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A note on Sarnak processes

Mariusz Lemanczyk, Michat D. Lemanczyk, Thierry de la Rue
March 27, 2024

Abstract

Basic properties of stationary processes called Sarnak processes are studied. As an application,
a combinatorial reformulation of Sarnak’s conjecture on Mdbius orthogonality is provided.

1 Introduction

1.1 Notation and definitions

Throughout this paper (unless stressed otherwise) random variables are defined on the probability
space (€2, F,P). We consider double sided stochastic processes X = (X;),., € &, where X; € X’ belong
to the common state space X and X stands for the state space of X. We assume that the common
state space |X| is finite (and X < XZ). For the convenience sake, for any sequence ¢ = (;),., and
m,n € Z such that m < n, we will write

(1) Tgn = ('Il)zgn’ T<n = ('Il')i<n’ xnm = (xz)mgzgn

Moreover, we extend each function or operation acting on X' to the sequences by applying it coordinate-
wise so that, e.g., for any sequences = (2;),.; and y = (¥i),cz, We have

(2) (®,y) = (Ti,Yi) ez, » Y = (Ti¥%)ier,

the latter when x and y are complex-valued.

We denote by S : X% — X7 the left shift map acting on sequences x via Sz = (%it1) ez We say
that a process X is stationary if X and SX share the same distribution v (for short X ~ SX ~ v).
Recall that with every stationary processes we can associate the corresponding dynamical system
(X,v,S) where X € X, X ~ v. Conversely, with every given dynamical system (X,v,T) and a
function f : X — ), we can associate a stationary process (with @ = X), Y = (Y;),.;, where
Y= foT'e .

Remembering that X' is finite, we denote by H (X) = — > 4 P (X = z)logP (X = z) the Shan-
non entropy of X (note that in this paper we use base 2 version of logarithm). If additionally
an arbitrary random variable Y is given such that the regular conditional probability py|y exists,
H(X |Y) =EyH (X®)), stands for the conditional Shannon entropy (Ey is the integration with
respect to Y) and X ~ px|y (-|y). For a given stationary process X, H (X) = H (Xo | X<_1) stands
for the process entropy. We say that process is deterministic (or of zero entropy) if H (X) = 0.
Similarly, given a dynamical system (X,v,T) and a finite (measurable) partition A = (A;); of X we
denote by H (v, T, A) = H (X 4) the metric entropy corresponding to the partition A (here X 4 stands
for the process determined by f(x) =i iff & € A;). For the (topological and metric) entropy theory of
dynamical systems (and relations with the entropy of stationary processes), we refer the reader to [5],
[22].

The past tail o-algebra (or remote past) of X is defined by

(3) I(X) = [ o(X<—y).

1=0



Remark 1.1: Pinsker o-algebra

The past tail o-algebra of X coincides with the the Pinsker o-algebra of the corresponding
dynamical system. Recall that the Pinsker o-algebra is the largest invariant o-algebra such that
the corresponding factor of the dynamical system determined by v ~ X € X has zero entropy.
In fact, if for any measurable B we denote by Apg the binary partition generated by B < X
then

(4) [(X) =0 {B: H (S, Ag) = 0},
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In connection with the celebrated Sarnak’s conjecture on Mébius orthogonality (see below), in [13],
the following notion of Sarnak process has been introduced.

Definition 1.2: Sarnak process

A stationary process X such that X; € X < C, |X| < oo, is called a Sarnak process if
E (Xo|X<_pn) ==5 0 in L?. Bquivalently, E (Xo|II(X)) = 0.

Remark 1.3: Basic properties of a Sarnak process

Sarnak processes are centered, that is EXy = 0. Moreover, every non-zero Sarnak process is,
by the very definition, of positive entropy but it need not be even ergodic” (see Section 5). On
the other hand, we will show that the class of Sarnak processes is stable under multiplication
by deterministic processes.

“In fact, the dynamical system given by X is ergodic if and only if so is its Pinsker factor.

2 Results

In this section we assume that every process X is stationary and X; € X < C, where |X| < o0.
Sometimes additionally we assume that X = {—1,1}. Note that in such a case, if EXy = 0 (in particular
this holds if X is Sarnak), then P (Xy = +1) = 1/2 and hence X;’s are random signs. In this section we
present a bunch of results. The most important ones are formulated in Theorem 2.3 and Theorem 2.8.
The first one can be viewed as a number theoretic reformulation of Sarnak’s conjecture. The second
one is of slightly different flavor, namely, it shows that every deterministic process can be embedded as
the Pinsker factor in some Sarnak process. Before we present the theorems, let us recall the formulation
of Sarnak’s conjecture.
Given an arithmetic function v : N — X, where X < C is finite, and whose mean

.1
M(u) := nh_r)%ogguz
<N

exists and equals 0, we ask whether

o1 i
(5) Jim = > f(Tw)ui =0
<N
for each zero entropy topological dynamical system (X,T), all f € C(X) and all x € X. The most
known instance of (5) is Sarnak’s conjecture [18] which predicts that (5) holds for uw = X, where
A = (A,) stands for the Liouville function (A, = 1 if n has an even number of primes divisors counted

with multiplicity, and -1 otherwise).



Remark 2.1: Logarithmic Sarnak’s conjecture

The logarithmic version, originated by Tao [20], in which instead of Cesaro averages 1/n >, a;
we consider 1/logn ), a;/i is equally interesting. In fact, Tao proved that the logarithmic
Sarnak’s conjecture is equivalent to the logarithmic Chowla conjecture.

Remark 2.2

Originally, Sarnak’s conjecture has been formulated for the Mobius function, w = u, but it is
known that Sarnak’s conjecture for A and p are equivalent, [6], [20].

2.1 Main results

Our first result links the notion of Sarnak process with the classical concept of weakly Bernoulli
processes (see e.g. [19]). Recall that a stationary process X ~ v is weakly Bernoulli if, given € > 0,
there is a gap g = 0 such that for each n > 1 and m > 0,

ey (e ) p e, <

where E denotes the integration with respect to X:gg_m and, for any complex measure p defined

X9

—g—m

on a o-algebra A,
(6) [ellpy := sup [u(A)] + [n(A%)]
AeA

stands for the total variation of measure p. It turns out that in the special case of X; € {—1, 1}, if we
do not require in the above condition uniformity in n then we recover the class of Sarnak processes.

Theorem 2.3: Total variation formulation of the Sarnak property

Let X be a stationary process taking values +1. Then X is Sarnak if and only if, given € > 0,
there is a gap g = 0 such that for all m > 0,

(7) Eyy H]P’ (XO e "X:g_m) P (Xpe .)HTV <.

Let us give some intuition behind (7). Think about large gap g. Then (7) can be roughly be
interpreted as follows. Almost none of typical realizations of block in the far past X:gg_m = :L‘:g_m
affects the probability of occurrence of given sign at a given non-negative coordinate. Note that Sarnak’s
conjecture is of similar flavour, namely, it roughly states that the Liouville function (counterpart of our
X)) is uncorrelated with deterministic sequences (thus, in some sense, Liouville function behaves like
a random sign). Thus, there is no surprise that as a corollary of Theorem 2.3, we obtain the following
description of Sarnak’s conjecture.



Corollary 2.4: Number-theoretic reformulation of Sarnak’s conjecture

Let w : N — +1. Then w satisfies Sarnak’s conjecture (i.e. it satisfies (5)) if and only if for every

. . k—>
increasing sequence (ny)pcy € NN such that 1/ng ZOSnénkfl Sgnu = k and for each € > 0
there exists a gap g > 1 such that for all m > 0,

Z 59(Q) <g,

qe{_lvl}m

where for any block ¢ € {—1,1}™,

1 1
0(@) == Jim —[{n+ g € Alg.ni): un = 1}] — 5[ A(g. )]

and A(g,n) := {i <n:ult™! = ¢} is the set of appearances of the block ¢ in u*™1.

Remark 2.5: Magical constant 1/2 in the definition of ¢,

Note that the constant 1/2 appearing in the definition of €, corresponds to the fact that we
randomly choose a sign (e-independently of the given remote past).

Remark 2.6: Logarithmic version

Logarithmic version of Corollary 2.4 holds as well. It suffices to replace all arithmetic weights
by their logarithmic counterparts.

. J

One may wonder under what assumptions put on Y the following statement holds: if X is Sarnak
then so is XY . The following theorem states that this statement is valid if we consider the class of
zero entropy processes.

Theorem 2.7: Closure under multiplication by a deterministic process ]

Let (X,Y) = (X;,Y}),.; be a stationary process. If X is Sarnak and Y is deterministic, then
XY is Sarnak.

The next fact states that each deterministic system can be realized as the Pinsker factor of some
Sarnak process. It shows as well that Sarnak processes X (even restricted to the case of X = {—1,1})
are ubiquitous.

Theorem 2.8: Embedding of a deterministic process into a Sarnak one

For each aperiodic zero entropy dynamical system R there is a +1-valued Sarnak process X
such that the Pinsker factor of the dynamical system given by X is (measure-theoretically)
isomorphic to R.

. J

While Sarnak’s processes need not be ergodic, see e.g. Example 4.3, in fact, we have the following
result.

Theorem 2.9

Let X be a stationary process. Then X is Sarnak if and only if the stationary processes in its
ergodic decomposition are a.a. Sarnak.




Corollary 2.10

Let X be a Sarnak process. Then for a.a. realizations (X, (w)) of the process, the sequence
(Xn(w)) is orthogonal to all topological dynamical systems of zero entropy.

3 Motivation

3.1 Chowla conjecture

Sarnak’s conjecture is motivated by the Chowla conjecture [3] from 1965 about vanishing of all auto-
correlations of A:

.1
(8) r}l—I}C}O ﬁ Z<Zn )\n)\n-i-rl e )\n-i-rk =0

for each choice of 1 <7r; < ... < 1.

e ~

Remark 3.1: Chowla conjecture implies Sarnak’s conjecture

The implication (8) = (5) (for w = A) has been shown by Sarnak. See also the post [21] for the
original proof by Sarnak and [1] for a dynamical proof of this implication.

It was noticed by Sarnak [18] that Chowla conjecture has a dynamical reformulation, indeed, (8) is
equivalent to the fact that X is a generic point for the Bernoulli measure B(1/2,1/2) on the full shift
{_1’ 1}27 see [113 [6]

3.2 Why Sarnak processes are interesting from the analytic number theory point
of view?

As we have seen the Chowla conjecture can be seen from both: number-theoretic (combinatorial) and
dynamical points of view, while Sarnak’s conjecture, by its nature, is a purely dynamical statement.
The natural question arises:

9) Is there a number-theoretic reformulation of Sarnak’s conjecture?

This question has been partially answered in [13], where Veech’s conjecture has been proved. Namely,
it has been proved that Sarnak’s conjecture is equivalent to the fact that for each Furstenberg system
(X, Kk, S) of A, the corresponding stationary process m = () is Sarnak (in the sense of Definition 1.2),
where 7, () = x,.

Remark 3.2: Dynamical approach (Furstenberg systems), see e.g. [7] and the surveys
6], [14]

Let us only mention that in this approach through Furstenberg systems w is treated as a two-
sided sequence, for example via u_, := u, and we consider the subshift X, := {Sku: ke Z} c
X%, The set of shift invariant measures x obtained as weak*-limits of n—lk Zz’gnk Ogiy, k=1, is
denoted by V' (u) and each such measure makes the coordinate projection process 7w = (mp o S™)
stationary.




Remark 3.3: Mixing property approach, see [13]

In this approach the condition 7y L L?(II()) is equivalent to a (“relative”) uniform mixing
property of the function 7y which finally yields a certain combinatorial (hardly satisfactory)
condition on u. Let us add that the idea is borrowed from the classical ergodic theory, namely,
we use the classical fact that so called Kolmogorov automorphisms are those satisfying the
uniform mixing property, see e.g. [4].
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The main aim of this note is to consider the special case u € {—1,1}%. Sarnak processes resulting
from this situation satisfy 7y 1L II(7r) which allows us to use some entropy techniques and to obtain
a rather clear combinatorial condition given in Corollary 2.4. Note finally that if in Corollary 2.4,
given a Furstenberg system x € V(u), for some g > 1 we have £4(q) = 0 for all blocks ¢ then for the
stationary process (m,), we have 7 is independent from the o-algebra generated by (Xg, Xg11,...).
In particular, the Chowla conjecture holds if and only if €1(¢) = 0 for all blocks q.

4 Examples of Sarnak processes

Firstly, let us make some remarks about properties of the class of Sarnak processes. It follows from
the very definition that for each Sarnak process X = (X,,), we have EXy = 0. Moreover, it has
positive entropy, as otherwise Xo € L2(II(X)), whence Xy = 0. By the Rokhlin-Sinai theorem, see e.g.
[22] Thm. 4.36, the spectral measure ox, of a Sarnak process X, i.e. the (symmetric, Borel, positive)
measure determined by Gx,(n) = EX, X, n € Z, has to be absolutely continuous. Therefore, if
the spectral measure of a stationary process is not absolutely continuous, the process is not Sarnak.
To see positive entropy processes whose spectral measure is partly singular notice that (contrary to
the multiplication, cf. Theorem 2.7), Sarnak processes are not stable under addition of deterministic
processes. Indeed, suppose that X is a Sarnak process, and let Y = (Y},) be a (finite-valued) centered,
stationary process with zero entropy such that the dynamical systems generated by these processes
are disjoint.! Then, in view of [3], the process X + Y = (X,, +Y,,) is generating for the Cartesian
product of the dynamical systems corresponding to X and Y, so it has positive entropy. On the other
hand, the process X + Y is not Sarnak, as Xy + Yp is not orthogonal to Yy, so it is not orthogonal to
L*(TII(X +Y)). Moreover, the spectral measure of the process X +Y is ox, + oy,. Varying Y, we
can now obtain a positive entropy non-Sarnak process whose spectral measure is partly singular, as
well as a process whose spectral measure is Lebesgue.

!For example, we can take for X a Kolmogorov process and for Y a finite valued process representing an irrational
rotation on the circle.



Example 4.1: When factors of a Sarnak process are Sarnak?

Assume that X is a Sarnak process. One can ask which functions (depending on finitely” many
coordinates) of this process yield Sarnak processes? To get a partial answer to this question,
assume that f : R¥ — R is measurable and let Y = (Y;,) with

Yn = f(Xn,Xn+1, s aX'rl-i-k—l)? n € Z.
Note that
oY, Yop 1) co(Xnqp-1, Xngn—2,...),

whence I1(Y) < II(X). If the function f is linear then Yy L L?(II(X)). Hence, under linearity,
Y is Sarnak. A similar argument shows that, for any & > 1, the jumping process (Xgy), is
Sarnak.

“If we admit infinitely many coordinates then the Pinsker factor can be expressed as a function of a generating
process.

Remark 4.2

A large source of examples of Sarnak processes is given by the replacement of the orthogonality
requirement in Definition 1.2 with the independence condition: Xy 1L TI(X). Note that each
+1-valued Sarnak process satisfies this property. Take, for example, any case in which I1(X) is
trivial, i.e. X is Kolmogorov. Then X is Sarnak as soon as it is centered.

Example 4.3: Non-ergodic Sarnak process

Take the Bernoulli process B (1/2,1/2) on {—1,1}% and let u be any generic sequence for it. Let
v € {0, 1} be any generic point for a zero entropy measure. Then, in view of Theorem 2.7, uw
generates a Sarnak process and since (uv)? = v, clearly, the zero entropy system is a factor of
the system given by wwv, and the zero entropy system need not be ergodic. In fact, as proved in
[15] (using [9]), once X is Kolmogorov, and Y is deterministic with ) = {0, 1}, we can always
filter out the zero entropy system from the dynamical system given by XY .¢

@Assuming the Chowla conjecture, the above applies to gt = X- 2 as p? is generic for a zero entropy measure.
As Sarnak’s conjecture for g and A are equivalent, e.g. [6], the processes determined by A are Sarnak iff the
processes determined by p so are.

Example 4.4: Sarnak process with non-trivial Pinsker o-algebra

We will show that there are +1-valued Sarnak processes with non-trivial remote past.
Consider the space {0,1} with B(1/2) measure and T% = 1 — 4, and the full shift S on {—1,1}*
considered with the Bernoulli measure B (1/2,1/2). Let T be the corresponding skew product
(considered with the product measure)

T(i,x) := (1 —1i,5x).

Clearly, T has T as factor, so its Pinslier algebra is non-trivial. Let Yy(i,x) := 29. We claim
that the process (Y),), with Y,, := Yy o T", is Sarnak.




Remark 4.5

Note that T produces sequences of alternating 0’s and 1’s. In the preceding example, we have
I ~B(1/2) I B ~ B(1/2,1/2). If Z is given by Z; = Bj;/3), then Y is given by Y; = Z;; for
every i € Z.

\.

Proof of the statement from Example /./. We need three facts:

(10) Yo L L*(o(1))
(11) (Y,,) generates the full o-algebra
(12) II(T) = the first coordinate o-algebra.

While (10) is obvious, to establish (11) note that the consecutive values of the process at (0,x) are:
Y0(0,z) = 0, Y1(0,2) = x0, Y2(0,2) = 21,Y3(0,2) = 21, Y4(0,2) = 2, Y5(0,2) = 2z, ...,

so it is clear that the process separates points and therefore (11) holds. Finally, note that T2 is the
Cartesian product of two factors: of the fist coordinate o-algebra (on which that action is the identity)
and of the second coordinate o-algebra on which it acts as the shift S (indeed, T'({0,1} x {z}) = {0,1} x
{Sz}). The latter is just the Bernoulli B(1/2,1/2), and since the Pinsker o-algebra of the product is
the product of Pinsker o-algebras, we see that H(fﬁ):ﬁrs‘c coordinate o-algebra. To conclude, i.e. to
obtain (12), it is enough to notice that the Pinsker o-algebras of non-zero powers of an automorphism

are all equal. O

Remark 4.6: Combinatorial intuition for the above example

Suppose that u satisfies (5). Set v via
Vop, = Vopil := Uy for all n € Z.

Then v also satisfies (5), as T2 has also zero entropy,

% Z f(T"x)v, = % Z U (f(T?™2) + f(T*™ 1 2)) + 0(1) — 0 when N — c0.
n<N m<N/2

It follows that the Furstenberg systems of v yield Sarnak processes. However, if we consider the
subshift X, := {S"v: n € Z} then for each y € X,, either

(a) Yon, = Yan+1 for all n € Z holds or

(b) yon, = yon—1 for all n € Z is satisfied.

Note that if a point y satisfies (a) and (b) simultaneously, then y is a fixed point. Notice
that no Furstenberg system of v gives positive measure to the set of fixed points.” Then if
A c X, denote the set of point satisfying (a) and B stands for the set of points satisfying (b),
then An B = ¢, B = SA, whence -1 is an eigenvalue of the dynamical system given by any
Furstenberg system of v, whence the remote past cannot be trivial.

“This is a property of all Sarnak processes not taking the value zero. Indeed, let F' be the set of fixed points
of the process X (it is a finite set naturally identified with a subset of X’). Of course this set belongs to II(X),
moreover, each subset of F' is II(X )-measurable. It follows that the function Xo - 1p is II( X )-measurable. Hence
E(Xo - (Xo-1r)) = 0. On the other hand, this integral equals {,, [Xo|* > 0, a contradiction.

5 Proofs

The organization is as follows. Each section containing a proof of one of our results is preceded by a
section which provides some necessary background.



5.1 Background for Theorem 2.3

In this part all random variables take only finitely many values. For any random variable X, we
denote by pyx its distribution. The main goal of this section is to prove the following fact.

s D

Lemma 5.1: Pinsker two-sided inequality in finite state case

Fix random variables X, Y. Define 1/ := sup, Pxy @Y ppey

Y px (@)py (y)
2./B
loge

(13) [H(X) — H(X[Y)] <E |px)y (1Y) = px|py < V/2[H H(XY)].

Note that, as a direct result, we immediately obtain the following fact.

Corollary 5.2: Pinsker inequality for random sign

Fix random variables X, Y such that X is a symmetric random sign. Then

V2

loge

(14) [1 = HXY)] <E[pxpy (Y) = x|y < V201 -HX[Y)]

Proof. If X is a random symmetric sign (i.e. X takes values +1 with equal probability) then px = 1/2
and thus H(X) =log2 =1 and

(15) 1/8 = 2suppxy (zly) <2
x7y
O

The idea of the proof Lemma 5.1 is to use the Pinsker and reversed Pinsker inequalities. In order
to do so, we need reformulate quantities appearing in (14) in terms of KL-divergnece and get rid of
the integral E. To this end, recall that given two probability distributions p and ¢ on a finite space X,

(16) D(pllq) = ), plz) log%ﬁ)

reX ( )

stands the KL-divergence between distributions px and py with the convention that 0/0 = 0. Now,
one easily checks that

(17) D(pxy [l px ®py) =H(X) -H(X [Y)

The last ingredient needed for the proof is the following one.

Proposition 5.3: Mean conditional variation norm equals to joint total variation

For any random variables X, Y,

(18) E|pxyy (IY) = px|p = lpxy —px @pylpy

Proof. By the very definitions,

Epxpy (1Y) = px| 1 = Epy [pxy (1Y) = x|y = ZPY Y) Z Ipx|y (Tly) — px ()]
yey reX

= Z lpxy(z,y) — px(@)py (v)| = |pxy — px @py|py -
z7y



Proof of Lemma 5.1. The upper bound is obtained using the Pinsker inequality. Indeed, by Proposi-

tion 5.3,

(19)
E|pxpy (1Y) —px HTV = |pxy —px @py|rv < A/2D(pxy|[px @ py) = /2 [H(X) — H(X|Y)].

On the other hand, using the reverse Pinsker inequality, see e.g. [23] Theorem 7, we obtain

Blpx (1Y) = pxlry > 22Dy lpx @py) = 22 (H(X) - BV )],

where 1/4 := sup, ., 15()?;7%' .

Let us now make a remark on the monotonicity of the three terms which appear in (14). It is well

known that given two probability distributions on the same state space X,

20 — = inf P(X#Y

(20) Ilp = gllry X g (X #Y)

Thus, intuitively, |p — ¢, tells us what is the best (that is, closest to diagonal) coupling of p and g¢.
This fact immediately yields monotonicity property of the total variation norm.

e B

Proposition 5.4: Monotonicity property of the total variation norm

Let X,Y,Z € X be some random variables. Then

(21) lpxy.z —px ®py.z|py = [pxy —px @pyllpy -

Proof. Take the realization of (20) with p = pxyz and ¢ = px ® py,z to obtain random vari-
ables (X,Y,Z) ~ pxyz and (X'.Y',Z') ~ px ® py,z such that P(X # X"\ Y #Y' Z #7') =
lpx,y,z — px @y, 2l Clearly,

(22) P(X#X'\Y#Y Z+Z)<P(X#X,Y#Y)

and thus, once more using (20),

Ipxy —px @pylpy SP(X #X Y 2Y)<P(X#X,Y#2Y',Z#Z') =|pxyv,z—px®pvz

‘TV :
a

Remark 5.5: Monotonicity of terms in (14)

Since the Shannon entropy is monotonic, we have
(23) H(X)-H(X|Y)<H((X)-H(X|Y,2)

Combining this observation with the previous remark, we see that both terms in (14)
E pr‘y("Y) —pXHTV and 1 — H(X|Y) posses monotonicity property: if Y is a vector random
variable in (14) then dropping of any of its coordinates forces all terms in (14) to decrease.
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Last but not least let us present the well known fact which says that in case of a random variable
attaining only two values and being L? perpendicular to some o-algebra is equivalent to being inde-
pendent of that algebra. Note that this observation can be used for Sarnak processes X taking at most
two values, namely, in such a case Xy 1L II(X).

s B

Proposition 5.6

Let X be a two valued random variable and G be some sub-o-algebra such that E (X|G) = EX.
Then X 1L G.

10



Proof. Clearly, our assumption is equivalent to: EX1g = EXElg for any G € G. In other words,
Cov(X,1¢) = 0. Now, it is enough to recall standard fact that if two random variables taking only
two values are uncorrelated then they are independent. Applying this fact, we get that for any G € G,
X 1l 145. Hence X 1L G. O

e B

Remark 5.7: When uncorrelated random variables are independent

In the above proof we used the fact that if X € X and Y € ) are uncorrelated and |X| = || = 2
then they are independent. Here we provide a sketch of a proof. Firstly, without loss of generality
we can assume that X = ) = {0,1}. To see this consider

X_xO’ Y/:Y_yO’
xr1 — o Y1 — Yo

(24) X' =

where X' = {xg,x1} and ) = {yo,y1}. For binary random variables, the assumption is equivalent
to

(25) P(X=1Y=1)=P(X=1)P(Y =1).

It remains to use the fact that if events A and B are independent then so are A and B.

\. J

5.2 Proof of Theorem 2.3

Firstly, since X is perpendicular to II(X) and X takes only two values, by Proposition 5.6, we in fact
g—0

have X 1L II(X). In particular, Sarnak property is equivalent to the H (Xo | X<_g) —— H (Xp) = 1.
By the monotonicity property of conditional entropy this is equivalent to the statement that for every
€ > 0 there is a gap g > 1 such that for all m e N

(26) —H (Xo| XZ0_,,) <e.

Indeed, if (26) holds then taking m — oo yields the result. Conversely, for every e there is g € N such
that 1 —H (Xo | X<—4) < e. However, forany m >0, 1 —H (Xy | X<_4) >1-H (Xo | X:g_m).
Now, an application of Corollary 5.2 with X = Xy and Y = X_J _g vields,

) o [1 - HOGIXT)] < Bl (XT) —pxl <2 [1 - HOIXL)]

and the result follows.

Remark 5.8: Rate of convergence

Note that, thanks to the (27), if we know the rate of convergence for 1 — H(Xo|X_J,_,) then
(27) controls the rate for the term IE|pXO|ng (1X 7)) = Pxol-

k—o0

Proof of Corollary 2./. Let X ~ k, Since 1/ny, ZOgngnFl Osny = K,

ng—1

1
(28) kh—I}c}o n_|A(Qank)| = hnolo n_k ZZO ]-Siu starts with ¢ — K(Q)'
Similarly,
(29)
1 N — 1
— |{’I’L +tge€ A(Qank) | Un = 1}| = Z ]-Slu(O) 115i+94 starts with q P (XO =1, Xg+m = q) :
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Combining (28) and (29),

1
go(q) = |5P (X7 = q) =P (Xo = 1L, XJ™ = q)

and the result follows from Theorem 2.3. O

Remark 5.9

In the above proof we have used the symmetric version of Theorem 2.3 with the past replaced by
the future, which is valid as well because in the finite case the past tail o-field of process equals
to the future tail o-field one. In particular, the Sarnak property can be stated equivalently with
reversed roles of the past and the future.

5.3 Background for Theorem 2.7

Remark 5.10: Relatively independent coupling above a o-field

Later on we use the following construction. Given a probability space (Z, D, k) and a sub-o-
algebra £ c D, the formula

)\(Dl X Dg) = fE(D1|5)E(D2|5) dk

determines a coupling on the space (Z1 x Z2,D1 ® Do) ((Z;,Dj) = (Z,D) for j = 1,2). A
characteristic property of this coupling is that if we have two measurable functions f,g: Z — R
then the following conditions are equivalent:

(1) f(z1) = g(z2) for M\-a.e. (z1,22) € Z1 X Zs,
(ii) f = g, and f is £-measurable.

In the following theorem a similar type of joining is used, for more information we refer the
reader to [10], Examples 6.3 and Theorem 6.8.

To prove Theorem 2.7, let us recall the classical theorem (see e.g. [17], the result is a consequence of
the basic lemma on non-disjointness proved in [11] and [16]) about joinings with deterministic systems.

Theorem 5.1. Let (Y,C,v,S) be a dynamical system and (Z,D, k, R) has entropy zero. Assume that
p€ J(S,R) is a joining of v and k. Then

(30) J'sz f()g(2) dp(y, z) = f(y/n(s))xz E(fII(S))(2)g(2) dply ms))< z (2, 2),

i.e. each such joining has to be the relatively independent extension of its restriction to (Y /II(S)) x Z.

5.4 Proof of Theorem 2.7

By assumption, the dynamical system (X Zx Y2 p, S) associated to the stationary process (X,Y) is
a joining of the dynamical systems (X%,v,S) and (Y%, k, S) given by X and Y, respectively. Let us
fix I e L?(II(p)). Note that p induces a joining of (X%, v, S) with the zero-entropy system ((X% x
YE)/I(p), phi(p): S % S). Therefore, by (30), and using the assumption that X is Sarnak, we get

j Xo(a)F(e,y) dp(x, y) = j E(Xo[TI(v)) () F(x, y) dp(x, y) = 0.

12



Since Yy € L(I(p)), we also have
| ol@) (Yo F @) dp(a.) =0
which shows that Xo ® Yy L L2(II(p)).

5.5 Background for Theorem 2.8

In order to prove Theorem 2.8, we will need the result from [9] and [15] which was already employed
in Example 4.3, and whose proof (we provide it for the sake of completeness) in case of {0, 1}-valued
processes is a short compilation of the arguments from the aforementioned papers.

~ ~

Lemma 5.11: Retrieval of a deterministic process from its product with a K-process

Let (X,Y) be a stationary process such that both X and Y are binary, X # 0 is Kolmogorov
and Y is deterministic (note that this implies X 1 Y'). Then Y is measurable with respect to
o(XY).

. J

Proof. Consider two copies (X', Y’) and (X", Y") of (X,Y), which are relatively independent over
XY. Then, XY, = XY,/ for all n € Z. Multiply both sides of this equality by 1y/_g1y»_; to obtain
0 = X 1y:—olys—1. Since (Y,Y”) is deterministic and X" is Kolmogorov, it follows that these two
processes are disjoint. In particular, X}, 1L 1y/_olyr—;. Hence 0 = P (Y, =0,Y,) = 1) EX]] which
implies that (recall X # 0) 0 = P(Y,, =0,Y,) =1). By symmetry it follows that Y, = ¥;”. Thus,
Y’ = Y” which concludes the proof. 0O

Remark 5.12: Random variables concentrated on the graph of a function

The following simple observation allows one to generalize Lemma 5.11 to the case in which X
is not necessarily Kolmogorov. Suppose that (Y,Z) ~ (X, f(X)) for some random variables
X, Y, Z and some measurable function f. Then Z = f(Y'). Indeed, we have pzy(Z # f(Y)) =
px,f(x)(f(X) # f(X)) = 0 and the result follows.

Lemma 5.13: Modify and retrieve

Let (X,Y) be a stationary process such that both X # 0, Y are binary and Y is deterministic.
Suppose additionally that we can find a Kolmogorov binary process X’ I Y such that X'Y ~
XY conditionally on Y = y. Then Y is measurable with respect to o(XY).

. J

Proof. By Lemma 5.11 we know that there is a function such that Y = f(X'Y’). Moreover, (XY,Y) ~
(X'Y,Y) = (X'Y, f(X'Y)). It remains to use Remark 5.12 with X = X'Y, Y = XY and Z =Y.
o

Let us present now a simple observation needed in the proof of the lemma below.

Proposition 5.14: Example of a factor of a Bernoulli which is Bernoulli

Suppose that X is a Bernoulli 5(1/2,1/2) process with two point state space X. Then Y given
by

(31) Yi=1x#X1

is Bernoulli B(1/2,1/2) as well.
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Proof. Since Y is binary it is enough to check if

n—1

(32) Py '=1)=][PYi=1=2"
=0

By the very definition,

(33) P(Yg ' =1) =P (Vocicn—1 Xi # Xit1).

But there are only two alternating sequences (on )"*1) of length n + 1. The result follows. O

Lemma 5.15: Skew process X’

Let X 1 Y be stationary processes such that X is ii.d., X; € X = {a,b} (a,b € C, a # b)
and the binary process Y is deterministic. Let K = (K,)nez be the non-decreasing sequence
of random times defined by Ky := 0, and for n > 1, K, := Z?;ol Yiand K_,, :=—>" Y, (so
that K11 = K,, + Y, for all n). We assume that we have almost surely

lim K_, = —o0 and lim K, = 0.
n—o0 n—a0

We define the process X' via X! = X,. Then (X',Y) is stationary, and

(34) (X', Y) = (X') = o(Y).

Remark 5.16: Why the name skew process?

Clearly, by the very definition, we can look at X’ as a version of X skewed by Y. Moreover,
X' arises as a coordinate in a skew product of dynamical systems (see (40) below, which also
justifies that (X’,Y") is stationary).

Remark 5.17: X' is Sarnak

The above lemma is a recipe for producing Sarnak processes: indeed the centered skew process
X' —EXj is Sarnak. To see this, note that X = Xy, and

(35) E (x511(x") @ E (Xom(y)) *£Y EX,.

Proof of Lemma 5.15. Firstly, we show II(X'Y) = o(Y). Clearly, II(X',Y) o II(Y) = o(Y). Hence
it remains to show that II(X’,Y) < o(Y). Intuitively this is clear because II(X) is trivial so as it
comes to some remote past of (X’,Y’), the past of X’ brings no additional information to the past of
Y. Formally, take some random variable F' measurable with respect to II(X’,Y’). By the definition
of the tail o-algebra, for every n € N, there exists a measurable function f, such that

(36) F = fu(XL_ ), Ye ).

Consider this equation conditionally on Y = y. Then, by the very definition of X', there exists f, 4
(naturally defined via bijection correspondence fn v (X<r_,) = fn(XX_,,Y<_y)) such that

(37) F = fry(X<k_,);

where k is the value of K under Y = y. However, k_,, ——= —co. Since X L Y and (37) holds
for any n, we conclude that conditionally on Y = y, F' € II(X). However, II(X) is trivial and hence
conditionally on Y =y, F'is a constant. Therefore, (unconditionally) F' is o(Y )-measurable.

14



Now, we take care of II(X") = ¢(Y’). By the previous step, II(X") c II(X",Y) = o(Y). It remains
to show that II(X’) > o(Y). To this end, define a process C which checks when X’ changes, that is,

(38) Cn = 1)(;171#)(%.

Note that, if we could recover the process Y from C, then it would be the end of the proof. Indeed,
in such a case, C is a function of X’ and thus Y = f(X’). To achieve this, using the fact that C,, = 1
it V,, =1 and Xk, 1 # Xk, we can express C), as

(39) Cp = YanKn—ﬁéXKn'

We claim that, conditionally on Y = y, the process C' is distributed as BY where B(1/2,1/2) ~ B L
LY. For this, for a fixed n € N, and fixed y,w € {0,1}%, we compare P (C", = w",|Y =y) and
P ((BY)", =w",|Y =y). Clearly, both vanish if there exists j € {—n,...,n} such that y; = 0 but
w; = 1. Otherwise, let

{j1 <jo<...<je}:= {jE{fn,...,n}: yjzl}.

Since we assume now that w”, < y”,,, we have

. 1
P((BY)', =w",|Y =y) =P(Bj, =wj, forallie{l...,0}) = o
On the other hand, denoting again by k the value of K under Y = y, since k;; < kj, < ... < kj,, by
Proposition 5.14 we also have

. 1
P(Cr, =w",|Y =y)=P (lxkjfﬁéxkji = wjy, for all i e {1...,(}) = o
This completes the proof of the claim, and then it is enough to apply Lemma 5.13 to conclude. O

5.6 Proof of Theorem 2.8

By a non-ergodic version of Jewett-Krieger theorem (see [2], Theorem 1.2), each aperiodic, zero entropy
system can be realized as a binary deterministic process. Thus, in view of Remark 5.17, to finish the
proof, it is enough to construct an appropriate processes from Lemma 5.15. To do so consider the
full shift S on {—1,1}% with the Bernoulli measure v := B (1/2,1/2) and some aperiodic zero-entropy
system ({0, 1}%, u, S). On the product space {—1,1}% x {0,1}%, let T be the corresponding skew product
(considered with the product measure v ® p):

(40) T(x,y) := (S%x, Sy).

Let Y, n € 7Z, (respectively X, k € Z) denote the projection on the n-coordinate on {0,1}%
(respectively, on the k-coordinate on {—1,1}%). Then, we construct the stationary process X’ by
setting X/ := Xp o T". Note that for all n € Z we can write X) = Xk, , where K is Y-measurable,
and recursively defined by

o KO = O,
e Foreachn > 1, K, .= K,,_ 1 +Y,,
e Foreachn < -1, K, := K11 — Ypa1.

It remains to note that, by aperiodicity of the system we started from, we have u(y, = 0 for all n) = 0.
Therefore, for almost every ergodic component A of the system ({0,1}%, u, S), we have A(yg = 1) > 0,

n—+00

and then by the pointwise ergodic theorem we get that K, +00 almost surely.
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5.7 Background for the proof of Theorem 2.9
The following result has been proved in [12]:

Proposition 5.18

Let R be an automorphism of (Z, D, k). Let x = (. k, dQ(v) be the ergodic decomposition of
k. Then there exists an R-invariant o-algebra C < D such that II(k) = C k-a.e. and for Q-a.a.
v € T, we have II(k,) = C k,-a.e. Moreover, for each f € L'(k), there exists a C-measurable g
such that E.(f|C) = g k-a.e. and, for Q-a.a. vy € I, we have E._ (f|C) = g k4-a.c.

\. J

Assume now that X — C is finite and let 4 be an S-invariant measure on X%. Then the coordinate
projection process (m,) = ((mn), i) is stationary (and has distribution ). Assume that = (. 1y dQ(v)
is the ergodic decomposition of u.

[ Lemma 5.19 ]

The stationary process ((my,), i) is Sarnak if and only if the stationary processes ((my), ty) are
Sarnak for Q-a.e. ye I

Proof. = We use Proposition 5.18 for (X%, u, S) and f = my. We have

0 = [y (molTL(1))[ 72 = [Ep(molC)]72 = JEu(Wolc)fo dp = fgfo dp =

L (Jgﬁo duy) dQ(v) = L (fll-zM (g70lC) duy) dQ(v) =

| g moic ) o) = [ ([, (moi)P i) dta)

whence, for Q-a.e. v, we have

0=E,, (m0l|C) = E,, (moT(1)),

so our claim follows.
< The same by reading in the reversed order.” O

5.8 Proofs of Theorem 2.9 and of Corollary 2.10

Theorem 2.9 follows directly from Lemma 5.19.

Proof of Corollary 2.10 Assume first that X (with distribution p) is ergodic. Then almost every
realization (X, (w)) of the process is generic for the measure p. But since X is Sarnak, Xy L II(p), so
the Veech condition is satisfied for the (unique) Furstenberg system of u = (X,,(w)), and therefore by
[13], w is orthogonal to all deterministic sequences. If X is not ergodic then, by Theorem 2.9, we pass
to ergodic components to which we apply the above argument.

20r using only the first property of C: for each h e L®(C),

J-]Eu(mﬂc)hdu - fmhdu - L(J-wohduw)dQ(w) -

| ([ e molerpdiyaaen =0
r
since E,., (m0|C) = 0. Since h was arbitrary, E,(mo|C) = E.(mo|II(1)) = 0.
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