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Chapter 5

Rates of convergence in Central
Limit Theorem for ergodic toral
automorphisms:

5.1 Introduction and main result

Let T? be a d-dimensional torus. Consider the standard projection 7: R? —
T? given by 7(z1,...,24) = (z1 mod 1,..., 24 mod 1) and a matrix S €
GL(d,Z) such that det S = +1. The toral automorphism Ts: T¢ — T? asso-
ciated to the matrix S'is given by 7o S = Tgon. Alternatively, one can simply
write Tg(z) = Sz mod 1. The toral automorphism 7 is ergodic if and only
if the associated matrix S has no eigenvalues which are roots of unity. The
transformation T's preserves the normalised Lebesgue measure m on T¢.

The eigendirections of a matrix S described above induce a decomposi-
tion of R? = E§ @ E% @ E¥ where E is the eigenspace of S corresponding
to the eigenvalues with modulus smaller than 1 (stable directions), E¢ is the
eigenspace of S corresponding to the eigenvalues with modulus 1 (neutral
directions), and E¥ is the eigenspace of S corresponding to the eigenvalues
with modulus larger than 1 (unstable directions). An important subclass
of ergodic toral automorphisms is formed by the hyperbolic toral automor-
phisms for which E§ = {0} (see Figure 5.1). In other words, the matrix S
associated to a hyperbolic toral automorphism has no eigenvalues of unit
absolute value. In summary, we consider the following classes of toral auto-

'This chapter is based on: E. Arzhakova, D. Terhesiu, Rates of convergence in Central
Limit Theorem for ergodic toral automorphisms, in progress
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Stable

Unstable Unstable

Neutral

Figure 5.1: Ergodic toral automorphism (left) and a hyperbolic toral auto-
morphism (right). The difference is in the fact that the hyperbolic toral au-
tomorphism does not have neutral eigendirections.

morphisms (TA): Toral automorphisms D ergodic TA D hyperbolic TA.

Example 5.1.1 (Ergodic non-hyperbolic toral automorphism.). The follow-
ing matrix induces an example of an ergodic non-hyperbolic toral automor-
phism:

0 0 0 -1

1 00 2
5= 01 0 O
001 2
The characteristic polynomial ys(A\) = A* — 2\3 — 2\ + 1 has two real eigen-
values:

Ay = %(1 +312 12V > 1, AL = %(1 + 312 _ 12V < 14
and two complex eigenvalues:
A = %(1 — 312 4 g9t/ AP = %(1 — 312 _19l/4y),
whose absolute values are equal to 1. Neither of the eigenvalues is a root
of unity, therefore, the induced toral automorphism is ergodic. However, it

is not hyperbolic due to the presence of two eigenvalues of unit absolute
value.

Up to now, several probabilistic aspects of ergodic toral automorphisms
have been studied (with respect to the invariant measure m) and we start
by recalling some of the landmark results. We remark that hyperbolic toral
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automorphisms are much easier to study because the dynamical system
(T?, Ts) has a Markov partition (roughly, every element of the partition gets
mapped to a union of partition elements) and as a consequence, the study
of (T4, Ts,m) can be reduced to that of two-sided finite Markov shifts for
which a well developed theory exists (we refer to Section 5.2 for further de-
tails).

Due to the presence of neutral directions the study of non-hyperbolic
toral automorphisms is much harder; in particular, up to trivial examples,
ergodic non-hyperbolic toral automorphisms do not have Markov parti-
tions (see, for instance, [10,62,63] and references therein). Resorting to the
construction of some clever measurable partition and building on a pre-
vious result of Katznelson [54], Lind [63] proved exponential decay of cor-
relation for the general class of §-Holder functions v,w € C? on T¢, that
is, | f[ravw o TG dm — [rgvdm [rqwdm| < Cp"|v|lg|lwl|ls for some uniform
constant C' and some p € (0, 1). Hereafter, we denote the class of §-Holder
functions by C?.

Exploiting the partitions introduced in [63], Le Borgne [10] constructed
appropriate filtrations to show that under mild assumptions on the Fourier
coefficients on functions v on T¢, the Gordin method [40] of martingale dif-
ferences can be applied to obtain the Central Limit Theorem (CLT) along
with its refinements: Weak Invariance Principle (WIP), that is, convergence
to Brownian motion, and Strong Invariance Principle (SIP), which is a strong
version of the law of the iterated logarithm. For a rough overview of the mar-
tingale difference for dynamical systems we refer to Section 5.2. Below we
recall the above mentioned terminology along with the result in [10].

n—1

Denote the n-th ergodic sum of v : T¢ — R,v € L*(m) by S,v =Y} gvo
TE. Given a centered function on T? (that is, [, vdm = 0), (v,Ts) satis-

fies the CLT with non-zero variance if there exists o > 0 such that ﬁsnu

converges in distribution to a Gaussian random variable Z ~ N(0, ¢?) de-
fined on a probability space (Q2,.#, P) with mean zero and variance o2. This
means that as n — oo,

(Sylé% m<%<a>—P(Z<Q) — 0. (5.1)

Recall that given v : T¢ — R, (v, T) satisfies WIP if W, (¢) = { = S vo

T% t € [0,1]} converges in the space (D[0,1],R) (the space of functions
which have left-hand limits and are continuous from the right on (0, 1)) to
a Brownian motion with variance o2. Further, (v, Ts) satisfies the SIP if (en-
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larging T if necessary) there exists a sequence of independent identically
distributed (iid) Gaussian random variables Y} on (T? T, m) with mean
zero and variance o such that

M-1 M-1
sup | Y woT§— ) Yk‘ = o(n'/?*(loglog n)'/?) almost surely as n — .
IsMsn ™ 4o k=0

(5.2)

With these specified, we recall

Theorem 5.1.2. [10] Let v be a centered function on T¢ and v € L?(m).
Assume that for every b > 0 the Fourier coefficients v(n) of v satisfy

> [6(n)* < Rlog™(b)

[n|>b

for some R > 0,6 > 2. Assume that v is not a coboundary, i.e., there exists
no h € L?(m) such thatv = h — h o Ts.

Then (v, Ts) satisfies: i) the CLT with non-zero variance

0% = ZEm[U ‘v 0 Tgk‘];
kEZ

ii) WIP and iii) SIP with rate as in (5.2).

The role of the assumption that v is not coboundary is to ensure that o > 0.

Since the works of [10, 63] the results have been improved in two direc-
tions. Exponential mixing of all orders of Holder functions was proved via
different methods by Dolgopyat [26] and Péene [90]:

Theorem 5.1.3. [26,90] Let v; € C?(T?) for some § € (0,1). Then, there
exists p € (0, 1) such that for any ng, ...ns € N,

S S S
n; ming_; |n;—mn; .
[ Loy an =TT ( [, an)| < commem T o
T i=1 =1 T i=1

for some uniform constant C.

Combining Theorem 5.1.3 with Theorem 5.1.2, Gorodnik and Spatzier [44]
show that Theorem 5.1.2 holds for the whole class of Holder functions, with
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no restriction on the Fourier coefficients. In fact, [44, Theorem 6.2] is phrased
for the much larger class of ergodic automorphisms on compact nilmani-
folds (not just on T%), of which particularities do not constitute the subject
of this work.

In a different direction, a few works obtain rates of convergence in the CLT
and the SIP of Theorem 5.1.2. First, we mention that the work of Le Borgne
and Péne [15] gives optimal Berry-Essen error rates in CLT for ergodic toral
automorphisms on T3. With the notation used in (5.1), we recall

Theorem 5.1.4. [15, A consequence of Theorem 2.] Consider an ergodic
toral automorphism (T3, T's, m). Suppose that v : T3 — R satisfies the as-
sumptions of Theorem 5.1.2, in particular the same conditions on the decay
of Fourier coefficients of v. Then

Spv ) 1
suplm| —=<a)] -PZ <« ‘—O().
sunlm (%7 V=0
We also mention the work of Dedecker, Merlevede and Péne [23] who
build on the technical part of the proof of Theorem 5.1.2 to enlarge the class
of functions (increasing the range of # from § > 2 to § > 1) and also improve

the rate in (5.2) from o(n'/?(loglogn)'/?) to O(n'/*(logn)). This estimate is
not implied by and does not imply error rates in the CLT.

It is not clear to us how to generalise Theorem 5.1.4 to general (T¢, T, m),
d > 3 and also to the entire class of Holder functions. To our knowledge,
error rates in CLT for the general class of ergodic toral automorphisms seem
to be absent from the up to date literature. Our main focus is to provide
promising results in this direction.

To state our main result, we introduce further terminology. Let

1 o2
/ e 2"h(u)du
R

oV 2T
be the expectation of the function » : R — R with respect to the one-
dimensional centered distribution A'(0, o2). Let W be the class of Lipschitz
functions on R. Consider a system (T¢, T, m), a function v : T¢ — R, and
let S,,v be its ergodic sum. Given Z ~ N (0,02) on (€2, %, P), the Wasserstein

distance dyy between % and Z is given by

w(3) - () oo e

O,2(h) =
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Replacing the class W with the the class of the step functions K = {1;_ , :
x € R} gives the Kolmogorov distance, which is the one used in the Berry-
Esseen result of Theorem 5.1.4. We recall that results in the Wasserstein dis-
tance are weaker since

1/2
o) eole(pa)” s

for some uniform C.

With these specified, we state the main result of this work

Theorem 5.1.5. Consider (T%, T, m) and suppose the stable and unstable
eigenspaces of S are such that dim(E) = dim(FE%) = 1. Letv: T¢ — Rbe a
centered Hélder function such that v is not an L2-coboundary. Then, (v, Ts)

satisfies CLT with non-zero variance 0? = %, ., En[v-vo Tg ‘]. Moreover,

o (35) - (%)

We remark that a similar method of proof works in the situation where the
stable and unstable eigendirections of the associated matrix S have differ-
ent dimensions and also for the multivariate Holder observable v : T¢ — RY,
g > 1. For simplicity, in this chapter we omit these generalisations. Given
the relation between the Wasserstein and Kolmogorov distances in (5.4), it
seems that the current result is far from an optimal Berry-Esseen bound.
However, this is not the case for multidimensional observables: in this case
the best one can do is to use [91, Theorem 1.1] to improve the result in the
Wasserstein distance in Theorem 5.1.5 to O(n~'/2), therefore getting rid of
log n. In this sense, the present results are very promising.

We emphasise that in the present chapter we provide a new proof of the
CLT and that the result of Theorem 5.1.5 is new for (T%, T's, m), d > 3 and the
entire class of Holder functions on T¢. Much more importantly, we believe
that our proof extends to the cases of random ergodic toral automorphisms,
and, eventually, non-linear ergodic toral automorphisms, where previous
methods simply break down. This is the subject of work in progress. At this
stage we mention that our method of proof relies on the use of the CLT re-
sults for dynamical systems via the Stein method obtained by Hella et al. [49]
and a careful check of their assumptions using that the eigenfunctions of Ty
have components that are Diophantine irrationals.
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We conclude this introduction remarking that due to the exponential mix-
ing result for Holder functions [63], the WIP in Theorem 5.1.2 is a direct con-
sequence of the CLT. This is because the other required condition for WIP,
namely, the tightness, can be checked as in the proof of [82, Theorem 1.4].
The SIP in Theorem 5.1.2 is more delicate and we do not address this here.

5.2 A brief survey of the methods of proof of CLT for
dynamical systems

In this Section we discuss several methods to prove CLT in the framework of
dynamical systems and, in particular, in the framework of hyperbolic toral
automorphisms. Where appropriate, we explain why these methods break
down for non-hyperbolic ergodic toral automorphisms. The application of
some methods (the analogue of the characteristic function for independent
random variables and the martingale difference) are illustrated using the
simple example of the doubling map.

5.2.1 Gordin’s homoclinic points method [41].

Suppose (X, d) is a metric space and 7' : X — X is a homeomorphism. Two
points z,y € X are called homoclinic if d(T"x,T"y) — 0 as n — +oo. The
notion goes back to the works of Poincare, and the homoclinic equivalence
relation plays an important role in various areas of the theory of dynamical
systems.

One of the most convenient settings to study homoclinic structures is that
of group automorphisms 7' € Aut(X) of a compact abelian group X. It is
sufficient to identify points = that are homoclinic to 0, i.e., d(7"x,0) — 0 as
n — £o00. Such points form a group of homoclinic points A(7', X).

Gordin also introduced a notion of the homoclinic transformation: an in-
vertible map R : X — X is called homoclinic to 7, if the operators Ur f(x) =
f(Tx), Urf(x) = f(Rx) (called the Koopman operators of T and R, respec-
tively), satisfy U, "UrU} — Id, where Id is the identity operator. Clearly, if
xg € A(X,T), then Rz = = + x¢ is homoclinic to 7. The so-called Gordin
group Gor(X,T) is formed by all invertible non-singular transformations R
which are homoclinic to 7. For hyperbolic toral automorphisms, the groups
A(T4,Ts) and Gor(T¢, T) are isomorphic, i.e., any homoclinic transforma-
tion arises from a homoclinic point.
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Using Stein’s method, Gordin established CLT for functions which are cobound-
aries with respect to the homoclinic transformations. Here we recall a sim-
plified version of Gordin’s CLT for homoclinic points [41]:

Theorem 5.2.1. Suppose T is a group automorphism of a compact abelian
group X preserving the Haar measure ), and z € A(X,T) is a homoclinic
point. Suppose a function f € L>(X, \) satisfies

flx) =F(z+ ) — F(x)

for some F € L?(X, )\), and moreover,

SOFCHT ) — ()] < oo

ne’l

Then the sequence
n—1
1
Zn(z) = — f(T*z
) = 75 2 11*2)

converges to the Gaussian distribution A(0,¢?), and 2 > 0 is given by the
following absolutely converging series

o0

o?= Y (F(x), f(TFz +7) — f(T"2)) 2.

k=—o00

In case of hyperbolic toral automorphisms, the above result immediately
applies to a large class of sufficiently regular functions f on T<.

Unfortunately, non-hyperbolic ergodic toral automorphisms have trivial
groups of homoclinic points: A(T?, Ts) = {0} (see [66] and Theorem 4.1 of
[67]), and hence, the above result cannot be applied.

In [42] Gordin extended the homoclinic point approach to non-hyperbolic
ergodic toral automorphims using the martingale difference method.

An interesting observation is that the homoclinic point method is also ap-
plicable to Z%-actions [43], and in fact, in striking contrast with Z-actions
discussed in this chapter, the method works for some non-expansive alge-
braic dynamical systems as well, e.g., those which arise naturally in connec-
tion to spanning trees.
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5.2.2 Characteristic functions method for dynamical systems

We first recall the method in the i.i.d. set up. Consider a sequence of i.i.d.
random variables {Y}};>0 on (2, .#,P) with mean 0 and positive variance.
One easy proof of the CLT goes via the Levy’s continuity theorem. Let () =
Ep[ei¥i] be the characteristic function of Y;, set S,, = Z?:—Ol Y; and note

S
that Ep [eltﬁ | = x(t/v/n)". Recall that the characteristic function of Z ~
N(0,0?) is exp(—o?t?/2). Also, since Y}, j > 1, has finite second moment
and zero mean, one has that 1 — x(t) = 0%t?/2(1 + o(1)) as t — 0. Thus, as
n — 00,

o?t?

x(t/v/n)" = (1- o+ ot /2))" S exp(—02/2),  teR.

By the Levy’s continuity theorem we conclude that the sequence ﬁSn con-
verges in distribution to A/ (0, o).

In the framework of measure preserving dynamical systems (X, 7', 1), given
f: X — R, we are interested in the convergence in distribution of the nor-
malised ergodic sums ﬁSnf = ﬁ SiafoTkFto Z ~ N(0,02), for some
o > 0. For simplicity, we assume that [ fdy = 0. Using the Levy’s conti-
nuity theorem, one can rephrase this problem in terms of convergence of
the corresponding characteristic functions x Ls, #(t) to the characteristic

function of a limiting random variable. Originating from the work of Na-
gaev [84], a standard method to prove this convergence is by using spectral
properties of transfer operators. Starting with the work of Aaronson and
Denker [2], this method became classic for establishing various probabilis-
tic results, including stable laws and local limit theorems. We briefly recall
the main elements of the method.

The transfer operator £ : L'(u) — L(p) for (X, T, i), is defined by the
equality [ Lu-vdp = [y u-voT du, whereu,v € L' (u) and v € L*(u). The
basic idea of the Nagaev method is that since

[ e Tudu = [ £ty uda,  where £ty = £ ) u e L.
X X

the study of characteristic functions for dynamical systems (possibly with
heavy dependencies) can be reduced to the study of properties of the per-
turbed transfer operator £(t). Note that £(0) = £. The necessary require-
ment for this method is to find a good function space on which the family of
operators {L(t)}:>o satisfies good spectral properties: see, for instance, the
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survey of Gouézel [45]. In short, this comes down to finding a Banach space
B with norm || - || on which

i) £ has a decomposition of the form

L(0)"u = /udu + Q(0)"u,

where )(0) is an operator on B such that ||Q(0)"| < 0™, for some 6 €
(0,1).

ii) the family {£(¢)}+>¢ satisfies 'good’ continuity properties. For the CLT
a sufficient (but not necessary, see [45] and references therein) condi-
tion is that for ¢t € B;(0),

1£(t) = L(0)]| < C?

for some uniform constant C.

Items (i) and (ii) can be easily established for the simple example of the
doubling map 7': [0,1] — [0, 1] given by the formula Tz = 2z mod 1 (see
Figure 5.2). However, apart from simple examples of unit interval maps,
establishing (i) and (ii) is highly non-trivial. We refer to the list of references
in [45] for some non-trivial examples.

For Tz = 2r mod 1, and letting 7~! denote the left inverse branch, the
existence of the Markov partition P = {(T-U*V1, T7771]},5 together with
the expansion of the map is the key. Using the pointwise formula for the
transfer operator as in [45], one establishes (i) and (ii) in the Banach space
of piecewise C? functions; piecewise C? means C? on the elements of P.
Item (i) holds with # = 1/7" = 1/2 and item (ii) holds for any observable

~

Figure 5.2: The doubling map Tz = 2z mod 1.
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with finite second moment.

Nagaev method for hyperbolic toral automorphisms. Nowadays, the hy-
perbolic toral automorphisms are known to have the spectral gap property
(item i) above) in several anisotropic Banach spaces of distributions (i.e.,
generalised functions): see the survey of Liverani [68]. As invertible trans-
formations, they cannot have spectral gaps in usual Banach spaces embed-
ded in L>° [68]. The role of the Banach spaces in [68] is to allow a differ-
ent treatment of the expanding and contracting directions. In such Banach
spaces the existence of the Markov partition for hyperbolic toral automor-
phisms is not required, though the absence of the neutral direction is cru-
cial.

A more traditional treatment of hyperbolic toral automorphisms exploits
the existence of Markov partitions and the isomorphism with the two-sided
Markov shift, where classical methods apply. We recall that as in [14] a stan-
dard way of treating two-sided Markov shifts is to collapse the stable (con-
tracting) or unstable (expanding) directions. For the one-sided Markov shift
there are several Banach spaces known to provide spectral gap: see for in-
stance the work [2] for a brief overview. The lift of limit theorems from one-
sided shifts to two-sided shifts is also classic since the work of Bowen [14].

Good Banach spaces for to ergodic toral automorphisms do not exist due
to the presence of neutral direction (which in turn, does not not allow one
to establish the existence of Markov partitions).

5.2.3 Martingale difference approach

Unlike the homoclinic method and the characteristic functions method,
the martingale difference method can be applied in the context of non-
hyperbolic ergodic toral automorphisms. The main current stochastic re-
sults on the ergodic toral automorphisms, including CLT, are obtained using
the martingale difference method. In the following subsection we recall the
main ingredients of the method, illustrate them with the simple example of
the doubling map, and state the known limit results on the ergodic toral au-
tomorphisms.

Consider a probability space (X, B, ). A sequence Y,,: X — R of random
variables is a martingale difference sequence if
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1. there exists a non-decreasing sequence of o-algebras (filtration)
FickC...CB
such that Y, is measurable with respect to F,,;

2. the conditional expectations satisfy E[Y;,11|F,] = 0 forn > 0.

A sequence Y,,: X — R of random variables is a reverse martingale differ-
ence sequence if

1. there exists a non-increasing sequence of o-algebras
BOFiDFD...
such that Y, is measurable with respect to F,,;

2. the conditional expectations satisfy E[Y,,|F,,+1] = 0 for n > 0.

Theorem 5.2.2 ([47,69] The (reverse) martingale difference theorem.). Sup-
pose that {Y,,} is a martingale difference with respect to {¥;}. If the follow-
ing two conditions hold:

P
o i EY?|Fia] = 0® < oo
P
o LY By, s mlFio1] = Oforevery e > 0,

then the sequence ﬁ > | 'Y; converges in distribution to (0, o%) [40,47].
Suppose that {Y,, } is a reverse martingale difference with respect to {F;}. If
the following two conditions hold:

P
* %Z?zlE[YfU:Hﬂ — 0% < o0
P
o % > e E[Y?1|Yi|>e\/ﬁ|]:i+1] — 0 forevery e > 0,
then the sequence ﬁ > ,'Y; converges in distribution to N(0, 02).

The (reverse) martingale difference method can be applied to prove CLT
in the framework of a dynamical system (X, F, u, T) and functions f € L2
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The idea is to find a non-decreasing (or non-increasing) filtration {%;} and
functions h, g € L? such that

f=h+g—goT,

where {hoT"} is a (reverse) martingale difference with respect to { F;} which
satisfies the conditions of Theorem 5.2.2 with o > 0. Since # S foT! =

ﬁ SThoT + ﬁ(g — g oT™*1) the CLT for f follows from CLT for h.

Let us illustrate the reverse martingale difference method with a simple
example of the doubling map. Consider a system ([0, 1], B, u, T') where B is
the Borel o-algebra, p is the Lebesgue measure, and 7' is the doubling map
given by Tz = 22 mod 1 (see Figure 5.2). Denote by U the Koopman oper-
atorof 7' (i.e., U f = f o T) and by L the transfer operator of 7'.

Consider f to be Lipschitz, not a coboundary, and with zero mean. De-
note the space of Lipschitz functions by W with norm || - ||yy; since || L f||yy <
1| f|[w, the function g = }~2°, £’ f is well-defined and Lipschitz. Introduce
a function h = f + g — g o T;; we claim that h o T" is a reverse martingale
difference with respect to a non-increasing filtration 8 > T8 > T2B.. ..
In order to show this, it suffices to check that E[r|T'B] = [,_izhdu = 0
for every B € B. It is easy to verify that

/ hdu:/h-(loT)du:/ﬁhdu.
T-'B B B

Note that Lh = Lf + LY 2, L f — LU 2, L'f = 0 because LU = I. This
ensures that h o 7" is a reverse martingale difference. It is stationary and er-
godic, therefore, the CLT with positive variance holds, see, for instance, [47].

In [10], the properties of distributions of stable leaves [63] were used to
construct a filtration that leads to a proof of the CLT and more refined limit
properties using the martingale difference method for ergodic toral auto-
morphisms. We recall Theorem 5.1.2 stated in the introduction.

5.3 Stein’s method for establishing CLT with rates of
convergence

We remind the reader that the aim of the present work is to study the rates
of convergence in CLT for the class of ergodic toral automorphisms, namely,
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to prove Theorem 5.1.5. So far, we have discussed several methods to prove
CLT in the context of dynamical systems. However, neither of the methods
mentioned above is suitable to obtain optimal rates of convergence in CLT
for ergodic toral automorphisms and a wide class of functions. The char-
acteristic functions method requires the presence of the spectral gap of the
transfer operator; the spectral gap is present in some Banach spaces for the
hyperbolic toral automorphisms but not for non-hyperbolic ergodic toral
automorphisms. The homoclinic method relies on the existence of homo-
clinic points of the automorphism and, therefore, it only works for the fam-
ily of hyperbolic toral automorphisms but it is not applicable to the whole
family of ergodic toral automorphisms. The martingale difference method
allows one to prove CLT for the class of ergodic toral automorphisms. As
recalled in Section 5.1, variations of the martingale difference method give
error rates in CLT for ergodic toral automorphisms (T2, T, m) and a large
class of observables, see Theorem 5.1.4.

In this Section we discuss the Stein method as in [49] and motivate the
application of this particular variation of the Stein method to study the rate
of convergence in CLT for ergodic toral automorphisms.

5.3.1 Description of the Stein method with rates of convergence

The Stein method as in [49] studies the Wasserstein distance between W =
v SN foT*and Z ~ N(0,02) under certain conditions on f and 7.
Therefore, the method allows one not only to prove CLT but also to establish
the associated rates of convergence in the Wasserstein distance which pro-
vides a smooth metric on the space of distributions. The main difference
between the Stein method and the characteristic functions or martingale
difference methods is that the Stein method relies on the decay of correla-
tions and it does not use spectral properties of the transfer operator such as
the spectral gap. The fact that ergodic toral automorphisms enjoy exponen-
tial mixing of all orders [26,90] ensures that some assumptions of the Stein
method are trivial whereas other assumptions require serious effort.

We briefly explain the main idea of the Stein method as in [49]. Suppose
that Z ~ N (0, 02); for each h € W (the space of Lipschitz functions with Lip-
schitz constant 1) there exists a measurable solution A, of the Stein equa-
tion:

o? A} (z) — xAp(z) = h(z) — E[h(Z)].
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The form of the equation can intuitively be explained by the fact that a ran-
dom variable W ~ N(0,0?) if and only if o?E[A’(W)] — E[W A(W)] = 0 for
all absolutely continuous? functions A for which these expectations exist.
The right hand side of the Stein equation allows us to estimate the distance
between the distributions of W and Z. We select the Wasserstein distance
(see (5.3) for definition) and obtain

dw (W, 2) = sup [E[(W)]~E[h(Z)]| = sup [0 EL4}(W)] ~E[W A (W)]|

For each h € W such that ||//||.c < oo the solution A, is a bounded func-
tion with bounded first and second derivatives. The upper bound on the
Wasserstein distance follows from [49, Lemma 3.2]:

(W, 2) < sup G2E[A(W)] — E[WA(W)](, (5.5)

where Ay = {A: [|4]loo < 2, |4l < /270 [|A"]c < 2072

Fix N > 0 and suppose that WV = \ﬁ Z ' X; where {X; } o Vis aset of
random variables. Our goal is to estimate dw(WN , Z) and by equation (5.5)
it suffices to bound the quantity ‘O’QE[AI(WN)] fIE[WNA(WN)] ‘ for A € Ayy.

To do this, fix n, K < N and consider W" = WV — L Zflﬁi{é{nf\%}x

Then,
N N 1 ey N 7 1 gl 7
E[WN A(WN)] = \/NE[;Xi (AWN) — AW ))}Jr\/NE[;XiA(W )}.

Denote the first summand of the right-hand side by S; and the second sum-
mand by S;. Note that if the random variables X; are independent then
Sy = 0; it seems plausible that if the correlations of X; decay fast enough
and K is big enough then S, is close to zero. However, an upper bound on
Sy is an assumption of the method (see Assumption 2 of Theorem 2.4 in
[49]) and has to be checked separately for every system.

Since A, A" are absolutely continuous and || A”||.. < 20~2 we have that

N—1 min{n+k,N—1}

Z > EXAWNX;).

=0 j=max{0,n—K}

2A function A: R — R is called absolutely continuous 1f 1t has a derlvative A’ almost
everywhere, the derivative is locally integrable, and A(y) = )+ [V A (t)dt.
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For large K one can approximate - > Z;n”;{;;g nN Kl}} E[X;X;] ~ o2

and we conclude that if the correlations of random variables X; decay fast
enough (see Assumption 1 of Theorem 2.4 in [49]) then E[WN A(WN)] ~
o?E[A'(WH)] and, hence, dyy (WY, Z) = 0.

Let us now formulate the precise statement of Theorem 2.4 of [49]. Con-
sider a probability space (X, 1), ameasure-preserving transformation 7: X —
X, and a bounded measurable centered function f: X — R. For brevity
we write [ f = [y fdp. Fix two integers 0 < K < N and write WV =
PO Tl o T, Wr=WwN — fZ””( oT7,

Theorem 5.3.1. [49] Suppose that the following conditions are satisfied for
a bounded measurable centered function f: X — R:

1. There exist constants Cs, Cy > 0 and a non-increasing function p: Ny —
R4 with p(0) = 1 and ) ;7 ip(i) < oo such that for any £ > 0 and
0<li<m<n<N,

@ |1+ (FoT")| < Coplh);

) [[f-(foT") - (foT™)-(foT™)| < Camin{p(1). pln —m)};

© | [ (r-(fot)- (o™ (Fom™) = [ (F-(roh) [ ((FoT™)-
(foT™)| < Caplm - ).

2. There exists a function pny: Ny — R, such that for any differentiable
A: R — R with A’ absolutely continuous and maxg<<s ||A®)||s < 1,
and forany 0 < n < N,

’/ W™ - foT™| <

3. fisnot L? - coboundary.

pn (K);

Then, 0 < 02 = [(f2)+23°%, [(f- foT") < ccand if Z ~ N(0, 0?) then

dW(WN,Z)<C#<K+1+ Yo >+C#fpzv( )

i=K+1

where 0 < Cy, Cy < oo donotdepend on N, K.
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Assumption 1 follows immediately from good enough decay on multiple
mixing. We recall this is the case for the doubling map Tz = 2z mod 1.
Assumption 2 states conditions on the decay of correlations of f o 7™ and
A(W™) where Ais abounded function with bounded and absolutely contin-
uous first derivative and bounded second derivative. As we discussed above,
Assumption 2 is a natural consequence of the idea of the Stein method to
estimate the quantity dy,(W?", Z) by ‘JQE[A/(WN)] — E[WNA(WN)]|. This
Assumption can be difficult to verify as its proof normally requires several
technical steps (for the steps we refer the reader to Section 7.1 of [49]). In
the following example we show how to verify Assumption 2 for the doubling
map.

Example 5.3.2 (Assumption 2 for the doubling map). Following Section 7.2
of [49] we reason that the Assumption 2 holds in a simple case of the dou-
bling map and a Lipschitz function f with zero mean such that |f(z) —
f()| < Llz — y|. Fix0 < n < N and recall that W = WV — S-"%5 o3,
It is natural to present W" as the sum of two parts:
n—K—1
Wh=Wr+Wi= > foll+ Z foTv.
7=0 j=n+K+1
To simplify the summand W” we introduce a partition of the unit interval
{6 = ((@ = 1)27",¢27") }4equ,..2ny Such that W™ is almost equal to a constant
¢, on each atom ¢, of the partition. This allows us to bound the desired

quantity ‘ [(foTm)  A(W"™ + W)
Alcg +WD):

)/ foTm) - A(W™) ‘Z/g FoTm™) - Ay + W] +

To estimate the quantity ‘ > ) 5q( foT™) - Alcg +W7P)

by a simpler quantity ‘ P fgq( foTm)-

LHA/HOOHfHoo'
VN2K

one notices that

I [ eyt +wp| = FWLoTRH)) o1
q 5‘1
=y / fA cq+W”)oTK+1’<LHé<||°O

where W7 = W7 o T"+5+1 and the last equality follows from the fact that
15 Fllo < 251 Fllo- Since maxozpes || Ao < 1 we have

n n L|[Al] oo L||A/||OO||f||oo L|v|] o ~
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We recall that assumption 3 on f not being coboundary is a typical as-
sumption to ensure ¢ > 0. The significance of 5.3.1 for proving rates of
convergence as in 5.1.5 is emphasised in the following corollary:

Corollary 5.3.3. [49] Suppose that for any N > 2 the assumptions of Theo-
rem 5.3.1 hold for f with p(i) = N\, pn (i) = C'AXIN? and K = [log N®/log )]
with fixed 0 < A < 1,1 < a + 1 < b. Then, f satisfies CLT and there exists a
constant C that does not depend on N such that

log N

dw(WN, Z2) < C .

5.4 Proof of CLT with rates of convergence for ergodic
toral automorphisms

In this Section we prove Theorem 5.1.5. The method of proof is to apply
Theorem 5.3.1 in the setting of Theorem 5.1.5. We start with a discussion
of the three Assumptions of Theorem 5.3.1. Throughout, the integration is
with respect to the normalised Lebesgue measure m. The proof below is
written making one more simplifying assumption (not appearing as such in
5.1.5) namely that v is Lipschitz. We stress that this is just for the ease of
the computation, as to not keep track of Hélder exponents. Else, the proof
below can be easily adapted to work for Hélder functions.

Assumption 1: There exist constants Co,Cs > 0 and a non-increasing
function p: Ny — R4 with p(0) = 1and >";°; ip(i) < oo such that for any
k>0and0<lI<m<n<N,

1. |[v- voTS’ Cap(k);

2. [fv-(voTL) - (voTH) - (voTH)| < Camin{p(l), p(n —m)};

8. | f (v (voT§)-(voTg): (voTg) ) = [ (v-(voTh)) J ((voTg)-(voTd))| <
Cyp(m —1).

This assumption states conditions on decay of correlations of variables of
the form v o T¥ of orders 2 and 4. The condition Y3 ip(i) < oo implies that
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the speed of decay is at least p(k) = k2. In particular, it is easy to ver-
ify that Assumption 1 holds for systems with exponential mixing of all or-
ders (hence, for Holder functions and ergodic toral automorphisms [26,90])
since the latter condition implies much stronger mixing properties than As-
sumption 1 requires.

Recall that the map T is exponentially mixing for Holder functions: see
Theorem 5.1.3. Thus, assumptions 1a and 1b of Assumption 1 are immedi-
ate. Assumption 1c follows from the exponential mixing of the second order.

Assumption 2: There exists a function py: Ny — R such that for any dif-
ferentiable A: R — Rwith A’ absolutely continuous and maxg<y<s || A®||o <
1,and forany 0 < n < N,

| [ votp| < an ().
Assumption 3: This is also an assumption in v 5.1.5.

In short, Assumption 1 holds in the setting of Theorem 5.1.5 and Assump-
tion 3 is an assumption of Theorem 5.1.5. Therefore, in order to apply The-
orem 5.3.1 we are left to verify that Assumption 2 holds for (v, Ts); in other
words, we are left to prove the following proposition:

Proposition 5.4.1. Let (T? T, m) and v: T¢ — R satisfy the assumptions of
5.1.5. Fix0 < K < N and for 0 < n < N denote

1 (nKl N-1
Wt = — Z voTh+ Z UOTév).

VN i=0 i=n+K+1
Then, for any A: R — R with A", A” defined almost everywhere such that
maxy—o12 ||A®|| < 1 there exist constants |[§| < 1 and C which do not
depend on N, K, n such that

‘ /(v oT2)- AW™)| < C-05VN (5.6)
holds forall 0 <n < N.

Proof. The matrix S associated to the ergodic toral automorphism T : T¢ —
T? has a characteristic polynomial ps which is irreducible and of Salem type.
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In other words, it has a single root A € R outside the unit disc, a single root
A~!inside the unit disc, and other d — 2 roots lie on the unit circle. Because
of the ergodicity of T's no root of pg is a root of unity. Since the automor-
phism Ty is ergodic with respect to the normalised Lebesgue measure m, it
is also exponentially mixing for pairs of Holder observables [44, 63].

For every z € T the tangent space T}, is isomorphic to R? and admits
eigenspace decomposition: 7, = E! & E7! @ ES where E is a 1-dimensional
unstable eigenspace corresponding to the largest eigenvalue A\, E? is a 1-
dimensional stable eigenspace corresponding to the eigenvalue £\, and
E? is a (d — 2)-dimensional neutral eigenspace corresponding to eigenval-
ues having unit absolute values. Since pg is irreducible, it follows that all
its roots are distinct, and the roots on the unit circle come in pairs of com-
plex conjugates. Hence, the action induced by T's on E? is an isometry. The
action induced by T's on EY is expanding and the action induced by 7s on
E? is contracting. Therefore, even though v is Lipschitz, the function W"
is not Lipschitz continuous uniformly in N; for instance, it grows rapidly in
the unstable direction. Thus, we cannot directly apply the results of [44, 63]
on decay of correlations for Lipschitz functions to prove Proposition 5.4.1.

Let us present W" as a sum of two terms, W" = W" + W, where

n—K-—1 N-1

1
Wh= — Z voTy and W = Z voTE.
\/N =0 \/7 i=n+K+1

Lemma 5.4.2. There exist a finite partition {¢,},co of T? and a set of num-
bers {c,},cq such that

/ AW?™)-(voTg) d ( Zu &) / (cqtWM)-(voT2) dyy|+Cyi A KB/ N,
Td
where v,(-) = m(£g) " m(- N &,) and C; does not depend on N, K, n.

Proof. Introduce a partition {¢,},cq of T into approximately At st K
parallelepipeds of equal size with sides parallel to eigendirections. The length
of the side parallel to the unstable direction is A=, the length of the side par-
allel to the stable direction is A=%7/3(d=2) and the lengths of all sides parallel
to neutral directions is A~ %/3(4-2), Note that the action of Ts is expanding in
the unstable direction with coefficient A, contracting in the stable direction
with coefficient A~!, and is an isometry in neutral eigenspace; the action
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of Ts on the atoms of the partition and on the partition described above is
shown in Figure 5.3.

On each atom ¢, we introduce an induced measure v,(-) = m(&;) " tm(- N
&,) which is the normalised Lebesgue measure conditioned to &,. Then, W”
is nearly constant on each ¢;; in other words, the variation W"|¢_ is propor-

tional to Nz A~ K/3(4-2) Indeed, take

Cq :/W” dvy = m(&,) " A Wdm.
q

Then

sup [W"(z) —¢q| < sup [W'(z) — W"(y)|
z€Lq z,y€lq
n—K-1
< —= sup |07 (z) — v/ (y)|
\/7 Jz:: »yefq
I n—K—1 ]
< diam(T7¢,),
: J v i
where diam(73¢,) stands for SUD, erie, |z — y|. We can bound the diameter

of the parallelepiped ¢, by the sum of its sides: diam(&,) < A"+ \~K/3(d=2)
A~K/3(d=2)(4 — 2). The automorphism T acts on the distances in the unsta-
ble direction by multiplying it by J, in the stable direction — by multiplying
it by A7!, and T is an isometry in the neutral directions. We conclude that

n—K-1

K
L A . . .
sup [W"(x) — ¢y < —= NAT? 4 XTINTEBA=2) (g — 9)\—K/3(d=2)
TE€&q ‘ q‘ v N Jz:% ( )
L (K _q Ak
< -n —K/3(d—2)
A
L —K/3(d—2)
+ o= <(n—K)(d—2))\ )
L 1
< ﬁ)\—K/3(d—2) <)\1 + N(d— 2)) )
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\c

/

,/"S S
(A) (B)
(®) (D)

Figure 5.3: (A): an atom of the partition {¢, },c( is a parallelepiped &, whose
sides are parallel to eigendirections. (B): the image of ¢, under the action
of Ts. (C): a projection on stable and unstable directions of the partition
{€,}4e0 of TY. (D): the image of the projection on stable and unstable direc-
tions of the partition {¢,},cq of T¢ under the action of 7.
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By the mean value theorem we conclude that

max sup |[A(W"(z)) Alcg + Wi(x))]

9€Q zegy
< Ao sup (W (2) = (cq + Wy (2))]
qEQa~T€£q
N \—K/3(d—2)
LAl L v
N A1

and

Jea AW -vo TS dm <

meémwmem

q

IN

)meémwwwmwm+
q q

L||A/”OO)\—K/3(d—2) 1 .
¥ Zq:m(fq)/q = T+ N(d-2) -voTSdl/q’

< ) Zm(§q)/ Alcg +W3) - voTg duq‘
a &a
LI Ao OO)\—K/Z’)(d—2) 1
L LAl N,
VN A—1
The proof is complete. O
Let us rewrite W7 = W7 o T X+ where W7 = ﬁ SN Ry o T

Since T¢ : §; — T&(&,) is a diffeomorphism on {{,} and, therefore, 7¢(¢,)
has no self-intersections, mq := (1¢)«vy = m(&)m(- N TE(&,)) is Lebesgue
measure conditioned to T%(&,). The sets 7% (&,) form a partition of T¢ con-
sisting of skinny parallelepipeds of approximate unstable side length 1, sta-
ble side length \~"~%/3(d=2) 'and neutral sides length A\~ %/3(¢=2)_ Then,

Z m(&q) / Alcg+WE) -voTg dyg
qu 5‘1

= Z m(&,) /5 (v - Aeq + /vaﬂ) o Tg“) o T¢ dvy,
q€Q a

= Z m(&,) / v-Aleq + W_ﬁ) o Té{ﬂ dmy
qGQ Tg(iq)

= / v Ale(z) + Wf) o TE+ dm.
Td
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where c(z) = ¢ if x € Tg(§,). The function A(c, + Wj}) is discontinuous
at 0T¢ (&,) and not uniformly Lipschitz inside each 7¢ (¢,), so we cannot di-
rectly apply the exponential decay of correlations result to finish the proof.
Instead, our next step is to prove the correlation bounds using measure dis-
integration and the Koksma inequality.

Lemma 5.4.3. There exists a constant C, which does not depend on N, K, n
such that

/ v - Ale(z) + W) o TEH dm < Con /342,
Td

Proof. Divide each atom T%(¢,) into approximately \*/3(@=2) parallelepipeds
{¢y}yeo of unstable side length A\~%/3(¢=2) Then, each ¢, has unstable
side length A\~%/3(d=2) stable side length \~"~%/3(¢=2) " and neutral sides
length A\~%/3(4=2); the set {(, }ycqr is a partition of T%. On each ¢, v varies

no more than Ld\~%/3(@=2) so for m, = W(L(FEC = and vy = [vdmg,

‘/w z) + W(z)) o TE+ dim—
- Z m(Cy )vg /A —i—W” z)) o TE T dmy
q'eq’

< Ld|| A oA~ K/3d=2),

Let P be a (d — 1)-dimensional section in the direction £E¢ & E* passing
through 0 in T¢. Let {¢,},cp be a partition of T into arcs in the stable direc-
tion such that each /, intersects P in its endpoints (one of which is y) and
doesn't intersect P in its interior. Each ¢, is an interval on T¢ whose length
depends on y; however, locally the lengths are the same and they change
discretely in a finite number of discontinuity points. The number of dis-
continuity points is bounded from above and the bound depends only on
d. It follows that the leaves ¢, of the same length form a finite number of
parallelepipeds that partition the torus (see Figure 5.4) and the lengths of ¢,
are bounded from above and from below.

The stable foliation induces a disintegration of the Lebesgue measure m:
for each measurable v : TY — R,

/vdm://vdwydmp.
Td rJe,
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(A) (B)

Figure 5.4: (A): Two-dimensional projection of T? is a factor of R? by Z2.
The projection of P is shown by blue lines. The fibers of the stable foliation
{£y}yep are shown in yellow, green, and red; the boxes of different colours
depict the regions of T with different fiber length. (B): The boxes where the
fibers {¢, },cp have different length induce a partition of T¢. The number of
boxes is bounded from above and the bound depends only on d.

Note that since ¢, are intervals, the measure v,, is a scaled copy of the 1-
dimensional Lebesgue measure for each y.

For ¢ € Q' consider Z, := Tg *1(¢y): it is a long skinny parallelepiped
that wraps about \X+1=%/3(¢=2) around the torus in the unstable direction,
and has width \~%£/3(d-2) in the neutral directions, and has width equal to
A\~ K-1-K/3(d=2) jp the stable direction (see Figure 5.5). The parallelepiped
Zy intersects £, in intervals {1/}, _;, oflength \=n—1=K+1/3(4=2)) Since
the intervals I have length A~ X ~1=K/3(4=2) the function v restricted to I
varies very little. Hence, if we replace v, 1 by a single Dirac mass uy(I]y)ém]y

for some z¥ € IY, we make only an error of order \~"~1-K(1+1/3(d=2)) guch
errors are naturally absorbed in the other exponential errors we identified
above.

Since Z, consists of roughly A\ *+1-%/3(d=2) pieces of unit (unstable) length,
(stable) width A\~ K-1-K/3(d=2) 'and projecting along the stable direction
to (d — 1)-dimensional parallelepipeds of (d — 1)-dimensional area equal to
(A—K/ 3(d*2))d72 in P (which are roughly distributed uniformly over P), Z,
intersect ¢, roughly

5 (

d—2
Jy ~ len (£, )NE+H1-K/3(d=2) (A—K/S(d—2)> — len(f,)\5 G-

1
i)
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(R)

Figure 5.5: (A): an atom (. S, N, U stand for stable, neutral, and unstable
eigendirections, respectively. (B): the parallelepiped Z, := Té( T(¢y) is a
skinny parallelepiped which wraps around T¢ multiple times in the unstable
direction.

times. This is the number of intervals ij.

Since all eigenspaces are in irrational algebraic directions, consecutive in-
tersections of parallel translations of such eigenspaces are obtained by a ro-
tation over an irrational algebraic number. The components {v;'},—; 4 of
the unit vector v* € E* are rationally independent because T is ergodic.
Also {v}'} are algebraic numbers, and hence, by the Siegel-Roth theorem
[96, 101], they are Diophantine of order ¢ for any ¢ > 0. 3 It follows that
the points 9:? are roughly uniformly distributed on ¢, in the sense that the
discrepancy (see [28, 60])

1
Dr({zn}tn) =sup sup |=#{k+1<n<k+R:z,€lab)}—(b—a)
k [ab)cel R

behaves as that of the consecutive points in the orbit of a rotation over a
Diophantine number:

+

* 1 te K 1)
:Djy({om}) < Cejy <C)\ 3 a3

)

see [60, Theorem 3.2-3.4]. Recall that f and therefore f/Iv/jt and also A(c+ V[N/f)
is Lipschitz (uniformly in N, n and K) in the stable direction. Now we can

3A number « is called Diophantine if for every ¢ > 0 there is a constant C such that
|oe — §| > Cq * “forallp,q € Z, q # 0.



5.4. Proof of CLT with rates of convergence for ergodic toral automorphisms 123

estimate | 0,9 dvy, using the Koksma inequality:

N

> o)) = [ atwydo

7j=1 Y

< Var(g) D}, ((a¥)).

Taking g(x) = A(c(x) + Wﬁ(w)), we obtain
1 & — —
=3 Alelal) + W) - /ﬁ Alelz) + W7 dvg
Y i1 y
< Var(A(e() + WE()le, ) D5,
< LVar(A)A~s (21/(@-2),

Using the estimate above and the measure disintegration, we can estimate
the integral over Z:

[ Ale(x) + W (z)) o TEF dmy
z/ Ale + W™(@))dvg dmg + O(L|| Al )~ 5 C=722))
pJe,

= | Alc+W")dm + O(L|| Al oA™ 5 @ 72)).
Td

Finally, summing over all ¢,; with weights v,/, we find
/ v Ale(z) + Wf) o TET dm
T2

= > i) (v / Alelw) + W) o TE dmy + O(Ld| ]| A™F/30-2) )
qeq’

<> miGy) (vq// Ale+ W) dm + O(L||A’\|OO)\_I§(2—Uﬁ2))>
¢eQ’ T
+ O(Ld|| Al s A~ K/302)

< | 3 micoe [ At W dm
IeQ ™
0 (LIA oA 52 4 L Al ooh=/30-2)
— [vdm [ A+ W) dm -+ O (L|Ax™ 57 4 La| 4l RP-2)
=0 (L||A’||OO)\—§(2—d%2) + Ld||A||oo)\_K/3(d_2))

where the last equality follows from the assumption that [ vdm = 0. O
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Lemma 5.4.2 and Lemma 5.4.3 prove the Assumption 2 of Theorem 5.3.1
with py (k) = C6*+/N. Theorem 5.3.1 implies that

dw(WN,2) < Cy <K“+ S o >+c#pr< ) 6D

i=K+1

where p(k) = 6% and (k) = CH*/N for some # < 1. Plugging p and jy
into 5.7 and choosing K(N) = ?;lﬁ)gg ]g (see Corollary 5.3.3) yields

3log N +1 9 Cl log N
dw(WN, Z) < C + ) <C
wl ) < O < 210g 0V N | N3/2(1—0) w/ JN

which concludes the proof of Theorem 5.1.5.



