DECAY OF CORRELATION FOR RANDOM INTERMITTENT
MAPS
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ABSTRACT. We study a class of random transformations built over finitely
many intermittent maps sharing a common indifferent fixed point. Using a
Young-tower technique, we show that the map with the fastest relaxation rate
dominates the asymptotics. In particular, we prove that the rate of correlation
decay for the annealed dynamics of the random map is the same as the sharp
rate of correlation decay for the map with the fastest relaxation rate.
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1. INTRODUCTION

General statistical properties of deterministic expanding maps of the interval with a
neutral fixed point are by now well understood. In [12] Pianigiani proved existence
of invariant densities of such maps. In [7, 8, 14] it was independently proved that
such maps exhibit a polynomial rate of correlation decay. Later Gouézel [4] showed
the rate obtained in [14] is in fact sharp. The slow mixing behaviour of such
maps made them a useful testing ground for physical problems with intermittent
behaviour: systems whose orbits spend very long time in a certain small part of
the phase space.

In this paper we are interested in studying i.i.d. randomized compositions of two
intermittent maps sharing a common indifferent fixed point. It is intuitively clear
that the annealed' dynamics of the random process will also have a polynomial
rate of correlation decay. However, we are interested in the following question:
How do the asymptotics of the random map relate to those of the original maps;
in particular, the rate of correlation decay?
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L Annealed dynamics refers to the randomized dynamics, averaged over the randomizing space,
see Subsection 2.2 and Theorem 2.3. This should be contrasted with the notion of quenched
dynamics, the behaviour of the system with one random choice of the randomizing sequence. The
term almost sure dynamics is also used to refer to quenched dynamics.

1



2 Decay of correlation for random intermittent maps

We show that the map with the fast relaxation rate dominates the asymptotics (see
Theorem 2.3 for a precise statement). Interestingly, in our setting, the map with
slow relaxation rate is allowed to be of ‘boundary-type’, and consequently admit an
infinite (o-finite) invariant measure, but the random system will always admit an
absolutely continuous invariant probability measure. We obtain our result by using
a version of the skew product representation? studied in [2] and a Young-tower
technique [14].

In Section 2 we introduce our random system and its skew product representation.
The statement of our main result Theorem 2.3 is also in Section 2. In Section 3
we build a Young-tower for the skew product representation. Proofs, including the
proof of Theorem 2.3, are in Section 4.

2. SETUP AND STATEMENT OF THE MAIN RESULT

2.1. A random dynamical system. Let (I,B(I), m) be the measure space, with
I =10,1],B(I) the Borel c—algebra and m being Lebesgue measure. By a Liverani-
Saussol-Vaienti (LSV)-map we mean a member of the parameterized family of maps
on [ given by

T ) x 1
21 Ta(x):{(uz ) zel0,1]

2z — 1 z € (3,1]

Here the parameter a € (0,00). Each LSV map has a neutral fixed point at = 0.
For 0 < a < 1, T,, admits a finite, absolutely continuous invariant measure while
for a > 1 the absolutely continuous invariant measure is o— finite. See [12] and
[13] for the some of the earliest results of this type.

Let 0 < g < ag < -+ < < 1. We consider a random map T which is given by:
(2.2) T(x) :={Ta, (@), Toy (), ... Ta, (x); 01,02y - - Dr }s

where p; > 0 and > p; = 1. Note that all the individual maps share a single
common neutral fixed point at x = 0.

Assumption 2.1. Since nothing we will do in the sequel depends on r, the number
of maps making up the random map, we will restrict the discussion to the case r = 2
and denote the parameters

0<a<p<l.

At the same time, this will simplify our notation:
(2.3) T(z) = {Ta(x), Tp(); p1, p2}-
The random map 7' in (2.3) maybe viewed as a Markov process with transition
function

Pz, A) = p11a(Ta(2)) + p21a(Ts(z))
of a point z € I into a set A € B(I). The transition function induces an operator,
Er, acting on measures; i.e., if u is a measure on (I, B),

(Bru)(A) = pru(TyH(A)) + pap(T5 ' (A)).
A measure p is said to be T-invariant if

pw=Erp,

2The skew product studied in this paper is also related to a skew product studied by Gouézel
in [5]. See Remark 2.6 for more details.
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and p is said to be an absolutely continuous invariant measure if duy = f*dm,
f ; J7dm = 1. To study absolutely continuous invariant measures, we introduce the
transfer operator (Perron-Frobenius) of the random map T

(Prf)(z) =p1Pr, (f)(z) +p2Pr, (f) (2),

where Pr,_, Pr, denote the transfer operators associated with the T,,,Tjs respec-
tively. Then it is a straight-forward computation to show that a measure yu = f*-m
is absolutely continuous invariant measure if

Prf* = f*.

2.2. Skew product representation. By the annealed dynamics of the random
map we mean the statistics of the random dynamical system averaged over the
randomizing space (see [1] for a general treatment of annealed versus quenched
interpretation). Probabilistic aspects of T, in particular the correlation decay of
the annealed dynamics, are frequently studied by constructing a Young-tower for
the skew-product representation of 7. For this purpose, we are going to use a
version® of the skew product representation which was studied in [2]. Define the
skew product transformation S(z,w): I x I — I x I by

(24) S(LC,OJ) = (Ta(w)vw(w))v
where

_Ja ,wel0p) e ,w € [0,p1)
(2.5) a(w)_{ﬂ 7w€Lp1,1] ) @(W)_{w:l—upl ,wE[pl,l]

We denote the transfer operator associated with S by Lg: for g € L*(I x I) and
measurable A C I x I,

/S—lA gd(m x m)(z,w) = /A Lsgd(m x m)(z,w).

Then a measure v, such that dv = g*d(m x m) and [, ,g*d(m x m) =1, is an
absolutely continuous S-invariant measure if
Lsg”=g".

In [2], Theorem 5.2 it is shown that if g € L'(I x I) and Lgg = Ag with |\ = 1,
then

9(z,w) = f(z)  1(w)
and Prf = Af, that is, g depends only on the spatial coordinate x and as a function
of x only, is also an eigenfunction for Pp. Setting A = 1 we obtain Lgg* = ¢* if
and only if ¢*(z,w) = f*(z) with Prf* = f*. Consequently there is a one to
one correspondence between invariant densities for S and invariant densities for 7.
Moreover, dynamical properties such as ergodicity, number of ergodic components
or weak-mixing, properties that are determined by peripheral eigenfunctions, can
be determined via either system.
On the other hand, properties like correlation decay (or even strong mixing) cannot
be established by peripheral spectrum alone.

3The results obtained in [2] are valid for any class of measurable non-singular maps on RY,
without any regularity assumptions. Moreover in [2], the probability distribution on the noise
space is allowed to be place-dependent.



4 Decay of correlation for random intermittent maps

Definition 2.2. Suppose 7 : X — X preserves the measure p on X. For f €
L*(X,u) and g € L'(X, ) denote by

Corn(f,9) = Corn -(f,9) :z/XfOT"-gdu—/deu /ngu-

Normally we will simply write Cor,,(f, g) when the map being applied is understood.
Estimates on correlation decay are known in many dynamical settings. For example,
it was shown in [14] that for f € L*°, g Hélder continuous on I and 7 = T,, 0 <
o < 1 an LSV-map, |Cor, 1, (f,g)] = O(n'~=). Gouézel in [4] proved that this
rate is sharp.

Our main result, Theorem 2.3, establishes exactly the same rate of correlation decay
for the random map.

2.3. Statement of the main result.

Theorem 2.3. Let 0 < a < B <1 and S be as defined in Subsection 2.2. Then

(1) S admits a unique absolutely continuous invariant probability measure v;

(2) (S,v) is mizing;

(3) for ¢ € L°(I x I,m xm) and ¢ a Hélder continuous function on I x I we
have

[Cory 5(¢,0)| = O(n'~%);

Remark 2.4. Our main goal in Theorem 2.3 is not so much to show that S has
polynomial rate of correlation decay, but to discover how the correlation decay for
S relates to those of the original maps. Indeed, if 0 < o < 8 < 1, and without
any further conditions on « and 3, one can easily obtain, by just using the rough
estimates contained in Lemma 4.4 and the Young tower construction detailed in the
next two sections, an upper bound on the rate of order O(nl_%); that is, the rate
of decay is at least as fast as the slowest escape rate map. What we have shown
in Theorem 2.3 is that the actual decay rate of the random map is completely
determined by the faster escape rate of the map T,.

Remark 2.5. It is worth noting that in Theorem 2.3, 5 < 1. The case when § =1
is interesting on its own since in this case the map 7 admits only an infinite
(o-finite) absolutely continuous invariant measure, but Theorem 2.3 shows that
the skew product S, and hence the random map 7T, admits a unique absolutely
continuous invariant probability measure.

Remark 2.6. Limit theorems for the following related skew product were studied
by Gouézel in [5]:
S(z,w) = (To(w),4w),

with w € St and T,,(w) being a random choice of LSV-map from Equation 2.1. For
the randomizing process, it is further assumed that

(1) a(w) is C%

(2) 0 < Omin < Omax < 1;

(3) a(w) takes the value ami, at a unique point wy € St, with o/’ (wg) > 0;

(4) Omax < %amin-
Under the above conditions, using a result of Péne [11] (see [5] Theorem B.1),
Gouézel ([5], Theorem 4.1) obtained asymptotics that would lead to a correlation

decay rate of order O(y/logn - nl_ﬁ),
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Gouézel remarks in [5] that in his setting the conditions amax < 1 and qpmax < %amin
may be technical artifacts, arising from the method of proof.

Remark 2.7. In our i.i.d. setting, we rely on relatively simple (and classical) esti-
mates on large deviations for i.i.d. randomizers and show, for all 0 < a < 8 < 1,
that the correlation decay rate of the annealed dynamics is exactly the same as
the correlation decay rate of the fastest mixing map T,. Note that the constraint
B < 1 still may be a technical artifact, a consequence of our use of the negative
Schwarzian derivative and Koebe Principle in Lemma 4.8, rather than some under-
laying obstruction. Indeed, the probabilistic analysis of our model (see Proposition
4.1) is valid for the full range of parameter values 0 < a < 8 < 00, so it may be
possible to extend our results to the case of 0 < oo < 1 < f for the (presumably)
finite invariant measure case or even 1 < a < < oo, by following the techniques
of [10], where one expects the invariant measure to be only o-finite.

3. A YOUNG-TOWER FOR S
3.1. Notation. Set

T3 (x) = To(pn—10) © -+ © To(pw) © Ta(w)(T)-
Then
S (x,w) = (T (x), " (W)
Also, set
Pg ‘= Pa(en—1w) X ... X Pa(pw) X Pa(w)>
where po(,) = p1, for a(w) = a and py,) = p2, for a(w) = B. We define two
sequences of random points {x,(w)} and {z] (w)} in [0, 1] which will be useful in
the construction of a suitable Young tower. The points z,(w) lie in (0,1/2]. Set

1 _
(3.1) z1(w) = 5 and z, (w) = Ta(i)) 0,27 [En—1(pw)],n = 2.

Observe that with this notation,
S(@n(w),w) = (Taw) (@ (W), pw) = (2n-1(pw), pw).

The points {z/,(w)} lie in (%, 1], defined by

_ Zp(ew) 41

(3.2) ro(w) = 1,25 (w) = Z and 7], (w) = 5 ,

that is, {x],(w)} are preimages of {z,(¢w)} in (3,1] under the right branch 2z — 1.

n>2

)

3.2. A tower for S. Let Ag = (3,1] x [0,1). Let R: Ag — ZT be the first return
time function and S : Ag — Ag be the return map. Ay is referred to as the base
of the tower A which is given by
A:={(z,n):z€ Ngand n=0,1,..., R(z) — 1}.
Let F': A — A be the map acting on the tower as follows:
[+1 ifl<R(z)—1
(87(2),0), ifl=R(z)—1

We refer to A; := AN {n = [} as the I'" level of the tower. For n > 1, set
I, (w) = (@p41(w),zn(w)] and J,(w) = (2}, (w),z),_1(w)]. Observe that every

n
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point in J,(w) will return to (1,1] in n steps under the random iteration 7 as
follows:

Jn(w) = Li_1(pw) = Ln_o(9®w) = ... = Ii(e"tw) — (5, 1].
Next we partition Ag, into subsets Ag;, ¢ =1,2,... where
Ao = {(z,w) | x € Ji(w)}
and then further partition each Ag; into subsets Agﬂ-, j=1,2,...2" according to

the 2¢ possible values of the string a(w), a(pw), ... a(¢p™lw). Defined this way, S°
maps each subset AJ ; bijectively to Ag.

L e e e e e
I
prappz Lo L
2
% Ay
A,
D! 0.6
J
By, i o
0.4
Pipr [
A
0,1
02
A2
0 T T T T
0 0.2 04 0.6 08 1

F1GURE 1. An example of the base of the tower when a = 0.5
8 =0.7, p1 = 0.6.
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For example, in the case ¢ = 2, there are four sets A%’z on which R = 2 and such
that ST maps each set bijectively to Ag:
Jo UJ) X [Ovp%) ) lf] =1,

(
A] o JQ(w X [piapl) ) lf.j = 27
0,2 —
s ( X
(

<

[p17p1 +pl p2) 71f] :37
w) X [p1+p1-p2,1) L ifj=4.

2

)
w)
Jo(w)

To summarize,

5
_ J
Agi = U A .
j=1

and for the base,

oo 2° )
Ao = U U Aj.i
i=1j=1
where, for every i and j = 1,2, ...,2°,
R |Ag,i: i.

Finally the tower A is partitioned by

oo i—1 2°
a=JyUddaly.
i=11=0 j=1

An example of the partition of the base of the tower and a few images of the
partition elements under S is presented in Figure 1.

3.3. Using Young’s technique to prove Theorem 2.3. We say s(z1,22) is a
separation time for z1,2zy € Ag if s is the smallest n > 0 such that (F7)"(z1) and
(FR)™(z2) lie in distinct Af ;. Also let R: A — Z be the function defined by

R(z,w) = the smallest integer n > 0 s.t. F"(z,w) € Ay.

In view of Theorems 1, 2 and 3 of Young [14], in order to prove Theorem 2.3 it
suffices to:
(A) Prove that f[1/2,1]><I
mate (m x m){R >n} = 0O(n'"%),
(B) Establish the bounded distortion conditions on the return map: there exists
0 <6< 1and C(F) > 0 such that

DF%(z)
’DFR(@)

(C) Confirm that the return times are aperiodic.

(A) is established by Proposition 4.1 in Subsection 4.1 while (B) is the content of
Proposition 4.10 in Subsection 4.2. Since we have all possible integer return times,
(C) is immediate. It is interesting to note that the upper bound constraint 5 < 1
specified in our main result, Theorem 2.3, is only used in Proposition 4.10, so the
tower asymptotics detailed in (A) hold for all pairs 0 < o < 8 < 0.

Rd(m x m) < oo, and establish the asymptotic esti-

- 1‘ < C(F)-gF DI i = 12V =1,..,2, V21, 2 € A,
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4. PROOFS

4.1. Estimates on the return sets. Throughout this section we will adopt the
notation E,(-) = [;-(w)dw for expectation with respect to the randomizing vari-
able. Also, we write a,, ~ b,, if there is a constant C > 1 such that C~'b, < a,, <
Cb,, for all n.

Proposition 4.1. For all 0 < a < f < oo we have

(1)

Q=

Ey(n(w)) ~n=;
(2)

3)

~ 1
mxm{R>n}~n'"%.
Before proving this result, we gather some estimates in a sequence of lemmas.

Lemma 4.2. For all x € [0, %], To(x) > Tg(x) with strict inequality on the open
interval (0, 1).
Proof. This is a straightforward calculation. O

Corollary 4.3. For 0 <z <y < 1 we have T,(y) > Ts(z) with strict inequality

in either situation: 0 <z <y < % or0<zr<y< %

We will estimate the position of x,,(w) by comparing to the sequence of non-random

backwards iterates constructed with only one map; either always choosing T, | [7)1; jor
52

Tgh&lé] in place of Ta(w)|[6’1%]

by z& and z? respectively. It is immediate from Lemma 4.2 that for every n, % <

in Equation (3.1). Denote these non-random iterates

2. Furthermore, it is well-known that x& ~ n~% with similar estimates for the
parameter 5. (See, for example, estimates at the beginning of Section 6.2 of [14].)
We begin with a very rough (but intuitively obvious) estimate on z, (w).

Lemma 4.4. For allmn > 1 and for all w
¢ <z (w) < 2P,

Proof. Suppose, to the contrary, z,,(w) < z& for some n,w. Note that if a(¢*(w)) =
a for all k then x,(w) = z&, contradicting our assumption. Let k € {0,1,...n—1}
be the smallest integer such that a(p*(w)) = 8. Then z,_k(p*(w)) < 2, since
T is increasing and therefore

o1 (P (W) = To(wn—i(9"(W))) < Talah_y) = 201
Here we have invoked Corollary 4.3. Iterating this argument for each index where

o (@) = B gives
1 1
5= 21 ("M (w)) < zf = 5
which is again a contradiction. A similar argument shows z,(w) < 2 for all

n,w. (I
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Lemma 4.5. Suppose n is given and Ky € [0,n—1] is a fixed real number. Suppose
w € [0,1] is such that
#{j€{0,1,...n =1} | a(¢’(w)) = a} > Ko.
Then af;, < an(w) < 2|

Proof. The left-hand inequality is given by Lemma 4.4. For the upper bound,
suppose z, (w) > JJT‘KO |5 we will derive a contradiction. First, construct an auxiliary
sequence of points y,—; € [0,1/2] for j =0,1,...n — 1 as follows:

Yn = xn(w)
) To(Yn—jr1) if a(p/w) =«
and for j =1,2,...n—1, y,_; := J . , ’
J Yn=j { Yn—j+1 if a(¢p’w) = B.

A straightforward induction over the range of j, starting with equality when j = 0
shows that

Yn—j < Tn_j(Plw), forall j =0,1,...n — 1.

Next, for each j = 1,...n define K(j) := #{i € {0,1,...5 — 1} | a(¢'w) = a}.
The function K is nondecreasing and, for example, K(1) =0 or 1, K(j) < j and
K(n) > | Ko] by hypothesis.

We also see that, for j = 1,2,...n, using our assumption on the position of z,(w),
and provided K (j) < | Ko — 1:

yn—j = Tt Dan(w) > TEDafy, | = 2fye, | k)
Now simply pick jo so that K (jo) = |Ko| — 1. Note that jo < n. Then

1ZSEO‘:xa < Ynojo < Tnjy (pP°w)
5 = I = 2Ky |~ (|&o)~1) < Yn—jo < Tn—jo (¥
which contradicts the hitting time of #,,(w) to the interval [1,1]. 0

Pick any 0 < py < p1, fix n > 1 and let Ky := npg. There are many standard
large deviation estimates for i.i.d. random variables that will ensure that most w
encounter at least K instances of a(p'w) = « in their first n iterates. As we are
aiming for exponential decay in the tail estimate, we invoke a classical result due to
Hoeffding [6] that works especially well for our case of Bernoulli random variables.
It is precisely at this point that we avoid generating an upper bound constraint
on 8 as was the case in Gouézel [5]. If instead we were to use the more general
estimates from the well-known Berry-Esséen Theorem (e.g. Theorem 1, Section
XVIL5 in [3]), for example, we would obtain power law decay in the tail leading to
the requirement 8 < %a in order to complete the proof.

Lemma 4.6. For everyn >1
Priw| #{j €{0,1,...n =1} | a(¢’w) = a} < Ko} < exp[—2n(p1 — po)?].

Proof. Let S, count the number of times the value S occurs in the first n iterates.
Observe that
Priw| #{j €{0,1,...n -1} | a(¢’w) = a} < K}

“L) SPT{W|#{j€{O,1,...n—1}|a(<pjw):ﬁ}2n_[(0}
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In Theorem 1 of [6] let u = po and let t = p; — pg < p1 = 1 — u. Then the bottom
probability in equation (4.1) equals

Sn
Pr{S, —un > (1—py—p2)n} :Pr{? — >t}

The exponential estimate now follows from (2.3) in Theorem 1 of [6]. O

Proof.
(1)

Eufan(w) = [

(Of Proposition 4.1)

For fixed n, with pg < p1 as above, let Ky = pgn. Set

={w [{w[#{j €{0,1,...n -1} [ a(¢’w) = a} > Ko}.

Lemma 4.6 estimates Pr(I \ G,,) < exp[—2n(p; — po)?].
Now

1
[ swdo [ @) < o+ 5P\ G

where we have used Lemma 4.5 for the first term and the fact that z, (w) <
% for the second term. Now ‘T?KOJ < Cl(KO_é) < Cg(n*é) when Kq = pon.
On the other hand, the second term tends to zero exponentially fast. Since
Zn(w) > 22 > Csn~= by Lemma 4.4 and the fact that & ~ n~= we have
established the required estimate on the expectation.

This follows from part (1) immediately, since both maps have the same
linear second branch.

We have to get an estimate on

(mxm){R>n}:Z(mxm (A = Z mem (Ao ;).

I>n+1 I>n+1i>1+1
First, observe that

2i

(m x m) (Do) = S (m x m)(A,;) = /Jl
0
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Therefore, by equation (4.2) and part (1) of this proposition we have

(mxm{R>n} =3 3 3 [Blri 1) - Bw))

I>n+1i>1+1

=%”KE%waW—E%wﬂwD+2@%mw@0—E%wﬂwﬂ
+ 3(Frpi3(w) — Expia(w)) + ...

— —  [E@ui1 (@) + E@nsa (@) + B@nss(@)) + ]

~ E Ew
k>n
1

~n o,

4.2. Distortion.
Lemma 4.7. If (z,-),(y,-) € Ao and s((z,-), (y,-)) = n, then |z —y| < 6™
Proof. Set 0 := % < 1 and observe that on Ag, DTF > 2 = §~L. Thus, if (z,-), (y, )

w
lie in a common atom Ay ; such that =,y € Ji(w) C (TF)=1(3,1], then

R,._ TR
min DTR < |Le? = Toy) 1
T —y lz —y
Therefore, |z — y| < 6 and the result follows by induction on k < n. O

Lemma 4.8. There exists a constant C > 0 such that for (z,-),(y,-) € Aé,z"

DT [ (x) R R
|log W| SO (x) - Tyl < C.
Proof. Tt is trivial for J;,i = 1 since T,(,)(z) = 2z — 1. We apply the Koebe
principle to prove the result for J;, i > 2.
Recall the Schwarzian derivative of a function f € C? is given by:

") 3 (=)
(ShH)x) = Zry — S ()%
frx) 20 f(x)
It is also well known that the Schwarzian derivative of the composition of two
functions h, f € C? satisfies

S(ho f)(@) = (Sh)(f(2)) x (f'(x))* + (Sf)(x).

Consequently, Schwarzian derivative of the composition is negative if both functions
have negative Schwarzian derivatives. Let g denote the composition of the left
branches of Ty (,r-14); ;s Ta(pw) and the right branch of Ty (.). Notice that on
Ji(w),i > 2, we have g(z) = TE(z). Since 0 < a < 8 < 1, we have for the left
branch T(;(w) > 0, T(;’(w) > 0 and Tgéw) < 05 in particular, o:léw) = 0 if and only if
a(w) = =1. Thus, Sg < 0.

For each J;(w),i > 2, let J = [z}, ,(w),2]. Note that g(zj,,(w)) <
1 —sup,, g(2},,(w)) > 0. Then J;(w) C J and g(J;(w)) = (3,1] C (3 -
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This means g(J) contains a k-scaled neighborhood of ¢g(J;(w)) with constant k.
Therefore, by Koebe principle [9] there exists a constant C(x) > 0 such that

g (z T —y
log 23] < () T < €, Ve € i)
and consequently,
/

|gIEx; < eC(K)'

g\y
It follows that
lz =yl _ cm . l9(@) —g()|
|Ji(w)| lg(Ji(w))]

Hence, |log Z/EZ“ < C(k)-eCt) . %, which completes the proof. O

1/8
Remark 4.9. Note that for 8 > 1, (STg(z)) > 0 for x € (O,% ((H—?)ﬁ) )
2

Proposition 4.10. There exists a constant C(F') > 0 such that for zy, z3 € Aé,i,

R
m — 1| < C(F) - 5F @) (=)
Z2

Proof. Let z1 = (21, w1), 22 = (22, ws) € A%,r Then they have same realization
(awr), a(pwy), ..., (™)),
for j = 1,2. Using this fact and F¥(z) = SB(z), for 2, € Ag 4,1 = 1,2, we have:

DFR(Zl) o DSR(xl,w1)
DFR(ZQ) o DSR(ZL‘Q,WQ)

R
DTS (21) 5 (z1)
0 Dpf(wr)

= R
DTE (1) T (20)
0 D R(WQ)

DTE (21) - P%ﬁ

. DTﬁ(.Tl) _ DTf‘(l‘l)

for any w € Aé,i' By using Lemma 4.7, Lemma 4.8 and the following inequality:

e“ —1
|z — 1] < |log x|, if |logz| < C,
we obtain
DTf T e —1 DTf x
L) ) €L DLa(m),
DTw (1'2) C DTw (.’Eg)
1 R R (FP(21),F " (22))
< X C|TR(z) = TR(y)| < C(F) - g 0",
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