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Abstract

The famous results of Komlds, Major and Tusnddy (see [15] and [17]) state that it is possible to
approximate almost surely the partial sums of size n of i.i.d. centered random variables in L? (p > 2) by
a Wiener process with an error term of order o(n'/?). Very recently, Berkes, Liu and Wu [3] extended
this famous result to partial sums associated with functions of an i.i.d. sequence, provided a condition
on a functional dependence measure in L, is satisfied. In this paper, we adapt the method of Berkes, Liu
and Wu to partial sums of functions of random iterates. Taking advantage of the Markovian setting, we
shall give new dependent conditions, expressed in terms of a natural coupling (in L> or in L'), under
which the strong approximation result holds with rate o(nl/ P). As we shall see our conditions are well
adapted to a large variety of models, including left random walks on GL4(R), contracting iterated random
functions, autoregressive Lipschitz processes, and some ergodic Markov chains. We also provide some
examples showing that our L!-coupling condition is in some sense optimal.

1 Introduction

In this paper we shall adapt the approach of Berkes-Liu-Wu [3] to certain classes of Markov
chains. To motivate this work, let us describe in detail the example of the left random walk on
GL4(R), d > 2 (the group of invertible d-dimensional real matrices).

Let (e)n>1 be independent random matrices taking values in G = GLg4(R), with common
distribution . Let || - || be the euclidean norm on R?. We shall say that u has a moment of
order p > 1 if

/G (log N(g))Pu(dg) < oo, (1)

where N (g) := max(||g]|, [lg~"[])-
Let Ag = Id and for every n > 1, A, = &, ---1. Recall that if © admits a moment of order
1 then

.1
nh_)rgoglogHAnH =\, P-as., (2)
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where A, = limy, 400 n 1E(log ||V, --- Y1]|) is the so-called first Lyapunov exponent (see for
instance [14]). For any 2 € S9!, we want to describe as precisely as possible the asymptotic
behavior of the quantity

log || Anz| . (3)

The left random walk of law p started at x € S9! is the Markov chain defined by Wy, := x
and W, , = €,Wy_1, for n > 1. As usual, to handle the quantity (3), we consider the partial
sums associated with the random variables (X, ;)n>1 given by

Xng:=hlen, Wn_12),n>1,

where for every g € G and every y € R? — {0},

h(g,y) = log (||g-y|!> .

1yl

By definition of h, and since X,, = h(ep, An_12), we easily see that, for any z € S9!,
n
Sna =Y Xio =log|Anz| . (4)
k=1

Hence, the asymptotic behavior of (3) can be deduced from the asymptotic behavior of partial
sums of functions of the Markov chain W, ,.

This problem can be tackled under some assumptions on g (strong irreducibility and prox-
imality, see subsection 3.1 for more details) which implies that the chain (W,,),>0 admits an
unique invariant measure v defined on the projective space X := P;_1(R%) of R? — {0}. Un-
der these assumptions on p, and assuming moreover that p has a moment of order p € (2,4),
Cuny-Dedecker-Jan [7] proved the following strong approximation result: there exists o? > 0
such that, for every (fixed) z € S9!, one can redefine (log || A,z|)n>1 without changing its
distribution on a (richer) probability space on which there exist iid random variables (N;)i>1
with common distribution A(0,02), such that,

log [|[4nz] = nAy — > Ny = o(n'/P/logn) as. (5)

=1

If 4 has a moment of order p = 4, the same authors showed that this strong approximation
holds with a rate of order O(n'/*\/log(n)(loglog n)'/*).

To prove (5), Cuny-Dedecker-Jan used a martingale approximation (as described for instance
in Cuny-Merlevede [9]), together with some appropriate upper bounds on the quantities

sup B ([Xgp — Xyl - (6)
lel=1,lyll=1

The main drawback of this approach is that it cannot give a better rate than n'/4, because it is
based on the Skorokhod representation theorem for martingales.

On another hand, since the stationary Markov chain W, is a function of the starting point Wy
and of the “innovations” e1, - - - , &y, one can also apply the approximation results by Berkes-Liu-
Wu (in fact, this is not completely immediate because it does not fit exactly into the framework
described by these authors, and some extra work is required there). Doing so, one can reach a
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rate of order n!/? for any p > 2, but only by assuming that x has a moment of order q(p) > p.
More precisely, their functional measure of dependence in L, say d;,, can be bounded by
SUP||z)=1,|yl=1 I Xkz — Xkyllp- Hence, applying Proposition 3 in [7], one can see that condition
(2.3) in [3] is satisfied provided p has at least a moment of order (5p/2) — 1. This is somewhat
surprising: on the one hand, one can go beyond the rate of order n'/4, and on the other hand we
need stronger assumptions than in Cuny-Dedecker-Jan [7] to get the rate n'/? when p € (2,4).

This gave us a strong motivation to understand completely the proof by Berkes-Liu-Wu [3],
and to see whether it is possible to take advantage of the Markovian setting to get the rate n!/?
in (5) under a moment of order p, for any p > 2. As we shall see in this paper, the answer is
positive.

As already mentioned, in the case of the left random walk on GL4(R), one can get a control
on the quantities defined in (6). However, in many other cases of random iterates, such a control
is not possible, while one can get some upper bounds on

/ / E (| Xp0 — Xiy|) v(dz)v(dy) (7)

where v is the invariant distribution of the chain (W;,),>1.

Consequently, we shall establish two distinct results, with different range of applicability. In
Theorem 1, we give a strong approximation result under conditions involving some quantities
similar to (6). In Theorem 2 the conditions are expressed in terms of the quantities (7). The
second Theorem applies to a large variety of examples, including some well known examples
of irreducible and aperiodic Markov Chains with countable or continuous state space. These
examples of ergodic Markov chains will allow us to prove that the conditions given in Theorem
2 are in some sense optimal.

In all the paper, we shall use the notation a,, < by, which means that there exists a positive
constant C' not depending on n such that a, < Cb,, for all positive integers n.

2 Main results

Let (£2,.A,P) be a probability space, and let (¢;);>1 be iid random variables defined on 2, with
values in a measurable space G and with common distribution p. Let Wy be a random variable
defined on © with values in a measurable space X, independent of (g;);>1, and let F' be a
measurable function from G x X to X. For any n > 1, define

W, = F(Em Wn—l) s

and assume that (W,,n > 1) has a stationary distribution v. Let now h be a measurable
function from G x X to R and define, for any n > 1,

Xn = h(en, Wn-1). (8)

Then (X,,),>1 forms a stationary sequence with stationary distribution, say =. Let (G;)icz be
the non-decreasing filtration defined as follows: for any ¢ < 0, G; = {0,Q}, Go = o(Wp) and for
any 1 > 1, G; = o(g;,...,e1, Wp). Tt follows that for any n > 1, X, is G,-measurable.

Our first result proves that the strong approximation result holds with rate n'/? when the
stationary distribution 7 has a moment of order p > 2 and we impose that the sequence of cou-
pling coefficients (doo(n))n>1 defined in (10) decreases arithmetically to zero plus the condition
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(12). As we shall see in Section 3, these conditions are satisfied for instance for the left random
walk on GLg4(R).

Let Wy and W{ be random variables with law v, and such that W{ is independent of
(Wo, (€i)i>1). For any n > 1, let

X, = h(en, W,_1) with W = F(e,, W,;_;). (9)
Define then
doo(n) = [|E(| X7 — X5 [(Wo, Wo))lew s > 1, (10)

where, above and in all the rest of the paper, the infinite norm is the usual essential supremum
norm.

Theorem 1 Let (X,,n > 1) be the stationary sequence defined by (8) and assume that its
stationary distribution ™ has moment of order p > 2. Assume in addition that there exists a
positive constant ¢ such that for anyn > 1,

doo(n) < en™® with ¢ > (p—1)/2, (11)
where (doo(n))n>1 s defined in (10), and that
o [E(X2IG e < (12)

Let Sp = Y11 Xk. Thenn 'E((S,—nE(X1))?) = 02 as n — co and one can redefine (Xp)n>1
without changing its distribution on a (richer) probability space on which there exist iid random
variables (N;);>1 with common distribution N'(0,0?), such that,

Sp —nE(Xy) — ZN = o(n'/?) P-a.s. (13)
i=1

In the rest of this section, we shall give conditions expressed in terms of the quantities
| X5 — Xi|]1 for the strong approximation (13) to hold. Before stating the result, we need to
introduce some notations:

For any n > 0, let us define the sequence (6(n))n>0 as follows

§(0) =8(1) = E(|X1]) and 6(n) =27 sup || X — X}, n>2.
k>n—1

These quantities are finite if 7 has a moment of order 1.

For any = > 0, denote by

and, for any u € [0, E(|X1])], let

6 Yu) =inf{g e N : §(q Z u<s(n

n>0

Denote also by @ the quantile function associated with | X | where X is a random variable with law
7: it is then the generalized inverse of the tail function ¢ — ]P’(|X] > t) = m((—o00, —t])+m([t, 00)).
Let H be the function from [0,1] to R defined by H(x) = [ Q(u)du. We Shall assume the
following condition

an 2/ Q"' o H Y (w)du < cc. (14)

n>1
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Theorem 2 Let (X,,,n > 1) be a stationary sequence defined by (8) and assume that its sta-
tionary distribution © has a moment of order p > 2. Assume in addition that condition (14)
holds. Let S, =Y p_y Xi. Then n 'E((S, — nE(X1))?) — 0% as n — oo and one can redefine
(Xn)n>1 without changing its distribution on a (richer) probability space on which there exist iid
random variables (N;);>1 with common distribution N'(0,0?), such that,

Sp —nE(X7y) — ZNZ- = o(n'/?) P-a.s.
i=1
Remark 3 If we define
v(z) = H1(5([x])) for any x>0 and v (u) = 61 o H(u) for any u € [0,1], (15)
then condition (14) can be rewritten as
v(k)
anQ/ QP (u)du < o0, (16)
n>1 0

which also reads as
1
/ RPN (u)Q(u)du < oo where R(u) = (u)Q(u), (17)
0

Remark 4 Sufficient conditions for (14) to hold in terms of moments (or weak moments) of ™
can be given by using Lemma 2 in Dedecker and Doukhan [10]. For instance, if

| X1|l» for some r > p, and Zn(pr_2r+1)/(r_p)6(n) < 00, (18)

n>1

then condition (14) is satisfied. Note that in the case where || X1|oo < 00, condition (14) is
equivalent to Y, - nP~?5(n) < oo.

If we define the following meeting time
T =inf{k e N : W, =W}, (19)

it follows that, for any n > 2,

Pugw (T 2n)
d(n) < /0 Q(u)du .

Therefore the following corollary holds.

Corollary 5 Let (X,,n > 1) be the stationary sequence defined by (8) and assume that its
stationary distribution ™ has a moment of order p > 2. Assume in addition that

Pl,@V(T*Zn)
Z(n + 1)p_2/ QP (u)du < . (20)
0

n>0

Then the conclusions of Theorem 2 hold.
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According to the computations given in Annex C of Rio [23], if

|| X1, for some r > p, and Zn(pr_Qrer)/(”_p)IF’V@,,(T* >n) < oo, (21)
n>1

then condition (20) is satisfied. In the case where || X |loc < 00, condition (20) is equivalent to

an_QIP’,,@,,(T* >n) < o0. (22)
n>1

Propositions 15 and 18 in Section 3.3 will show that condition (22) is optimal in some sense.

3 Applications

3.1 Left random walk on GL4(R)

As in the introduction, let (e,),>1 be independent random matrices taking values in G =
GL4(R), d > 2, with common distribution p. let Ay = Id and for every n > 1, A, =&, -+ -€1.

Let || - || be the euclidean norm on R?. Recall that x4 has a moment of order p > 1 if (1)
holds. Recall also that if 4 admits a moment of order 1 then (2) holds, and the quantity A, is
well defined.

Let X := P;_1(R%) be the projective space of R? — {0} and write Z as the projection of
r € R? — {0} to X. We assume that s is strongly irreducible (i.e. that no proper finite union
of subspaces of R? are invariant by '), the closed semi-group generated by the support of 1)
and proximal (i.e. that there exists a matrix in I', admiting a unique (with multiplicity one)
eigenvalue with maximum modulus). Under those assumptions (see e.g. Bougerol-Lacroix [4]
or Benoist-Quint [2]) it is well-known that there exists a unique invariant measure v on B(X),
meaning that for any continuous and bounded function f from X to R,

/X F(@)v(dz) = /G /X F(g - ) u(dg)w(dz).

The left random walk of law p is the process defined by Wy :=¢g and W,, =&, W,,_1 forn > 1
where we assume that gg is independent of (e,,),>1. As explained in the introduction, our aim
is to study the partial sums associated with the random sequence (Xy,),>1 given by

Xn = h(sn’Wn—l) ,yn=>1,

where for every g € G' and every = € X,

h(gjg?ﬁ):log(!!gm!\).

]

As usual, we shall denote by X, z the random variable for which Wy = z. We then define
Snz =Y p_1 Xnz and recall that the identity (4) holds: for any z € Sd—1,

n
Snz =Y Xiz=log|Anz|.
k=1

Applying Theorem 1, the following strong approximation with rate holds.
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Corollary 6 Let i be a prozimal and strongly irreducible probability measure on B(G). Assume
that u has a moment of order p > 2. Then n_l]E,,((S’n — n)\u)z) — 02 as n — oo and for
every (fixred) T € X, one can redefine (S z)n>1 without changing its distribution on a (richer)
probability space on which there exist iid random variables (N;)i>1 with common distribution

N(0,0?), such that,
Snz — Ay — Z N; = o(nl/p) a.s.
i=1

Remark 7 It follows from item c) of Theorem 4.11 of Benoist-Quint [2] that o > 0 if the image
of I')y in PGLq(R) is unbounded.

Proof of Corollary 6. Using the same arguments as in Cuny-Dedecker-Jan [7] (see the proof
of their Theorem 1), we infer that it suffices to prove the result on stationary regime. More
precisely, it suffices to prove that one can redefine (S),),>1 without changing its distribution
on a (richer) probability space on which there exist iid random variables (N;);>1 with common
distribution A (0, 0?), such that,

Sn —nAy — Z N; = o(n'/?) P,-a.s. (23)

=1

Note also that the fact that n™'E, ((Sn — nA,)?) — 02 as n — oo comes from Theorem 2 (ii) in
[7]. Now the strong invariance principle (23) is a direct application of Theorem 1. To see this,
note first that the following estimate is valid (see Proposition 3 in [7]):

ka—z sup E(‘Xk,—s —Xk@‘) < 0.
=1 z,5eX

Since (SUPj,geX E(‘Xk’j — X’fv?‘)k>1 is non increasing, SUDPz jex E(‘Xk@ — ng‘ < k(=)

Hence condition (11) holds with ¢ = p — 1. To end the proof it suffices to notice that condition
(12) also holds since, for any k > 1,

IEC2 G| < /G (log N (9))211(dg) < o

3.2 Contracting iterated random functions
3.2.1 Uniform contraction

Assume that there is a distance d on X, and that there exist x > 0 and p € (0,1) such that, for
any n > 1,
[E(d(Wa, W) |(Wo, W) lloo < Kp™, (24)

where W is defined in (9). Note that condition (24) holds if the chain is “one step contracting”
in the following sense

ld(Wo, Wy)|leo < 00 and E(d(W1 5, Wi y)) < pd(z,y) for any (z,y) € X x X.
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Let us now define a class of observables from G x X to R for which one can easily compute
the coefficient doo(n). Let  be a measurable function from G to RT such that E(n(gp)) < oo,
and let ¢ be a concave non-decreasing function from R* to R™ such that ¢(0) = 0.

One says that h: G x X — R belongs to the class £(n, ¢) if,

|h(z,z) — h(z,y)| < n(z)c(d(z,y)) for any (z,y,2) € X x X x G.

Lemma 8 Assume that the stationary Markov chain (W,)n>0 satisfies the contraction condition
(24), and let (X,,)n>1 be defined by (8) for some h € L(n,c). Then, there exists a constant A > 0
such that, for any n > 1,

0oo(n) < Ac(kp™1).

Proof. Let A =E(n(sg)). Since h belongs to L(n, c), and since ¢ is concave,
E(|Xnt1.0 = Xnt1yl) < AE(C(d(Wh,2, Why))) < AE(d(Wn,z, Why))) -
Hence, since c is non-decreasing and (W), )n>0 satisfies (24),

IE(Xn 11 = Xpa | [(Wo, W) lloo < Ac([[E(d(Wn, W) [(Wo, Wy))lloo) < Ac(rp") .

Applying Theorem 1, the following result holds:

Corollary 9 Assume that the stationary Markov chain (Wy)n>0 satisfies the contraction con-
dition (24), and let (X,)n>1 be defined by (8) for some h € L(n,c). Assume moreover that
E(n(e1)?) < oo for some p > 2, and that there exists o € X such that ||c(d(Wy, z0))||cc < o0
and E(|h(e1,x0)P) < oo. If c(kp™) = O(n™9) for some q > (p — 1)/2, then the conclusion of
Theorem 1 holds.

Remark 10 Note that Corollary 9 applies to a large class of continuous observales (as functions
of x), including all Holder observables (case where c(x) = x® for some a € (0,1)). More precisely
it applies to any concave non-decreasing function ¢ such that c(z) < C|ln(z)|™" in a neighborhood
of 0, for some v > (p—1)/2.

Proof of Corollary 9. Applying Lemma 8, we infer that doo(n) = O(n™?) for some g >
(p —1)/2. Hence, if one can prove that

sup (Xl |Gn-1)lloo < M, (25)

for some finite constant M, the result will follow directly from Theorem 1. To prove (25), we
note that

E(‘h(é—jn, Wn*1)|p‘gn71) < 2p_1E(|h(5m anl) - h(gna x0)|p|gn71) + 2p_1E(‘h(517 :L,O)‘p) . (26)

For the first term on the right-hand side of (26), we use the fact that h € L£(n, c), which gives

E(lh(en, Wn-1) = h(en, ©0)[P|Gn-1) < E(n(e1)?)[|lc(d(Wo, z0)) [ - (27)

Under the assumptions of Corollary 9, it follows from (26) and (27) that the upper bound (25)

holds. O
8
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3.2.2 L!-contraction

Assume that there is a distance d on X, and that there exist x > 0 and p € (0, 1) such that, for
any n > 1,
(W, Wi)lle < wp™, (28)

where W is defined in (9). Note that condition (28) holds if the chain is “one step contracting”
in the following sense:
E(d(zg, F(e1,x0)) < oo for some zg € X

and
E(d(Wh 2, Wiy)) < pd(x,y) for any (z,y) € X x X .

Note also that, under the two conditions above, there exists an unique stationary distribution v
(see Theorem 2 of [25]).

Let us now define a class of observables from G x X to R for which one can easily compute
the coefficients 6(n). Let ¢ be a concave non-decreasing function from R* to R* such that
c(0) = 0.

One says that h : G x X — R belongs to the class L(c) if,

E(|h(e1,x) — h(e1,y)|) < c(d(z,y)) for any (z,y) € X x X .

Lemma 11 Assume that the stationary Markov chain (W,)n>0 Satisfies the contraction condi-
tion (28), and let (X,)n>1 be defined by (8) for some h € L(c). Then, forn > 2,

5(n) <27 e(kp™?).

Proof. Let k > n > 2. Since h belongs to £(c), and since ¢ is concave,
Xk — Xilh < / le(d(Wi—1, W)l < e (ld(Wa—1, Wi 1)) -
Hence, since ¢ is non-decreasing and (W,,),>0 satisfies (28),
1%, = Xl < e (rp"1)

The result follows from the definition of §(n) and the fact that ¢ is non-decreasing. 0

Recall that the function @ and H related to the tail function ¢ — P(|X;| > t) have been
defined in Section 2. Combining Theorem 2 and Lemma 11, the following result holds:

Corollary 12 Assume that the stationary Markov chain (W,)n>0 satisfies the contraction con-
dition (28), and let (X,)n>1 be defined by (8) for some h € L(c). Assume moreover that
c(rp™)
Z an/ QP o H (u)du < . (29)
0

n>1

Then the conclusion of Theorem 2 holds.
Remark 13 From Remark 4, it follows that (29) holds as soon as

| X1l for somer > p, and Zn(m_%ﬂ)/(“p)c(n/}”) < 00. (30)
n>1

The condition (30) is equivalent to the following integral condition on the function c

1/2 4
/0 Se(t)] In(t)|Pr=2*+0/0=P) gt < o0

9
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3.3 Ergodic Markov chains
3.3.1 A discrete ergodic Markov chain example

Let (g;)iez be a sequence of iid real-valued random variables distributed as e with
Ple =k)=pir, k € N*,
Let Wy be a random variable with values in N independent of (&;);cz, and define for any k > 1,

Wi = (Wi—1 = Dlw,_ 20 + (66 — D1w, =0 (31)

Hence (Wy, k € N) is a Markov chain with state space N, initial distribution £(Wy) and transition
probabilities satisfying
P, 1=1and Py; 1 =p;,1>1.

Assume that p; > 0 and p,,; > 0 along n; — oo. Then the chain {Wj;k > 0} is irreducible and
aperiodic. Moreover, the stationary distribution exists if and only if E(¢) < oo and is given by

oo
vo = 1/E(e) and v; = 1yg Z pi, j €N,
i=j+1

Corollary 14 Let p > 2 and f be a function from N to R such that v(|f|") < oo with r > p.
Assume that
p(r—1)
Zn r pp, < 00. (32)

n>1

Then condition (21) is satisfied and the conclusions of Theorem 2 hold for X, = f(W,,) where
(Whn)n>0 is the Markov chain defined by (31) with L(Wy) = v.

For bounded observables (case r = o0), condition (32) reads as ), -, nPp, < co. As we
shall see in the proof of the next proposition (see (39)), > o;nPp, < oo is equivalent to
> sy P2 Pygy (T > n) < oo, where T* is the meeting time defined in (19). The next propo-
sition shows that this latter condition is in some sense optimal.

Proposition 15 Let p > 2 and (Wy)k>0 be the Markov chain described above with py :=
1/(C(p+ kP, k € N*, where {(p+1) =3 ;o1 k=T, Then

an_QIF’V@,,(T* > n) = o0, and for any € > 0, Z nP~2(logn) " HEP,g, (T > n) < 0o
n>1 n>2
(33)
Moreover, for any stationary and Gaussian centered sequence (gi)rez with convergent series of
covariances,

lim sup (n logn) 1/;;‘ Z Liw,—oy — - ng‘ > 0 almost surely. (34)
k=1

n—oo
Proof of Corollary 14. Define

Ty =inf{k e N : W, =W} =0}.

10
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By definition, T < T{j. Hence for any n € N,
Pugu (T > n) < Pugy(Ty > n). (35)
Next, it is esay to see that for any n € N,
Pugu(Tg = 1) = Pugu(Ty = n) (36)
with
T) =inf{k >0 : Wy = W[ =0},

where (W], k € N) is the Markov chain defined as follows: Let (&}, )rez be an independent copy
of (ex)rez and independent of Wy. Let W be independent of (W, (ex)rez, (€} )kez) and, for any
k>1, set

Wi = Wiy — Dl 20 +eilwy —o-
According to Lindvall [16], if E,(¢(7)) < oo where 7 = inf{k > 1 : W} = 0} and ¢ is a non-
decreasing function from N to [2, o[ such that ((log(¢(n))/n), is non-increasing and converges
to 0, then E, g, (¢(T()) < co. Note now that

n—1
IP,,(TZn):ZVg Z pj+ZVg§2 Z vy + Z D (37)
/=0

=0 j>n—t o>n >[n/2) §>[n/2]4+1

Hence under (32), E, (1,,(7)) < oo with ¢, ,(z) = 2"®P=D/0=P) Tt follows that E, (1, (1)) <
oo which in turn implies that E, (¢, ,(17%)) < oo by taking into account (35) and (36). Therefore
condition (21) is satisfied and Corollary 5 applies. O

Proof of Proposition 15. Note first that the following coupling inequality holds: for any
n>1,

8(mn) = 5 [ 18P~ vl vldo) < Buo, (T 2 1), (33)

where ||u]|, denotes the total variation norm of a signed measure p and P is the transition
function of the Markov chain (Wy)ken. But for any n > 1, (n) > 2a(n) where (a(n)),>1 is the
sequence of strong mixing coefficients of the chain which starts from the stationary distribution.
As quoted in Chapter 30 of Bradley [6],

a(n) > [P, (Wo = n+1, Wy = 0) =P, (Wo = n+ DP,(Wo = 0)| =00 Y w.
k>n+1

It follows that for any s > 0,
Zns Z Vk:oo:>ZnSIP’y®,,(T*2n):oo,
n>1  k>n+l n>1

which together with the arguments developed in the proof of Corollary 14 show that

D 0, <00 = Y n'Pug,(T* > n) < oo, (39)

n>1 n>1

This proves the first part of (33). To prove its second part, it suffices to use again the arguments
developed in the proof of Corollary 14 and to notice that, for py := 1/(¢(p + 1)kPTY), k € N*,

11
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1

the upper bound (37) entails that E, (¢,(7)) < oo with ¢,(z) = (log(f:w where ¢ > 0. This
ends the proof of (33).

To prove the second part of the proposition, we shall use similar arguments as those developed
in the proof of Theorem 2.2 in Dedecker-Merlevede-Rio [11] and adopt the following notations:
the regeneration times (7% )x>o of the Markov chain (Wj)r>o are defined by induction as follows:
Ry = inf{n >0:W,= 0} and Ry = inf{n >R 1 : W, = 0} Let . = Rk—i—l — Ry, for k > 0.
Note that (7)k>0 are iid and that their common law is the law of Ry when the chain starts at
zero. Note that

P(r > (kInk)Y?) ~ ¢,/ (klogk).

Since the regeneration times 75 are independent, by the converse Borel-Cantelli lemma, it follows
that
P(ri > (klog k)P infinitely often ) = 1.

Now we take
f(z) :=1z—0 and g(x) := f(x) —1p.
f is obviously a bounded function and v(g) = 0. Note that, for any ¢ > 0,

Ry+m

Z (ro/2 — f(Wg)) = mup/2 forany 1 <m < 7.
k=Rp+1

Since R, /n converges to E(7y) almost surely, it follows that, for some positive constant ¢ de-
pending on E(7),

n4+le(nlogn)l/P]
lim sup Z (vo/2 — f(W;)) > 0 almost surely. (40)

n i=n+1

Consider now a stationary and Gaussian centered sequence (g)recz with convergent series of
covariances. If follows from both the Borel-Cantelli lemma and the usual tail inequality for
Gaussian random variables that, for any positive 6,

n4+lc(nlogn)l/P]
lim inf Z (gi +6) > 0 almost surely.

n
i=n+1
Taking # = 1/4 in the above inequality and using (40), we then infer that

n+[c(nlogn)/P]

. 1
hzn_}sol(l)p W i:;rl (gi + 1 — f(Wz)) > 1p/4 almost surely,
which implies (34). O

12
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3.3.2 An example of ergodic Markov chain with continuous state space

In this section, we consider an homogenous Markov chain with state space [0, 1] and transition
probability kernel P(z,-) given by

P(z,A) = (1—12)6,(A) +zm(A), (41)
where §, denotes the Dirac measure at point x and
m(dr) = (a + 1)x*dz with a > 1.

Note that the chain is irreducible and aperiodic and admits a unique invariant probability
measure v given by
v(dr) = az® dx.

As in Section 9.3 in Rio [23], we now construct a stationary Markov chain (W,,),en with initial
law v and transition probability measure P(z,-). Let £ be a random variable with law v. We
assume that the underlying probability space is rich enough to contain a sequence (g;);ez =
(Us, Vi)iez of independent random variables with uniform law over [0, 1]?, and that this random
sequence is independent of &. The stationary Markov chain (W,,),en is then constructed via
the following recursive equation: Wy = &y and, for any k > 1,

Wi = Wiealuswi_, + Fr (Vi) lugew,_, » (42)

where F-1 is the inverse of the cumulative function of 7. It is easy to see that (W, ),en is a
Markov chain with initial distribution v and transition probability kernel given by (41).

Corollary 16 Letp > 2 and (Wy)ren be the stationary Markov chain defined by (42) with a >
p— 1. Then condition (22) is satisfied and the conclusions of Theorem 2 hold for X,, = f(W,),
for any bounded function f defined on [0,1].

The proof of this corollary is a direct application of Corollary 5 by taking into account the
following lemma whose proof is postponed to the Appendix (see Section 5.2).

Lemma 17 For any a > 1 there exist positive constants c(a) and C(a) depending only on a
such that for any n > 1,

) by > m < 9O, (43

where T™ is the meeting time defined in (19).

In addition, this lemma together with Theorem 2.2 in Dedecker-Merlevede-Rio [11] proves the
sharpness of condition (22) also in case of Markov chains with continuous state space. This is
summarized in the next proposition.

Proposition 18 Let p > 2 and (Wy)ren be the stationary Markov chain defined by (42) with
a =p—1. Then condition (22) fails. In addition, for any map f from [0,1] to R with continuous
and strictly positive derivative f' on [0,1], and any stationary and Gaussian centered sequence
(9k)kez, with convergent series of covariances,

n 1 n
lim sup (n log n)_l/p) Z U n/o f(t)dt — ng‘ > 0 almost surely. (44)
k=1 k=1

n—oo

13
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3.4 Lipschitz autoregressive models

We consider the autoregressive Lipschitz model as in Dedecker-Rio [13]. Let 7 € [0,1), C € (0, 1]
and f : R — R a 1-Lipschitz function such that

C
f(0)=0 and [f/(t)]<1- W for almost every ¢.

Let (g;);>1 be iid real-valued random valued with common law p and define for any n > 1
Wy, = f(Wp—1) + &, with Wy independent of (¢;);i>1. (45)

Let S, (h) = "p_; h(W;) for any measurable function h.

The model above corresponds to the previously considered situation with G = R and F :
R xR — R given by F(z,y) =z + f(y), for every z,y € R.

Let S > 1 and assume that g admits a moment of order S. It follows from Dedecker-Rio
[13] that there exists a unique invariant probability v on R, such that

/ |z~ "v(dz) < oo (46)
R

The following strong approximation with rates holds.

Corollary 19 Let 7 € (0,1) and assume that p admits a moment of order S = p+ Tp for some
p > 2. Let (Wy)n>0 be defined by (45) with L(Wy) = v. Then, for any Lipschitz function h
such that v(h) = 0, n~1Var(S,(h)) — o%(h) as n — oo and one can redefine (Wp)n>o without
changing its distribution on a (richer) probability space on which there exist iid random variables
(N;)i>1 with common distribution N'(0,02(h)), such that,

S, (h) — fj N; = o(n'/P) P-a.s.

=1

Proof. The result comes from an application of Theorem 2 by taking into account Remark 4.
As already mentionned, v admits a moment of order S —7 = p+ (p—1)7. Hence, one can prove
that condition (18) holds with r» = p+ 7(p — 1), by using the following lemma (taking t = 1 and
y=(pr—2r+1)/(r—p)=-2+(S-1)/7).

Lemma 20 Lety > —1 andt > 0. Assume that S >t + (y+2)7. Then 3 -1 n76(n) < cc.

The proof of the lemma above is postponed to the Appendix (see Section 5.3).

4 Proofs of Theorems 1 and 2

The proofs of Theorems 1 and 2 follow the scheme of proof of Theorem 2.1 in Berkes-Liu-Wu
[3] by applying the following general Proposition 21, which comes from a careful analysis of the
proof of their strong approximation result. To state this general proposition several preliminary
notations are needed.

14
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A Preliminary result. For Proposition 21 below, we consider (Xj)i>1 a strictly stationary
sequence of real-valued random variables in P (p > 2) and (g;)i>0 a sequence of iid random
variables. Let (Mj)r>1 be a sequence of positive real numbers and define

or(x) = (x A M)V (=My) and gi(z) = = — pi(x) . (47)
Then, define
043k~1
Xpj = on(X;) — Eop(X;) and Wyp= > Xp;. (48)
i=1+43k—1

Let now (my)r>1 be a non-decreasing sequence of positive integers such that my = o(3%), as
k — oo, and define

£43k—1
Xij=E(or(X;)lgj gj-1,. -1 €j—my) — Epr(X;) for any j > my and Wy = Z Xiei-
i=143k-1
(49)
Finally set ko := inf{k > 1 : my, < 271372} and define
v = my {EWZ ) + 2E(Wi i, (Wi2m, — Wim,)) } - (50)

The general proposition coming from a careful analysis of the proof of Theorem 2.1 in Berkes-Liu-
Wu [3] reads as follows

Proposition 21 (Berkes-Liu-Wu [3]) Let p > 2. Assume that we can find a sequence of
positive real numbers (My)r>1 a non-decreasing sequence of positive integers (my)g>1 such that
mg = 0(32’“/”/(1), as k — oo, in such a way that the following conditions are satisfied:

> BFEDPE(|gi (X)) < oo, (51)
k>1
there exists o > 1 such that
—_— «
Z 3_ak/pH max Wi — Whg‘ H < 00, (52)
1<¢<3k_3k—1 @

k>ko

and there exists r €]2,00[ such that

3k
kg: 3’“‘/pmkE(1<%l<%}r{n ‘WH‘ ) 0 (53)
Assume in addition that
the series o = Var(X;) + 2 Z Cov (X1, Xit1) converge, (54)
i>1
and
35 ()% — )2 = 0o(3%%/P(log k)™1), as k — oo, (55)

Then, one can redefine (X,,)n>1 without changing its distribution on a (richer) probability space
on which there exist iid random variables (N;);>1 with common distribution N'(0,0?), such that,

S, — nE(X;) — ZN—O (n'/?) P-a.s. (56)
=1

15
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Note that (54) implies that n~!Var(S,) converges to o (which is therefore non-negative). Let
us now briefly explain how the proposition follows from the work of Berkes-Liu-Wu [3].

Condition (51) together with condition (52) prove that it is enough to show (56) with

hy—1
Sn = Z Wi kg1 + Wy 1 ghn
k=1
instead of S,, — nE(X}), where, for n > 2, h,, := [(logn)/(log3)] (so that h, is the unique
integer such that 3"~ < n < 3"). Next, condition (53) allows first to show that the proof of
the proposition is reduced to prove (56) with S¢ replacing S,, — nE(X7) where

hn—l qr Tn n — Shn—l
Sy = Z ZBk,j + ZBhn,j ; where 7, = {7377% } -2,
k=Ko j=1 j=1 n

with By, ; = 0 if k < kg and for k > ko,

3(j4+1)my 431
By, = > Xpis j=1,2, . ,qp=[2%x3"2/my] — 2.
i=14+3jmy+3k—1

A careful analysis of the steps 3.2 and 3.3 of the proof of Theorem 2.1 in Berkes-Liu-Wu [3]
reveals that condition (53) is also sufficient to apply Theorem 1 in Sakhanenko [24] (at different
steps of their proof) and this leads to the following strong approximation result: one can redefine
(Xn)n>1 without changing its distribution on a (richer) probability space on which there exists
a standard Brownian motion B = {B(t),t € R*} such that,

max | Sf — B(O’?)‘ = o(n'/?) P-as.

i<n
where
hn—1
2
o, = E 3MEqRVE + 3Mer, TnVh,, -
k=ko

The last step 3.4 of their proof then consists in showing that one can construct another standard
Brownian motion W = {W(t),t € R™} (depending on B) such that

B(0?) — oW (n) = o(n*/?) P-a.s.

This step is achieved provided that we can prove that v, — 02, my = 0(32/Pk=1), as k — oo,
and condition (55) holds.

Some preliminary considerations. The following considerations allowing to extend the stationary
sequence (X, )n>1 defined by (8) to a stationary sequence on Z will be useful.

For any n > 1, let V,, = (e, Wp—1). Hence (X,,),>1 is a functional of the Markov chain
(Vi)n>1 with state space G x X and stationary distribution p ® v. The Markov chain (V},)n>1
being stationary, by Kolmogorov’s theorem, there exists a probability P on the measurable space
(Q,F) = ((G x X)% (B(G) x B(X))?) invariant by the shift 7 on  and such that the law of
the coordinate process (Vi, = (£n, Wyn_1))nez (with values in G x X) under P is the same as

16
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the one of (V;,),>1 under P,. Hence, if we define for any integer n, X,, := h(Vp) o i, it follows
that (Xn)nEZ forms a stationary sequence with stationary distribution m, whose law under P
is the same as the one of (X,,),>1 under P,. To prove the theorem, it suffices then to prove
that it holds for the extended sequence (Xn)nEZ which is a stationary sequence adapted to the
stationary filtration (.7-" Jnez Where Fn = J(Vk, k < n) To avoid additional notations, in the rest
of the pl"OOf we write (Xn)nGZ for ( n)neZa (Vn)nEZ for (Vn)HGZ and (Fn)neZ for (Fn)nGZ

4.1 Proof of Theorem 1

By the reverse martingale convergence theorem and stationarity, |E(X,|Fo) — E(X,)|2 is de-
creasing to |E(Xo|F-x) — E(Xo)||2, as n — oo. Hence, by condition (11), E(Xy|F-o) = E(Xp)
a.s. Applying Lemma 22 of the Appendix and taking into account condition (11), we get (since
q>1/2),

2
S Cov(Xa, Xpen)| < (0(k+ 1) V2E(X|Vo) = E(Xp)]2) < oo
E>1 k>0

This proves that the series 02 = Var(X;) + 23 ;1 Cov(X1, Xit1) converge absolutely and
condition (54) of Proposition 21 holds.

Assume first that o2 = 0. To prove that S, — nE(X;) = o(n'/P) a.s., we shall use Theorem
4.7 in Cuny-Merlevede [8]. Hence, it suffices to prove that

1+1/p
n>1 n

With this aim, we start by noticing that by condition (11),

[E(Sk[Vo) — KE(XD [l _
kl+1/p

Zk:’l/pHE(XkWO) — E(X%)||p < oo and therefore Z |
k>1 E>1

Theorem 2.3 in [8] then asserts that there exists a stationary sequence (Dy)gez of martingale
differences in IL?, adapted to (Fi)rez and such that n=1/2||S,, — nE(X1) — S3_, Dll, — 0, as
n — oo. Together with the fact that lim,, ., n~!'Var(S,) = 02 = 0, it follows that Dy = 0 a.s,
for any k. Therefore, the upper bound (4) in [8] and condition (11) entail that

1S, — nE(X1)]l, [E(Sk|Vo) — KE(X1)|lp
Z nl+1/p < Z nlt+l/p Z

ki+1/p
n>1 n>1 k>[np/?]

1 1
< 3 g IBEI) < KBy < Y o S ECGIVe) — Bl < >

which proves (57) since g +2/p* —1 > (2p?) " (p® — 3p> +4) = (2p*) ' (p—2)%(p+1) > 0. The
theorem is then proved in the case where o2 = 0.

Assume from now that o2 > 0. We choose

~11
M, = 3¥/P and my, = [32079%/7] with 0 < ¢ < min (1 -5 5) ;
q

17
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Note that the sequence (my)r>o satisfies my, = o(32¥/Pk~1), as k — oo. We prove below that
conditions (51), (52), (53) and (55) of Proposition 21 are satisfied with the above choices of

(Mk)kzt) and (mk)kzo.

Since the X;’s are in L, it is easy to see that with the choice of My, condition (51) is satisfied
(it suffices to write that E(|gr(X1)|) < E(]X1/1)x,>,) and to use Fubini’s Theorem). Next,
for k > ko, Lemma 24 of the Appendix combined with condition (11) implies that

3/9

— C’3k
H max Wi — ka‘H < Z Xk — Xealt < =
1<0<3k—3k—1 I my
i=1+43k—1
Therefore,
k(p—1)/p
—k/p _ ¥ @ N
23 nggz?fgm Wi WM’H1<<Z32q1 ke 0

k>ko

since 2¢(1 —e) > p — 1. Condition (52) is then satisfied with & = 1. We prove now that we can
find a real number r €]2, oo[ such that (53) holds. Let r > 2,

Yk,i = Xk,i+3k_l s g]{;’z‘ = gi+3k—l = O'(E,L'+3k—1, ... &1, W()) s

and
dri = Y — E(Ysi|Gr,i-1) -

With these notations, we have

dez

By Rosenthal’s inequality for martingales,

¢
D dr
i=1

+ H max
1<0<3my,

< ||

I ma
1<0<3my,

1<0<3my, (Yk,i|gk,i—1)‘ HT : (58)

3Imy,

. 3my
"< (IR Gk e) + 2 il
i=1

I
1<0<3my,

Note that

E(d i|Gk,i—1) < E(E*(r(Xipzr-1)|Hii) Grio1) < E(B(X7 g0t [Hpi)|Gri-1)

where Hy; = o(g; 4301, .., 36-1_,, ). Here, recall the following well known fact: if Y is an
integrable random variable, and G; and Gy are two o-algebras such that o(Y') VG is independent
of Go, then

E(Y|g1 V gg) = E(Y‘gl) a.s. (59)

Applylng (59) with g1 = 0'(57;_;'_31971_1, e ,5i+3k—1_mk), g2 gk Jgi—mp—1 andY = ]E( 3k 1 |Hk; 2)
we get

E(d ilGk,i-1) < E(XF g0110(eipae1 1, igght )

Hence, by assumption (12),

IB(d7i1Gri—1) 2 < NB(X7 gr11Gki-1) 2 < IB(X7 gr1]Gri-1)lloo < €

18
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On another hand, by stationarity,
ldk,illy < [lp(Xo)ll7 < 1 X0 xq<a [l + MEP(| Xo| > My) .

So, overall,

dez

We handle now the second term in the right-hand side of (58). We apply Proposition 23 of the
Appendix with o = 7, 7 = rj, where 7}, is the unique positive integer such that 27+~ < 3m;, < 27*,

H max << ml/? 4 mp (| X1 xo <00, 17 + MIP(|Xo| > My)) . (60)

1<0<3my,

Zi =0 for 4 S 0 y Zz = Zk,i = E(kai\gk,i,l) for 1 > 1

and
Fi={0,Q} for i <0, F; =o0(g;_14136-1,...,61, W) =Gp 1 for i > 1.

We then get

l
B(¥sl i) |
ngr?g%};% Z; (k ‘gk, 1) .
3Imy re—1 orp—t 1/2
< (1B GesI) 4 X (3 BTt = T P ec)) (61
J=1 (=0 m=1

where Ty = Zle E(Y%,i|Gki—1). By fact (59), we note that, for any ¢ > 1,
\|E(Yk,i|gk,z‘fl)||oo = HE(Xk,H:sk—l |U(Ei+3k—1—l7 . Ei+3k—1—mk))”00
< 2ok (Xya-1)Ghi-1) oo < 20E(07(Xipge-1)|Grim1) 157 -

Therefore, by condition (12),
NE(Y5,i|Gk,i-1) o0 < 2+/c. (62)

Next, since F; = {0, Q} for i <0 and the Z;’s are centered , for any ¢ > 0,
B (Toe | F_ge11)l» = 0.
Moreover, for any m > 2 and any ¢ > 0,

m2¢

[E(T5,0e — T(m71)2f‘]:(m72)2"’+1)Hr < Z HE(Xk:,H?)k—l ’gk,(mfZ)Qz)HT"
i=(m—1)2¢+1

But, for any m > 2, any £ > 0 and any ¢ > (m — 1)25 +1,

IE(X} 4351 1Gk (m—ay2e) |1
= [|E(E(pr(X;yg6-1)[€iqg0-15 - - -5 Eip3b-1 i )Gk (m—2)2¢) — E(or(Xipr—1))|lr -
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Hence, if 2¢ > my, .
IE(Xk iq36-1 Gk, (m—2)2¢)|lr = 0,

and if 2¢ < my, — 1, by using (59),
IE(X 301 |G (m2y20) e < NE(X 361G (m2y2)lloo -

But, by using stationarity, the Markov property and the fact that ¢y is 1-Lipschitz,

(X511 22 < 500 (X -21200)) — | BOLKi (200

< Sgg/ |E(or (X ((m-2)2¢.2)) — B0k (Xi— (m—2)20.4)) |V (y) -

Hence, for any m > 2, any £ > 0 and any i > (m — 1)2¢ +1,

1
(i = (m—2)207

(X i 3t-11Gk (2020 Il < (X g 381G gm 220 o < (63)

Since ¢ > 1/2, the above considerations imply that

re—1 orp—¢ re—1

1/2 . B 1/9
Z ( Z [E(T e — T(m—1)22|-7:(m—2)24+1)|’%) < 2Me/? Z 2!/2970 « mk/ :
(=0  m=1 =0

Combined with (61) and (62), the upper bound above implies that

L

> Bl < mi. (64)
1=1

H max
1<0<3my,

Hence, starting from (58) and taking into account (60) and (64), we get that for any r > 2,

Wil || < my/? + mi (| Xo jxop<an 15+ MEP(1 Xo| > My)) .

I o
1<0<3my,

This implies that (53) holds with r > max {2, 7' (p — 2(1 —¢)) }.
To end the proof it remains to prove condition (55). Note first that since o2 is assumed to
be strictly positive, we have

]1/]1/2 —o| = 0'_10'|V]1/2 —o| < 0'_1(1/,1

/ 2

? +cr)|1/,1/2 —o| =0 Yo — 0,
and therefore condition (55) reads as

3R (e — 02)? = 0o(3%F/P(logk)™'), as k — 0. (65)
To verify condition (65), let us define, for i > 0,

Cri = COV(Xp 41, Xk itmy+1) and é; = cov(Xp 0, X ) -
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Using stationarity, we have

mg—1 mg
E(Wl?,mk) = mkého + 2 Z (mk — g)ék’g and E(Wk,mk(Wk,ka — Wk,mk)) = Zgék,ﬁ .
(=1 /=1
Therefore .
k
U = Cro + 2 Z Chyt - (66)
(=1
We first prove that
‘Vk — (ék,o + 2 Z ékl)‘ < 3k/(2p)m];(J/2 + (mlzlﬂ(log my)lg=1 + m]:q+1/21q<1) . (67)

0>1

With this aim we use the arguments developed in [3] to get their inequality (3.56). Hence, we
start by noting that since ¢y, is 1-Lipschitz, (||E(ex(Xn)|Fo — E(gpk(Xn)||2))n>0 is a decreasing
sequence such that ||E(¢r(Xn)|Fo — E(er(Xn)l2 < 6s(n). Hence, by the same arguments as
those developed in the first lines of the proof of Theorem 1, we infer that, under condition
(11), there exists a constant C' not depending on k such that ) ,., [¢re| < C. Therefore,
limjﬁooj_lE(W,?J) = (ko0 +2) 4> Che. On another hand, the following convergence clearly

holds: limj%ooj_lE(szj) = v. In addition, for all j > 1,
IE(W; ;) —EWE )| < Wiy — Wil Wiy + Willa -
The above considerations imply

’Vk — (éro + 22%@)’ < limsup j~H[W; — Wi l[5 + Climsup j /2 [ Wi j = Wi jll2. (68)
>1 J—reo J—00

To take care of HW;” — Wi jll2, we apply Proposition 23 of the Appendix with, this time, o = 2,
r = r; where r; is the unique positive integer such that 2ri—l < j < 2,
Zz‘ =0 for 4 S 0 s Zi =4k = _Xk’i_;’_gk—l - Xk7i+3k—1 for 4 2 1,

and
E:{Q,Q} fOI‘iSO, E:U(Ei+3k—1,...,€1,W()) :gk,l' fOriZ 1.

Hence

_ J N 1/2
1Weg = Wislls < (D 1Kz = Kigezerr )
=1

re—1 2Tk —¢

1/2
3 (0 IE(Ty = Tnoryoe Fimzze)IE) o (69)
(=0 m=1

where Ty = Zle(Xk,H,gk—l - Xk,i+3k71). Lemma 24 of the Appendix combined with condition
(11) implies that

j+3k71

y ; 2 b ; Cj3t/?
D X = Xppara 3 <2%357 Y 0 [ Xpi = Xl < = — (70)
i=1 i=1+3k-1 "k

21



O©CoO~NOUTAWNER

Next, since F; = {0),Q} for ¢« <0, for any £ > 0,
[E(Toe | F_geq1)ll2 = [E(Toe)| = 0.

Moreover, by (63), we infer that for any m > 2, any £ > 0 and any i > (m — 1)2¢ + 1,

IE(X} 4351 — Xpigae-1]Gr (m-2)2041) |2

- 1 _
S NE(Xkipze-1 = Xiigse-1 |G m-2)2¢11) oo < (i = (m —2)20)1 <271,

On another hand, Lemma 24 of the Appendix combined with condition (11) implies that
|’E(Xk,i+3k'_1 - Xk,i+3k—1|gk,(m72)2e+1)||1 < ||Xk,z'+3k—1 - Xk,z‘+3k—1||l < m/;q-
Hence, for any m > 2, any £ > 0 and any i > (m — 1)2¢ + 1, we also have
IE(X}, ip35-1 — Xpinae-1]Gr m-2)2e1)ll5 < 27, 1.
The considerations above imply that, for any m > 2, any £ > 0 and any i > (m — 1)2¢ +1,
HE(Xk,z‘Jr?,kfl - Xk,i—&-Sk*l ’gk,(m—2)2é+1)||2 < 2t/ min@—ﬂqﬂ’ m}:q/2) .
Hence, since ¢ > 1/2,

ri—1

27t rj—1
1/2 . _ . o —q/2
Z ( Z [E(T 00 — T(m—1)2ff\]:(m—2)2€+1)Hg> < 2n/? Z gt/2p~ta/2 min(2 eq/zjmk “ )
=0  m=1 £=0

< VP (g P 1ger + P logmi) 1gmr +my TP 1,0) L (71)
Starting from (69) and considering the upper bounds (70) and (71), we get
JTVWij = Wiglla < 88 CPmy 42 4 (m 2 (log mi) Lgm +my P 1,00) . (72)

Hence starting from (68) and taking into account (72) together with the fact that i’)]“/(QT’)TrL,;q/2 <
24/2 | the upper bound (67) follows.
Let now ¢; = Cov (X, X;) and note that (see Relation (3.54) in [3], where the same truncation
level is used)
sup |é.; — ¢i| = o(37FP=2)/P)
i>0

Let
0y, = [3FP=2/CP) (10g k) ~1/?] .
Since 0% = ¢o + 2 > i1 Ci, it follows that
0 — (Gro+2Y era)| < o(le37HEIPY £ 2N " o — ey (73)

i>1 >0

But
lci — ¢k,il = | Cov(Xo — ¢r(Xo), Xi) + Cov(pr(Xo), Xi — vr(X5))] .
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Set gr(x) = = — pr(x) and note that, by the reverse martingale convergence theorem and
condition (11), E(gx(X0)|F-s0) = E(9x(X0)) a.s. and E(X¢|F_s) = E(Xo) a.s. Hence, applying
Lemma 22 of the Appendix and taking into account condition (11), we get

3" | Cov(Xo — pr(Xo), X |<<Z||P0 X2 > i PEXGV) 2
i>0 i>[271 (Le+5)]+1

<D IPolge (X)) lla(ls + )17,

where Py(-) = E(-|F9) — E(:|F_1). But, by Lemma 22 of the Appendix,

Z 1P (g (X))l (6 + 5)V/*77 < /> qz 1Po(gr (X)) Iz + > 327 Polgr(X;))ll2

Jj=0 J>L
Ly,
</ > G+ DTG (X)V0) — E(ge (X)) 2 + > 3 Po(ge(X;)]|2 -
j=0 J>L

Note now that, since g > 1/2,

> M R an(X)ll = 3 32 P9k (X)) 2 (5 121)

J>L J>L m=1

=> > WEP(g(X))ll2

m2>1 j>max(m, €k)

<81 S IR CIB) T+ X m (X IR xi3)

§>0 m>Ly, jzm
< 47 B(gk(Xe, ) Vo) = E(gr(Xe))ll2 + Y m B (g (Xim) Vo) — E(g (X))l - (74)
m>/l,

So, overall,

Ly,
371 Cov(Xo — or(Xo), X))l < 627575 + 1) V2 E(g (X) Vo) — E(gr(X;))ll2
i>Lp 7=0

0B 98 (X )IVo) — Eln(Xe)ll2 + 3~ m ™ B (gx(Xm) Vo) = Elgs (X))

m>Ly

Next, we note that
I (gx (X0)[Vo) — E(gr(Xo))[l2 < o(3~HP=2/C0)
and that, for j > 1, by condition (11),

(g1 (X;)[V0) — E(gr(X;)) |2 < min (579, 79237 0=1/G0). (75)
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Hence, since ¢ > 1/2, we infer that

Z | Cov(Xo — vr(X0), X;)| < gllc/Q—Q?)—k(P—Q)/(?P) + 5,1{72q1q>1 + k£;1/23—1€(p—1)/(2p)1q:1
>0

+ (k 3—k(—=1)/(2p) 4 5116—3‘1/2346(%1)/(21’) + 3116(1*2(1)(pfl)/(pq))1q<1 . (76)

We handle now the series
> | Cov(er(Xo), Xi — @r(X))|

P>l

Applying again Lemma 22 of the Appendix, we first write that

> | Cov(pr(Xo), Xi — or(X3))]

>0

<D IP(enXe)lla D i P E(gr(X) | Fo) — E(gr(Xi)]l2 -
(=0 i>[2710]+1

By condition (11) and since ¢ > 1/2,

D IPo(or(Xe))llz < D (€ +1) 72 E(pr(X)) Vo) — E(pr (X))l < C.
£>0 >0

So, taking into account (75) and the fact that ¢ > 1/2,

> | Cov(er(Xo), Xi — @r(Xi))]

>0y

< 3—k(p—1)/(2p)g§€1—®/21q>1 + 37k e-D@a-1)/ )y 4 3R/ o (77)

Considering the upper bounds (73), (76) and (77), we then derive

‘0—2_<ék70+2 Z é,“)‘ < O(gk3—k(p—2)/l))+gi/2_q3—k(p—2)/(2p)+(gli_Qq_Fg—k(p—l)/(?P)gg_‘1)/2)1q>1
i>1
+ k3Re=D/Cr)q ) 4 (k 3=k(=1)/(2p) 5116*3‘1/23%(%1)/(219) + 3*k(p71)(2q71)/(2pq))1q<1 7

which combined with (67) gives

vy — 02| < (4,37 FP=2/) 4 gllc/Q—qgfk(pﬂ)/(?p) + (0% 4 3*k(p71)/(2p)gl(€1—‘1)/2)1q>1
+ k3Re-D/CRy (k 3—k(p—1)/(2p) | 5116—3‘1/23%(29—1)/(213) + 3—/’f(p—1)(261—1)/(21%;1))1q<1
+ Z))]“‘/(Q"")Trtlzq/2 + (mgl/Q(log my)lg=1 + m,:q+1/21q<1) . (78)
Let us verify that (65) holds, namely:
3kP=2)/C) (1, — 62) = o((log k)~ */?).
The choice of ¢}, implies that £,3~#P=2)/P = 3-k(P=2)/(2P) (Jog k)~1/2 and E,lg/Z_q = o((log k)~1/?)
(since ¢ > 1/2). Moreover, when g > 1, we clearly have 3’“(”*2)/(27’)6,1_2‘1 = o((log k)~/?) and
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3k(p—2)/(2p) 3—k(p— 1)/(213)5(1 D2 = o((log k)~1/2). Tt is also clear that 3¥(P—2)/(2p)k3—k(p—1)/(2p) =
o((log k)~'/2). Next, since q > ( —1)/2,

3k(P=2)/@p)g=k(p-D(2¢-D/2p0)q | < 3kp=2)/p)g=kp-1)(p=2)/(2p)

proving (since p > 2) that 3’“(”*2)/(27’)B*k(pfl)@q*l)/@pq)1q<1 = o((log k)~/?). Also, since p > 2,

3k(p—2)/(2p)g]1€—3Q/23—k(p—1)/(2p) 1 (p—2)/(2p)g]1€/43—k(p—1)/(2p)

k
(p—1)/2<q<1 < 3 locp<s,

which proves that 3k(p_2)/(2p)€,1§_3q/23_k(p_1)/(2p)1(p,1)/2<q<1 = o((logk)~1/?). Next, we note

that o
29)3 /(2p)

q/2
my,

gk(p—2)/(2p = 3kp=1)/@p)3=ak(1=2)/P — o((log k)~1/?)

1

Slnces<1—2—

q

Now, if ¢ = 1 then p < 3 (since ¢ > (p — 1)/2). Hence since ¢ < 1/2, we get that
3k(=2)/(2p) 1/ (logmg)1ly=1 = o((logk)~ 1/2) Finally, using again that ¢ > (p — 1)/2 and
that ¢ < 1/2 we derive that 3+(P—2)/(2p) _q+1/21 4<1 = o((logk)~/2). This ends the proof of
(65) and then of the theorem. O
4.2 Proof of Theorem 2

By Remark 3, we know that condition (14) is equivalent to (17), namely:

/1 RPN (u)Q(u)du < o0,
0

where, for any u € [0,1], v~ (u) = 61 o H(u) and R(u) = v 1 (u)Q(u).
Notice first that, by Proposition 1 in Dedecker-Doukhan [10],

Z|COVX0, |<22/

i>1 i>1

27 |E(X; | Vo) —E(X4) |1

1
Qo H ' (u)du < / R(u)Q(u)du < oo,
0

by condition (17). Hence the series 02 = Var(X;) + 23 ,~, Cov(Xj, X;11) converge absolutely
and condition (54) of Proposition 21 holds. -

Assume first that 02 > 0. To prove the theorem, we shall verify that the other conditions
of Proposition 21 are satisfied and with this aim we need to define suitable sequences (my) and
(My). Since we have Var(S,,)/n — o2 > 0, it follows that Var(S,) — oo. Hence P(|X;| > 0) >0
since otherwise we would have X; = 0 a.s. and then S,, = 0 a.s. for all n > 1, contradicting the
fact that Var(S,) — oo. Let u; = (1/2)P(]X1| > 0) (hence u; > 0) and define

Ko =inf{k € N : R(u;) <37} .

Obviously Ky < oo since u; > 0 which implies that Q(u1) < oo and v~ !(u1) < co. Next, for
any k > Kjy, let

vp = inf{u € [0,u1] : R(u) <3P} .= R7Y(3%/P) | My, = Q(uvp),

25



O©CoO~NOUTAWNER

and My =1 for 0 < k < Ky. Since u; < P(]X;| > 0), it follows that Q(u1) > 0 and therefore
since @ is non-increasing and v, < uy, My > Q(u1) > 0, for k£ > K. Let now, for any k > K,

mi =1inf{n >0 : v(n) < v},

and my = 1 for any 1 < k < Ky. Since vy, is assumed to be strictly less than 1 (since vy < up <
1/2), my > 1 (indeed v(0) = H~1(E(]X1])) = 1). In addition, since R is right continuous and
non-increasing, v < R™!(z) <= R(u) > z. Hence, R(R™!(u)) < u for all u € [0,1], implying
that

mpMj, < R(vg) < 3°/7.

Therefore, for any k > Ky, since My > Q(u1) > 0,
my, < (Qur))~'my My < 3%/

which proves that my, = o(3%*/Pk~1), as k — oo.
To prove now that the conditions (51), (52), (53) and (55) of Proposition 21 are satisfied,
we first notice the following useful facts:

Qlon(x,) (@) = Qr(u) = Q(z Vv) and Qg (x;) (1) = Qr(1) = Q(z)1y<y, . (79)

Let us start by proving that condition (51) holds. By using (79), we get

1 1
Z3k(p_1)/pE(\gk(X1)|)223"”(”_1)/”/0 ng(xm(U)du:23'“(”_1)/’”/0 Q) Lu<y, du.

k>1 E>1 E>1

But

1 1 1
Z?)k(p_l)/p/ Q(u)1ly<cy,du = / Q(u) ng(p_l)/le(u)>3k/p < / RPHu)Q(u)du < oo,
E>1 0 0 E>1 0
(80)
by condition (17) (which is equivalent to condition (14)). Hence condition (51) is satisfied. Next
we note that by Lemma 24 of the Appendix,

3k
max Wiy — W H < Xis— Xialli <2 % 3%6(my) .
HISES%_%,J ke = Wil 1_1—1%;1 Xk = Xnalla < (mi)

Therefore, by using (80),

ZB_k/pH max \WH—WH]H §223k(p_1)/p5(mk)
>1 1<0<3k —3k—1 1 1

<2 30U H(y(my)) <2 gFe-D/p / h Qu)du < o0o. (81)
0

k>1 k>1

Hence, condition (52) is satisfied with & = 1. We prove now that we can find a real number
r €]2,00[ such that (53) holds. With this aim we start by noticing that, for any r > 1, by
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Lemma 24 of the Appendix,

. 3my+3k—1
_ < R .
[, 2es, o =Well| < 32 1= Zalh
&
3my+3k—1
_ it 1 -1
< @MY ST X = Xl < m M (S (mg )7

i=3k—141

Hence, since my M, < 3%/P, for any r > 1,

1<0<3m

3k N , (my M) k(p—1)/p
k>(o h=to )

which is finite by taking into account (81). Hence to prove that condition (53) holds, it suffices
to prove that we can find a real number r €]2, co[ such that

Zigk E( |, max [Wi|") < oo. (82)

kr/p 1<0<3
k>lg 3 Mk =ESOMk

To prove (82), we apply the Rosenthal inequality for 7-dependent sequences as given in Corol-
lary 1 in Dedecker-Prieur [12]. Let us first recall the definition of the 7-dependence coefficients:
for any random variable Y with values in R’ and any o-algebra F,

T(]:, Y)= sup
feAL(RE)

| swp )/h(x)Pﬂy)f(dx)—/h(x)Pf(”(dx)ml’

heA1(R)

where, for any integer ¢ > 1, Al(RE) is the set of 1-Lipschitz function from R to R with respect
to the norm |z — y|; < Zizl |z; — y;|. Taking F, = o(X;,i < p), the coefficients 7(i) of the
sequence (x(X;))iez are then defined by: for any ¢ > 0,

) 1 o )
7(i) = ili}()) g?gxuzsup {T(]:p, (pr(Xj), .- ,@k(Xje))) ypHi<ji<...< jg}.

In the stationary case, Corollary 1 in Dedecker-Prieur [12] implies that, for any r > 2,
. llon (X1l . . r/2
E(lgr?g%fnk | Wi ) < (mk/O ((7/2)7 " (u) Amy) Qe (x1)| © H|<pk(X1)‘(u)du)

llr (X1) 1 . L .
+mk/0 ((7/2)7 () A i)™ Q1)) © Hig ey (W)

where 77! is the generalized inverse of the function 7 defined by 7(x) = 7([z]).

To compare the coefficients 7(i) with the coefficients §(i), we consider (Wg, (¢);>1) an in-
dependent copy of (Wp, (¢5);>1) and define W{ = F (g}, W})) and W), = F(ep, W,,_;) for any
m > 2. Note that for any j > 2, by using the relation (97) of the Appendix, we have

Xj = h(&‘j, Wj_l) = h(é‘j, Fj_2(€j_1, .5 E9, Wl)) = gj_g(é‘j,&‘j_l, .99, W1> . (83)
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Define now, for any j > 2,

X]/ = h(Sj,Wj{_l) == h(€j,Fj,2(€j,1, PN ,62,W{)) = gj*2(5j75j71a .o, E9, Wll) . (84)

Clearly for any 2 < j1 < ... < jo, (pr(X],),- - pr(X],)) is distributed as (¢x(Xj,), - - -, or(Xj,))
and is independent of (g, W_1). Hence, by stationarity and Lemma 3 in Dedecker-Prieur [12],

(Fo, (0r(X1), - - ou(X5)))

< sup [ f(er(XG ), 06(X5,)) = Fleor(XG)s s on(X5,)) 1
FeAL(RY)

y4 l V4
<Y X, = X = Z//]EIX'U—l,x — X, yldv(@)dv(y) <2 6(4),
v=1 v=1 v=1

where the second inequality comes from the fact that f € A;(RY) and ¢y, is 1-Lipschitz. There-
fore, since § is non-increasing, for any i > 2,

(i) < 26(i) .

Moreover, for any ¢ € {0,1}, we obviously get that 7(i) < 2E(|X1|) = 26(0). It follows that for
any x > 0,
7(z) = 7([z]) < 24(z).

Therefore, since both 7 and § are non-increasing,
(r/2)7 (u) < 57 (u).
In addition, since ¢y is 1-Lipschitz and such that ¢ (0) = 0,
Hi,, (x)|(«) < H(x) and then H™'(u) < H ' o (u), (85)

since H is non-decreasing. Therefore, using additionally the fact that u <v <= Q,, (x)(v) <
Qpp(x1)| (1), we get

r/2

. 1 Xall1 . .
E(lgr?g%ﬁk | Wi ) < (mk/o (0~ (u) Amg) Qg (x1) © H (u)du)

Xl
+ mk/o ((5_1(u) A mk)r_l T(;cl(xm o H_l(u)du,
and then, since 7' (u) = 6! o H(u),

r/2

1

= gumg, Wil ) < (e 0720 A )@y (000010
1

e [0 A, (0@

Recall now that my, = v~ !(vy), therefore since 4+

is non-increasing,
T w) Amg = mplycy, +77 (W) Lz, -
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Using also the fact that Q|,, (x,)(z) = Q(z V vi), we get

E( max }Wk’g‘T) < (kal_Q/T(vk) /01 'y_l(u)Ql“/T(u)alu>r/2

1<0<3my,

1 1
+ my (mgpQ(oy)) / Q(u) Lucy, du + my / R Hw)Q(u) Ly, du
0 0
=1+ 1 4 18
Using the fact that m,Q(v;) < 3%/P and (80), we get that, for any r > 2,

1
S 3 g1 13 < 7 gk / Q) Lucr, du < 0.
k>0o k>0 0

On another hand, for any r > p,

1
S D < 3 [ )@ L

k>0 k>to 0
1 1
:/ ZSk(p_r)/pRT_l(u)13k/p>R(u)Q(u)du <</ RPIQ(u)du < o0,
0 k>r, g 0

by condition (17) (which is equivalent to condition (14)). Finally using again that m;Q(vy) <
38/P we derive that, for any r > 2(p—1),

301/ 1 10 < ™ 36010 (e Qo) 2 [ A @) QM () s
k Tk 0

k>lo k>£o

/2

1 r/2
< 3 ke nlgite2)/en) /0 VL@@ (w)du)

k>4

since condition (17) obviously implies that fol 7 Hw)Q /" (u)du < oo. So, overall, (82) holds
provided we select 7 > 2(p — 1).

To end the proof it remains to show that condition (55) holds. With this aim, we start by
recalling the equation (66), namely:

mg

Ve =Cro+2 ) Cre
=1

where, for 7 > 0,
Cri = COV( Xk mp+1> Xkjigmy+1) and ¢ = cov(Xy o, X ) -

But, by using Lemma 24 of the Appendix, we have, for any i > 0,

|Gk — | = |cov(Ximet1 — Xemet1, Xnitmpt1) + V(X ket 1, X itmpt1 — Xitmpt1)|
< Q)| Xkmp+1 — Xiymyr1lln + Qi) [[ Xk ivmp+1 — Xkyivmy+1[11

v(mg) U
< 4% Q(ur)d(mi) < 4 x Q(ug) /0 QUu)du < 4 % Q(uy) /0 Q(u)du.
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Hence, since myQ(vy) < 3%/,

M 1 1
Vi — ék,O -2 Zék’g‘ < 8 x ka(vk)/ Q(u)1u<vkdu < 8 x 3k/p/ Q(U)lR(u)>3k/de
=1 0 0

1
< 8 x 3/P3—HE-1)/p / RPIQ(u)du < 37¢=2/P  (86)
0

by condition (17) (which is equivalent to condition (14)). Taking into account (86) together
with the fact that o2 = > rez cov(Xo, Xi), we get

my
v — 0% <2 |ép; — cov(Xo, Xi)| +2 Y |eov(Xo, X;)| +37HP2/P, (87)
i=0 i>mp+1

Next, by using Proposition 1 in Dedecker-Doukhan [10], we derive

8(i) v(2)
v(Xo, X; o H Y (u)du = 2(w)du .
3 Jeov(Xo, >|s22/0 Qo H\(w) 2'2/0 Q*(u)

i>my, i>my 1>my

But, since my = y~!(v), note that

1 1 1
/0 R(u)Q(u)lu@kdu:/o ’yl(u)QQ(u)lu@kdu:Z/o Q2(u)1u<yk1u<7(i)du

>0
1 1
= my, /0 Q% (u) Lucu, du + /O Q*(u)1ycyiydu. (88)

i>my

Hence

1 1
Z |cov(Xo, X;)| < 2/0 R(U)Q(u)1u<vkdu:2/0 R(u)Q(u)1 gy >z6/rdu

i>my

1
< 2 x 37RP=2/p / RP (w)Q(u)1 gy sgrrvdu < 37FP=2/P 1 (89)
0

by condition (17). On another hand, by using inequality (1.11a) in [23] and (79), we derive that,
for any 7 > 0,

|6, — cov(Xo, Xi)| = |cov (X0 — Xo, Xpi) + cov(Xo, Xii — Xi)|
1/2 1/2 1 )
<2 ; Q| () (W) Qg (x) () du + 2 ; Qx| (1) Qg, (x| (w)du < 4/0 Q% (u)Ly<y, du.

Hence, by taking into account (88),

mp

1 1
Z |Ck,i — cov(Xo, X;)| < 4(my + 1)/ Q? (1) 1ycy, du < 8/ R(u)Q(u)ly<y,du.
=0 0 0
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So, by the computations in (89),

my

D Jéni — cov(Xo, X;)| < 37FE=2/P (90)
=0

Hence, starting from (87) and taking into account (89) and (90), it follows that
vy — 0% < 372/,
implying, since p > 2, that
3 (v, — 02)? < 3FEPI/P — (3%/P(log k)7Y), as k — oo.

This proves that (65) holds and then that (55) is satisfied since 62 > 0. The proof is complete
for the case o2 > 0.

Assume now that 02 = 0. Let M be a positive real number. According to inequality (5.42)
in Merlevede-Rio [21], for any positive integer n, any real number A, and any positive integer
g < n and such that gM < A, we have

Var(S),)
A2

JP’( max |S; — kE(X1)| > 5>\)

1
1<k<n +237 EE:E”gAf N

+A7 Z E(onr (Xi)[Vieg) — E(par (X)) ll1 - (91)

Choose now u = R71()), ¢ “L(u) An and M = Q(u). Since R is right continuous, we have
R(u) < A, hence qM < R( ) )\ Note also that

ngXk!<n/Q dw<n/Q 2)1R(g)>rde . (92)

k‘

In addition,
v(a)

IE(err (Xi)[Vieg) — E(enm (Xi))lly < 26(¢) = 2 ; Q(x)dx

Since v(q) < u, it follows that

1
Z (o (XIVing) = Blon (X < 20 [ Q@i riyoade.
Starting from (91) and taking into account the considerations above, we get that, for any A > 0,

Var
— >
[P)<1I<n]?,x 1S), — KE(X1))| 5)\> /Q 2)Lpayonda

Hence, for any € > 0, selecting A = en'/?, we derive

Zn—lp( max |Sy — kE(X1)| > 58”1/;;)

1<k<
n>1
Var(S 1 1
Z n1+2/p Z /p/ Q(x 1R >€n1/1’dw

n>1 n>1
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The second series in the right-hand side is finite under condition condition (17) (which is equiv-
alent to condition (14)). Hence, if we can prove that

3 Var(Sn) _ (93)

1+2/p
n>1 n

then we will get that, for any € > 0,

Zn IP’( max. |S;.C — kE(X1)| > 5n1/p> 00

n>1

which will imply S,, — nE(X;) = o(n'/P) a.s. and therefore the proof of the theorem will be
complete. In the case where p > 3, (93) is almost immediate. To see this, we first note that
condition (17) implies ) - i|Cov(Xo, X;)| < co. Indeed, by Proposition 1 in Dedecker-Doukhan
[10], )

27H[E(X: Vo) —E(X3) |11

1
Qo H '(u)du < / R?(u)Q(u)du,
0

> ilCov(Xo, Xi)| <2 i /

i>1 i>1

which is finite under condition (17). Therefore, by Lemma 1 in Bradley [5], Var(S,,) is bounded
which obviously entails (93). To handle the case where p €]2, 3[, we first note that, by inequality
(4.84) in [19],

/]E(XkWo)—E(Xk)h

IE(X%[Vo) — E(Xk)|I3 < E|Xk(E(Xk|Vo) — E(Xk))| < 3 ; Qo H ' (u)du.

But, |E(X.|Vo) — E(X3)|: < 26(k). Hence

d(k)
IE(X (Vo) — E(X0)I3 < 6 / Qo H ' (u)du.
0
Hence condition (14) entails
IE(X Vo) — E(X0) 2 < k@72,

which implies (since p > 2) that

B E Sk V() kE Xl 2
Zk V2| B(X3|Vo) — B(Xy)|l2 < oo and therefore Z IECS| 23/2 (Xl
k>1 k>1

(94)

We use now the same arguments as developed at the beginning of the proof of Theorem 1. The
fact that the series in (94) converge implies that there exists a stationary sequence (Dy)kez of
martingale differences in L2, adapted to (Fj)rez and such that

I —1/2Hn— E(X,) — DH:
im n Sy — nE(X1) ;kg

n—o0
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Together with the fact that lim, ., n~'Var(S,) = o2 = 0, it follows that Dy = 0 a.s, for any
k. Hence, using the upper bound (4) in Cuny-Merlevede [8] (see also Proposition 1 in [18]), it
follows that, for any p €]2, 3],

Var(S,) < n( 3 IE(Sk|Vo) — kE(X1)||2)2

= k:3/2
1 ¢ |E(Xk|Vo) — E(X1)[l2\2 _
k=1 k>n

Therefore, for any p €]2, 3],

Var(Sy,) 1
Z nl+2/p < Z np+2/p=2"
n>1 n>1

which is finite since p+2/p —3 = p~'(p —1)(p — 2) > 0. This ends the proof of the theorem. [J

5 Appendix

5.1 Some technical results

In this section, we collect some technical results that are useful for the proofs of Theorems 1
and 2.

Lemma 22 Let (Yy)rez be a stationary sequence of real-valued random variables adapted to an
increasing and stationary filtration (Fi)rez. Let f and g be two functions in L2(R, Py,) such
that E(f(Y0)|F-o) = E(f(Y0)) a.s. and E(g(Yy)|F-x) = E(9(Y0)) a.s. Then, for any positive
integer L,

S leov(f(¥o), g(¥))] < 3v2 ZHPO Ck( X FEGYRIF) - Ble()2)
i>L k>[(L+¢)/2]+1

and

ZHPO Mll2 < \fz (k + 1)~ 2| E(g(Y2)| Fo) — E(g(Ya)) 2,

k=0
where Pj() = E(:|F;) — E(:[Fj-1).

Proof. Since E(f(Y0)|F-oo) = E(f(Yd)) a.s. and E(g(Yp)|F-oo) = E(9(Yp)) a.s., we first write
F(Yo) = E(f(Yo)) = Y P-e(f(Y0)) and g(¥i) — E(g(Yi) = Y P-e(g(Y;
£=0 {=—1

Hence, by orthogonality, for any i > 0,

lcov(f(Yo), 9(Yi)) < D IE(P-o(f (Yo)) P-e(g(¥:)))]
=0
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and then, by Cauchy-Schwarz’s inequality and stationarity,

S leov(£(¥0), g(Ya)l < S IR (F )z S I1P(g(Yi))l- (95)

i>L =0 i>L+4

But, for any m > 1, by Cauchy-Schwarz’s inequality,

> IPo(g(Y)ll2 =D i~ [ Po( Haz YooY i)l

i>m >m k=1 k>1i>max(m,k)
= i P2+ DD i Po(g(Y) 2
k=1i>m k>m i>k
<vam(Y |rPo<g<m>||%)” VA (S RrainlE) . o6)
i>m k>m i>k
giving
> Po(g(¥i)ll2 < V2m|[E(g(Ym)|Fo) = E(g (Vo)) ll2+ V2 D> k™2 [E(g(Y2)| Fo) — E(g(Vi)) 2 -
i>m k>m

Since (||[E(g(Yx)|Fo) — E(9(Yx))||2)k>0 is non-increasing, we get that for any m > 1,
Do IPgV))llz<3v2 Yo kTVRE(9(Yi)Fo) — E(g(Ya)ll2,
i>m k>[m/2]+1

which combined with (95) gives the first inequality of the lemma. To prove the second one,
it suffices to write that 37 | Po(g(Yi)|l2 = Sk o(i + DY Po(g(¥)|l2( 5 1) and to use
Cauchy-Schwarz’s inequality as in (96). O

The following proposition is a non stationary version of the Peligrad-Utev-Wu [22] inequality.
As in [22], the proof can be done by induction (a complete proof appears in Section 3.2.1 of
[20]).

Proposition 23 Let o > 2 and (Zy)kez be a sequence of real-valued random variables in L*
and adapted to a non-decreasing filtration (Fi)kez. Then, for anyn > 1,

< (2c0 +1) (ZHZ 12 )

r—1 2or=¢

1/2
+v2(2ca+ 1) (D2 IESma = S Fimappes)I2)
/=0 m=1

’ max
1<k<n
1=1

where Sy, = Zi-c:l Zi, Coq =
that 271 <mn < 2.

7z f @ > 2, co =1 and r is the unique positive integer such

(a-1)

Lemma 24 For any q € [1,p), for any k > 1 and any j > my + 1,

1 X s — Xnjll2 < / / E(| Xt 10 — Xony-s1,5D0(dz)v(dy)

where Xy ; and Xy ; are defined in (48) and (49) respectively.
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Proof. Let (W, (¢);>1) be an independent copy of (Wo, (¢5);>1) and define W} = F (e, W;_,),
j > 1. For £ > 1, let F; be the function from G* x X to X defined in an iterative way as follows

Fi = F and Fy(x1,22,...,2041) = F1(x1, 22, .. 201, F(x0,041)) , £ > 2.
Note that for any integer £ such that 1 </ <5 —1,
Wj_1=Fy(ej-1,6j-2,--,€j—0, Wj_g_1). (97)
Hence, for any j > m; + 1,
E(o(Xj)lejs €j-1, - - €j—my)

= E(g@k(h(é‘j, ka(zsj_l, . 7€j_mk7 Wj—mk—l)))’€j76j—17 .o ,z’;‘j_mk)
= E((pk(h(é‘j, ka(€j_1, sy Ej—my W]{_mk_l)))’&“j,ej_l, c.oo9€1, Wo) .

On another hand, for any j > 1,

gpk(X]) = ]E(ka(Xj”sjanflv -y €1, WO)
= E((pk(h(ej, ka(sjfl, “e ,Sj,mk, ijmkfl)))kjvejfl» .5 €1, Wo) .

Hence, for any j > my + 1,
1 Xk = X llg

< H‘Pk<h(€ja Frny, (Ej—la s Ej—mys Wj—mk—l))) _on‘(h(gjv Frn, (€j7 €j—15- - Ej—mys Wj{fmkq)))Hq

S Hh(é‘j, ka (Ej_l, . ,Ej_mk, Wj—mk—l)) — h(é‘j,ka (Ej_l, N ,e’:‘j_mk, Wj(—mk—l))qu

where the second inequality comes from the fact that ¢y, is 1-Lipschitz. By stationarity, it follows
that

HXk,j - Xk,j”q < ||h(€mk+1> ka (5mk, -5 €1, WO)) - h(gkarlv ka (Emkv -y €1, Wé))”q :
Hence, if we define (X),>1 by

X, = h(en, W,_1) where W) = F(en, W;_1),

with W independent of (Wy, (ex)r>1) and such that W =L Wy, we get that for any j > my+1,

1 Xk — Xijllg < 1 Xmpr1 — X vallq - (98)
But,
Xt = Xl = [ B0Xomir = X W0 = 2. = pv(do)v(ay)
— [ EXni12 = X (douta).
which combined with (98) gives the lemma. O
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5.2 Proof of Lemma 17

The first inequality in (43) comes from the coupling inequality (38) and the fact that lim inf,, o, n®S(n) >

0 (see Theorem 9.4 in Rio [23]). We prove now the second inequality in (43).
Let W), , be the chain starting at x. Note first that for any any z,y € [0, 1],

Ppy(T* >n) =Py, (T* >n, Wy =2UW,, = y}) + P,y (T* >n, {Whya #a,Wyy # y})
<(A-2)"+1—-y)"+ Psy (T* >n, {Wn,x # z, Wiy # y}) .

But
Pry (T* > n, {Wh e # @, Why # y})

S By (T 5 W = F AV, Wy = (V).
i=1 j=1,j7#1¢

For j > i, define W, ; == (V_ AWk # Wiy}, & (@) := (Vs i{Wio = F-1(Vi)}, and note that

Px,y(T* >n, Wne = V), Why = Fgl(‘/}))

™

= (a+1) //[0 " Pay (Wl,i—lagi,n(x)v Wij—1,EinW)|Fr ' (Vi) = u, F 1 (Vj) = U)UavadUdU

J n
< (a+1)> //[ . Py <W17Z-, {Ui < Wi_1 2}, ﬂ {Ur > u}, ﬂ {Uk >uV v})uav“dudv
0,1

k=i+1 k=j+1

J n
< (a+1)2// Py (T* > i, Wiy = F;l(m))P( N Uz N U2 u\/v})uav“dudv.
0.1]2

k=i+1 k=j+1

So, overall, setting w;(x,y) := Py, (T* > i, W, , = FY(V3)),

1
Puow (T > n) < Qa/ (1 — ) 2% dx
0

2(a+1) ZZu@ w//

[0,1]2

ﬂ {U > u}, ﬂ {Uk>u\/v}) “v*dudv .

i=1 j=i+1 k=i+1 k=j+1
Using the fact that for any b > —1,
1 k
/ (1 = z)Fzbde < =0+ / e Tabdr < kI + 1), (99)
0 0

we get that

Puou(T* > n) < 2al'(a)n” *+2(a+1) ZV@I/ (w;) Z // (1—u) (1 —uVo)" uvdudv .
j=i+1 [0,1]2
(100)
By easy computations (that are left to the reader), we infer that Lemma 17 will hold provided
one can prove that:
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Lemma 25 For any a > 1, there exists a positive constant k(a) depending only on a such that
for anyn > 1,

r(a)
v@uv(w,) < el (101)
Obviously, inequality (101) holds for any positive integer n < k(a). It is then enough to prove
it for n > k(a). Let us do it by recurrence. Hence we assume that for any k& < n — 1,
v@v(wg) < k(a)k™® and we want to prove it at step n. With this aim, we argue as above and
infer that

wy (2, y) < (1—y) sz Y, / (1 —u)""uldu.

[0,1]

Hence,
n—1

vuiw,) <allla)n ™ ®+ (a+1 v ® v(w; 1— )" uldu.
& v{un) S al(an ™"+ (a+ ) v o ) [0

Using the recurrence assumption, it follows that

[n/2]

n—1
ZV®V(U)¢)/ (1 —w)" “udu < Z/ — )"’ du
i=1

+ __#la) Rl / (1 — )" “u’du
Gr+17 22 Joy
e B[ arn
gn] + 1) “llogn]+1 7 (01
Then, taking into account (99), we infer that
n—1
(a+1) Z v ® v(w;) / (1 — )" "udu
i=1 [0,1]
< 2%a + 1)252‘) ++2%(a + 1)na€éz)n]a e [15262] I
So, overall, since n > k(a), we get
v@v(wn) < k(a)p(a)n™,
where al(a)  29(a+1)  _ /. logr(a)\—o
pla) = (a+2%@+ 1)+ foa e (1- () )

So choosing k(a) large enough so that p(a) < 1 (which is always possible since a=! < 1),
inequality (101) is proved at step n which ends the recurrence. O
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5.3 Proof of Lemma 20
We do the proof in the case where h is 1-Lipschitz. We start by noting that, for any n > 2,

5(n) < / / E[Wi_ 10 — Wiy [0(da)(dy)

Recall now the inequality line 5 page 27 of Dedecker-Rio [13], which holds for every z,y € R,
every n > 1 and any ¢t > 0,

|Wn,x - n,y|t < ant(‘x’ +lyl + Xn-1) |z — y‘t7 (102)

where a(t) =1 — ﬁ, for every t > 0, X9 =0 and X,, = |e1| + - - - |en|, for every n > 1.

Denote v := E(|e1]) and let 0 < n < 1/7 — 1. Notice that « is non-decreasing and bounded
by 1. Hence, for any n > 1, using that n < n/7", we get
Oént(|$‘ + ’y| + Zn—l) < 1{En_1>nv+n1/"'*’7} + ant(2(1 + U)nl/T_n)1{(1+U)n1/r—n2|x‘+|y‘}
+ (2] + Y1) L1 oynt/m—n< a4y} -

By Theorems 3 and 4 in Baum and Katz [1], since x has a moment of order S,

> nP(Sho1 > v+ 0T < oo, (103)

n>1

provided that v < S(1/7—n)—2. Since S/7—2 > t/7+7, the latter holds as soon as n < t/(S7).
Hence, we choose n = min(¢/(S7),1/7 — 1). On another hand,

C nt

Zn'ya"t@(l +0)nt/ 7 = Zrﬂ 1- — < 00. (104)

20 i o)

Finally,

C nt

na™(2(|z] + |y)1ye = n’(1— 1,

; (2] + YD) Ljal 151y 7;1 ( (1+2(|x|+|y‘))7) ol +ly/>1)
< ane—Cnt/(i%(lﬁlJrly\))* < D(|$‘T(v+1) + |y|T(“/+1)), (105)
n>1

where D is a constant depending on ~, ¢ and C. Starting from (102) and taking into account
(103), (104) and (105) together with the fact that, by (46), v has a moment of order S — 7 and
that S —7 > 7(y+ 1) + ¢, we get the desired result. O
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