STABLE LAWS FOR RANDOM DYNAMICAL SYSTEMS

ROMAIN AIMINO, MATTHEW NICOL, AND ANDREW TOROK

ABSTRACT. In this paper we consider random dynamical systems formed by concatenating maps acting on
the unit interval [0, 1] in an iid fashion. Considered as a stationary Markov process, the random dynamical
system possesses a unique stationary measure v. We consider a class of non square-integrable observables
¢, mostly of form ¢(x) = d(:r,mo)*i where z( is non-periodic point satisfying some other genericity con-
ditions, and more generally regularly varying observables with index a € (0,2). The two types of maps we
concatenate are a class of piecewise C? expanding maps, and a class of intermittent maps possessing an
indifferent fixed point at the origin. Under conditions on the dynamics and a we establish Poisson limit
laws, convergence of scaled Birkhoff sums to a stable limit law and functional stable limit laws, in both the
annealed and quenched case. The scaling constants for the limit laws for almost every quenched realization
are the same as those of the annealed case and determined by v. This is in contrast to the scalings in
quenched central limit theorems where the centering constants depend in a critical way upon the realization
and are not the same for almost every realization.

CONTENTS

1I.__Introductionl

[2.__Main Results|

2.1.  Random unitormly expanding maps|

[2.2. Random intermittent maps|

B Probabilisi 5

[3.1.  Regularly varying functions and domains of attraction|
[3-2. Lé&vy a-stable processes]

13.3. Poisson point processes|

4. Modes of Convergence)

[5. A Poisson Point Process Approach to random and sequential dynamical systems|
|5.1. Sequential transformations|

5.2. andom dynamical systems

5.3.  The annealed transfer operator|

b.4. Decay of correlations|

6. Ancilliary Results|

[6.1.  Exponential law and point process results|

|7. SCheme of proots|
[ 1"Two useful Temmas

Date: February 2, 2023.

2010 Mathematics Subject Classification. 37A50, 37H99, 60F05, 60G51,60G55.

Key words and phrases. Stable Limit Laws, Random Dynamical Systems, Poisson Limit Laws.

RA was partially supported by FCT project PTDC/MAT-PUR/4048/2021, with national funds, and by CMUP, which is
financed by national funds through FCT — Fundacdo para a Ciéncia e a Tecnologia, I.P., under the project with reference
UIDB/00144/2020. MN was supported in part by NSEF Grants DMS 1600780 and DMS 2009923. AT was supported in part
by NSF Grant DMS 1816315. RA would like to thank Jorge Freitas for several very insightful discussions about return time
statistics and point processes. Data sharing not applicable to this article as no datasets were generated or analysed during the
current study.

03O O ULOt Ut W N

—
o

—_
—_

—
w

[
w

— =
w w



2 R. AIMINO, M. NICOL, AND A. TOROK

[(.2. Criteria for stable laws and functional limit laws| 17
[8._An exponential law| 18
S.1. xponential law: proof of Theorem |6.1] 21
8.2. xponential law: proot o eorem [6.2)] 23
9. Point process results| 25
9.1. Uniformly expanding maps: proot of Theorem [6.3] 25
19.2. Intermittent maps: proot of Theorem [6.4] 30
M0 Siable] T ol Tonit Tawd 31
10.1.  Uniformly expanding maps: proof of Theorem [2.4 31
10.2.  Intermittent maps: proot o eorem (2.6 37
11. The annealed casel 38

Append 39
[References] 39

1. INTRODUCTION

In this paper we consider non square-integrable observables ¢ : [0,1] — R on two simple classes of random
dynamical system. One consists of randomly choosing in an iid manner from a finite set of maps which are
strictly polynomially mixing with an indifferent fixed point at the origin, the other consisting of randomly
choosing from a finite set of maps which are uniformly expanding and exponentially mixing. The main type
of observable we consider is of the form ¢(z) = |z —zo|~ =, a € (0,2) which in the IID case lies in the domain
of attraction of a stable law of index «. For certain results the point zy has to satisfy some nongenericity
conditions and in particular not be a periodic point for almost every realization of the random system (see
Definition . Some of our results, particularly those involving convergence to exponential and Poisson
laws hold for general observables that are regularly varying with index «.

The settings for investigations on stable limit laws for observables on dynamical systems tend to be of
two broad types: “good observables” (typically Holder) on slowly mixing non-uniformly hyperbolic systems
and “bad” observables (unbounded with fat tails) on fast mixing dynamical systems. For results on the first
type we refer to the influential papers [Gou07] and [MZ15]. In the setting of “good observables”
(typically Holder) on slowly mixing non-uniformly hyperbolic systems the technique of inducing on a subset
of phase space and constructing a Young Tower has been used with some success. “Good” observables lift
to well-behaved observables lying in a suitable Banach space on the Young Tower. This is not the case with
unbounded observables with fat tails, though in the induction technique allows an observable to
be unbounded at the fixed point in a family of intermittent maps. For recent results on limit laws, though
not stable laws, in the setting of skew-products with an ergodic base map and uniformly hyperbolic fiber
maps see also [DFGTV20al, DEGTV20b]. For a still very useful survey of techniques and ideas in random
dynamical systems we refer to [Kif98].

Our main results are given in the next section. Other results are given in detail in Section [6]

2. MAIN RESULTS

For the sake of concreteness, we restrict ourselves to observables of the form
_1
(2.1) Puo () = | — 20|, z €[0,1].

where z is a non-recurrent point and « € (0, 2) but it is possible to consider more general regularly varying
observables ¢ which are piecewise monotonic with finitely many branches, see for instance [TK10Dbl Section
4.2] in the deterministic case. Note that ¢, is regularity varying with index «.
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We will be considering the following set-up, with (£2,0) the full two-sided shift on finitely many symbols.
In most of our settings we take ¥ = [0, 1].

Let 0 : Q — Q be an invertible ergodic measure-preserving transformation on a probability space (2, F, P).
For a measurable space (Y, B), let o : Q — Q be the usual full shift and define

F:QOxY —->OxY

by

F(w,z) = (ow, T, (x))
We assume F' preserves a probability measure v on 2 x Y. We assume that v admits a disintegration given
by v(dw, dz) = P(dw)v* (dz). For all n > 1, we have

F*"(w,z) = (0"w, Thx),
where

T =Tyn-1,0...0T,,

which satisfies the equivariance relations (%), = v7 ¢ for P-a.e. w € Q.
For each w € (), we denote by P, the transfer operator of T, with respect to the Lebesgue measure m:
for all ¢ € L>°(m) and ¢ € L(m),
/ (¢0Tw)'wdm: ¢ Pyypdm.
[0,1] [0,1]
We can then form, for w € Q and n > 1, the cocycle

Pl =P,n1,0...0P,.

w

Definition 2.1 (scaling constants). We consider a sequence (b, )n>1 of positive real numbers such that

(2.2) Jim (¢, > bn) = 1.
Definition 2.2 (centering constants). We define the centering sequence (cp)n>1 by
0 ifa e (0,1)
Cn = nE,,((Z)gjol{%OSbn}) ifa=1
nEy (¢x,) ifae(1,2)

We now introduce two classes of random dynamical system (RDS) for which we are able to establish stable
limit laws.

2.1. Random uniformly expanding maps. We consider random i.i.d. compositions with additional
assumptions of uniform expansion. Let S be a finite collection of m piecewise C? uniformly expanding maps
of the unit interval [0, 1]. More precisely, we assume that for each T' € S, there exist a finite partition Az of
[0,1] into intervals, such that for each I € Ar, T can be continuously extended as a strictly monotonic C?
function on I and

A= inf inf|T"(z)] > 1.

I€Ar zeT
The maps 7T, (determined by the 0-th coordinate of w) are chosen from & in an i.i.d. fashion according to
a Bernoulli probability measure P on Q := {1, ... 7m}Z. We will denote by A, the partition of monotonicity

of T,,, and by A" = V§Z;(T*) "' (A,+,) the partition associated to 7. We introduce
D == UnZO Uweg 8./43

the set of discontinuities of all the maps 7. Note that D is at most a countable set.
In the uniformly expanding case we also assume the conditions (LY),(Dec) and (Min). (LY) is the usual
Lasota-Yorke inequality while (Dec) and (Min) were introduced by Conze and Raugi [CRO7].
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(LY): there exist r > 1, M > 0 and D > 0 and p € (0,1) such that for all w € Q and all f € BV,

[P fllev < M||fllBv,
and
Var(P[f) < pVar(f) + DI fll 22 (m)-
(Dec): there exists C > 0 and 6 € (0,1) such that for all n > 1, all w € Q and all f € BV with
E..(f)=0:
125 fllBv < CO"(|fllBv
(Min): there exists ¢ > 0 such that for all n > 1 and all w € Q,

inf (P"1)(z) > ¢ > 0.
Iéﬂ),u( w1)(z) > c

Definition 2.3. We say that xq is not periodic if xo is not periodic for P-a.e. w € €.

Theorem 2.4. In the setting of exapnding maps assume (LY), (Min) and (Dec). Suppose that xo ¢ D is
not periodic and consider the observable ¢, .
If « € (0,1) then for P-a.e. w € Q, the Functional Stable Limit holds:

[nt|—1

X9(8) = [ 3 bay 0TI —tea] b X(ay(t) in D[0,00)
n jZO

" b,
in the Jy topology under the probability measure v*, where X (4)(t) is the a-stable process with Lévy measure
dll, (dz) = alz|~ @+t on [0,00).

If a € [1,2) then the same result holds for m-a.e. xg.

Example 2.5 (5-transformations). A simple example of a class of maps satisfying (LY), (Dec) and (Min)
is to take m [-maps of the unit interval, Tp,(x) = fix (mod 1). We suppose B; > 1+ a, a > 0, for all j;,
i=1,...,m.

2.2. Random intermittent maps. Now we consider a simple class of intermittent type maps.
Liverani, Saussol and Vaienti [LSV99] introduced the map T as a simple model for intermittent dynamics:

. 1.
(2727 + 1)z if0 <2< 3;

T, :[0,1] — [0,1], T (x) :{ 2 — 1 if 1<z <1

If 0 < < 1 then T, has an absolutely continuous invariant measure p., with density h., bounded away from
zero and satisfying h.(z) ~ Cz~7 for z near zero.

We form a random dynamical system by selecting v; € (0,1), ¢ = 1,...,m and setting T; := T,. The
associated Markov process on [0, 1] has a stationary invariant measure v which is absolutely continuous, with
density h bounded away from zero.

We denote Ymaz *— maxlgigm{%} and Ymin = minlgigm{’yi}.

Theorem 2.6. In the setting of intermittent maps suppose « € (0,1) and Ymaz < % Then, for m-a.e. xg

b%,, Zj;Ol Gug 0T A X(a)(1) under the probability measure v for P-a.e. w (recall that c,, = 0 for o € (0,1)).

Remark 2.7 (Convergence with respect to Lebesgue measure). We state our limiting theorems with respect
to the fiberwise measures v* but by general results of Fagleson [Eagi0|(see also [Zwe(T]) the convergence
holds with respect to any measure p for which p <K v, in particular our convergence results hold with respect
to Lebesgue measure m. Further details are given in the Appendix.

Remark 2.8. In the limit laws for quenched systems that we obtain of type (B) and (C), the centering
sequence ¢, does not depend on the realization w. This is in contrast to the case of the CLT, where a
random centering is necessary; see [AA16l, Theorem 9] and [NPT21l Theorem 5.3].
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Our proofs are based on a Poisson process approach developed for dynamical systems by Marta Tyran-
Kaminska [TKI10al [TK10b].

3. PROBABILISTIC TOOLS
In this section, we review some topics from Probability Theory.

3.1. Regularly varying functions and domains of attraction. We refer to Feller [Fel71] or Bingham,
Goldie and Teugels [BGT8&T] for the relations between domains of attraction of stable laws and regularly
varying functions. For ¢ regularly varying we define the constants b,, and ¢, as in the case of ¢, .

Remark 3.1. When « € (0,1) then ¢ is not integrable and one can choose the centering sequence (cy) to
be identically 0. When a = 1, it might happen that ¢ is not integrable, and it is then necessary to define ¢,
with suitably truncated moments as above. If ¢ is integrable then center by ¢, = nE,(¢).

We will use the following asymptotics for truncated moments, which can be deduced from Karamata’s
v(¢>z)

results concerning the tail behavior of regularly varying functions. Define p by lim, s orsay = P

Proposition 3.2 (Karamata). Let ¢ be reqularly varying with index o € (0,2). Then, setting 8 :=2p — 1
and, for e >0,

0 if o € (0,1)
(3.1) ca(g) == ¢ —Bloge ifa=1
el=Ba/(a—1) ifae (1,2)
the following hold for all € > 0:
(a) By (161" Ljoi<en)) ~ 5 (bn)v([6] > eby),
(b) if a € (0,1),

(07
E, (|011¢1g/<ebn}) ~ a€bn1/(|¢| > eby),

1—
(C) ZfOZ € (172)7

n
lim FEV(¢1{|¢|>is,}) = C&(5)7

n—oo n
(d) if a=1,
. n
Jim EEV(¢1{5bn<|¢|§bn}) = ca(e),
(e) ifa=1,

n ~
FEV(|¢|1{\¢\§sbn}) ~ L(n),

for a slowly varying function E,

3.2. Lévy a-stable processes. A helpful and more detailed discussion can be found, e.g., in [TK10al
TKIOH.

X(t) is a Lévy stable process if X(0) = 0, X has stationary independent increments and X (1) has an
a-stable distribution.

The Lévy-Khintchine representation for the characteristic function of an a-stable random variable X, 3
with index « € (0,2) and parameter § € [—1, 1] has the form:

16 = xp [t + (€15~ 1 ity @) 0)

where

.aa:{glga a7é1

)

a=1
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e I, is a Lévy measure given by

I, = a(pl(g,00) () + (1 = P)1(—00,0)(2))|x| " da
B+1

op:T.

Note that p and § may equally serve as parameters for X, 5. We will drop the 3 from X, g, as is common
in the literature, for simplicity of notation and when it plays no essential role.

3.3. Poisson point processes. Let (7),),>1 be a sequence of measurable transformations on a probability
space (Y, B, p). For n > 1 we denote

(3.2) " :=T,o0...0T.
Given ¢ : Y — R measurable, recall that we define the scaled Birkhoff sum by
n—1
1 .
(3.3) Sy = b—[Zgbon —¢nl,
7=0

n .

for some real constants b,, > 0, ¢,, and the scaled random process X,,(t), n > 1, by
[nt]—1

(3.4) Xa(t) = o > poT —tey], t >0,
n =0

For X, (t) a Lévy a-stable process and B € B((0,00) x (R\ {0})) define
Ny (B) :==#{s>0:(s,AX,(s)) € B}

where AX, () := X, (t) — Xo(t7).
The random variable N(,)(B), which counts the jumps (and their time) of the Lévy process that lie in B,
is finite a.s. if and only if (m x II,)(B) < co. In that case N(,)(B) has a Poisson distribution with mean

(m x I1,)(B).
Nu(B)=#3i21: (L2820 Jeph nz,

Similarly define
N,,(B) counts the jumps of the process (3.4]) that lie in B. When a realization w € € is fixed we define

vy #{iz1s (L2 Y enlnz

Definition 3.3. We say N,, converges in distribution to Ny and write
Ny Na

if and only if N,,(B) iN(a)(B) for all B € B((0,00) x (R\{0})) with (mxIl,)(B) < co and (mxI1,)(0B) =
0.
4. MODES OF CONVERGENCE

Consider the process X, determined by the observable ¢ (that is, an iid version of ¢ which regularly
varying with the same index a and parameter p ). We are interested the following limits:

(A) Poisson point process convergence.
N2 N,

with respect to v for P a.e. w where N(,) is the Poisson point process of an a-stable process with
parameter determined by v, the annealed measure.
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(B) Stable law convergence.

y 1 n—1 ) d
Sn = bi[ZQﬁOTi; - Cn} _>Xa(1)

for P-a.e. w, with respect to v*, for ¢ regularly varying with index o and X, (t) the corresponding
a-stable process, for suitable scaling and centering constants b,, and c,,.
(C) Functional stable law convergence.

[nt]—1
Xp(t) =1 Y ¢oT} —ten] S Xo(t)

in D[0, 00) in the J; topology P-a.e. w, with respect to v* for ¢ regularly varying with index o and
X4 (t) the corresponding a-stable process.

For the cases we are considering, the scaling constants b, are given by (2.2]) in Definition and the
centering constants c,, are given in Definition (see also Remark |3.1]).

5. A Po1ssoN POINT PROCESS APPROACH TO RANDOM AND SEQUENTIAL DYNAMICAL SYSTEMS

Our results are based on the Poisson point process approach developed by Marta Tyran-Kamiriska [TK10al
TKI10Db] adapted to our random setting (see Theorems and . Namely, convergence to a stable law or
a Lévy process follows from the convergence of the corresponding (Poisson) jump processes, and control of
the small jumps.

A key role is played by Kallenberg’s Theorem [Kal76, Theorem 4.7] to check convergence of the Poisson

point processes, N, a4 N(q). Kallenberg’s theorem does not assume stationarity and hence we may use it in
our setting.

In this section, we provide general conditions ensuring weak convergence to Lévy stable processes for non-
stationary dynamical systems, following closely the approach of Tyran-Kaminska [TK10b]. We start from
the very general setting of non-autonomous sequential dynamics and then specialize to the case of quenched
random dynamical systems, which will be useful to treat iid random compositions in the later sections.

5.1. Sequential transformations. Recall the notations introduced in Section (Th)n>1 is a sequence
of measurable transformations on a probability space (Y, B, ). For n > 1, recall we define

"' =T,o0...0Ty.

The proof of the following statement is essentially the same as the proof of [TK10b, Theorem 1.1].

Note that the measure p does not have to be invariant. Moreover (see [TK10bl, Remark 2.1]), the
convergence X, iX(a) holds even without the condition pu(¢ o le # 0) = 1, which is used only for the
converse implication of the “if and only if”.

Theorem 5.1 (Functional stable limit law, [TK10b, Theorem 1.1]). Let o € (0,2) and suppose that p(¢ o
le #0)=1 for all j > 0. Then X, iX(a) in D[0, 00) under the probability measure p for some constants
b, > 0 and ¢, if and only if

L] Nn i) N(a) and

o forall § >0, £>1, with co(e) given by (3.1),

|nt]—1
(5.1) lim limsupp | sup |— Z ¢o Tf1{|¢oT{\S€bn} —tlen —bpca(e))||>0] =0
j=0

e0 pooo o<t<e | bn
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Remark 5.2. In some cases the convergence NniN(a) does not hold, but one has convergence of the

marginals, N, ((0,1] x ) i)N(a)((O, 1] x +). In this case, although unable to obtain a functional stable law
convergence of type (C), we can in some settings prove the convergence to a stable law for the Birkhoff sums
(convergence of type (B)).

In particular, we are unable to prove N A N(ay for the case of random intermittent maps. On the other
hand, in the setting of random uniformly expanding maps we use the spectral gap to show that Ny iN(a),

and then obtain the functional stable limit law.

The next statement is [TK10b, Lemma 2.2, part (2)], which follows from [TK10a, Theorem 3.2]. Again,
the measure does not have to be invariant.

Theorem 5.3 (Stable limit law, [TKI0b, Lemma 2.2]). For o € (0,2), consider an observable ¢ on the
probability measure (i, and cq(g) given by (3.1).
If
d
Nn((07 1} X )%N(a)((oa 1] X )
and, for all § > 0,

n—1
- 1 ;
(5.2) il_I)I(l) 11m_>sup,u W Z ¢o lel{\d)onISebn} —(en—bpcale))|| =] =0
then
1 n—1 ] 4
b—[z ¢ ) le — Cn] —)X(a)(l)
n =0

under the probability measure p.
5.2. Random dynamical systems. Let ¢ : Y — R be a measurable function such that v*(¢ # 0) = 1.

Proposition 5.4 ([TK10bl proof of Theorem 1.2]).
Let a € (0,1). With b, as in Deﬁnition and ¢, = 0, suppose that for P-a.e. w € Q

nl—1

1
(5.3) lim limsup -— > B, . (I811(15<zb,3) = 0 for all €> 1,
7=0

e=0 pooo bn -
and
NY 3 N,.
Then XY 4 X(ay in D[0, 00) under the probability measure v for P-a.e. w € Q.

Proof. We will check that the hypothesis of Theorem are met for P-a.e. w with T), = Tyn-1,, t =
v¥. Recall that ¢, = co(e) = 0 when o € (0,1). Using [KW69, Theorem 1] (see Theorem and the

equivariance of the family of measures {v*} o, we have
y [nt]—1 . 1 né—1
S 5 X @0 T emsan)| 29 | < i 3 Bunna (002 tzet)
which shows that condition implies condition forall § >0 and ¢ > 1. O

Remark 5.5. One could replace condition (5.3) by one similar to (5.5), and use the argument in the proof
of Proposition [5.7
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Theorem 5.6 (Kounias and Weng [KWG69, special case of Theorem 1 therein)).
Assume the random variables Xy are in Ll( ). Then

ZXg >5> 5ZIE (1Xx])-

( max
1<k<n
Proposition 5.7. Let a € [1,2).

With b, and c,, as in Definitions and and co(g) as in (3.1)), suppose that for all e > 0 and all
L>1,

[nt]—1

Z E, oiw(@1fp<etny) —t(cn —bncale))|| =0 for P-a.e. w € Q,
j=0

5.4 lim su
(5.4) ”—><>°o<tEe by

and that for all § > 0

k—

1 .
FZ EX Tgl{‘mmgsbn} - ]Eyom(qbl{wlgebn})ii > 5) = 0.
=0

,_.

(5.5)  lim lim sup esssup v* ( max
e=0 nooo  wen 1<k<n

If N,‘;’iN(a) for P-a.e. w € Q, then X,‘;’gX(a) in D[0,00) under the probability measure v for P-
a.e. w € .

Proof. As in the proof of Proposition we check the hypothesis of Theorem [5.1| with T, = Tyn-1,, p = ¥
for P-a.e. w € Q. We will see that ) follows from (5.4) and

1-
Using the equivariance of {V“’}weQ, we see that condltion s implied by (5.4) and (| . ) below:

k—1
(5.6) lirg, lim sup v S blnj_o [cﬁ ° T£1{|¢0T$\§ebn} - Eyam((lﬁl{lmsm})i >0 ] =0
We next show that condition implies .
Since
su ik 1 $oTi1 j —E ,i.(61 >4
1<kne | bn 2 (60 T2 gorsiccn) — Borro (61 (01ze0)] | 2
Ce[j sup 1 kzl[qSole j —E .i.(¢1 ) >§
) in<kziiriyn b, = w{|poT|<eby } poiw {l¢|<ebn}) || = 7 (°
we obtain that, using again the equivariance, for P-a.e. w € €Q,
= 4
282 90 B iz ~ B rzen)] 29
<§u<’ su ik_l poT’, 1 : —E iine (1 0
= Z 1§k2n b, J=0i oinw{|gpoT,, |<ebyn} poieine (@ {\dﬂﬁebn})i ;
, 1 &2 : b
SO esssupr® | max g Jz_:o i¢ © Lo {1gors, 1<ebn} Ew‘w'(¢1{|¢|§abn})i 25

Thus, condition (5.5)) implies (5.6), which concludes the proof. a
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The analogue for the convergence to a stable law is the following.
Proposition 5.8. Suppose that for P-a.e. w € 2, we have
w d
Nn ((Oa 1] X ) —>N(a)((07 1] X )
If a € (0,1) (so ¢, =0), we require in addition that

n—1
- 1
61 fim msup 53 LB, (1911 izen)) = 0

If a € [1,2), we require instead of (5.7)) that for all € > 0,

n—1
. 1
Jim o= D B i (@1 (g1<eb,y) = (60 = buca(e)) [ [ =0
and
1 n—1
lim T sup v {5~ ) {¢°T31{\¢0Tg|gsbn} - Euoﬂ'w(w{lqﬁ\sfl)n})] =0 | =0.
=
Then

1 n—1 ) J
b— ZQSOTi — Cp —>X(a)(1)
n =0

under the probability measure v* for P-a.e. w € Q.

Proof. We check the conditions of Theorem [5.3
The proof for a € (0, 1) is similar to the proof of Proposition the proof of the case o € [1,2) is similar
to the proof of Proposition |

5.3. The annealed transfer operator. We assume that the random dynamical system F : Q x [0,1] —
Q% [0,1],
F(w,) = (0w, T ()
which can also be viewed as a Markov process on [0, 1], has a stationary measure v with density h. The map
F:Qx[0,1] = Q x [0,1] will preserve P x v. Recall that P := {(p1,...,pm)}%.
We use the notation P, ; for the transfer operator of T; : [0,1] — [0,1] with respect to a measure p on
[0,1], i.e.

[ 90 Tidu= [(Biigdu, tor all 1 € L), g € L2
The annealed transfer operator is defined by

Pu(f) = Zpipu,i(f)

with adjoint

m

U(f):=> pifoT,
i=1
which satisfies the duality relation

[ #taodn= [(Puf)gdu. forall 1 € L), g € L2,
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As above, we assume there are sample measures dv*” = hy,dz on each fiber [0, 1] of the skew product such
that

Pwhw = ha’w

where F, is the transfer operator of T,,, with respect to the Lebesgue measure.

Therefore
v(A) = /[/ hy,dz]dP(w)
QJa
for all Borel sets A C [0, 1].

5.4. Decay of correlations. We now consider the decay of correlations properties of the annealed systems
associated to maps satisfying (LY), (Dec) and (Min) and intermittent maps.

By [ANVT5] Proposition 3.1] in the setting of maps satisfying (LY), (Dec) and (Min) we have exponential
decay in BV against L': there are C' > 0, 0 < A < 1 such that

/fgoU"du—/de//ng

In the setting of intermittent maps, by [BB16, Theorem 1.2], we have polynomial decay in Holder against
L there exists C' > 0 such that

/fgoUndI/*/fdl//ng

We now consider a useful property satisfied by our class of random uniformly expanding maps.

< CXN'||fllBvIglliLrw)

1——1
< Ont= 5 | sl

Definition 5.9 (Condition U). We assume that almost each v* is absolutely continuous with respect to
the Lebesgue measure m, and

d w
(5.8) for some C' > 0, P-ge. w€Q = C ' <h,:= dL < C, m-a.e.
v

(5.9) the map w € Q+— hy, € L°(m) is Holder continuous.

Consequently, the stationary measure v is also absolutely continuous with respect to m, with density h €
L>®(m) gwen by h(z) = [, ho(x)P(dw) and satisfying (B.8).

Lemma 5.10. Properties (LY), (Min) and (Dec) imply Condition U. Namely, there exists a unique Holder
map w € Q — hy, € BV such that P,h, = hyo and (5.8), (5.9) are satisfied by [ANV15].

Proof. By (Dec), and as all the operators P, are Markov with respect to m, we have

(5.10) | Pk, 11— P

o—(n+k) oW

1|y < Ck"|1 = P¥ (iu, 1By < CK",

which proves that (P”_, 1),>0 is a Cauchy sequence in BV converging to a unique limit &, € BV satisfying
P, h, = hg,, for all w. The lower bound in follows from the condition (Min), while the upper bound
is a consequence of the uniform Lasota-Yorke inequality (LY), as actually the family {h.} ¢ is bounded
in BV. To prove the Holder continuity of w +— h,, with respect to the distance dy, we remark that if w and

w’ agree in coordinates |k| < n, then
[ he — bl BV = [P (Rg—riy — Byt BV < CO™ < Cdg(w, ).
g

Remark 5.11. Note that the density h of the stationary measure v also belongs to BV and is uniformly
bounded from above and below, as the average of hy, over €.



12 R. AIMINO, M. NICOL, AND A. TOROK

5.4.1. The sample measures h,. The regularity properties of the sample measures h,,, both as functions
of w and as functions of = on [0,1] play a key role in our estimates. We will first recall how the sample
measures are constructed. Suppose w := (...,wW_1,W,W1,...,Wn,...,) and define h,(w) =P, ,...P,_, 1
as a sequence of functions on the fiber I above w. In the setting both of random uniformly expanding maps
and of intermittent maps {h,(w)} is a Cauchy sequence and has a limit h,,.

In the setting of random expanding maps, h,, is uniformly BV in w as

[An(w) = 1 (W)llBv < |[Po_yPo_y - Pu_,(1 = Pu_, _,1)||pv < CA".
In the setting of intermittent maps with Yae = maxi<;<m{vi}, the densities h,, lie in the cone

L:={feC(0,1]))nL*(m), f>0, fnon-increasing,
X7maztl fincreasing, f(x) < aﬂﬁ_’ym“'xm(f)}

where X (x) = z is the identity function and m(f) is the integral of f with respect to m. In |[AHNT15]
it is proven that for a fixed value of Y. € (0,1), provided that the constant a is big enough, the cone
L is invariant under the action of all transfer operators P,, with 0 < 7v; < Y4, and so (see e.g. [NPT21]
Proposition 3.3], which summarizes results of [NTV1§])

[ An(w) — hn+k(w)HL1(m) <WPo_,Po_, - Po_,(1=P,_,_, ... Pw—n—kl)HLl(m)

11 1
S C’Ym,a:nn Ymax (log TL) Ymax

whence h,, € L*(m). In later arguments we will use the approximation

1 1
(5.11) [hn(w) = bl L1 m) < C. nmn1 ymaz (logn)Fmaw .

We mention also the recent paper [KL2I] where the logarithm term in Equation is shown to be
unnecessary and moment estimates are given.
We now show that h,, is a Holder function of w on (2, dy) in the setting of random expanding maps.
For 6 € (0,1), we introduce on  the symbolic metric

g, ') = 0°)

where s(w,w’) = inf {k >0 : wy # wj for some |¢| < k}.
Suppose w, w’' agree in coordinates |k| < n (i.e. backwards and forwards in time) so that dg(w,w’) < 6™
in the symbolic metric on €2. Then

”hw — hyy ”BV < ||PW71PUJ1 s Pw7n+1 (h(o—"+1w) - h(o—"+1w’))||BV

< C)\n—l _ Clde(w7w/)log9 A
Recall that || f]lc < C||fllBv, see e.g. [BGI7, Lemma 2.3.1].

That is, Condition U (see Definition holds for random expanding maps.

The map w — h, is not Holder in the setting of intermittent maps; in several arguments we will use the
regularity properties of the approximation h,(w) for h,,.

However, on intervals that stay away from zero, all functions in the cone L are comparable to their mean.
Therefore, on sets that are uniformly away from zero, all the above densities/measures (dv = hdx, hy,, h,(w))
are still comparable.

Namely,

for any 0 € (0,1) there is Cs > 0 such that
he L = 1/Cs < h(xz)/m(h) < Cs for z € [§, 1]

Indeed, h/m(h) is bounded below by [LSV99, Lemma 2.4], and the upper bound follows from the definition
of the cone.

(5.12)
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6. ANCILLIARY RESULTS

Let x0 € [0,1], and, for a € (0,2), recall we define the function ¢, () = |z —zo| "= . It is easy to see that
¢z, is regularity varying with index o and that p = 1.

6.1. Exponential law and point process results. We denote by J the family of all finite unions of
intervals of the form (x,y], where —oo < <y < oo and 0 ¢ [z, y].
For a measurable subset U C [0, 1], we define the hitting time of (w,z) € Q x [0, 1] to U by

(6.1) Ry(w)(z) ==inf{k>1: Tk (z) e U}.
Recall that ¢, (z) := d(z,zo) = depends on the choice of zo € [0,1]. Recall also that
D = Up>0 Upen 0A]
the set of discontinuities of all the maps 7}".
Theorem 6.1. In the setting of Section [2.1, assume (LY), (Min) and (Dec). If zo ¢ D is not periodic,
then, for P-a.e. w € Q and all 0 < s < t,

lim 177w (RAH (c"lw) > |n(t - s)J) = e~ (t=9)a())

n—oo

where Ay = ¢ (byJ), J € J.

Theorem 6.2. In the setting of intermittent maps, Example assume that Ymaer < % Then for m-a.e. xg
for P-a.e. w € Q and all 0 < s < t,

lim Z/UL"SJw (RAn (JLnst) > |n(t — S)J) — o~ (t=)a(J)

n— oo
where A,, = ¢,jol(b”J), JeJ.
Theorem 6.3. In the setting of Section [2.1, assume (LY), (Min) and (Dec). If zo ¢ D is not periodic,
then for P-a.e. w € 2, then
NY 3 N,
under the probability v*.
Theorem 6.4. In the setting of Example [2.3 for m-a.e. x¢ for P-a.e. w,

w d
Ny ((0,1] x +) = Ny ((0,1] x +)
7. SCHEME OF PROOFS

7.1. Two useful lemmas. We now proceed to the proofs of the main results. We will use the following
technical propositions which are a form of spatial ergodic theorem which allows us to prove exponential and
Poisson limit laws.
Lemma 7.1. Assume Condition U and let x,, : Y — R be a sequence of functions in L'(m) such that
En(|xnl) = O(n~1L(n)) for some slowly varying function L. Then, for P-a.e. w € Q and for all £ > 1,
kn—1
lim sup Z (Eyg_jw(xn) _]EV(Xn)) =0.

7=0

Therefore, given (s,t] C [0,00) and € > 0, for P-a.e. w there exists N(w) such that
[nt]
Y (B () — B ()| < €

r=|ns]+1
for alln > N(w).
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Proof. We obtain the second claim by taking the difference between two values of £ in the first claim.
Fix £ > 1. For § > 0, let

kn—1
UI?((S) = w € Q : Z (Eygjw(Xn) - EU(X’H,)) Z 6 )
§=0
and
kn—1
B"§)=qweQ: sup Z (B oiw(xn) —Eu(xn))| =0
0<k<e| 155
Note that

L

B™(6) = | J UF(9).

k=0
We deiine fow) = Eye(xn) and f, = Ep(f,). We claim that f, : Q — R is Holder with norm |[|f,|ls =
O(n=1L(n)). Indeed, for w € Q, we have

falw)| = ] [ @@

and for w,w’ € Q, we have

[fn(w) = fu(w)] =

m

C~
< lhollzg Ixnllzs, < —L(n),

Y
< ||hw - hw’HL?,?HXn”L}n
C~
< —L(n)dg(w,w"),
n
since w € Q — hy, € L®(m) is Holder continuous. In particular, we also have that f,, = O(n"'L(n)).
We have, using Chebyshev’s inequality,

kn—1
PUF©0) =P [weQ: | (fuod? —F,)| =6
7=0
2
1 kn—1 . _
S| | 2 Unor = f)
1 kn—1 ‘ _ - B - B
<5 | Y Eelfuod? —TulP+2 Y. Ee((fao0' = F)(faoo’ = T,))
Jj=0 0<i<j<kn—1

By the o-invariance of P, we have

EP‘f’I’L © Uj _?n|2 = EP|fn - ?n‘2)

and, since (2,P,0) admits exponential decay of correlations for Holder observables, there exist A € (0,1)
and C > 0 such that

Ep((fn 0 o' — ?n)(fn oo’ — ?n)) = Ep((frn — ?n)(fn 0o’ — ?n))
SCN T fo = Falls-
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‘We then obtain that

|Q

PUF(O) < 5 |knllfa = Fullie +2 D> N7 fa—Fulls

0<i<j<kn-—1

>

nk
< Il
ko~ 2

which implies that
P(B"(5)) < O3 (E(n)”.

Let > 0. By the Borel-Cantelli lemma, it follows that for P-a.e. w € Q, there exists N(w,d) > 1 such
that w ¢ B (0) for all p > N(w,?).

Let now P = |[p'™| < n < P' = [(p+ 1)'*"] for p large enough. Let 0 < k < ¢. Then, since
[ fallsc = O(n™"L(n)),

kP—1 ) B kn—1 ) _ kn—1 ‘ B
Z (fn(ajw) - fn) - Z (fn(o'jw) - fn) S Z |fn(0jw) - fn|
§=0 §=0 j=kP
P — P~ L(p*tn
<o i) <c (p )’
p
because on the one hand
pP—pr_lp+)" - [p] _ (1
P Lpt+7] o \p/)’
and on the other hand, by Potter’s bounds, for 7 > 0,
~ ~ n T ~ P/ T ~
< — < — < .
L(n) < CL(P) (P) < CL(P) <P> < CL(P)
Since
kP—1 ‘
D (falo?w) = )| <6
§=0
for all 0 < k < ¢, it follows that for P-a.e. w, there exists N(w, ) such that w ¢ B™(24) for all n > N(w,d),
which concludes the proof. O

We now consider a corresponding result to Lemma [7.1] in the setting of intermittent maps.

Lemma 7.2. Assume that Ymae < 1/2, and that x, € L*(m) is such that B, (|xa]) = O(n™1), [Xnllee =
O(1) and there is § > 0 such that supp(x,) C [d, 1] for all n.
Then, for P-a.e. w € Q and for all £ > 1,

kn—1
lim sup Z (B oiw(xn) = Eu(xn))| = 0.

n— o0
0<k<e| i5g

Proof. In the setting of intermittent maps we must modify the argument of Lemma [7.1] slightly as h,, is not
a Holder function of w. Instead, we consider hf, = P'_, 1. and use that, by (5.11]),

ot

(7.1) R, = holl L1 (my < Ci'™ T (leaving out the log term).
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Note that hl, is the i-th approximate to h,, in the pullback construction of h,. Let ¢, be the measure such
duz) 14
Consider
fr(w) = El/; (xn) fn(w) =Epe (xn)

T:L:E]P’(f;z)a In :E]P’(fn)
By (5.12)), on the set [6, 1] the densities involved (A%, he,, h = dv/dm) are uniformly bounded above and away
from zero. Thus [|f!| s = O(n™1).
Pick 0 < a < 1 is such that 3 := (=~ —1)a — 1 > 0.

Ymaz

For a given n take i =i, = n®. By (7.1)), for all w, n and i = n®
‘f:L(w) - fn(w)| < th, — hWHLl(m)”Xn”LOO(m) — O(n—(ﬁ—i-l)).

Then _
Fr = Ful = O(n= A1)
and
kn—1
N [fi(0"w) — fulo"w)]| < Cln~P,
r=0

Given ¢, choose n large enough that for all 0 < k </,

kn—1 kn—1
- ; —i €
€Q: n(o"w)—f)| >ep Cqwe: po"w)—=f)] > = -
{w ;(f(crw) fn) } { ;0(( )= fn) 2}
By Chebyshev
kn—1 ) _ c 4 kn—1 . 12
P( ;(HOO’ _fn)>2>§62;)EIP<|:anU _fn:|)
4 kn—1 kn—1 ' L ‘ D
=1LOPS ‘EP[(ﬁLOUT—fn)(f,ioo“—fn)]”
r=0 u=r+1
‘We bound
kn—1 kn—1

;]2 i v
r=0 r=0
and note that if |r — u| > n® then by independence
Ep [(fio 0" = Fu)(faoo® = Fo)] =Ee [fr 00" =T, | Be |fioo" = F,] =0
and hence we may bound

kn—1 kn—1 )
%

S Y [Eel(f 00"~ T(fioot ~ o)
Thus, for n large enough,

r=0 u=r+1
nt—%

The rest of the argument proceeds as in the case of Lemma using a speedup along a sequence n = p'7
where 7 > % since || f, ]l = O(n™1) still holds. O

1—a’

‘ CE.

kn—1

D [falo"w) = 7]

r=0
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7.2. Criteria for stable laws and functional limit laws. The next theorem shows that for regularly
varying observables, Poisson convergence and Condition U imply convergence in the J; topology if o € (0, 1)
and gives an additional condition to be verified in the case « € [1,2).

Note that (7.2) is essentially condition (5.5 of Proposition
Theorem 7.3. Assume ¢ is regularly varying, Condition U holds and that
N2 4 N,

for P-a.e. w € Q.
If a € [1,2), assume furthermore that for all § > 0, and P-a.e. w € Q

k-1
- 1 ;
(7.2) lig limsup | max |5- (00 T oo} — Bpora (61 gig1<0,1)] | 2 6| = 0.

j=0
Then X% A X(a) in D[0, 00) under the probability measure v* for P-a.e. w € Q.

Remark 7.4. From (5.8) and Theoremm it follows that the convergence of X2 also holds under the
probability measure v.

Proof of Theorem[7.3. When « € (0,1), we check the hypothesis of Proposition Using (5.8)), we have

1 nf—1 n€
W > B ein (1811 61<eb,))| < Oy Eu(911qi)<eb,))

Using Proposition we see that condition ([5.3) is satisfied since o < 1, thus proving the theorem in this
case.

When « € [1,2), we consider instead Proposition Firstly, we remark that condition (5.5 is implied
by (7.2)) and (5.8]). It remains to check condition (5.4), which constitutes the rest of the proof.

If a € (1,2) we have

|nt]—1

(7.3) = | D B i (@lggi<es,y) — ten — buca(e)) | | < AL(t) + BY () + Ci (1)
j=0

=

[nt]—1
1
A0 = | | 2 Epre() —tea | .
n =0

[nt]—1

By o(t) = |- > B ern(@l(gsen,y) — By (G1(1550b,1)
n =0
and
w nt
Cre() = | -Eu(@Lyig>ep,}) — teale)| -

Since ¢ is regularity varying with index « > 1, it is integrable and the function w — E,«(¢) is Holder.
Hence, it satisfies the law of the iterated logarithm, and we have for P-a.e. w € Q

Vloglog k)

1 k—1
P2 B0 B0 =0 (Y
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Thus, we have

sup A¥Y(t) =0 (m Y l(;g log(n€)> .

0<t<e

As a consequence, we can deduce that lim,, o supg<,<, 45, (t) = 0 since b, = n= L(n) for a slowly varying

function E, with o < 2.
By Proposition we also have

lim nb;lEy(¢1{\¢|>gbn}) = ca(e).

n—oo

In particular, we have

lim sup Cy.(t) =0.
n—00 0<t<e ’

This also implies that Eq,(|xn|) = O(n~!) if we define x,, = b, '¢144/>p,}. From Lemma it follows
that lim,, o supg<;<, By - (t) = 0.
Putting all these estimates together concludes the proof when « € (1, 2).

When o = 1, we estimate the RHS of (7.3) by Ay, _(¢) + B, (t) with

[nt]—1

" 1
Ane(t) =14~ Y Epeie(0lgigi<en,y) — mEL (01 qg1<ch,))
and
w nt
By () = ;Eu(¢1{sb7L<|¢\gbn}) —tea(e)] -

We define x,, = b, '¢1y)4<zp,}- By Proposition m we have E,,(|xn|) = O(n"'L(n)) for some slowly

varying function L, and so by Lemma

lim sup Ay _(t) =0.
n—o00 0<t< ’

On the other hand, by Proposition [3.2] we have
Jim_nb By (91 (eh, <jg1<eb)) = Cale)

and 80 lim,, ;o SUPg<;<¢ By .(t) = 0 which completes the proof. O

8. AN EXPONENTIAL LAW

We denote by J the family of all finite unions of intervals of the form (z,y], where —co < 2 < y < c©
and 0 ¢ [z,y]. For J € J, we will establish a quenched exponential law for the sequence of sets A, =
(¢2y) "L (bpJ). Similar results were obtained in [CF20, [FFV17, [HRY20, RSV14, [RT15].

Since ¢ is regularly varying, it is easy to verify that

lim nv(A4,) =u(J).

n—oo
In particular, m(A,) = O(n™!).

Lemma 8.1. Assume Condition U and that ¢ is reqularly varying with index c.
If A, C [0,1] is a sequence of measurable subsets such that m(A,) = O(n~1), then for all 0 < s < t,

[nt] )
lim Z V”J“’(An) —n(t—s)v(A,) | =0.

n— 00
j=lns)+1
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The same result holds in the setting of Example if Ap, C [8,1] for some § > 0 with m(A,) = O(n™1). In
particular, if A, = qﬁ;ol (bnJ) for J € J, then for all 0 < s < t.

[nt] ‘
lim Y v (A,) = (t— s)a(J).

n— oo
j=|ns]+1
Proof. For the first statement, it suffices to apply Lemma or Lemma with x, = 14,. The second
statement immediately follows since lim, nv(4,) = I, (J). O

Corollary 8.2. Assume the hypothesis of Lemma|8.1)
Let J € J, and set A,, = ¢=1(b,J). Then for P-a.e. w € Q, and all 0 < s < t,

Lnt)
. o (=) ()
nh_)rr;o H (1 v (An)) =e .
j=lns|+1
Proof. Since v¥(A,,) is of order at most n~! uniformly in w € €, it follows that
[t ) [t _
og | ] (1 - V”J“’(An)) = ¥ U] rom.

j=lns]+1 j=lns]+1
By Lemma 8.1
|nt]—1 _
nh_)rrgo Z v Y (Ay) = (t— s)u(J),
j=|ns]
which yields the conclusion. O

Definition 8.3. For a measurable subset U CY = [0,1], we define the hitting time of (w,x) € A XY to U
by
Ry(w)(z) =inf{k>1: Tk (z) e U}.
and the induced measure by v on U by
ANU)

v(
A) =
VU( ) Z/(U)
In order to establish our exponential law, we will first obtain a few estimates, based on the proof of

[HSV99l Theorem 2.1], to relate v¥(Ra, (w) > |nt]) to Z;Ztg*l v7’“(A,) so that we are able to invoke

Corollary [8:2
The next lemma is basically [RSV14, Lemma 6].

Lemma 8.4. For every measurable set U C [0,1], we have the bound

k » k _ j—1 _
v (Ru(w) > k) = [T = v )| <Y v7“(U) couu(k — 5,0) [J(1 = v7“(U))
J=1 j=1 i=1

J

v N(U) Cajw(U)

M=

=

.

where
cw(k,U) := v (Ry(w) > k) — v*(Ry(w) > k)]
and
cw(U) :==supc,(k,U).

k>0
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Proof. Note that {Ry(w) > k} = [T2]71(U°N{Ry(ow) > k—1}) and so, using the equivariance of {v*},cq,

Hence
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VW(Ry(w) > k) =v°*(U°N{Ry(ow) >k —1}).

VW(Ry(w) > k) =v"*(Ry(ow) > k—1) —v°“({U N{Ry(ow) > k —1}).

‘We note that

VW (Ry(w) > k) =v""(Ry(ow) >k —1) —v?*(U)°*(Ry(ow) > k — 1) + cou(k — 1,U)]

=1 —-v*U)’“(Ry(ow) >k —1) — v (U)cou,(k — 1,U).

Iterating we obtain, using the fact that for P-a.e. w, v¥(Ry(w) > 1) =1,

k _ k _ j—1 ‘
v (Ry(w) > k) = [Ja=v7 @) = > v “(U)coin(k —5,0) [J(1 = v (1))
j=1

j=1 i=1

which yields the conclusion.

We will estimate now the coefficients ¢, (U).

Lemma 8.5. Fiz N. Then, for any measurable subset U C'Y such that 1y € BV, we have

(8.1)

eo(U) < V(R (w) < N) + 1°(Ry(w) < N) + % 1PY (10 = v (O)ha) | o

with C' independent of N and

(8.2)

1
ve(U)

N .
vg(Ry(w) < N) < V(Ry@) SN), v (Ru(w) <N) < 3u7e(D)

Proof. The estimates (8.2 follow from

N
{Ru(w) < N} = @) "W).

and therefore

For ({8.1), note that

If § < N then

If j > N we write

vy (Ry(w) < j) = v*(Ru(w) < j) = vij(Ru(w) < j) — v (T5 Y (Ru(c¥w) < j = N))
+ (TN (Ry(o™w) < j = N)) = v*(T; Y (Ru(o™w) < j — N))
+ (I (Ry(oMw) < j = N)) = v (R (w) < j)

To bound (a) and (c) note that

{Bu(w) < j} = {Ru(w) < N}UT;Y({Ry(o"w) < j — N)})

v (Ry(w) < j) = v (T, (Ry(ow) < j — N))| < v*(Ry(w) < N)
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and similarly for vy;.
To bound (b) we use the decay of P%. Setting V = {Ry(cVw) < j — N}, we have

e (TN (V) — v (TN (V)] = VWEU) /lelV o TNhydm — v*(U) /Y 1y o Tf,vhwdm‘
- usz) /YIVP‘*]’V([IU - Vw(U)]hw)dm‘
= WEU) [P (1w = v ()R | 1 ) -

O

8.1. Exponential law: proof of Theorem We can now prove the exponential law for A,, = ¢~ 1(b,J),
JeJ.

Proof of Theorem[6.1 Due to rounding errors when taking the integer parts, we have

ol (RA,L (ol"slw) > |n(t — s)J) — e (RA,,L (ol™lw) > [nt] - L”SJ)

<o "e(4,) < Om(A,) — 0,

and it is thus enough to prove the convergence of v "% (Ra, (ol™lw) > |nt] — |ns]).
By Lemmas [8.4] and for all N > 1, we have

nt) ,
(8.4) v (Ra, (01w) > nt] = [ns)) =TT (1=v7"(40)| < (O + (D) + (11D,
j=[ns]+1
with
[nt] ; ‘
M= > v (A.n{Ra,(0'w) <N}),

i=lns)+1

[nt]
()= > v7“A)"“(Ra,(c'w) < N)
j=lns]+1
and
[nt]

mn= > ‘

i=lns]+1

PN, ([1a, =7 (40)] o )|

Li(m)

To estimate (I), we choose € > 0 such that J C {|z| > ¢} and we introduce V,, = {|¢| > ¢b,,}. For a
measurable subset V' C Y, we also define the shortest return to V' by

ro(V) = inf Ry()(z),

and we set

r(V) = Jrelg ro(V).
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‘We have

J

v (Aun{Ra, (07w) < N}) < v (Vun {Ry, (0'w) < N})

N .
s Yo v (Van (Th) T (V)

N
S Z /Y 1%LP§jw(1Vnhdjw)dm-

It follows from (Dec) that

/ v, Pl (Lv, hoiw)dm — v < (V)v? (V)
Y

< ||1Vn||L}n

o ([t ] )|

|[2v, = v V)| B

oo
L’nl

< CH'm(V,)

-
< CH'm(Vy,),

as BV is a Banach algebra, and both |1y,
Consequently,

pv and ||hgiu||Bv are uniformly bounded. H

[nt] N

m< > 3 [uo"W(vn)yff”"w(vn)+o(9im(vn>)}

j=lns]+li=r_;,(Va)
<C (m(Vn)QnN + m(Vn)nQT(V“)> .
On the other hand, we have by (8.2)),

[nt] ) N o
< S v Y v 4,
j=|ns]+1 i=1
SC’nNm(An)Z7

and it follows from (Dec) that

(111) < oV Li‘J H [1An - VGjW(An)} B
j=lns]+1
< Cno",

‘BV

since {hy, }weq is a bounded family in BV, A4,, is the union of at most two intervals and thus ||14, ||Bv is
uniformly bounded. We can thus bound (8.4) by

C (m(Vn)2nN + m(V,)nd" V) 4 m(A,)*nN + nHN) <C (n_lN +om(Ve) 4 nGN) ,

and, assuming for the moment that (V) — 400, we obtain the conclusion by choosing N = N(n) = 2logn
and letting n — co.

It thus remains to show that r(V;,) — +o0o. Recall that V,, is the ball of centre zq and radius b~te=n=1.
Let R > 1 be a positive integer. Since xq is assumed to be non-periodic, and that the collection of maps T7

1Recall that, from the definition of ¢, it follows that Vi, is an open interval, and thus 1y, has a uniformly bounded BV
norm.
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for w € Q and 0 < j < R is finite, we have that

Sp:= inf inf |T9(x¢) —x0| >0
R inf it [T (@) ~
is positive. Since all the maps 77 are continuous at ¢ by assumption, there exists nr > 1 such that for all
n>ng,j<RandweQ,

. . 0
x € Vo = |T4(x) ~ T(20)| < 5

Increasing ng if necessary, we can assume that b='e=*n~! < %R for all n > ng.

Then, for all n > ng, w € Q, j < R and = € V,,, we have

_ _ _ _ S
T (x) — wo| > | T (w0) — wo| — |T(x) — T (0)| > 71% >b e n T,

and thus T/ (z) ¢ V,,.
This implies that r(V,,) > R for all n > ng, which concludes the proof as R is arbitrary. ]

Remark 8.6. A quenched exponential law for random piecewise expanding maps of the interval is proved in
Theorem 7.1 [HRY20), Section 7.1]. Our proof follows the same standard approach. We are able to specify
that Theorem holds for mnon-periodic xq, since our assumptions imply decay of correlations against L'
observables, which is known to be necessary for this purpose, see [AFV15, Section 3.1]. Our proof is shorter,
as we consider the simpler setting of finitely many maps, which are all uniformly expanding. In addition we
use the exponential law in the intermittent case of Theorem 7.2 [HRY20, Section 7.2] to establish the short
returns condition of Lemma below.

8.2. Exponential law: proof of Theorem In order to prove the exponential law in the intermittent
setting, Theorem we need a genericity condition on the point z( in the definition (2.1)) of ¢, .

Lemma 8.7. If Ypaz < %, for m-a.e. xg and for P-a.e. w € )
[tn] ;
T " m (B wo) 1 {RE? () < [nlogn) ' }) =0,

j=Lsn]+1
for allc >0 and all 0 < s < t.

Proof. Let N = [n(logn)~!] an V,, = B,,-1(x¢). First, we remark that for m-a.e. z¢y and P-a.e. w,
(8.5) m (Vu N {Ry, (w) < N}) =o(n™1).

This is a consequence of [HRY20, Theorem 7.2]. Their result is stated for two intermittent LSV maps both
with v < % but generalizes immediately to a finite collection of maps with a uniform bound of V4, < %
The exponential law for return times to nested balls imples that for a fixed ¢, for m-a.e zg and P-a.e. w

v (Vo N{Ry, (w) <nt})=1—e"

1i
nggo A (Vn)

which shows in particular, since {Ry, (w) < N} C {Ry, (w) < nt} for all n large enough, that for all ¢ > 0,
m-a.e xg and P-a.e. w

1
8.6 limsup ———
( ) n~>oop Vw(vn)
Using (5.12)), taking the limit ¢ — 0 proves (8.5). Note that, even though the set of full measure of xg
and w such that holds may depend on t, it is enough to consider only a sequence t; — 0.
Now, for k£ > 0 and ng > 1, we introduce the set

v (Vpy N{Ry, (w) < N}) <1—et

27k
Qp = {MEQ :m (V, N{Ry, (w) < N}) < — for alannO}.
n
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According to (8.5)), we have for all k > 0,

lim PQ)=P| [ J Q] =1

nog—0o0
no>1

By the Birkhoff ergodic theorem, for al £ > 0, ng > 1 and P-a.e. w,

n—1
T = 3™ 1m0 (07w) = PO),
j=0
which implies that for all 0 < s < ¢,
1 [nt] ‘
lim ———— Y 1gn(0lw) = P(Q}).

n—00 (I_?’ltJ - I_TlSJ) j=|ns]+1

Let ng = ng(w, k) such that P(Q}°) > 1 — 2% and for all n > ny,
[nt]

D 1gr(ow) > P(O°) —27".
j=lns]+1

o
([nt] = [ns])

Then, for all n > ng(w, k) we have
[nt]

Z I(QZO)C (UjW) S 2_(k_1).
i=lns)+1

ot
([nt] = [ns])

Consequently,
[nt] 9—k
> m(Van{Ry,(w) < N}) < (Int] — |ns]) = + (|nt] — [ns]) 27 Dm(V,).
[ns]+1 "
This proves that
[nt]
lim sup Z m (V, N{Ry, (w) < N}) < C27F
n—00 Lns]|+1

and the result follows by taking the limit & — oc.

Note that the set of xg and w for which the lemma holds depends a priori on ¢ > 0, but it is enough to
consider a countable and dense set of ¢, since for ¢ < ¢/,

{Bavs@o) n{B5, oy < NP} {Bons @) 0 {6y < V-

The exponential law for random intermittent maps follows from Lemma (8.7

Proof of Theorem[6.3 We consider the three terms in (8.4) with N = [n(logn)~!].
Let V,, = {|@| > b, } where & > 0 is such that A, C V,, for all n > 1. Since V,, is a ball of centre zo and

-, —

radius b~1e~*n~!, and since V,, C [6, 1], the term

[nt] ‘ [nt]
M= > v7A.n{Ra,(0/w)<N})<C > m(Van{Ry,(c'w) <N})
j=lns]+1 j=lns]+1
tends to zero by Lemma 8.7 for m-a.e x.
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The term
[nt] ‘ ‘
()= > v7A)r"*(Ra,(0'w) < N) < CnNm(A,)*
j=|ns]+1
also tends to zero since N = o(n). Lastly we consider

[nt]

mny= 3 ‘

j=|ns|+1

2. ([ -] o)

Li(m)

We approximate 14, by a C! function g such that ||g|lcx <n7, g=14, on A, and ||g — 14, | r <n™7
(recall A, is two intervals of length roughly % so a simple smoothing at the endpoints of the intervals allows
us to find such a function g). Later we will specify 7 > 1 will suffice. By [NPT21 Lemma 3.4] with h = h,,

and ¢ = g — m(gh,,), for all w,
1 1
[P ([g = m(gho)lho)|| < On" N~ 70w (log N) Tmes
< Cn ™" Fmaz (log n)ﬁ_l
Using the decomposition 14, —v¥(A,) = (14, —g) — (¥ (4n) —m(ghy)) + (9 —m(ghy)) we estimate, leaving
out the log term,
1) < C |n*7 + n7+2*7~m22}

where the value of C' may change line to line. Taking v,qe < % and 1 <71 < % — 2 suffices. g

9. POINT PROCESS RESULTS

We now proceed to the proof of the Poisson convergence. In Section we will consider an annealed
version of our results.

9.1. Uniformly expanding maps: proof of Theorem Recall Theorem [6.3f under the conditions
of Section in particular (LY), (Min) and (Dec), if z¢ ¢ D is not periodic, then for P-a.e. w € Q
Ny 3 N,

under the probability measure v*.

Our proof of Theorem uses the existence of a spectral gap for the associated transfer operators P,
and breaks down in the setting of Example The use of the spectral gap is encapsulated in the following
lemma.

Lemma 9.1. Assume (LY). Then there exists C > 0 such that for allw € Q, all f, f, € BV with

sup || fjll Lo (m) <1 and sup||f;]lpv < oo,
j=>1 j>1
we have

sup |[P5 [ f-J] fio T <C|fllsv (Sup fj||Bv)
n>0 i1 v i>1

Proof. We proceed in four steps.
Step 1. We define

n
g =11 fio12,
7=0
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where we have set fy = 1. We observe that for all n > 0, there exists C,, > 0 such that for all w € €,

n+1
(0.1) P (sup|fj||Loo(m>) <1 and g oy < Co (SupllijIBv>~
j>1 j>1

The first estimate is immediate, and the second follows, because

Var(gi ™) < Var(gh) | fasr 0 T5 o gny + 1950 £ow (my Var(fasr 0 T3 )
< Var(gsy) + Var(frr1 0 Tj)
= Var(¢l) + D> Varr(for10T0™)

IeAn+l

= Var(g>) Z Vargn+1 py (fa+1)
IEAn+l

< Var(gy) + (#ALT) Var(fai1),

and so we can define by induction Cp41 = Cp, + sup,,cq #A%T! which is finite, as there are only finitely
many maps in S.

Step 2. We first prove the lemma in the case where r = 1 in the condition (LY). Before, we claim that
for f € BV and sequences (f;) C BV as in the statement, we have

(9.2)  Var (P(fg5)) <ZP’||P” T(f95™7 oyl fu—i By

7=0

+DZP]||P" I D oy | e poe () -

§=0
This implies the lemma when r = 1, since
125 (f 9™ Dllzeemy < N957 e @) 1P 1 f Il Lo (my < Cllf BV,
and
P2 (F9i™ Dt omy < NF95 77 i my < N Nzoomy 1957 L2 my < 1 Fl[Bv-
We prove the claim by induction on n > 0. It is immediate for n = 0, and for the induction step, we have,
using (LY),
Var(P)* (fgith))
= Var(PS T (f gl fatr 0 TT)) = Var(PLF(f4il) fata)
< Var(P; ™ (fg ))Hf7z+1||L°° m) + P (F9o) Lo (m) Var(frs1)
(

< (pVar(PL(f92)) + DIPL (fa)ll Lt m)) | fnsill e my + 1PSTH(F G2 | oo (my Var(fng1)
< pVar(PL(fg2)) + DI P (fal)l Lt my | Fnti | oo my + I PSTHF I Low oy | g 1B
which proves (9.2)) for n + 1, assuming it holds for n.

Step 3. Now, we consider the general case r > 1 and we assume that n is of the particular form n = pr,
with p > 0. We note that the random system defined with 7 = {17} ., satisfies the condition (LY with
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r = 1. Consequently, by the second step and (9.1)), we have

p
IPS(fa) ey = || Prerw oo L | f T 9hmw o T

i=1 BV

< Cllf oy (sup|g;jrw|sv) < CC|f v <sup fjnBv) .
j>1 j>1

Step 4. Finally, if n =pr+gq, with p > 0 and ¢ € {0,...,r — 1}, as an immediate consequence of (LY,
we obtain

1B (fau)llBy = | Por P (f98 gdnre © TE ) IBY
= | Plory (PE(f g5 ) g9dor) BV < ClIPE(fg2)gtoms BV

But, from Step 3, we have
1P (£95)9arrwllLromy < N9gvrwllLos (m) 1PE(F9E ) 1 (m)

< IPZ o v < Cllay (sl )
JZ

and, using (9.1),

Var(PL(f95")9gvrw) < I1PET(F9EN) | oo () Var(ggor.,) + Var(PL(f92 ) ggorell Lo (m)

< (Gl i 1P oy + €I Tov] (s v
J1Z

<C (1 + max Cq> I fllBv (Sup ||fj||BV) ;
g=0,...7—1 i>1

,,,,,

which concludes the proof of the lemma. O

Proof of Theorem[6.3. We denote by R the family of finite unions of rectangles R of the form R = (s,t] x J

with J € J. By Kallenberg’s theorem, see [Kal76, Theorem 4.7] or [Res87), Proposition 3.22], N¥ gN(a) if
for any R € R,

(a) lim v*(N7(R) = 0) = P(N(R) =0),

n—oo
and
(b) lim E,.Ny(R) = EN(o (R).
We first prove (b). We write
k
R=|]JR,
i=1

with Rz = (Sz,tl} X Jz dlSJOlnt
Then
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and
k k _
E,o Ny (R) = Z]EuwN;f((Siati] x Ji) = Z Evo (Lo, 0TI

i=1 =1 ns; <j<nt;

k 1,
=Z Z v (g (bn ;)

By Lemma [8.1] for P-a.e. w € Q, we have

1

nt; | —
S v (bni) = (t: — si)TTa(y),
[ns; |

k

L
lim
n— oo
=1 ]

which proves (b).
We next establish (a). We will use induction on the number of “time” intervals (s;,t;] C (0,00]. Let
R = (s1,t1] x Ji where J; € J. Define

A, = ¢;ol(an1).
Since
{NY(R) =0} ={x: T (x) & Ap,ns; < j+1<nt}
- {114% o T 140 o TPmHL L L1, o Tt 0}

[nt1]—1—|ns1|

H Ac o T Lnsljw © TU.IBWISIJ (x) 7& 0 )
J=0

|
8

we have that,

(93) [V (R) = 0) = v (R, (07 w) > [t = 51)])|

Lnsy ]

<7 "Ry (o) = 0) = v (A4,) < Omi(A,) — 0,

because, due to rounding when taking integer parts, |nt;| — [ns;| — 1 is either equal to |n(t; —s1)] — 1 or
to [n(t; — s1)]. By Theorem [6.1]

TR, (0" w) > [nfty = s1)]) > BT

as desired.

Now let R = U?Zl(si,ti] x J; with 0 < 81 < t1 < ... < 8, < t and J; € J. Furthermore, define
st=s;—s1and t; =t; — s1.

Observe that, accounting for the rounding errors when taking integer parts as for (9.3)), we get

k k
v (Nr‘f (U(Sz,tz] X Ji) = 0) —pe (Ngm“w (U(smtz] J) = 0)‘
i=1 i=1

(9.4)




STABLE LAWS FOR RANDOM DYNAMICAL SYSTEMS 29

so, after replacing w by ol™Jw, we can assume that s; = 0. Let

R1 = (O,tl] X Jl

k
R2 = U(Si,ti] X Jz
=2
k
RIQ = U(S’ — Sg,ti — 52] X Ji
=2
Then, with A, = ¢} (bnJ1),
(9.5) V7 (N (Ry U Ra) = 0) = 07 [{Ra, () > [t [} 0 T, 1) (N7 (Ry) = 0)] | = 0

as n — oo, uniformly in n € Q, as in . Moreover, as we check below,
(9.6) |7 [{Ra, () > Intr ]} 0T o) (NG (Ry) = 0)]

— V(Ra, () > [nta]) - VI (N(Rz) = 0)] = 0
as n — oo, uniformly in 1 € Q. Therefore, setting n = ol™*2lw in and , we have, by Theorem 6.1
T (R U Ry) = 0) = DT () = 0)] = 0

lim
n—oo

which gives the induction step in the proof of (a).
We prove now . Our proof uses the spectral gap for P} and breaks down for random intermittent
maps.

Similarly to (9.4),
‘V"(N;’(Rz) =0)—v(T; ns2] (NgLWWJ"(R’Q) = O))‘ — 0 as n — oo, uniformly in 7.
We have, using the notation
U={Ra, () > ntal}, v ={Ng""1(Ry) = 0},

that
v (U, el v)) = vy (T, = v)) |

_ ‘/Pnt"sﬂ (1y — "(U))hy) lvdm’
<[Pkt (1w = v @)hy)|

S CGLTLSQJ —|nt1]

BV
plns2]=Int1] plnt: | ((1y - V"(U))hn)H

O'Lntljn n

BV
[Pyl (1o = v @h)|

where the last inequality follows from the decay, uniform in 7, of {P}}x in BV (condition (Dec)).
But

(9.7 sup su
n n

[P (L, > ity = V' (Ra, () > [t D) | < o,
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which proves (9.6). This follows from Lemma [9.1] below applied to f = h, and f; = 14¢, because
Lntlj '
Yna, >ty = [[ 1ag o T3,
j=1
and both ||A,||pv and |[14¢ ||py are uniformly bounded. Note that for the stationary case the estimate (9.7))
is used in the proof of [TK10b, Theorem 4.4], which refers to [ADSZ04l Proposition 4]. O

9.2. Intermittent maps: proof of Theorem We prove a weaker form of convergence in the setting
of Example [2.2] which suffices to establish stable limit laws but not functional limit laws.
In the setting of Example we will show that for P-a.e. w,

NE((0,1] x )5 Niay ((0,1] % )

Proof of Theorem[6.f} We will show that for P-a.e. w € €, the assumptions of Kallenberg’s theorem [Kal76],
Theorem 4.7] hold.
Recall that J denotes the set of all finite unions of intervals of the form (z,y] where z < y and 0 & [z, y].
By Kallenberg’s theorem [Kal76, Theorem 4.7], N%[(0,1] x -) =% N(y((0,1] x ) if for all J € 7,

(a) lim (N2 ((0,1] x ) = 0) = P(No) ((0.1] x J) = 0)

and
(b) nl;n;o E o NZ((0,1] x J) = E[N(a)((o, 1] x J)]

We prove first (b) following [TKI10bl page 12]. Write

k
J:UL
i=1

with J; = (a, y;] disjoint.

Then .
EN()((0,1] x J) =Y T (Ji) = Ma(J)
=1
and
k n 4 n 4
EWNﬁmLHxJ):§:§:Ewuw$wwm0734]ZE:EWuwxwwnoZﬁﬂ
i=1 j=1 j=1

‘We check that

n

ﬁg;}jmgw(lw%“%J”ojg):ILAJ)

j=1
for J =UF_,J;.
Write A, := ¢! (bnJ). Then
E, o [1(¢;01(bn,])) 0TI =v7"“(Ay)

hence }
i J _
nh—>néo Zl By [1((15;01(1171«71)) °© Tw ($>] = Ha(J)
]:

by Lemma

Now we prove (a), i.e.
lim v*(N,/((0,1] x J) = 0) = P(N(4)((0,1] x J) = 0)

n— oo

forall J € J.
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Let J € J and denote as above A, := ¢, 1(b,J) C X = [0,1]. Then
{N2((0,1] x J) =0} ={2: T/(x) € Ap,0 < j+1<n}={Ra, (w) >n—1}NAS
Hence
[v°(NZ((0,1] x J) =0) —v¥(Ra, (w) >n)| < Cm(A,) =0
and by Theorem [6.2] for m-a.e. zg
VY (Ra, (W) >n) — e Hall),
This proves (a). O

10. STABLE LAWS AND FUNCTIONAL LIMIT LAWS

10.1. Uniformly expanding maps: proof of Theorem In this section, we prove Theorem
under the conditions given in Section in particular (LY), (Dec) and (Min).
For this purpose, we consider first some technical lemmas regarding short returns. For w € Q, n > 1 and
€ >0, let
&y (e) ={z €0,1] : |[T](x) —z[ <e}.

Lemma 10.1. There exists C > 0 such that for allw € Q, n > 1 and € > 0,
m(EX(e)) < Ce.

Proof. We follow the proof of [HNTI12, Lemma 3.4], conveniently adapted to our setting of random non-
Markov maps. Recall that A7 is the partition of monotonicity associated to the map T}}. Consider I € A?.
Since infy [(T72)'| > A" > 1, there exists at most one solution #7 € I to the equation

(10.1) TM(zf) = af +e,
and since there is no sign change of (7))’ on I, we have

(10.2) EL(e)NI C a7, 2]
We have

T3(l) = Toa) =af —ap +2,
and by the mean value theorem,

T3 (7)) = T ()| = [(TD) (o] |27 —2f

, for some c € I.

Consequently,
1 1
(10.3) rf -z < (Sup ) of —ay |+ 2] <A |2t — 27| 4+ 2esup
} I I| I |(T:})'| H I I| ] | I I 7 |(T:})/|
Note that if there is no solutions to (|10.1]), then the estimate (10.3)) is actually improved. Rearranging (10.3)
and summing over I € A7, we obtain thanks to (10.2)

2e 1
m(E(g)) < i -z < —F— sup —— < Ce.
2 T S T 2 e

The fact that
1
(10.4) Z sup <C

for a constant C' > 0 independent from w and n follows from a standard distortion argument for one-
dimensional maps that can be found in the proof of part 3 of [ANV15] Lemma 8.5] (see also [AR16, Lemma
7]), where finitely many piecewise C? uniformly expanding maps with finitely many discontinuities are also
considered. Since it follows from (LY) that |P] f|lsv < C| f||sy for some uniform C > 0, we do not have
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to average ((10.4) over w as in [ANV15], but instead we can simply have an estimate that holds uniformly in
w. g

Recall that, for a measurable subset U, R$(z) > 1 is the hitting time of (w, ) to U defined by (6.1).

Lemma 10.2. Leta > 0, 2 <9 < 1 and 0 < k < 3¢ — 2. Then there exist sequences (y1(n))n>1 and

(72(n))n>1 with y1(n) = O(n™") and vy2(n) = o(1), and for all w € Q, a sequence of measurable subsets
(A9)>1 of [0,1] with m(AY) < ~y1(n) and such that for all zo ¢ A%,
1

n—

(togn) > m (Bu-v(20) N {RE* (1 < Lalogn] }) < 2(n).

_1/,
i=0
Proof. Let
©w={zel0,1] : |T(z

Since B,—v(x0) N {R" @) S < |lalogn|

— 2| < 2n™¥ for some 0 < j < |alogn]}.

C B,-»(z0)N Egiw7 it is enough to consider

R/—’\_/

n—1

(logn) m (Bnﬂp (zo)N EZ“’) .

7

I§
=)

According to Lemma [10.1} we have
lalogn| 10g n
m(ES) < > m(EFen) <C—+ —
j=1
We introduce the maximal function

1 zo+t [/n—1 1 n—1 ;
M:(IO)_T;IS 2t/ Zlan dz—bup?Zm(Bt(xo)ﬂEg “’)

t
t>0 i—0

By [Rud87, Equation (5) page 138], for all A > 0, we have

w C'& oiws . Clogn
(10.5) m(M® > \) Z lpeo| <5 > m(EZ) < ¥
L, i=0

Let p > 0 and £ > 0 to be determined later. We define
F) = {a?o €10,1] : m(Bp-v(zo)NEY) > Qnﬂp(1+p)} ,

so that we have

n—1 n—1
Z m (anw (zo) N EZ“) > (Z 1.0 (:Uo)> on~V+e),
i=0 1=0

By definition of the maximal function M, this implies that

MZ(xg) >n~ (Z 1F<7 » (o )

from which it follows, by (10.5]) with A = (log n)ns=%*,
m(A42) < m (Mg > (logn)n€~¥) < Cn~ (€991 _; 51 (),

(o) o).

where
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If o ¢ A%, then

n?

(logn) Z ( v (x0) N EY] ““) (logn) (Z 1ot x0> m(B,-v(x0)) + 2(log n)n' ~¥(1+0)
=0

< C(logn) ((log n)n~ =8 4 n_(¢(1+p)_1)> =: 72(n).

Smce 2 <y <land0 <k < 3p—2, it is possible to choose p > 0 and £ > 0 such that k = £+ (1—p)yp—1,

> & and v(1+p)>1 EL which concludes the proof. O
Lemma 10.3. Suppose that a > 0 and 3 5 < < 1. Then for m-a.e. x9 € [0,1] and P-a.e. w € Q and , we
have )

7bli_>ngo(logn) 2 m (anw(xo) {RB " gy < lalogn] }) =0.

Proof. Let 0 < k < 31 — 2 to be determined later. Consider the sets (A%),>1 given by Lemma with
m(AY) < vi(n) = O(n™"). Since k < 1, we need to consider a subsequence (nx)r>1 such that », o, vi(ng) <
oo. For such a subsequence, by the Borel-Cantelli lemma, for m-a.e. xq, there exists K = K (zo, o;) such that
for all k > K, 2o ¢ Ay, . Since limg o0 72(ny) = 0, this implies

neg—1

Jim (log ny,) d>om <Bn;w(xo) {RB ’ a0y < LalognkJD =0.

i=0

We take ny = | k¢, for some ¢ > 0 to be determined later. In order to have > k>1 () < oo, we need to
require that K¢ > 1. Set U (z9) = B,-v(z0) N {R‘g () S lalogn] } To obtain the convergence to 0 of
the whole sequence, we need to prove that

_ ni—1
(10.6) klinolonk<iu<%k (log n) Z UU w (z0)) — (log k) Z (U;:kw( ))‘ =0.
+1 1=0 =0

For this purpose, we estimate

n—1 ) ng—1 )
(logn) Y m(U7 “(x0)) — (lognx) D m(UF,*(x0))| < (1) + (11) + (II1) + (IV) + (V).
=0 i=0
where
n—1 ) n—1 )
(I) = [logn — log | Y m(U7 “(x0)), (1) = (logng) Y m(Uy “(x0)),
i=0 i=nyg
ng—1 )
(I1I) = (log n) ’m (anw(xo) N { UBiw (2g) < lalogn] }) —m (B"k )n { o) S < |lalogn| }) ,
=0
neg— 1
(IV) = (logng) Z m( xo) N {R" Y (o) S Lalogn]}) —m (B )N {R‘TBI‘” (o) < lalogn] })’
=0
’I’kal
(V) = (logns,) Z m (Bnk”’(%) {R" “ (o) < Lalogn]}) —m (B —¢ (o) N { ~o(a0) < Lalognkj})‘ .
=0
Before proceeding to estimate each term, we note that |ng 1 —nx| = O(k~1=9), |nkf —n, Y = Ok~ (),

llog ngy1 —logng| = O(k™1) and m(U% (z9)) < m(B,-v(x0)) = O(k~%¥).

2For instance, take £ = ¢ —§ and p =~ — 1+ 6~ with § = 31/;—22—n.



34 R. AIMINO, M. NICOL, AND A. TOROK

From these observations, it follows
(I) < Clog ny 41 — log ny| ng k™% < Ck~1-0=9)0),
(I1) < C(log g )|np 1 — gk~ < Cllog k)k~ (=190,

(I1T) < C(log ng)nem(B,, v (x0) \ By-v(20)) < C(log ng)ng|ng ) — ny Y| < C(log k)k~ (=090,

—
I

nkfl

(IV) < C(logng) Z m <Bnk“" (xo) N {R%L::Zw (@B, _y (20) < lalogn] })
=0
nk—l

< Cllogm) Y allognym (B, (w0) \ By-s (x0) )

i=0
< C(log k)Qk—(l—(l—w)C)
and

’I’kal

(V) < Cliogne) 3o m (B,olan) 0 {latogra] < B52 o < latogn] })
1=0 d
nk—l

< C(logny) Z allogngy1 — logng| m(Bn;w(wo))
=0

< C(log k)k—(l—(l—w)é)_

To obtain ([10.6)), it is thus sufficient to choose k > 0 and ¢ > 0 such that k < 31 — 2, kK > 1 and
(1 — )¢ < 1, which is possible if ¢ > 2. O

We can now prove the functional convergence to a Lévy stable process for i.i.d. uniformly expanding maps.
Proof of Theorem[2.]] We apply Theorem ﬁ By Theorem we have NY A N(q) under the probability
v for P-a.e. w € Q. It thus remains to check that equation (7.2)) holds for m-a.e. g when a € [1,2) to
complete the proof. For this purpose, we will use a reverse martingale argument from [NTVI§| (see also

[ARI6, Proposition 13]). Because of (5.8), it is enough to work on the probability space ([0,1],v*) for
P-a.e. w € Q. Let B denote the o-algebra of Borel sets on [0, 1] and

Bk = (T5)~H(B)
To simplify notation a bit let
Jojn (@) = ¢aq (x)1{|¢m0\§sbn}($) - Eyﬂjw(¢$01{|¢mo\§sbn})'

From ({5.8)), it follows that E,,(|fu jn|) < Ceb,, and from the explicit definition of ¢, we can estimate the
total variation of f, ;, and obtain the existence of C' > 0, independent of w, €, n and j, such that

(107) wa,j,nHBV < Oabn
We define

k—1
Suen = D fujn 0 T8
§=0

and

(108) Hw,k,n © T:;L =K, (Sw,k,n|8w7k)
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Hence H,,1n, = 0 and an explicit formula for H,, 1 . is

Hw,k),n =

g]w 2Jsm wa)

From the explicit formula, the exponential decay in the BV norm of P:j_wj from (Dec), (5.8) and (10.7)), we
see that ||Hy knllBv < Ceby,, where the constant C' may be taken as constant over w € Q. If we define

k
Mw,k,n = Lw,kn — Hw,k,n o Tw

then the sequence {M,, 1 , }k>1 is a reverse martingale difference for the decreasing filtration B, = (1)1 (B)
as

E, e (Mw,k,n|Bw,k) =0

The martingale reverse differences are

Mw,k+1,n - w k,n ww k.n w

where
ww,k’,n = fw,k,n + Hw,k,n - Hw,k+1,n o Tgk+1w-
We see from the L bounds on ||Hy, i nlle < Cbye and the telescoping sum that

- i—1
(10.9) > Wm0 TS~ kZ fuwjmoTi| < Ceb,.
Jj=0 j=0
By Doob’s martingale maximal inequality
k-1 2
v | max wa noTI >b,5% < b252 Zw%ﬁ

=0

Note that

n—1
ZEW 2 im0 Tl =By | >ty jnoT)
j=0

by pairwise orthogonality of martlngale reverse differences.
As in [HNTV17, Lemma 6]

n—1
Ey [(Sw,ﬂ,n)Q} = Z By [1/@ dm © TJ] +Eye [Hw 1 n} —Epe [Hw n,n © Tn]
=0
So we see that
Al 1 C2%e?
, w > < —FE, 2 -
(10.10) v max wanoT bpd p < b%(;zEu [(Swn.n)"] + 25
=0
where we have used || H2 gmlleo < C?h2e2.
Now we estimate
n—1
(10.11) Eve [(Swnm)?] <O Bpe[f2, 0TI —i—QZZEW fuojm T fuimoTl].

7=0 1=0 1<j
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Using the equivariance of the measures {v*},cq and (5.8), we have
n—1
(10.12) > Epelf2 0TI < any(gﬁgolw <ot }) ™ Ce2 o2,
»Js zo | SEOn
j=0
by Proposition [3.2] and that
lm nv(|gg| > Ab,) =A"% for A >0,
n—oo
since ¢, is regularly varying.
On the other hand, we are going to show that for m-a.e. z

1 n—1 . )
(10.13) lim lim sup 5 SN EBvolfusn 0 Th fuimoTi] = 0.

=20 nooeo 0p TS

The first observation is that, due to condition (Dec),
Ey“’ [fw,j,n o TLZ . fw,i,n o TZ)] S Cejii||fw,i7n||BV||fwvj7"|
where 6 < 1. Hence there exists a > 0 independently of n and & such that
S Euelfusn 0TS fuino T < C*n 212
j—i>lalogn]
and it is enough to prove that for € > 0,

1 < Ce2b200

m

n—1i+|alogn]
Do D Elfusn 0T fuinoTi] = olby) = o(n?).
i=0  j=i+1
By construction, the term Eyw [fi,in 0T - fu jnoT?] is a covariance, and since ¢ is positive, we can bound
this quantity by Eye[f o Tf - f o TI] = E_,i.[fn - fn o T2, ] where f, = ¢$01{|¢m0\§sbn}' Then, since the
densities are uniformly bounded by , we are left to estimate

n—1ti+|alogn]

(10.14) >0 >. EBulfa:faoTl

=0 j=it+l
Let 3 <4 <1 and U, = B,,—s(x0). We bound (10.14) by (I) + (II) + (III), where

n—1ti+|alogn]

(1) = / fu- fuoTI idm,
Z Z Um(T;’;;)*l(Un)L !

i=0  j=i+1

n—1i+|alogn]

w-y 3

i=0 j=i+1

/ . fo+ fno T2 Hdm
Un (T )5 )~ HUR)
and
n—1i+|alogn]
mn=> > / fo o fn o T2 Hdm.
i=0 j=it+1 “JUs
Since || fulloo < €bn, it follows that
n—1i+|alogn]
m<e2y S m (Un N (Tg;j)—l(Un))
=0 j=it+l
n—1 )
< ag®b? (logn) Z m (Un N {Rg;“ < alogn}) ,

=0



STABLE LAWS FOR RANDOM DYNAMICAL SYSTEMS 37

which by Lemma is a o(b2) as n — oo for m-a.e. .
To estimate (II) and (III), we will use Holder’s inequality. We first observe by a direct computation that

(10.15) / ¢2 dm = O(n¥ (1),
We consider (III) first. Let A = US. We have
(10.16) fo foo T ldm < / Gug + fn o T2 Mdm < (/ ¢§Odm) (/ f2oT?; wzdm)
Ug A A
(10.17) <C (/ ¢>§,Odm> (/ f,%dm>
A
By (10.15), ([, ¢2 )% <ont(&-1) and by Proposition (f dem) < Cna~2. Hence we may bound

@8 o o),

To bound (II), let B = U, N (T7;")~1(UE). Then,

1 1
. . 2 . 2
(10'18) / o fn'fnoTiq‘,—ojde/ fn'(stoOT;i_Ujde </f?’2Ldm> </ Qbiongi_ojdm)
Unn(T3 =1 (Ug) B B

1

As before (f fﬁdm)% < Cna~

1 1 3
2 G TiZigy ) < 90 dm) <cC 2 dm | <cont(3-)
B¢$o O 45i,0m —= (b OLgiy (T] 1) L(Ug) m —= U d)ﬂio m =Ln

by (10.15), and so ([0.18) is bounded by Cn(+*)(x=3),
It follows that (IT) 4 (IIT) < C(log n)nl*‘(l“‘w)(é_%) = o(n?#), since ¥ < 1. This proves that (10.14) is a
o(b?) and concludes the proof of (10.13)).
Finally, from (10.11)), (10.12) and (10.13)), we obtain
1
(10.19) lim limsup —E

21 —
iy i oup g B [(Snn)1 =0,

which gives the result by taking the limit first in n and then in € in (10.10). O

and

[N

10.2. Intermittent maps: proof of Theorem We prove convergence to a stable law in the setting
of intermittent maps when « € (0, 1).

Proof of Theorem[2.6 'We apply Proposition By Theorem it remains to prove (5.7)), since a € (0, 1).
We will need an estimate for E,w (|, \1{45 <o }) which is independent of w. For this purpose, we introduce
o <ebp

the absolutely continuous probability measure vy, whose density is given by Amax(z) = ka~max. Since all
densities h,, belong to the cone L, we have that h,, < £hpax for all w. Thus,

n—1
n a

b Z]El,am ¢-L01{|¢IO‘<EZ) }) FEEanax(qs-'liol{‘(f)zolggbn})'

We can easily verify that ¢$0 is regularly varying of index a with respect to vyax, with scaling sequence
equal to (b,)n>1 up to a multiplicative constant factor. Consequently, by Proposition we have that, for

some constant ¢ > 0,
a, L1

EumEX(¢x01{|¢zO\§Ebn}) ~ C{-:l_ no R
which implies (5.7). O
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11. THE ANNEALED CASE

In this section, we consider the annealed counterparts of our results. Even though the annealed versions
do not seem to follow immediately from the quenched version, it is easy to obtain them from our proofs
in the quenched case. We take ¢, (x) = d(z, xo)_é as before we consider the convergence on the measure
space  x [0,1] with respect to vp(dw,dz) = P(dw)v*(dz). We give precise annealed results in the case of
Theorems [2.4] and 2.6, where we consider

[nt]—1

Xo(w,x)(t) := ; Z b (T22) —ten | , t >0,
§=0

viewed as a random process defined on the probability space (2 x [0, 1], v).

Theorem 11.1. Under the same assumptions as Theorem the random process X2(t) converges in the
J1 topology to the Lévy a-stable process X (q)(t) under the probability measure v.

Proof. We apply [TK10bl Theorem 1.2] to the skew-product system (€2 x [0, 1], F, v) and the observable ¢,
naturally extended to 2 x [0,1]. Recall that v is given by the disintegration v(dw, dz) = P(dw)v* (dx).
We have to prove that

(a) Nni}N(a),
(b) if a € [1,2), for all § > 0,

k—1

1 _
3 : . J . _ —
lplimsupy | (w,2) + max |5 (00 (T2 g, om0, @) = Bl 1, <, )] | 20 ) =0

J

I
o

where

Nalw,2)(B) i= N3 (2)(B) = # {j 1 (i ‘MTb(”C”) e B} n>1

To prove (a), we take f € C}-((0,00) x (R \ {0})) arbitrary. Then, by Theorem we have for P-a.e. w

lim E,o(e” Vo)) = E(e= V).

n—oo

Integrating with respect to P and using the dominated convergence theorem yields

lim ]E,,(e_N"(f)) = E(e_N(f)),

n—oo

which proves (a).
To prove (b), we simply have to integrate with respect to P in the estimates in the proof of Theorem [2.4
which hold uniformly in w € €2, and then to take the limits as n — oo and € — 0. O

Similarly, we have:

Theorem 11.2. Under the same assumptions as Theorem X2(1) A X(ay(1) under the probability mea-
sure v.

Proof. We can proceed as for Theorem in order to check the assumptions of [TK10b, Theorem 1.3] for
the skew-product system (€2 x [0,1], F,v) and the observable ¢, . O
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12. APPENDIX

The observation that our distributional limit theorems hold for any measures pu < v* follows from
Theorem 1, Corollary 1 and Corollary 3 of Zweimiiller’s work [Zwe07].

Let
1 n—1 ]
=) ¢oTi(x) - anl.
and suppose

Sn =, Y
where Y is a Lévy random variable.
We consider first the setup of Example We will show that for any measure v with density & i.e.
dv = hdm in the cone L of Example in particular Lebesgue measure m with h =1,

S, =, Y

We focus on m. According to [ZweQT7, Theorem 1] it is enough to show that

/w ')AV, — /w )dm — 0.

for any ¢ : R — R which is bounded and uniformly Lipschitz.
Fix such a ¢ and consider

/ W%[i 60 T3(x) — an])(hy — 1)dm

/w quoTJk (@) — an])P* (ho — 1)dm

S Hi/}lloollpf w = DllLiom
Since ||P%(hy, —1)||z2 — 0 in case of Example 2.2| and maps satisfying (LY), (Dec) and (Min) the assertion
is proved. By [Zwe(7, Corollary 3], the proof for continuous time distributional limits follows immediately.
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