mizing with respect to Gao and local
global mixing with respect to Gy.

1
(2. r)

/ ®(q,0)dp — @
Qq,R

The main result of this section is
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In order to prove Theorem 6.6 we need to recall several results from [13].

Lemma 6.7. The collision map T for Galton board is well approzimated for large
kinetic energy by the collision map T of the Lorentz gas. More precisely, the following
condition holds

(M3) For each ¢ > 0 and n € N there exists R > 0 such that if m is a measure
corresponding' to a proper standard family, then

m(z: q(z) > R and d(T"z, T z) > ¢) < e.

Note that the condition (M 3) above is different from the condition (M3) imposed in
Section 2. Namely, we replace the requirement
¢ +q3 > R? by a stronger requirement ¢; > R. Lemma 6.7 is proven in [13, Section 3],
however we recall the argument since it plays an important role in the analysis below.

Proof. Let (qy, 0y, K,,) denote the position, direction and kinetic energy of the Galton
particle after n collisions. The motion until the next collision is obtained by solving the
following ODE

d*q dq
_— = 0 — n, o
2 =8 (0)=dn,

Making the time change

(0) = /2K, (cosb,,sinb,).

t
V2K,

(note that changing the time does not change the place of the next collision) we get

dgq
6.12 cq_ 8 o
(6.12) iz~ 2K, " di
Note that K,, = H + g(g,)1, where H is the particle’s energy. Therefore by taking
R large enough we can make the RHS of the ODE in (6.12) as small as we wish if
(gn)1 > R. Accordingly the solution to (6.12) can be made as close as we wish to the
solution of

(6.11) e

2
1 5 q(0) = gn, (0) = (cosb,,sinb,).

d’q dg .

T = 0, ¢(0)= gy, E(O) = (cosb,,sinb,).
Since the last equation describes the flow of the Lorentz gas without external field
between two collisions, the lemma follows. O

Since the Lorentz gas is hyperbolic, we have that the Galton board dynamics is also
hyperbolic for large kinetic energies. The condition that the total energy is large ensures
that the kinetic energy is large as well, so the hyperbolicity persists in all of the phase
space.

Proposition 6.8. There are constants o and & such that the following holds.
Suppose that (q(0),v(0)) is distributed according to some standard family.

lin the sense of (5.5)
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(a) Let K, denote the kinetic energy of the particle after n collisions. Then the

random process K" (t) = \%Km converges in law, as n — oo to K(t) which is the
solution to the following stochastic differential equation:
=2
(6.13) K = :—Kdt +Edw, K(0) = 0.
(b) Let K(t) denote the kinetic energy of the particle at time t. Then the random
- KT .
process Kp(t) = (T/?, converges in law, as T — oo to K(t) which is the solution to

the following stochastic differential equation:

0.2

(6.14) dK = dt + (2K)Y4adw,  K(0) = 0.

~

2V 2K

Note that the equations (6.13) and (6.14) are well posed despite the singular coeffi-
cients as discussed in [13].

Proof. Part (b) is a restatement of Theorem 3 in [13]. Namely [13] uses the rescaled
time s = =7 (cf. (6.11)). In the rescaled time the part (b) states that K(;QT/?) = K(t)

as T — oo. Denoting ¢ = T-2/% we can rewrite the last statement as K (se2) = K(t)
as € — 0 which exactly the statement of Theorem 3 in [13].

Next we discuss the part (a). In the case we start away from 0 and the process K"
is stopped when it reaches too high or too low values, (6.13) is proven in [13, Theorem
4]. The removal of those cutoffs can be done in the same way as in the continuous time
case, see the proof of Theorem 3 in [13] (note that this theorem assumes that the total
energy H is large enough). 0

We mention that the explicit formulas for ¢ and & are the following (cf. [13, page
839]). Let & be the diffusion coefficient of ¢; for the Lorentz gas with respect to the

discrete time. That is )
52 = lim v <_(Q0,n)1)
n

where ¢, is the position of the particle after the n-th collision in the Lorentz gas and
v is any smooth compactly supported measure. Then ¢ = 6g and o = 5/+/7 where 7
is the free path length. However, we do not need the explicit values of o and & in the
proof of Theorem 6.6.

Proof of Theorem 6.6. Given the background presented above, the proof proceeds sim-
ilarly to the arguments of Section 3 with minor modifications described below.

Global global mixing for 7. Given Lemma 6.7, the proof of the global global
mixing is the same as the proof of Theorem 2.12 (a) with d; = ds = 1, except instead
of the fact that z(T") is large for all k& < n for most initial conditions in our cube, we
use that ¢, (T*z) (and, hence, K(T*z)) is large for all k < n for most initial conditions
in our cube.

Local global mixing for 7. We check (slightly modified) conditions (M1)-(M6).
We choose M and <M1, in the same way as in Example 6.5.1. (M2) and (M4) are checked
in the same way as in that example. (M1) and (M5) follow from [13, Lemma 2.1]. We
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already checked (M3), which is an analogue of (M3), in Lemma 6.7. Since (M3) is
weaker than (M3), we need to replace (M6) by a stronger condition, namely

(M6) For each m € 9 and for each R > 0, m(|K(1"z)| < R) — 0 as n — oo where
K denotes the kinetic energy.

Similarly to Theorem 2.13, local global mixing is implied by (M1), (M2) (M3), (M4),
(M5) (M6). It remains to verify (M6). To this end, we note that by Proposition 6.8(a),
5—% converges to (1), where IC(+) is the solution to (6.13). Note that KC(t) is a power
of the square Bessel process, so its density can be computed explicitly (cf. [20]). In

particular, P(Z = 0) = 0 proving (M6).

Local global mixing for G'. In this case, we also need to modify (M1)-(M6). Note
that if q(t) ~ @ > 1, then v(t) ~ /Q so the particle will travel distance of order /@
during a unit time interval. This distance is too large for Lorentz particle to serve as
a good approximation to the Galton particle. The good news is that a much shorter
time is sufficient to observe the LLT on Galton board.

Note that Lemma 6.7 does not tell us that G* is well approximated by G*. Instead
G' approximates the rescaled flow. Namely, let G* be obtained from G! by the time

d
change d_j = (2K,)) /%, where n(t) is the number of collisions before time ¢. Then

the proof of Lemma 6.7 shows that G* is well approximated by G* for large values of
the kinetic energy.
Accordingly we replace 9. by the family 9., consisting of the measures m such that
(i) all standard pairs m are longer than ¢ and,;
(ii) m is supported on the set {x : ¢ < K(x)/t?/* < 1/} where £ is chosen so that

K) _ 1 .
P|2é — for all 2 >1—-—
<5< 273 <2é orall u e [t/ ,t])_ 100"
where K is the solution of (6.14).
Next we replace (M3) by

P

(M3): Foralme MVr IT : vt > T

K 1 Ny TP
m (x LE< (z) <z but sup d(G¥/V*@g G (x)) > 5) <e.

t2/3 s€[0,7]

and replace by (M5) by

(M5) For each m € 9 for each € > 0 and s>0 there exists 7" such that for ¢ > T we
can decompose

+ Cerrmerr Y

Nt—s/t1/3
G, m = g c;m;

J

where for all j, m; € 9., and there is some r; such that m; is supported on {| K (z) —
;| < 1}. Furthermore, ¢, < €.
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The verification of (M1), (M2), (MS) (M4), (M5), (M6) is similar to the verification
of (M1), (M2), (M3), (M4), (M5), (M6) for the collision map 7.

Next, we explain what adjustments are needed in the proof of Theorem 2.13 (and its

continuous time counterpart) to verify that (]\7?), (]\73), can be used in lieu of (M3)
and (M5) to infer local global mixing.
First, given ® € Gy, m € 91, 0 > 0, and s > 0, we choose € > 0 small and apply

(M5) to conclude that for all sufficiently large ¢

‘m <<I> o ét> - Z cjm; <q> o és/t1/3>
J

Further increasing ¢ if necessary, the bounded oscillation of K(.) on m; € 9. ; becomes
negligible compared to t: specifically, for sufficiently large ¢, we have

‘ oés/t”?’) —m; (oG VEED) | <,

for all 7, where p; = ———==. Next, by the definition of 1. ;, we have 2V/E <p; < 2/\/_

Thus we can use (M 3) Wlth 7 replaced by 27/v/€ to conclude that

<.

m; (q) o éspj/\/QK(x)> —m; (PoG*)| <6
Combining the last three displays, we get
(6.15) m (@0 C") = 3 em; (9o G)| <36
J

As in the proof of Theorem 2.13, it is sufficient to verify that
lim m (®oG) =

t—o00

Thus by (6.15), it suffices to verify that

|m; (® o G*7) — ®| < §
for all j. This can be done by choosing s = s(d) large and using the MLLT for G. This
completes the proof of the local global mixing of G.

Global global mixing for G!. The proof is a simplified version of the proof of
Theorem 2.4(b) because we have now @1, ®; € Gy. Namely, we decompose

/QI,,R(D (2)22(G2) Z/M ). (2)=- Do (Glr)dpu()

where z(x) is the label of the fundamental domain containing . We claim that if R is
sufficiently large, then there is a set {2 C ), g which is a union of fundamental domains,

H (quR \ Q)

N(Qqﬂ) B
that R > t°* and let Q be the union of fundamental domains such that q;(z) > R/°

such that = O(R™'*) and for z € Q, m<1? ¢ (G"z) > RY'°. Indeed suppose
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everywhere on the domain. Using the fact that the speed of the particle is O(RY'?) to
the left in the strip 0 < ¢; < RY5 we conclude that for z € Q

m<1£1 m(éuﬂc) > RY5 — CRY19 > RO2 _ ¢ R%12 > RI/10

for R large, which proves the claim.
Arguing the same way as in the proof of local global mixing, we conclude that for
the fundamental domains in €2

/(I>1(x)1z(z)zzq>2(étx)du(x) = {/ Q1 ()1, (p)=dp(z) Dy + 0100, Rs00(1).

Since ®; € Gy, we obtain

).
_ Dy ()1, ()= dp(x
) 2 J,, P )
1 / -
= D (x)du(xr) = P + 0goo(l
S0 o B = 81+ o)
completing the proof of global-global mixing. O

6.7. Fermi-Ulam pingpong. Consider the following one-dimensional system: a unit
point mass moves horizontally between two infinite mass walls. Between collisions, the
motion is free so that the kinetic energy is conserved, collisions between the particle and
the walls are elastic. The left wall moves periodically, while the right one is fixed. The
distance between the two walls at time ¢ is denoted by £(t). We assume that ¢ is strictly
positive, continuous and periodic of period 1. Moreover we suppose that the restriction
of ¢ to the open interval (0,1) is C® but £(1—) # ((1+), where £(14+) = limy ((t)
and £(1—) = limy £(t). Thus £ is piecewise smooth with singularities only at integers.
Let T be the map defined as follows. Let the particle move until the the next integer
moment of time and then stop it after the first collision with the moving wall. Note
that T is conjugated to G-the time 1 map of the system. Namely for T it is natural
to use the following coordinates: the time of collision (taken modulo Z) and the post
collisional velocity at the moment of collision. For G it is natural to use velocity and
height. To pass from the first coordinate set to the second one, we replace the post
collisional velocity with the precollisional one and then let the particle move backward
until the first time it becomes an integer.

It is shown in [18] that T is well approximated at infinity by the following map of
the cylinder T x R :

(6.16) T(r,I)=(r—1,1+A(t—1))
where )
A= 6(0)0/ (72(s) ds, o =0(1+)—0(1-).
0
T covers a map f of T? which is defined by formula (6.16) with I taken mod 1. Specif-

ically, property (ii) of Definition 2.11 holds with d; = 1, dy = 0. If A & (0,4) then the
map f is piecewise hyperbolic and according to [56, Section 7|, it admits a Young tower
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and hence, satisfies the MLLT (see e.g. [31]). Therefore in this case 7" and, hence, G
are global global mixing with respect to Gy .

We note that while the dynamics for large energies is described by a single parameter
A, the dynamics for low energies is far from universal. In particular, it is easy to
construct an example where T has elliptic fixed points and so it is not ergodic. Thus
we get another natural example where the map is global global mixing but is not ergodic.

On the other hand it is shown in [19] that if £ is piecewise convex, then T is ergodic
for most values of the parameter A (with at most a countable set of exceptions). One
could expect that in that case T is local global mixing, but this question requires a
further investigation.

6.8. Bouncing ball in a gravity field. In this model a particle moves on R, in a
linear potential U(x) = gx and collides elastically with an infinitely heavy wall whose
position at time ¢ equals to h(t). We assume that h is 1-periodic and piecewise C? but
not C2. Let T be the collision map in this model. It is shown in [57] that T is well
approximated at infinity by the map 7' of the cylinder T x R given by

(6.17) T(t,v) = (t+2v/g,v + 2h(t + 2v/g)).

T is a Z cover of the map f of T? defined by (6.17) with ¢ taken mod 1 and v taken
mod §. (Again, property (ii) of Definition 2.11 holds with d; = 1, dy = 0.) Moreover,
it is proven in [57] that if either

(6.18) h>0or|h+al <e

where a > g and € = ¢(a) is a small constant, then f satisfies the conditions of [9].
Consequently it admits a Young tower with exponential tail and hence satisfies the
MLLT. It follows from Theorem 2.12 that if (6.18) is satisfied, then T enjoys global
global mixing with respect to Gy .

As in the previous example, the dynamics for small energies is not universal and
the question about local global mixing may depend on the law energy dynamics of
the system. Finally we note that the continuous time system is not global global
mixing since on most of the phase space the motion is integrable. Namely let ® be a
non negative continuous function which depends only on velocity, is 1-periodic and is
supported on {v : d(v,Z) < 0.01}. Then ® = fol ®(v)dv > 0. On the other hand for
cach T, on most of the set {v < V} with V' > T, velocity remains large on the time
interval [0, 7. For such orbits v(t) = v(0) — gt for t € [0,7T] and so if d(¢7,Z) > 0.04
then @ - (® o GT) = 0. Accordingly the large volume limit for such 7”s is

P (PoGT)=0
precluding global global mixing. As in the discrete time case the question of local global
mixing is more subtle and deserves a further investigation.
7. CONDITION (M6) FOR LORENTZ GAS WITH EXTERNAL FIELDS

Here we complete the proof of Theorem 6.5 by checking the condition (M6) for
Lorentz gas with vanishing potential. We hope that similar arguments will apply to
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other hyperbolic systems with singularities, including the examples of §6.7 and §6.8
once their dynamics in the low energy regime is better understood.

7.1. Recurrence-transience dichotomy. For sets A, B we shall write A = B if their
symmetric difference satisfies u(AAB) = 0.
In this section we prove an auxiliary result of independent interest. Let

RE = {z: |2(T"x)| £ oo as n — £o0}.
Then, (see e.g. [1, §1.1]), R~ =R". Let R =R~ NR* be the set of recurrent orbits.
Then R=RT=R".
Lemma 7.1. Either i(R) = 0 or u(R¢) = 0. In the second case, T is ergodic.
Proof. Let Rg = R, R = R*, and for n > 0 define inductively R,, = R} N'R; where
RS ={r € Ru_1:mes(W*(x) NRE_,) =0},
R, ={r € R,_1:mes(W"(z) NRS_;) =0}.
We shall show inductively that
(7.1) R, =R/ =R, =Rn_1.

For n = 0 this follows from the foregoing discussion. Assuming that (7.1) holds for
n — 1 we obtain, using the absolute continuity of the stable lamination (namely, (5.11))
and the relation R,_; = R, ,, that

n—1s
Ri={reR!l | mes(W*(x)N (R ,))=0}=R}!,
where the last step uses that, by construction,
mes(IW*(z) N (R_,)%) = 0
for v € R} ;. Thus R} = R,_;. Likewise R,, = R,_1, proving (7.1). (7.1) shows that

(7.2) Reo = Rn=R.

Let & = & = ET N E where
EF ={z:|2(T"z)| — oo as n — 400},

and define &, and &, similarly to R,, and R, respectively. Similarly to (7.2) we obtain
that
Eo=E=ET =&,

Denote G = £, U R4 By the foregoing discussion
G=EUR=ETURT.
Since the last set equals to the whole phase space we conclude that p(G¢) = 0.
Suppose for a moment that that R, # (). Pick 2’ € Ro,. Then, by [11, Lemma 3.6]
for every 2" € G there exists a Hopf chain, that is, a chain
' =yo,y1,...,yn = 2" such that y; € G and y;.1 € W*(y;) U W"(y;).

By construction since yy = 2’ € R then y; € R for all j. Thus 2” € R and hence
u(R) = 0.
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On the other hand if Ro, = (0 then p(R) = 0. This proves the first claim of the
lemma. The fact that recurrence implies ergodicity follows from [34]. U

Corollary 7.2. For any set A of finite measure and for any €, R > 0 there ezists n
such that

(7.3) pwx € A: Tz € Bg) <&,

where Br = {x : |z(z)| < R}.

Proof. If u(R) = 0 then T is dissipative ([1, §1.1]), that is, for a.e. z
lim |2(T"z)| = +oo0,

n—-+oo
so (7.3) is obvious. )
On the other hand if u(R¢) = 0 then T is ergodic, so the Ratio Ergodic Theorem
tells us that for each 21, 29 and for almost every x
Card(n < N : z(T"z) = z1)  p(x: 2(z) = z)
im B = .
N—oo Card(n < N : 2(Trx) = zy) (@ 2(w) = 22)
Since the last expression is uniformly bounded away from 0 we have that for any z and
almost every x

< . ~TL — >

lim Card(n < N : z(T"z) = z)
N—o0 N

By the Dominated Convergence Theorem

=0.

%Zu(x € A:z2(T"z) = 2)

iy (Card(n < N];IZ(T”SC) =Z)

1{x€A}> — 0 as N — oo.

Summing over z’s such that |z| < R we get

N

1 3

NE f(x € A: Tz € Bg) — 0.
n=1

Therefore the set of times n when (7.3) is false has zero density. O

The preliminaries discussed in Section 5 extend to the case of billiards will small
external fields by [10, 11]. In particular for an unstable curve ~, we write

= {reyin(@) 28y, Aty = [ W),

Then (5.6) holds (see [11, Lemma 3.2] in case of external fields) and we have the
analogue of (5.9):

A

(7.4) k1 <

< < KoL
dpiag '
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and the analogue of (5.10):

(7.5) 1(As(7)) = ko

Corollary 7.3. For any unstable curve v for any €, R > 0 there exists n such that
(7.6) mes(x € v : 1"z € Bg) < ¢.

Proof. Since measure of v — 75 tends to 0 as 6 — 0 (see (5.6)), it suffices to prove that,
for each fixed ¢, (7.6) holds with v replaced by v5. Combining Corollary 7.2 with (7.4)
we obtain for each € > 0 there exists n such that

f(z €Ay |2(T"z)| < R+ 1) <e.
On the other hand the definition of /i easily shows that
f(z € Ay : |2(T"z)| < R+ 1) > dmes(z € 75 : |2(T"x)| < R)
proving the result. 0J

7.2. Verifying (M6). By our choice of 9 it suffices to show that for each §, for each
e and R there exists ng such that for n > ng for each unstable curve I' of length at
least 0 we have

(7.7) mes(z € ' : T"z € By) < e.
We first show this result under an additional assumption that
(7.8) (D) > R

provided R = R(e, J, R) is sufficiently large and then use Corollary 7.3 to remove this
restriction.

Before giving the formal proof let us describe the main idea. Given an unstable curve
[" satisfying the conditions above and 1 € N we consider the Hopf n-brush obtained by
issuing the stable manifolds from all points of 77I". We shall show that

(i) If n = n(e,0, R) is large, then the brush has a large measure;

(ii) If at some time n > 7 a significant proportion of I' came close to the origin, then
a significant portion of the n-brush would come close to the origin at time n — n. Since
T™ ™ is measure preserving, there is not enough room in a fixed neighborhood of the
origin, giving a contradiction.

To prove part (i) above we show that the image T™T stretches across a large number
of cells. For T this is true because of the LLT, while for T this is true because it
is very well approximated by 7' at infinity (at this step it is important that we take
R = R(e, 6, R, 1) sufficiently large). Next, the Growth Lemma implies that most of
the components of T"T" are not too short. Consequently, there are many cells whose
intersection with 7T contains relatively long component. Now (7.5) implies that the
brush has a significant measure in each such cell.

The proof of part (ii) uses the fact that if a point returns close to the origin then the
same is true for its whole (homogeneous) stable manifold.

We now give a more detailed argument. We divide the proof into seven steps.

Step 1: Preliminaries.
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Let 01 < 0 be a small constant. The precise requirements on §; will be given below.
Here we require that for each unstable curve I' of length at least ¢ and for each n,
(7.9) mes(x € I' : z is not (&;,n) — good) < &2,

where we call z (01, n)-good if

(7.10) ro(z) > /61 and ry(T"z) > /6.

(The existence of 4; when only the first inequality is required in (7.10) follows from
the Growth Lemma 5.1 ([10, Proposition 5.3] in case of external fields). The second
inequality can also be ensured by combining (5.6) ([11, Lemma 3.2] in case of external
fields) with (M1)).

By transversality of stable and unstable directions, there is a constant K such that
if 7 is an unstable curve and 7 is the projection to 7 along the stable leaves, then

(7.11) d(mz,z) < Kyd(z,T)
provided that 7 is defined at x.
Step 2: Long brushes are abundant. Let
X, ={reX:VyeB(x,nV0<j< k T is continuous on B(TVy,n)},

and define M, similarly with X replaced by M and T replaced by T. In step 2, we

prove that for k large enough and for §; = 51(127) sufficiently small the following holds.
If € Xj 5,5, and T is an unstable curve of length 4; through x, then

(7.12) mes(t' € T :r () > 2K,6;) > %

To prove (7.12), first we recall inequality (5.58) from [16]:
ro(t) > m>11([]1 Amds (T, S)
where A > 1 is the minimal expansion factor of T, S is the discontinuity set of T and

d*(T™¢,S) is the length of the shortest unstable curve that connects 7"t with the set
S.

Note that if the above minimum falls below 2K76;, then also

(7.13) min A"d*(T™,S) < 2K,6;.

n>k
(Indeed, for n < k,
A"d* (T, S) > d*(T"¢,S) > d(T"t,S) > 2K,6,
by the definition of Xj . 5 .) Let us write £ = (T, %mesfr). Then, we have
vt eT: mip A"d* (T, S) < 2K,6,)

Z teT:d°(T,S) < A"2K,6).
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Next, observe that by transversality there exists some constant C' so that for every
te T, r,(t) < Cd*(T",S). Thus the above display can be bounded by

Y u €T ra(f) SAT20K6) <Y Z(TIH)A 20K, 6
n=k n=k

Using the fact that Z, = 2/6; and the growth lemma, the above is bounded by

LK\CCy o & 2K,0C6,
Iy B W)

[e.e]

2
D (Ci8" = + Co)(A"2CK 1 6,) =

AF =TT
5, +

n=~k

Now we choose k so that I < 1/4 and then choose d; = 0y (k) so that I < 1/4. Since
vy = %mesfr, (7.12) follows.
To complete Step 2 we show that Xj ,x 5 fills most of the space. Namely, by further

reducing §; = 0;(k) if necessary, we may assume that
(7.14) (M = Mj ,5,) < e’

Then for large R and for each cell C = {z = m} which is at least R away from the
origin,
(7.15) 1((X = Xjp,6,) NC) < 267,

Step 3: Construction of unstable frame. Next, we construct a collection of
unstable curves {Wy,;}, ¢ = 1,..,1, j = 1,...,J, k € Z* with Wy,; C X N {z = k}
with length(Wy; ;) € [01,201) that will serve as the handles of our brushes.

Recall that by (5.2), the unstable cones can be defined in a way that there is a
segment [a, 7] C 8! (here S is identified with [0,27)) so that 0 < a < v < 7/2 and
for any y € M and for any f € |«, 7], the direction 5 = d¢/dr is in the unstable cone.
Increasing o and decreasing 3 a little and supposing that the field small enough, the
same is true for (y,k) € X for any y € M and k € Z?. Let us now fix k € Z2. First we
fix parallel lines Wy, . W C X N{z = k} with angle d¢/dr = § where 8 := (o +7)/2
and the distance between W; and W, is ;. (To be more precise, we have to fix these
lines in all connected components of X N {z = k}, which are topological cylinders,
but to simplify notation we pretend that there is only one cylinder. Also we do not
emphasize the dependence on k as the curves are translates of one another for different
k’s). Each line segment W, connects the two boundaries of the cylinder, that is one of
its endpoints is on the line ¢ = —m/2, the other one is on the line ¢ = 7/2. The index
I is defined by

I = max{i : icos(f)d; < arc length of the scatterer} — 1.

We would like to use W;’s as the frame for building our brushes, However, there are
two problems when trying to use (7.12). First, W;’s are too long compared to d;, so the
right hand side of (7.12) does not give a good bound for the relative measure on W;.
Secondly, W; may be disjoint to Xj 5 5, and so (7.12) may not hold. To handle the first
issue we subdivide each WW; into shorter pieces. To handle the second issue we perturb
slightly each short segment so that the resulting broken line lies in a £6; neighborhood



INFINITE MEASURE MIXING FOR SOME MECHANICAL SYSTEMS 43

of W; and most of the resulting segments {Wy; ;},—1,.., contain a point in Xj 2K15,
They are defined as follows. Wy, ; is the line segment connecting (i j—1, Pxij—1,K)
and (rk;;, Px.ij, k), where ¢y ; ; = —m/2 + jsin(f3)d; for

Jj<J:=max{j:jsin(f)o <7}

and ¢y, ; = 7/2, and ry;; is defined inductively. First, ry ;¢ is such that (1,0, —7/2)
is an endpoint of W; and denote 7y ; j = ri ;o + j cos(5)d; (thus (Fx.;, P, k) € W).
Now assume that ry; ; is defined so that ry; ; — 7k ; € (—&01,£01). If ric;j — Tei; <0
(> 0, resp.), then we try to choose rx; j11 € (Tkijt+1, ki j+1+E01) (respectively ri; i1 €
(T,ij+1 — &01,Tk,ij+1)) so that the line segment Wy ; ; contains a point in Xiokys, I
this is not possible, we choose ry; ;41 arbitrarily (in the above interval) and say that
Wi ; is bad. Note that in case Wy ; ; is bad, then there is a corresponding bad region
of area C'07 that is disjoint to X o 5 -

To facilitate the comparison between the invariant measure p and the area, we say
that Wi, ; is marginal if min{j, J — j} < €?/(26;). Thus there are three kinds of line
segments Wy, ;: marginal, bad (from now on bad means bad in the sense defined above,
but not marginal) and good.

Now if Wy, ; is bad, then the 1 measure of the corresponding bad region is at least
Ce'6? and so by (7.15), the number of bad curves for any k is bounded by £2§;2/2.
Also, the p measure of the K14, neighborhood of marginal curves is bounded by &2 /2.

Step 4: Anticoncentration of measure. Next, pick an unstable curve I' of length
at least ¢ satisfying (7.8). Let 7 be the union of the line segments {W},; ;} constructed
in Step 3. Given i € N let m; : T"T' — T be the projection to the closest Wi ;
along the stable leaves. Assuming that §; is so small that /0; > K0, we get that
T is defined on T7z if x is (6y,7)-good. Denote by J; the inverse of the Jacobian of
T%:T —T"T. For t € T let

JH= > Jilx)

z is (01,7)—good

T (f'ﬁ:c):t

Let Ly = {t € T : 0 < Ja(t) < \/LE} In Step 4, we prove the following claim: if
i = 7(6,), R = R(6,7) are large enough, Wi, ; is a good line segment constructed in
Step 3, t € Wy ;; and J(t) > 0, then t € Lj.

To prove this claim, first we observe that by the definition of 7; and (7.11), if
mn(T™z) = t, then d(T™z, t) < K,6,. Take ', on the same W ; as t with 7,(t') > 2K,6,
(the Lebesgue measure of such points is at least 6;/2 by (7.12) by the fact that Wy, ;
is good). Since z is (1, 7)-good and by the construction of T, there is 2’ € I" such that
T™2' belongs to the same component as 7%z and 7(T72') = ¢'. By bounded distortion
of T™ (see (5.3)), there exists a constant ¢ such that if J;(t) > \/%:l, then J5(t') > =
Combining the absolute continuity of 7; (see (5.7) and (5.8)) with (7.12) (and noting
that the length of Wy ; ; is bounded by 26; by construction), we conclude that if there
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existed t' such that Jz(t) > T’ then we would have
- ¢
(7.16) mes(z € I': 2(T"x) = z(t)) > —.
Vi
On the other hand the LLT for T" shows that there is a constant C such that for each
n there exists R such that if z(I') > R, then

(7.17) mes(z € I': 2(T"z) = 2(t)) <

31|Qz

C e
If n is so large that — < that is,

i Vi

(7.18) > <C—(§l> :

this gives a contradiction with (7.16) proving the claim.

Step 5: Most of the image of I' is not too close to the discontinuities. We
claim that if 4, is small, then for appropriate n, R we have

(7.19) mes(I'\ ') < 4¢?,
where T* is the set of points z in T such that z is (6y,7)-good and m;(T"z) € L.

To prove (7.19) note that by combining (7.9) with the fact that for (d,7)-good
points x, m;(T"x) exists, (7.19) will be implied by the following:

mes(I'#) < 3¢2

where I'# is the set of points z in I' that are (&;,7)good and m;(T"z) ¢ L. By Step
4, it is sufficient to prove that the Lebesgue measure of points x € I' so that x is
(01, ﬁ)fgood and m(Tﬁx) € Wx,; € T with some marginal or bad Wy ; is bounded
by 3e2.

Note that by choosing R large we can ensure that the goodness of Wy ; ; only depends
on 4,j and not on k as long as k| > R — 7. Indeed, for fixed k, &y, 7 we can ensure

that the singularities of Tk+7 are uniformly close to those of Th+7 by choosing the field
small. Let us write (¢, 7) € B if Wy, ; is bad or marginal for some (and hence for all) k
with |k| > R — 7.

Next, increasing n = n(d;) if necessary, uniform equidistribution of the images of
unstable curves (see [11, Proposition 2.2]) implies that

mes(z € T': 3k, 3(i,5) € B: ma(T"x) € Wi )
<2p(r € X d(z,UqnesWy, ;) < Ki61)
where k is arbitrary with [k| > R. The last displayed formula is bounded by 32 by the
last paragraph of Step 3. We have verified (7.19).
Step 6: Proof of (7.7) assuming (7.8). By the definition of Lz, for any N > n,

1 _
(7.20) mes(z € I : Tz € Bg) < —=mes(y € Ly : TV "y € Bry1).

Vi
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On the other hand combining the absolute continuity of the stable lamination (see (7.4))
with the fact that r, > §; on L;, we obtain that there is a constant C' such that

N

—# C ; —i
(7.21) mes(y € Ly : TN "y € Bryy) < 6—1u(y € Ly : TV "y € Bry),
where L; = U We(z).
B z€Lg
Since T preserves u, we have
(7.22) w(y € Ly : TNy € Bpya) < D(R + 2)?
for some D > 0. Combining (7.20), (7.21), and (7.22), we see that
DC(R +2)°
mes(z € I : Tz € Bg) < ———~—.
( WE S
Thus if
. 2
. DC(R + 2)?
2 > | == =/
(7 3> "= 2(51(5 — 452) ’
then

mes(z € I'* : T2 € Bg) < ¢ — 4¢”.
Combining this with (7.19) we obtain (7.7) provided |z(I")| is large as required by
(7.8).

Step 7: Relaxing (7.8). It remains to obtain (7.7) without assuming (7.8). Fix
e > 0. Then take 0, so small that for every unstable curve I' of length § and for all
sufficiently large n,

(7.24) mes(z € I : 7, () < &) < &%
Applying (7.7) with the assumption (7.8) and with ¢ replaced by d; and e replaced by

d2¢, we find that there exists R so that for any curve I' of length greater than d, such
that |z(I")| > R we have

(7.25) mes(z € T': 2(T"z) < R) < 3|['| for n > ng(R,e,0,).

Next for each T with || > §, Corollary 7.3 shows that there is some time ny = ny(T, £)
such that

(7.26) mes(z € T': [2(T™z)] < R) < 2.

By compactness there exists /N; such that for all curves I' of length at least § one has
ni(I,e) < Ny. Further increasing N if necessary, we can assume that (7.24) holds with
n = Ny. Next, take n > Ny + ng(R, ,d,). Divide the set of z such that |2(T"z)| < R
into three parts

(1) s i, (2) < 0y, (i) 1 |2(T™2)| < R,

(i7) : vy, (x) > 0y, |2(TN' )| > R but |2(T"x)| < R.
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Inequalities (7.24), (7.25), and (7.26) show that contribution of each part to mes(z :
|2(T"x)| < R) is at most 2. This proves (7.7) for

n > N1 + no(ﬁ,g,(&).

8. CONCLUSIONS.

This paper deals with global mixing, that is, calculation of the expected value of
an extended observable in a long time limit, for mechanical systems. The systems
considered in this paper admit approximations at infinity, that is, when either the
position or the velocity is large, by a periodic system. It turns out that if the map,
obtained from the approximating system by factoring out the Z? extension, is chaotic
(in our examples, the reduced systems are hyperbolic systems with singularities), then
the original system enjoys global global mixing. To establish local global mixing, in
addition to controlling the dynamics at infinity we also need to ensure the hyperbolicity
in the whole phase space. In particular, we gave examples, where local modifications
of the dynamics destroy local global mixing.

We note that notions of global mixing discussed in this paper are neither implied by
nor imply the classical properties studied in infinite ergodic theory [1]. For example,
Lorentz gas in a small external field is dissipative but it enjoys both local global and
global global mixing. Non mild local perturbations of Lorentz gas are conservative but
not ergodic and they enjoy global global mixing (even though under natural assump-
tions, ergodicity is a necessary prerequisite for local global mixing in the recurrent case,
cf. discussion in §6.2). On the other hand, certain continuous time systems of bouncing
balls in gravity field (i.e. special cases of the systems studied in §6.8) are likely to
be ergodic and Krickeberg mixing but they are not global global mixing. This logical
independence between global mixing and other infinite ergodic theoretic properties is
not surprising since those notions serve different purposes. Namely, classical ergodic
theory strives to control the ergodic sum of localized (L') observables and the notions
such as Krickeberg mixing are useful for that purpose (see e.g. [29, 48, 50]). The global
mixing, on the other hand, is useful for studying ergodic sums of extended observables
(cf. [6, 38]). In particular, it seems to us that the global mixing is more suitable
for derivation of macroscopic dynamics from microscopic laws, as statistical mechanics
concerns itself with extended observables. In fact, in this paper we were able to prove

(A) global global mixing for systems where a good control on the dynamics in the
bulk is already known and

(B) local global mixing for systems where full limit theorems are available due to a
good control of the boundary conditions ( [10, 11], [30, 24]).

We also note that for mechanical systems there are more examples where the local
global mixing is known than the examples where the Krickeberg mixing was proven.
Intuitively, proving local global mixing is easier since it only requires control on most of
the phase space, while Krickeberg mixing requires a good understanding of the dynamics
in the localized regions of the phase space.

In summary global mixing is an interesting recent concept, which is relevant in sev-
eral areas of mathematics including mathematical physics (cf. [33]), dynamical systems
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([21]), homogenization ([23]) and probability ([22]) and is easier to establish than sev-
eral other mixing properties. Our paper is a first step in studying global mixing for
mechanical systems. A natural next question to study is the Birkhoff theorem for global
observables. In [23] we address this question in the simplest setting, namely for i.i.d.
random walks. However, since the main tool in [23] is the local limit theorem and
related asymptotic expansions, we hope that the results similar to [23] also hold for
many of the mechanical systems addressed here.

We also hope our work will stimulate further research on global mixing. Some of the

natural questions motivated by our results include the multiple mixing, limit theorems
for ergodic sums of global observables as well as quantitative aspects of global mixing.
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