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Deviation and concentration inequalities for dynamical systems
with subexponential decay of correlation.

C. Cuny? J. Dedeckerfand F. Merlevede ¥
January 24, 2022

Abstract

We obtain large and moderate deviation estimates, as well as concentration inequalities, for
a class of nonuniformly expanding maps with stretched exponential decay of correlations. In the
large deviation regime, we also exhibit examples showing that the obtained upper bounds are
essentially optimal.

MSC2020 subject classifications: 37A25; 37TA50; 60F10.
Keywords: Large deviations, Moderate deviations, Nonuniformly expanding maps, Young towers.

1 Introduction

Let X be a bounded metric space and T: X — X be a transformation, preserving a Borel probability
measure v. Suppose that ¢: X — R is a L!(v) observable with [ ¢dv =0. We consider the Birkhoff

sums
n—1

Su(p) = poT" (1.1)
k=0

as a discrete time random process, defined on the probability space (X,r). The Birkhoff ergodic
theorem asserts that if 7" is ergodic then lim,_, n_lSn(gp) = 0 v-a.s. Deviation inequalities aim to
quantify the rate at which the Birkhoff sum goes to zero. One of the purposes of this paper is then
to derive estimates of the quantity

,,( %\Sn(go)\ 2x),x>0, (1.2)

when a,, — 0, in either the large deviation regime (so when a,, = 1/n) or in the moderate deviation
regime (so when na,, — oo with a,, — 0).

In this paper, we shall consider nonuniformly expanding maps in the sense recalled in Section 2.
It is well-known that the study of the deviation probability (1.2) is widely linked with the decay of
correlations of some observables of the iterates of T (see for instance [17, 3]), which is actually linked
with the moments of the return time to the basis of the induced map (see again Section 2 for the
definition of the induced map and its associated return times). When the return time to the basis
has an exponential moment (this is the case for instance of the dispersing billards, see [6]) and ¢ is
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an Holder observable, it has been proved in [22] (see their Theorems B and C) that the following
large/moderate deviation principles hold: there exists a strictly convex function I(x) vanishing only

at © = 0 such that
. Qn
nhﬁrréo an, logu( ;Sn(go) > x) =—I(x).

In the large deviation regime (i.e. a,, = 1/n) we refer also to Theorem 2.1 in [18].

Next, when the return time to the basis has a moment of polynomial order and ¢ is either an
Hoélder observable or a bounded variation function, the deviation probability is still well understood
both in the large deviation regime and in the moderate one. Indeed, it follows from [9] that if the
return time R to the basis has a weak moment of order p > 1 (so when m(R > n) < Cn~P where m
is the reference probability measure defined in Section 2), one has for any = > 0,

limsupn”‘pflll<|5n(<p)| > xn") <Cz7P,

n— oo

for any a > 1/2 such that 1/p < o < 1. Moreover it has been proved in [9] that this upper bound
cannot be essentially improved.

However, when the return time R to the basis has subexponential (also called stretched exponential)
moment of order v €]0, 1[ (so when m(R > n) < Ce™®"" for some § > 0), the situation is not so well
understood. The recent paper [2] considers this case, but when the dynamical system can be modeled
by a Young tower, the obtained bounds turn out to be suboptimal (see our Remark 3.2). In Section
3, we improve the estimates of the quantity (1.2) both in the large deviation regime and in the
moderate one, when the return time to the basis has stretched moment of order v €]0, 1] and when
the observable ¢ is either Holder continuous or with bounded variations. For instance, in case when
T is the Viana map as introduced in [23], using that its associated return time to the basis exhibits
stretched exponential moment of order at least 1/2 (so that v = 1/2) as proved in [13], it follows from
our Corollary 3.1 that, for any Holder observable ¢ there exist positive constants ¢; and ¢ such that
for any = > 0,

1 Shn [Gn
lim sup — logu< () > x) < —c;z'/? and lim sup a., logl/( a—Sn(cp) > x) < —cox?,
n n—00 n

n—00 n

where a,, — 0 and a,n'/? — .

Our strategy of proof will be first to estimate the 7-mixing coefficients associated with the ob-
servable of the nonuniformly expanding map (see our Section 2 for the definition of these coefficients)
and then to apply previous known results for 7-mixing sequences. Moreover, considering the family
of interval maps T.,, v €]0,1], introduced in [8, Appendix A| and which are such that the return
time to the basis has stretched exponential moment (see also our Section 5) we will show that the
large deviation upper bounds given in this paper are essentially optimal. Concerning the moderate
deviation regime, we will also give in the Corollary 3.2 a moderate deviation principle, which implies
(??) with a restriction (depending on 7) on the possible range of the sequence a,.

We shall also be interested in proving concentration inequalities in the spirit of those obtained
in [5, 14] but when the return time to the basis has stretched exponential moment of order v €]0, 1]
(the case of exponential moment and strong polynomial moments is handled in [5]; the case of weak
polynomial moments is considered in [14]). Section 4 is devoted to the statement of these concentration
inequalities in case of stretched exponential moment of the return time. All the proofs are postponed
to Section 6.



2 Mixing properties of nonuniformly expanding maps

Let (X, d) be a complete bounded separable metric space with the Borel o-algebra. Let us introduce
the class of dynamical systems that we consider in this paper. Suppose that T': X — X is a measurable
transformation which admits an inducing scheme consisting of:

e a closed subset Y of X with a reference probability measure m on Y

e a finite or countable partition I' = Uyepl'y of Y (up to a zero measure set) with m(a) > 0 for
all a € T

e an integrable return time function R: Y — {1,2,...} which is constant on each a € T with value
R(a) and T (y) € Y for all y € a, a € . We require in addition that gcd{R(y),y € Y} = 1.

Let F: Y =Y, F(y) = T*® (y) be the induced map. We assume that there are constants A > 1
and K > 0 such that for each a € " and all z,y € a:

e [ restricts to a (measure-theoretic) bijection from a to Y

d(F(z), F(y)) = Md(z,y);
d(T*(z), T*(y)) < Kd(F(x), F(y)) for all 0 < k < R(a);

dm
moF

|log |Ca(z)| — log |Ca(y)|| < Kd(F (), F(y)).

e the inverse Jacobian ¢, = of the restriction F': a — Y satisfies

In addition to the standard assumptions above, we rely on non-pathological coding of orbits under
F allowed by the elements of I'. Let A be the set of all finite words in the alphabet I" and Y,, =
Ne_oF~*(ay) for w =ag---a, € A. We require that

m(Yy) = m(Yy) for every w € A. (2.1)

We say that the map T as above is nonuniformly expanding. Recalling that F': Y — Y denotes
the induced map;, it is standard [1, Cor. p. 199], [24, Proof of Thm. 1] that there is a unique absolutely
continuous F-invariant probability measure vy on Y with % < dvy /dm < ¢ for some ¢ > 0. Let v be
the corresponding T-invariant probability measure on X.

We shall say that the return times of T' have a subexponential (or stretched exponential) moment
of order v €]0,1], if [e°® dm < oo for some ¢ > 0.

The aim of this section is to provide estimates of the 7-mixing coefficients associated with (¢(77%))i>0
for a mesurable function ¢ : (X,v) — R. More precisely, these coefficients are defined by

1 i . i i
Te(n) =sup—  sup  7(o(p(17),j = ie +n),(T"),....o(T*)) (2.2)
>1 4 1<ii<<iy

where, for any Z taking values in R* and any o-algebra M,

(M, Z) =

sun{| [ f@Bnuldy) - [ Py

,f€A1(Rk)}

1

Above A;(R¥) is the space of 1-Lipschitz functions from R¥ to R with respect to the ¢! distance on R¥.
Note that compared to the 7-mixing coefficients as defined in [10, Section 7], there is a time inversion
in the definition of the coefficients defined in (2.2).



For an Holder function ¢ from X to R, with Holder’s index 7, let

|50‘77 = sup |§0(£L') 780(y)|

ex d(z,y)n and  [[¢ll, = [l¢lleo + lly
z,y ,

In case where X = [0, 1], and ¢ is a bounded variation (BV) function, let also

Ielle = llelloo + lldell
where ||dp|| is the variation norm of the measure de.

Proposition 2.1. Assume that T is nonuniformly expanding with return time to the basis having a
subexponential moment of order v €]0,1]. Then, on (X,v), one has:

1. Let ¢ be an Holder observable with Holder’s index n, then there exist two positive constants c1, co
such that
ro(n) < erllpllye (2.3)

2. Let X =1[0,1] and ¢ be a BV observable from [0,1] to [0,1]. Assume in addition that there exist
1 €10,1] and C > 0 such that, for any x,y € [0,1] with = < y,

v(lz,y]) < Cly — ). (2.4)
Then there exist two positive constants c1,co such that

T(n) < ciflplle™"" . (2.5)

Remark 2.1. Following the lines of the proof of Proposition 2.1 and taking into account Lemma 5.7,
Proposition 3.2 and inequality (3.6) in [7], we infer that if T is nonuniformly expanding with return
time to the basis having a moment of order 8 > 1 (meaning that [ RPdm < ), then, for ¢ an Hélder
observable, one has Y-, kP ~27,(k) < oo.

Remark 2.2. Assumption (2.4) in Item 2 of the proposition above is satisfied for the class of trans-
formations described in [15], with the additional restriction that lim, o x°p(x) = oo, for some e > 0.
In particular it will be true for the example of Section 5.

3 Deviations inequalities and Moderate Deviation Principle
for Birkhoff sums

Starting from Proposition 2.1 and using the deviations inequality stated in [20, 19], the following
corollary holds.

Corollary 3.1. Assume that T is nonuniformly expanding with return time to the basis having a
subexponential moment of order v €]0,1]. Let ¢ be an Hélder observable. Let Sy () = 2?2—01 o(T?) —
nv(p) and V = Var, (@) + 2> .5, [cov, (¢, p o T?)|. Then, on (X,v),

1. if v €]0,1[ then for any n > 4, there exist positive constants Cy, Cy, C3 and Cy depending on
(v, C) such that, for any positive x,

(15,001 2) < newn(-Z0) vesn (o) oo G e (G )



2. if y =1, then there exist positive constants C1, and Cy such that, for any positive x,

TR P T S -

~ Cy(1+nV + z(logn)?)

In addition, if X =[0,1], ¢ is a BV observable and v satisfies (2.4), then the upper bounds given in
Items 1 and 2 are satisfied.

Remark 3.1. Item 2 of Corollary 3.1 without the supremum is a consequence of Inequality (2.3)
of [19, Theorem 2]. The fact that it also holds for the mazimum sup;, |S;(¢)| follows from [16,
Ezample 2].

If v €]0,1[, we deduce from Corollary 3.1 that the following large deviation estimate holds: for
any x > 0,
1 Sn —x7
liﬂsogpnjlogy(% > x) < Txl (3.1)
It follows from Section 5 that the exponent of n in (3.1) is optimal under our assumption on the return
times.

Remark 3.2. Note that an application of Theorem 2 in [2] gives the following large deviation estimate:
for any x > 0,
— 2/ (1)
o V(M >a) <
n Cl

limsup =705y

giving then a suboptimal power of n.

We also deduce that the following moderate deviation estimate holds: if a,, — 0 and a,n?/ =7 -
o0, then for any positive x,

2

a —x
li nl W —Sn(p) > ) < ) 3.2
17rln_>solipa ogy( - (@)_x)_czv (3.2)

In what follows, we shall give a more precise result than (3.2), and show that (S, (¢)/\/n) satisfies
a Moderate Deviation Principle (MDP). Let us recall the definition. Let (Z,), be a sequence of
random variables defined on (X,v). We say that the MDP holds for (Z,,), with speed a, — 0 and
good rate function I(-), if the level sets {z, I(z) < A} are compact for all A < oo, and for each Borel
set A,

—tier}qf I(t) < liminf a, logv(y/anZ, € A) < limsup a, logv(y/a,Z, € A) < —inf I(t), (3.3)
¢ n n teA

where A denotes the closure of A and A° the interior of A.

Proposition 2.1 together with Corollary 1 in [20] give the following result.

Corollary 3.2. Assume that T is monuniformly expanding with return time to the basis having a
subexponential moment of order v €10, 1[. Let ¢ be an Holder observable. Let Sy, (¢) = E?:_Ol p(T™) —
nv(f) and o2 = VarS, (). Assume that 02 — oo. Then lim, o 02 /n = 0® > 0. Moreover, for all
positive sequences a, with a, — 0 and a,n’/ =7 — oo, {n=1/28,(p)} satisfies (3.3) with the good
rate function I(t) = t*/(202). In addition, this Moderate Deviation Principle still holds if X = [0,1],
¢ is a BV observable and v satisfies (2.4).

Remark 3.3. If v = 1 and (an)n>1 satisfies a, — 0 and na, — 00, as n — oo, the moderate
deviations principle holds for Holder observables, as shown in [22, Theorem 4.6]. However, as far as
we know, this result has not yet been proved when X =[0,1] and ¢ is a BV observable. But, applying
Corollary 5 in [19] together with Proposition 2.1, one gets (assuming also (2.4)) that, for all positive
sequences a, with a, — 0 and na,/((logn)?(loglogn)?) — oo, {n=Y28,(¢)} satisfies (3.3) with the
good rate function I(t) = t2/(20?).



4 Concentration inequalities

In this section, we follow the approach of Chazottes-Gouézel [5] to derive concentration inequalities in
case of nonuniformly expanding transformations with return time to the basis having a subexponential
moment.

Recall that a function K : X™ — R is said to be a separately Holder function on X" of order
n € [0, 1] if for all ¢ there exists a constant L; with

|K<.’171, ey L1, Lgy L1y - - - 7-'1771) — K((I}l, ey i1, Q’J;, Lid1ye-- ,Jin)‘ S len(l‘“l‘;) s
for all points z1,...,zp, =} in X.
The following deviation bound holds.

Theorem 4.1. Assume that T is nonuniformly expanding with return time to the basis having a
subexponential moment of order v €]0,1[. Let K be a separately Holder function on X™. Then, there
exists a positive constant k such that for any positive integer n and any t > 0,

u(:c K (2, T(x),...,T" }(z)) - E(K) > t) < 2exp (—R(an LQt—l— N +t2—7)> (4.1)
i=0 i

where E(K) = [ K(z,T(x),...,T" Y(z))dv(z).
Remark 4.1. To prove (4.1), the assumption (2.1) on (T, m) is not needed.

Remark 4.2. When v = 1, Chazottes and Gouézel [5] have proved the following concentration in-
equality: there exists a positive constant k such that for any positive integer n and any t > 0,

n—1 t2
V(x  K(2,T(x),...,T" Y (z)) — E(K) > t) < exp <—W> . (4.2)

5 An example of nonuniformly expanding system with stretched
exponential return times

Let us consider the following examples of interval maps, as defined in [8, Annex A], whose return
times to the basis satisfy m(R > n) ~ e™*"" where v €]0, 1] is a parameter and & = #(7y) > 0.
Let T: [0,1] — [0,1],

_ 'r(1+\ogcr\f3)’ $§1/2
Tle) = {23; - 1,1 z>1/2 (5:1)

with 8 = 47! — 1 and ¢ = (log2)® so that T'(1/2) = 1. Note that this map belongs to the class of
transformations considered in Holland [15].

Let Y =|1/2,1] be a base, R: Y — N, R(z) = inf{k > 1: T*(x) € Y} be the first return time and
F:Y =Y, F(z) = TE®)(z) be the induced map. Let T' denote the partition of Y into the intervals
where R is constant. Let m denote the Lebesgue measure.

Items a)-d) of the next result have been established in [8, Theorem A.A.]. To prove its last part
concerning the invariant density, it suffices to follow the lines of the proof of [15, Lemma 3].

Theorem 5.1. T is a nonuniformly expanding map with basis Y , return time T and reference measure
m. That is, there exists C' > 0 such that for every a € I and all z,y € a,



a) F:a—Y is a nonsingular bijection;

b) F is expanding: |F(y) — F(z)| > 2|y — z|;

¢) F has bounded distortion: |log F'(y) — log F'(z)| < C|F(y) — F(x)|.
Further, there exist n1,m2 > 0 such that for alln > 1,

d) e~mn’ < m(R>n) < e—mn”

In addition, there exists a unique T-invariant measure v absolutely continuous with respect to the
Lebesgue measure, whose density o is such that: ¢ is lower bounded by a strictly positive constant on
[0,1], @ is upper bounded on any interval [e,1] with € > 0, and there exist positive reals 6, ¢; and ¢y
such that, c¢; < |log(x)| Pp(x) < ez on 0, 4].

Theorem 5.2. Let T be defined by (5.1). For any measurable function f : [0,1] — R, let S,(f) =
Sho F(TF) = ().

a) There exist a Lipschitz function f and positive constants ci,ca,k1 and ko such that, for n >

2/v(f),

cre™ " < (|8, (f)] > nwv(f)/2) < g2

b) There exist an unbounded measurable function f satisfying AjeBit'’ < v(|[f| >1t) < AgeBat"?
for some A1, Ay, By, By > 0 and § > 0, and positive constants cy,co, k1 and ko such that

—kon Y/ (1+79)

clef’“”wmﬂé) < 1/(|Sn(f)| > n) < coe (5.2)

Remark 5.1. As it will be clear from the proof, for the function of Item b), one can take f(x) =
|log(x)|?. For this function, following the proof of Item b) and applying Theorem 1 in [20], we derive
that the following deviation Inequality holds: for any n > 4, there exist positive constants C1, Ca, Cs
and Cy depending on (v, C) such that, for any positive x,

P(sup|5j(f)| > x) < nexp(—%:) + eXp(_Cz(IxjnV)) + exp(—cilexp(cm»,

Jj<n

where yo = (1 +~8)~! and V = Var,(f) + 2> .~ [cov,(f, f o T%)|. From [20], one can also get a
moderate deviations principle for S, (f). B

Some observables as x +— |log(z)|® are considered by Nicol and Térék [21]. In particular, they
obtained the lower bound of Item b) for the doubling map which corresponds to v =1 in (5.1).

6 Proofs

6.1 Proof of Proposition 2.1
From Corollary 2.5 in [7], recall that

(@(T™))n>0 = (¥(gn, gn+1,---))n>0 in distribution,

where (g;);>0 is a strictly stationary Markov chain. This chain is generated by a random variable go and
a sequence of iid innovations (g;);>1 independent of go. Let Fj, = 0(g;,¢ < k) and G,,, = 0(g;,i > m).
The chain is also 8 mixing in the sense that

sup B(Fi, Gran) = O(e™P""). (6.1)

k>0



(See [4, Chapter 3] for a definition of the S-mixing coefficients, Relation (3.6) in [7] and Lemma 2.1
in [8] for the upper bound (6.1)). Let X,, = ¥(gn,gn+1,-..). We want to prove that

1
7(n) = sup 7 sup  T(Gipin, Xigy ooy X4y) = O(e‘cnw) , (6.2)
£>21 4 1<in <+ <ig

which will imply (2.3). To do so, we need an independent copy (&});>1 of (&;)i>1, this copy being also
independent of gg. Let now

X’L{k = ¢(gik’gik+1a s ’gik+[n/2]7gz{k+[n/2]+1’ ggk+[n/2]+27 .- ) ’

where the ' means that we have used the innovations (¢});>1 to continue the trajectory of the chain.
From [8, Proposition 2.3], we know that

17, — Xilh < Klplye™"

for some constant § depending on 1. Hence, from the definition of 7(n), we infer that

2t 1
7(n) < Klplpe™™ +sup s sup  7(Gipn, X, X (6.3)
>1 1<ii <<y
Now, since [|¢]|oc = [[¢0l]o0
1
SUPZ sup T(gie-i-n’Xz(lv"'sz{g) < HSOHOOSUPB(‘FI/wgk+[n/2]) (6'4)
>1 € 1<ig <o <iy k>0

where Fj = F V o(gj,i > 1), and we have used that 8(Fy, Grym/2) = B(Grtin/2), Fr,)- Since (€])i>1
is independent of (g;);>0, standard arguments (see [4, Theorem 6.2]) show that

B(Frs Grtins2)) < B(Frs Gt iny2) - (6.5)
The estimate (6.2) follows from (6.1), (6.3), (6.4) and (6.5).

We turn now to Item 2; namely, the case of a BV function ¢ on [0,1], when T : [0,1] — [0,1] is
a nonuniformly expanding map with return time to the basis satisfying m(R > n) = O(e™°"") for
v €]0,1] and some ¢ > 0. We want to control 7,(n), and we recall that

ﬂ@—wm+43ww

Let now

1
fe(t7$) = ltgz + %(-T +e€e— t)1m<t§z+e and (Pe(m) = 90(0> + /O fg(t, ac)dap(t) .

Since v satisfies (2.4), note that
I = @elly < Cylldelle”.
On the other hand, using that w +— fo(¢,u) is é—Lipschitz7 we have

|%m»—%@>s4ﬂwm—ﬁﬁwmwmws”@mm—m.

€

From the definition of 7,,(n) and Item 1, we infer that

Kllpl(1+6) e
() < Cylplle? + SIS S mon

The upper bound (2.5) easily follows, with co = (Cn)/(n+ 1).



6.2 Proof of Theorem 4.1

First, we recall that we can associate to the transformation 7" a Young tower 7 and a transformation
T. More precisely, T is the space

T ={(y,i):y €Y,i < R(y)}

and the map T on 7T is defined by

(s if i < R(y) - 1
T(y,1) = {(TR(w(y),o) if i = R(y) — 1.

For any a € E, define the height h, by hy, = R(y) for y € I'y. One can then define the floors of the
tower A, ; for o € Eand i € {0,...,hq —1}: Ay ={(y,7) : y € T4 }. These floors define a partition

of T

a€F,i€{0,...,hq—1}

On the tower, there exists a reference measure m defined as follows: if B is a set included in Ag i,
that can be written as B = B x {i} with B C T, then m(B) = m(B). From Young [24] (see also
[12], Proposition 1.3.18)), it follows that on the tower, there exists a unique T-invariant probability
measure 7 which is absolutely continuous with respect to m. On another hand, the distance on the
tower is defined by §(z,y) = A~*@¥) where s(z,y) is the separation time, i.e. the number of returns
to the basis Y = {(y,0),y € Y} before the iterates of the points x and y are not in the same element
of the partition. Let now 7 be the “projection” from 7 to X defined by 7 (y,i) = T%(y). Then, one
has moT =T o7 and for any x,y in T, there exists C' > 0, such that

d(m(x),7(y)) < Co(x,y) .

Moreover it can be checked that the T-invariant measure v defined in Section 2, is the image
measure of 7 by 7. Let R be the function from Y to R(Y) such that R(y,0) = R(y). The quantity
v({(y,0) € Y : R((y,0)) > k}) is exactly of the same order as m({y € Y : R(y) > k}) (see [12],
Proposition 1.1.24). From all these considerations, we infer that if T' is nonuniformly expanding then
T is also nonuniformly expanding with respect to the distance 6”7 whatever n €]0,1]. On another
hand, recalling that v is the image measure of ¥ by 7, and that m o T = T o 7, we get, for any ¢ > 0,

V(a: K(z,T(),...,T" Y(z)) — E(K) > t)
=v(z: K(n(2),Ton(z),....,T" tom(z)) —E(K) >t
( )
- 17(2 K(n(2),moT(2),...,mo T 1(z)) — E(K) > t) .

Next, defining K on TV by
K(z1,...,2n) = K(w(21),...,7(2n)),

one sees that it satisfies

K(z1,...,20) — K(2},...,2))

i=1

So K is separetely Lipschitz with respect to 7. Hence, it suffices to proof Theorem 4.1 with K instead
of K, T instead of T and ¥ instead of v. Since the tower is also nonuniformly expanding with respect
to 6", we shall only consider the case n =1 as in [5].



From now on, we shall use the same notations as in [5, 14]. Hence, we shall now use T, K, v instead
of T,K,v

It is convenient to consider K as a function defined on the space T = TV endowed with the
probability measure 7 = v ® dp; ® d2, @ ---. Let Fi be the o-algebra generated by indices starting
with k. Let

K(w,. ) = E(K|F) (. ) = > g® (@)K
Tkx=x
where g(®) (z) = g(z) - -- g(T* ' (x)) is the inverse of the jacobian of T*. Next define D, = K — Ky 1.
Clearly Dy, is Fj-measurable and such that E(Dy|Fj41) = 0. Hence (Dy)r>1 is a sequence of reversed
martingale differences w.r.t. the decreasing filtration (F)g>1.

As quoted after the statement of [5, Theorem 3.1], we can assume without loss of generality that
sup,;~o L; < eo for some ¢y > 0 (the appropriate g9 will be chosen later and will appear in the
constant & of inequality (4.1)). Noticing that K —E(K) = >";_, Dy, inequality (4.1) will follow from
the reversed martingale differences sequences version of Theorem 2.1 in Fan et al [11] (see also their
inequality (1.5)). Note that [11, Theorem 2.1] is stated for sums of martingale differences but with the
same proof it also holds for partial sums associated with reversed martingale differences sequences.
Let us state it for reader convenience. Assume that (D,),>1 is a sequence of reversed martingale
differences with respect to the filtration (F,),>1 (so D, is F,-adapted and such that E(D,|Fp4+1) =0

a.s.), then setting
Uy = max (HZE(Dge(D;)W\]:p.;.QH ,1) ,
p=1 >

one has, for any z > 0,
2

x
> < ———— ¢ .
P( 122, Z D x) 2 exp { 2(up, + 2277) }

Hence we need to prove that
DIECR RN ) (6:6)
p=1 e i=

As noticed at the beginning of the proof of [5, Lemma 3.3], if 41 ¢ Ag = UaepQa,o (hence when

Tp+1 is not in the basis of the tower), E[Dge(D;mpr](po,...) = 0. Now when z,41 € Ay,
denoting by z, its preimages with respective heights h,, we have

+ +
E[DQ ®p ) |]:p+1] $p+1a--~ Zg eldr (z))? AQ( )

where
Ap(z) = Dp(2,2pt1,--.) = Kp(2,Zpt1,--.) — Kpr1(Tps1,...).

According to Lemma 4.2 in [14] and taking into account that m(R > n) = O(e~*""), for some § > 0,
it follows that if z is at height h and xy1 = Tz € Ap, then there exist positive constants C' and &
such that

p—h D
[Ap(2)] S CY Lo *P=h=" 4 N L, (6.7)
a=0 a=p—h+1
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Since, it is assumed that sup;so Li; < €o, (6.7) implies that |A,(z)| < co(h + 1)gg. Using again the
upper bound (6.7), it follows that

p—h P
B[0P Fya] o YD wR = bt el (YD L2 g n) Y E2).
h>0 a=0 a=p—h+1

Hence, for gy such that (coeg)” = A/2, using that m(R > n) = O(e~®""), there exists a positive
constant ¢; such that

p—h P
IE[D2e P | Fya] ||, < 3o e (3o p2e e o n 1) > 12)
h>0 a=0 a=p—h+1
P
S T e 5 e,
a=0 0<h<p—a h>p—a

By splitting } <<, IO twWo sums: 370y c(p—ay/2) A4 Xo((p—a)/2)<h<par We derive that there
exists a positive constant ¢ such that T -

p
B3P Fp] . < D Lm0

a=0
Hence . )
O CCTCAN N 3723 S
=t a=0  p>a
which leads to (6.6) and ends the proof of the theorem. O

6.3 Proof of Theorem 5.2

We start with some preliminary considerations. Let S := T~ .= be the inverse left branch of T and

. 10,1/2]
U:= T]1/2,1]'

For every n € Ny, set y, = S™(1/2), I, := (0,y,] and J,, :=U(I,,) = (1/2,yn/2 + 1/2].
It follows from [8, Annex A] that there exist v1, v2 > 0 such that
e <y, < e
Then, using the control of the density ¢, we infer that there exist K, L > 0 and vz, vq4 > 0 such that

Le—1)37ﬂ < Z/(In) < I(e—v4nW

Proof of Item a). The upper bound given in Item a) comes from an application of inequality (4.1)
when v > 1 and of inequality (4.2) when v = 1. To construct a Lipschitz function for which the lower
bound holds the idea is to take the function 1(;/5 1) and to extend it to a Lipschitz function.

For every z € (1/2,1], set f(xz) =1 and for every z € I set f(z) = 0. For every x € (y1,1/2] set
f(.’l?) = 17;3;1

Let n € Nand = € J,, C (1/2,1]. Then, f(z) = 1 and for every k € [1,n — 1], f o T*(z) = 0. So
Sn(f)(x) =1 —=nv(f) and for n > 2/v(f), [Sn(f)(x)| > nv(f)/2. So, there exists a positive constant
¢ > 0 such that

V(8] 2 mA1)/2) > V() > ey > o™,
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proving the lower bound.
Proof of Item b). Let § > 0 and f := (|logz|)°. Note that

_¢1/8
et

v(If] > t) = v(]0,e ")) < c/ (14 |logz|?)dz < Ae™P
0

1176

The lower bound may be proved similarly.

Let us prove the lower bound in (5.2). We start by noticing that

v(f) < (og2)’w((1/2,1) + > (i(n+ 1)) v(I\hp1) SC+ K> (vi(n+1)7)% " < oo,

n€Ny neN

Let 1 < m < n be integers. Let x € I,,, (then T*z € I,,,_}, for every integer k € [0,m — 1]). We have

n—1 n—1
Sulf) = 3 (foT @) = () = (X fo TH(@)) = nv()
k=0 k=0
— UgmHW‘;
kz:%vgm k) —m/(f)zm—m/(f).

Let ¢ > 0 and take

_— [(1+76(V(f)+g)n>1/(1+75)} ,

U2

which is smaller than n, for n large enough since vé > 0. It follows that, for every = € I,,, Sp(f)(x) >
en. Moreover,
ep /(1Y)

v(ly) > Le~ "™ > (e ,
which proves the lower bound.

The upper bound in (5.2) will follow by applying Theorem 1 in [20] with 73 = 7 and 72 = 1/
provided one can prove that 7;(n) = O(e~™") where we recall that f := |logz|®. With this aim,
let € € [0,1[ and define f.(z) = (log(1/€))°Lj (%) + f(2)1).1)(x). Assume first that § > 1. In this
case, note that f. is a Lipshitz function with Lipshitz constant ¢~'6|loge|®~!. Hence, by Item 1 of
Proposition 2.1, 74.(n) < Ke~!|log g°~1e=¢"". On another hand, for € small enough,

v(lf = fel) < C/()E((log(l/df))‘; — (log(1/¢))’)da < Ce.

Ccn"/3

Hence, for n large enough, choosing e = e~ , and using the definition of 77, we get that, if § > 1,

74(n) < Ce + Ke Y loge[’te ™" = O(e™"™").

Assume now that 6 €]0,1[. In this case, since the fonction z + |z|? is J-Hélder, we derive that f. is
a 6-Holder function with Holder constant equals to e, meaning that |f-(z) — f-(y)| < e 0|z — y|°.
Using again Item 1 of Proposition 2.1 and arguing as above, the desired upper bound for 7¢(n) follows.
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