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Absolute continuity of the martingale limit in branching
processes in random environment
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Abstract

We consider a supercritical branching process Z,, in a stationary and ergodic random
environment { = (£,),>0. Due to the martingale convergence theorem, it is known
that the normalized population size W,, = Z,/(IE[Z,|¢]) converges almost surely to a
random variable W. We prove that if W is not concentrated at 0 or 1 then for almost
every environment £ the law of W conditioned on the environment ¢ is absolutely
continuous with a possible atom at 0. The result generalizes considerably the main
result of [10], and of course it covers the well-known case of the martingale limit of a
Galton-Watson process. Our proof combines analytical arguments with the recursive
description of W.
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1 Introduction and statement of the main result

We consider a supercritical branching process Z,, in a stationary and ergodic random
environment & = (§,,)n>0, defined as follows. Let A be the space of probability measures
on Ny = {0,1,2,...} - the set of possible offspring distributions. Let { = (&,),>0 be a
stationary and ergodic process taking values in A. The sequence (&,),>0 is called a
“random environment” or “environment sequence”. All our random variables are defined
on a probability space (2, F,P). The process (Z,, : n > 0) with values in INg is called a
branching process in random environment ¢ if 7 is independent of £ and it satisfies

L(Zp|E, Zo, ... Zny) = E777 as. (1.1)
where ¢:* | is the k fold convolution. Conditioned on the past and on the environment
sequence, Z, may be viewed as the sum of Z,,_; independent and identically distributed
random variables Y;,_; ;, each having law &,_;. The process {Z,,}22, conditioned on the
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Absolute continuity of the martingale limit in BPRE

environment ¢ is called a branching process in varying environment. For an environment
sequence £ we denote

fuls) = s"6({k}), s€C, |s| <1,
k=0
the sequence of probability generating functions associated with £ and
Mp = m(gn) = f’I{L(l) = Zkgn({k}>v
k=0

the sequence of the means. Let

Mn, = Eg[zn] =Mgy:...-Mp_1
and
Zn
Wy, =—.
M,

By P we denote the measure PP conditioned on the environment £. The corresponding
mean and variance are denoted by IE; and Var, i.e. for any random variable X we have
E¢[X] = E[X|¢] and Vare(X) = E[(X — E¢X)?|¢]. Finally, for any random variable X we
also introduce the conditional law L¢(X) by L¢(X)(A) = P(X € A|f), where the equality
is valid for any measurable set A. Then (W, ),>0 is a nonnegative martingale under P;.
Therefore,

lim W, =W

n—oo
exists IP¢—almost surely.

There has been a lot of interest in asymptotic properties of W, convergence rates
of W — W, as well as limit theorems for Z, and large deviations principles. Positive
and negative, annealed and quenched, moments of W were investigated. Most of that
was done for i.i.d. environments, because then properties of the so-called “associated
random walks” could be applied, but some results hold also in a stationary and ergodic
environment. For a sample of results see [3, 5, 4, 8, 9] and references therein.

However, except of [10] the local regularity of the law of W has not been studied.
Due to the recursive equation (1.2) satisfied by W, see below, it is closely related to the
local regularity for stationary solutions to affine type equations, see (1.3) below. This
motivated us to study absolute continuity of the law of W. More precisely, the following
recursive formula will be crucial for our proof. The definition of the process Z,, yields
that W satisfies the relation

1 &
W= —— W, (1.2)
mo ; 7

where under IP¢, the random variables W} are independent of each other and independent
of Z; with distribution P¢(W; € -) = Ppe(W € -). Here, T is the translation operator
defined by T'(£0,&1,.--) = (&1,&2,...).

The question about local regularity of £, (W) fits very well into a number of similar
problems being investigated recently [6, 7, 12, 13, 18, 22]. For the Galton Watson
process the WW;’s have the same law as W and so then (1.2) is an example of the so-called
smoothing equation. By the latter we mean

Y=Y 4y +C, (1.3)

Jj=1
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where the equality is meant in law, (C, A;, A, ... ) is a given sequence of real or complex
random variables and Y7, Y5, ... are independent copies of the variable Y and indepen-
dent of (C, A1, Az, ...). Let N be a random number of A;’s that are not zero. As long as
EN > 1 the transform
S(p) = Law of (Z A;Y;, +C),
j>1

where p is the law of Y7, improves local regularity of the measure, and so it is expected
that the fixed points of S are absolutely continuous even when the A;’s and C are
discrete. This is indeed the case, see [7], [12], [13] and references therein.

However, in the case of a random environment, the equation (1.2) is not exactly of
the form in (1.3) and so a different approach had to be elaborated.

If N =1a.s., (1.3) becomes

Y =AY +C (1.4)

and absolute continuity of the solution is much harder to prove if (A,C) does not
possess a priori any regularity, as for instance in the case of Bernoulli convolutions A is
concentrated at A, for some 0 < A < 1 and C'is a Bernoulli random variable, i.e. C' takes
the values +1, —1 each with probability 1/2. If 0 < A < 1/2 then thelaw vy of Y =AY 4+ C
is continuous but singular with respect to Lebesgue measure and if A = 1/2 then v, is the
uniform distribution on [-2, 2]. However, when 1/2 < X < 1, v, is absolutely continuous
for almost every such A or even better: it is absolutely continuous outside of a subset
of A € (1/2,1) of Hausdorff dimension 0. Moreover, if particular \’s are considered,
absolute continuity of v, depends on delicate algebraic properties of A, see [22] for an
overview of the recent developments on Bernoulli convolutions.

When we go beyond Bernoulli convolutions there is no general theory about regularity
of v. Further examples of singular (A, C') that give rise to absolutely continuous solutions
as well as to singular ones are available, see [6], [14], [18].

Let

Q(f):]Pg(nlggCZn:()’ZO:1>

be the extinction probability of the process Z,,. Since ¢ is ergodic, P(¢(§) < 1) equals 0
or 1 a.s.. We assume that the random variable log m, is integrable. If Elogm < 0 then it
is easy to see that P(¢(§) = 1) = 1, see also [19], unless & = d; a.s. Therefore, we will
assume

0 < p:=Elogmg < oo (1.5)
The question whether P(¢(£) < 1) is 0 or 1 is well understood (c.f. [16, 17, 2] and [11]):
Proposition 1.1. Suppose that

E(logmo)~ < E(logmg)™ < oo, (1.6)

and
Ellog(1 — f0(0))] < oo, (1.7)

holds. Then P(¢q(§) < 1) =1.
Conversely, if E(log mg)t < oo, P(¢(¢) < 1) =1 and (§,)n>0 forms a sequence of i.i.d.
random variables then (1.7) holds.

Our main result is the following description of the law of W under P¢.

Theorem 1.2. Suppose that the environment sequence £ is stationary and ergodic and
(1.5) holds. Let L, be the law of W under P;. Then exactly one of the following three
cases occurs:

(1) £§ = 6() a.s.
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(ii) L¢ =61 a.s.

(iii) ¢(¢) < 1 and L (W) = q(§)do + ve, a.s where v¢ is absolutely continuous with respect
to the Lebesgue measure.

Remark 1.3. Note that the statement in case (i) of the Theorem 1.2 is equivalent to
W = 0. The question when W is not identically zero is well-studied. Below, we provide a
sufficient condition for W not to be identically 0, see Theorem 2.3. On the other hand,
the statement in case (ii) of Theorem 1.2 clearly holds when the probability measure &,
is a Dirac measure almost surely. In this case, the process (Z, : n > 0) is deterministic
under PP,. For instance, , could have values in {d,,d3}. We show below, see Theorem
2.1, that if one excludes the case where W = 0 and the case where & is a Dirac measure,
almost surely, then indeed case (iii) in Theorem 1.2 occurs.

In order to prove Theorem 1.2, we will need some additional statements provided in
the next section.

2 Further results

In general, for a supercritical BPRE, W may vanish almost surely and conditions
for that to happen are well known. Recall that £, is the law of W under P.. Notice
that due to (1.2), the sets {£ : L¢ = 0o} and {£ : Lr¢ = &0} coincide. Therefore, by
ergodicity, P(§ : L = dg) € {0,1}. If P(¢ : L = dp) = 0, i.e. if W is not identically zero,
let z(§) = P¢(W = 0) < 1. In fact, as explained below, it is known, that if z2(£) < 1 then
z(€) = ¢q(&) but we will not need this information for our proof of Theorem 2.1. We say
that a measure is degenerate if it is concentrated at a point.

Theorem 2.1. Suppose that the environment sequence £ is stationary and ergodic, (1.5)
holds, P(§ : L¢ = ép) =0 and P( : { not degenerate) > 0. Then

/:5 = Z(f)éo + Vg a.s.,

where v, is absolutely continuous with respect to Lebesgue measure.

Remark 2.2. Theorem 1.2 follows directly from Theorem 2.1. Indeed, if P(§ : L¢ = do) =
1 then (i) in Theorem 1.2 holds. If x > 0 (recall (1.5)) and P(¢ : {, degenerate) = 1 then
W, is concentrated at 1 for every n, hence the same is true for W. Moreover, if W is not
identically zero then z(£) = ¢(£), see [20] and [21]. Let us provide a short argument for
the latter statement. If (1.5) holds, then by [20, Theorem 1] there exists a sequence of
random variables ¢, (§) and a nonnegative random variable U such that

lim ¢,;'Z, = Uas.

n—oo
and
Pe(U =0) =q(§), Pe(U<oo)=1.

Since

Zn _ Zn cn

M, N Cn Mn7
and

P(U=0) <P(W =0) <1, (2.1)
we conclude that c
ILm = L(¢) <00 a.s.

On the other hand, L(¢) is constant under P,, and therefore, L({) = 0 would imply
P:(W = 0) = 1 which is a contradiction. Hence W = L(§)U and P,(W = 0) = P,(U =
0) = q(&)-
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The question when W is not identically zero is well-studied. For a stationary and
ergodic environment a sufficient condition was given in [1]:

Theorem 2.3. (see [1]) Let Zy = 1. Suppose that (1.5) is satisfied and

E[mg *Zy log™ 73] < o0. (2.2)
Then 7
W = lim — is not identically zero. (2.3)
n— oo n
Furthermore,
P(W=0)=¢q(&) and EWV =1 as. (2.4)

Moreover, it was proved in [21] that if (¢,,) is an i.i.d. sequence then condition (2.2)
is in fact equivalent to (2.3). Another proof for i.i.d. environments (¢,,) is contained in
[11]. For i.i.d. environments, assuming (1.5), (2.2) and E¢W = 1 a.s. are equivalent. In
general, when the sequence (&,) is assumed to be only stationary and ergodic (2.2) is
not necessary for W to be not identically zero [21]. In this case the necessary condition

is Y7, m’r_ll(ZkZMn+1 kgn(k)) < oo a.s. The sufficient condition is only a little bit

stronger (see Theorem 1, [21]). Under this sufficient condition, (2.4) holds.
We write

b(t, &) = Bele™]
for the conditional characteristic function of W. We now derive a second recursive
formula which is crucial for our proofs. Define
Fn(S, 5) = Ef[szn ‘ZO7 sy Zn—l] = f71,—1(5)Z"71 a.s. (2.5)

Then by the recursive relation (1.2) we obtain

U(t,€) = fo(i(t/mgy ", TE))
= foo -0 fu1((t/ My, T"E)) = Fp(1h(t/ My, T"€)), (2.6)

where F,, is the probability generating function of Z,, given by (2.5) and 7' the translation
operator defined above.
In order to prove Theorem 2.1 we use the following analytical result.

Lemma 2.4. Let v be a probability measure on (R, B) with finite first moment and let
¥ be its characteristic function. If /'] is integrable then v = cdy + Vaps Where vapg is
absolutely continuous with respect to the Lebesgue measure.

Proof. 0u(t) dt defines a tempered distribution, see [15], part 2. Moreover, its Fourier
inverse satisfies
FHOw(t) dt) = F~H (0 (1)) do =: f(x) da,

where f is a complex valued function vanishing at infinity. In the above formula the first
F~! means the inverse Fourier transform of a tempered distribution and the second 7!
the inverse Fourier transform of an integrable function. On the other hand

FHoup(t) dt) = —izFH((t) dt) = —iav,
as tempered distributions. Hence
—izv = f(x) dx.

This shows that v1R\ o} has density given by iz~! f(x) and the conclusion follows. O
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Remark 2.5. Theorem 2.1 generalizes considerably Theorem 1 in [10] but, what is
more important, Kaplan’s proof contains essential gaps that concern the integrability of
['(-,€)]. We don’t think that they are easily reparable within his approach and instead
we suggest our proof which is contained in Theorem 2.6 below. However, the idea to
show the integrability of |¢'(-, )| is borrowed from [10].

The key step in the proof of Theorem 2.1 is the following theorem.
Theorem 2.6. Suppose that ¢ is stationary and ergodic, (1.5) holds and for a.e. &,
p(&) == sup [(t, )] < 1. 2.7)

[t|>1

Then for a.e. &, [ [¢/(t,€)] dt < oc.
It turns out that (2.7) can be quite easily guaranteed.

Theorem 2.7. Assume that the environment sequence £ is stationary and ergodic such
that (1.5) holds. If W is not identically zero and P(, not degenerate) > 0, then

limsup |9 (¢,§)| < 1.

[t]—o0

Proof of Theorem 2.1. Suppose that W is not degenerate and (1.5) is satisfied. Then it
follows from Theorems 2.7 and 2.6 that for almost every &, [ [¢/(t,£)| dt < co. Hence by
Lemma 2.4, (iii) in Theorem 2.1 holds. Moreover, z(§) < 1 a.s.

If W is degenerate then it follows from Lemma 3.1 below that P({, is degenerate) =
1. O

3 Proof of Theorem 2.7

We first need some auxiliary results.

Lemma 3.1. Suppose that W is not identically zero and W is degenerate, i.e. Var¢WW = 0.
Then P (&, is degenerate) = 1.

Proof. Taking conditional expectation of both sides of (1.2), we see that E:W = Er:W
and so by ergodicity, E¢W is a strictly positive constant, call it v. Moreover, due to (1.2),

2
VareW = - Varpe W + 2 Vare Z,, (3.1)

mo my
(which holds also in the case when one of the terms is infinite). Suppose that Var: W = 0.
Then iterating (3.1), we have that Vary:;Z; = 0 for all ¢ € IN, which is not possible.
Indeed, if P(&; is not degenerate) > 0 then by Birkhoff’s ergodic theorem for a.e. ¢ there
is i such that (T%¢)y = &; is not degenerate. O

Lemma 3.2. Assume that W is not identically zero and that P({, not degenerate) > 0
and (1.5) holds. Then there is a measurable function £ — (N(§),c(§)) € N x [0,1] such
that for a.e. &, ¢(§) > 0 and

(1, < 1—c(€)t?, for0 <t < g5

Proof. Let W' be a random variable such that under P, W and W' are i.i.d. Then for
almost all £ we have

: _ 2\4—2 _ 7 _ t(W-W"71\1—2 _
lim (1 — [(t,§)[*)t lim (1-Eele Dt VareW € (0, 00]. (3.2)
ECP 24 (2019), paper 42. http://www.imstat.org/ecp/
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Indeed, if VarsWW < oo then (3.2) follows by applying twice L'Hospital’s rule and the
fact that E¢[(W — W’)?] = 2Var,W. On the other hand, if VarW = oo then

liminf (1 — I [e”(W*W/)] )t~% =liminf E¢[1 — cos(t(W — W'))]t 2

t—0 t—0
> lim sup ¢ [(1 — cos(t(W — W’)))]l“W_W,KM_l/Q] t2.
t—0
Next, since for 0 < z < 1 the function z — x72(1 — cos x) is decreasing, we conclude that
for |t(W — W")| < |t|*/? < 1 it holds

1 — cos(|t|*/?)

(1 —cos(t(W — W)t ™2 > (W —W')?. i

Hence

. (W —T _ . 1
lim (1= Ee[e" ™)) e2 > hlffélp e [(W — W Lyw_wr<py-1/2) | = 00,

by the monotone convergence theorem. It follows that, for ¢(¢) := § min(1, VareW) we
have

%, &) < V1 —2e(€)1? <1 —c(§)F?,
on some neighbourhood of 0. In particular,

7(€) = inf{s : [(s,€)] > 1 = ¢(§)s*}| > 0,

and since £ — 9 (t, £) is measurable, 7 is measurable as well. The lemma now holds with

N(g§) = [7(&)~]. O

Lemma 3.3. Assume that the environment sequence £ is stationary and ergodic such
that (1.5) holds. If W is not degenerate then for any 0 < g < 1 there are constants ¢ > 0
and ty < 1 such that for a.e. £ there is a sequence of natural numbers n; such that

(1-pB)i<n; <i, fori>ig (3.3)

and
[Y(t, T €)| < 1—ct?, for 0 <t <t.

Proof. Given 3 € (0,1) there are ¢ > 0, N € IN such that probability of the set

S={¢:c(§) =z ¢, N(§) <N}

is larger than 1 — 3. By the ergodic theorem, we have for sufficiently large n
> 1s(T7€) > (1= B)n.
j=1

Therefore, for every large enough i we can find (1 — 8)i < n; <isuch that 7" ¢ € S. In
view of Lemma 3.2, for ¢ <ty := 5% we have [¢(t, T"&)| < 1 — ct?. 0

Proof of Theorem 2.7. We write, using (2.6),

0(t.9) = Ee (57 7¢) |

t

= B [w(t Tng) Zn]l[w_o]} + B¢ [w(Mn,

no) Zn
o T"¢) 1[W>01]

ECP 24 (2019), paper 42. http://www.imstat.org/ecp/
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and the absolute value of the first term above is bounded by P¢(W = 0) < 1. It remains
to show that the second term converges to zero as |t| — oo (n = n(t) will be adjusted to
t).

Fix 0 < 8 < 5z. Then, by the ergodic theorem we get that for almost every ¢

e(1=B)in < M,; < e(1+B)in (3.4)

for sufficiently large . In view of (3.4) and (3.3), for large ¢ we have
Muiir o (04— (=Pnin < J(A+OHD-(0-%0u < 3Bui . o (3.5)

uz

For large enough iy = io(¢) the intervals [o; 'toM,,,,,toM,,,,], for i > iy, cover
[toMn,io,oo). Indeed, given z > M,, to, let M,, = max{M,, : toM,, < z,k > ig}.

Moreover, we may assume that 7 is maximal with that property. Then x < {oM,,,, and

z € [a; "toMp,,,,toMn,,,]. Further, for o 'toM,,,, < |t| < toM,, , we have
t n Zn; i s Zniga
‘EE [w( T T"¢) 31[W>0]} < Fe ‘w T 1[W>0]]
Nit1 sz+1
Zn,
Ee| (1= e(lt1M;2)%) "+ Lo
< Be[(1 - et ) 0 o)

Then since W,

Zn, . . . .
npr = ﬁ by applying the inequality 1 — z < e™%, valid for x > 0, we get

t N2, N
‘Eg [¢(M , T "“f) +111[W>0]H < Ef[exp(—ctg% 2Zm+1)1[W>O]}

MNi41

= Ef[exp( 2 e OB ,+1Wn7+1) W>O}}~

Since, for large enough i, we have M,,,, > e(1=A*(i+1)r and by the choice of 3, (1— )2
63, the dominated convergence theorem gives

lim sup E; [exp(—ct2 6ﬁ’“MnTHVV,LHl) w>o)| = 0. O

i—00
4 Integrability of v’

In this section we prove Theorem 2.6. To this end, we need the following auxiliary
result.

Lemma 4.1. Fix &, such that §,(0) < 1. Let f = fy and

1—1r

"= T

fiir), 0<r<l1.

Then
hr) < __1 __ <1
L+ fr(1)=1 30y &o(k) (1 — )kt

Remark 4.2. The idea to consider the function h is borrowed from [5].

Proof. First, let us observe that for any 0 < r < 1 we have

i f(k) (1—r)*,
k=0

ECP 24 (2019), paper 42. http://www.imstat.org/ecp/
Page 8/13


https://doi.org/10.1214/19-ECP229
http://www.imstat.org/ecp/

Absolute continuity of the martingale limit in BPRE

Indeed, by applying Taylor’s theorem at r we get that for any natural number N

N o), (N+1) (4
1= 10 =Y -t I a -,
k=0

for some 1 —r < s < 1 and since all the derivatives are positive we can take the limit for
N — oo and obtain the desired inequality. Next, we conclude that

(1-1)f)
Fi-—n+R =

h(r) <

where the reminder R; is given by

o0
ARG
Ry=) ——(1-nk
k=2
From the fact that £,(0) < 1 a.s. we infer

o0

f(r) = Z mé(m)r™ 1 >0, a.s.

m=1

and
1

ST AR

Since all derivatives of f are nonnegative and so nondecreasing, we conclude

f'ir) < ()

h(r)

and
So(k)k! = fP(0) < f® (r).

In particular, we can estimate the reminder from below
(oo}

Ri> Y k)1 —r)P
k=2

and for 0 < r <1 we have

1
S TS A e

Now we are ready to prove Theorem 2.6, but first let us sketch the idea. Similarly to
the proof of Theorem 2.7 the intervals [M,,,, M, «;] cover some half line [y, co) and there-
fore the integrability of ¢/’ will follow once we prove the finiteness of ) . fl Hel, | (t)|dt,
where I; = [M,,,, M,,,«;]. On each such interval I; we can use the relation (2.6) and then
apply the chain rule. By doing so we get a product of derivatives of functions f/ which
in general is not easy to handle. However, replacing f/ by h;, which are bounded by 1
and counting those that are bounded away from 1 leads to exponential decay of |¢'(t)|,
uniformly for M,,, < |t| < M, «;. Finally, as «; = e3P with arbitrary small 5 we conclude
the integrability of v'.

O

h(r)

Proof of Theorem 2.6. First notice that due to u > 0,

P(&(0) + & (1) < 1) > 0. (4.1)

ECP 24 (2019), paper 42. http://www.imstat.org/ecp/
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Moreover, our assumptions imply that

P(&(0) < 1) = 1. (4.2)

Indeed, let S = {¢: &(0) = 1} and IP(S:’) > 0. Then, by the Poincaré recurrence theorem,
for a.e. £ there is n such that 7"¢ € S i.e. {,(0) = 1 and so Z,,11 = 0 hence W =0 a.s.,
which contradicts (2.7). Let us introduce

1
b(€) = —. (4.3)
N N TR > (e i
In view of (4.1), there is 0 < n < 1 such that for S = {¢ : b(§) < n} we have P(S) > 1.
Take 0 < 8 < 1 small enough such that |logn| > 2453y, and then choose 0 < d(3) < 1
such that for S; = {£ : p(§) < d} we have P(S;) > (1 — ). By the ergodic theorem we
conclude that for a.e. £ and sufficiently large n

S 16, (T9) > (1 - B)n.
j=1

Therefore, we may choose a sequence n; — oo such that

1-p8)i<n; <i 4.4)
and

p(TT¢) < d(P)
for sufficiently large i. Then M,,, — oo and for sufficiently large ¢

M,,
—t>1 id d - < < — 4.5
M, = b provide 3 J 2 (4.5)
Indeed, in view of (3.4),

M. M1 >er(=Bni —p(1+p)i _ on(1=B)ni ,—u(1+8)F > |

Uz J = — Y

by the choice of 5. As before, in view of (4.5) there is i(£) such that for i > i(§) the
intervals [M,,,, M,,, ;] cover [M, o0). Therefore,

ni(e)?
/ W't dt< > / 0/ (t,€)] dt
[t|>Mp, i(&) i>i(€) Mnl<|t|§0‘iMni
= / \F) ((t) My, , T Y (t/ My, T™ €)M, dt
iSa(¢) My <[tl<ai M
=Y [ RGN . T dy
i>i(€) 1<y|<a;
since ¥ (t,&) = Fy,, (Y (t/M,,, T™E)). Moreover,

[ (y, T €)| < BpeW < 1.

For any n and any complex number z in the unit disk we have:

n—1 n—1
(28 = [T 1w oo faa @) < [T F( 501 00 faa(2)])
=0 =0

_ iy |fi+1 0.0 faoi(2)] L, 1—|foo...0fn-1(2)]
—jI:[O o s foaty) e faa@) X .

1—|fio..0fn_1(2)]
1—|z| ’

“rf 1= [fj410...0 fu1(2)

T Filfsrr0 o fua (e it oo (2] x

ECP 24 (2019), paper 42. http://www.imstat.org/ecp/
Page 10/13


https://doi.org/10.1214/19-ECP229
http://www.imstat.org/ecp/

Absolute continuity of the martingale limit in BPRE

since |f,i(k)(z)| < fi(k)(|z\) for any k£, ¢ > 0 and any complex |z| < 1. We intend to prove
that for sufficiently large ¢

1— |fj+1 0...0 fnl—l(z)|
H 1— fj(|fj+1 0...0 fni—l(z)‘)

Jj=0

n;—1

Fi(fj1 00 frma(2)]) <572 (4.6)

uniformly for s = ¢ (y,T™¢) and |y| > 1. Hence,

/ <yl< B! () (y, TO)|[W (y, T €)] dt < (1—d(B)) "0 ~2a; < (1—d(B)) s ~2e3om,
1<|y|<an;

Then, by the choice of 3, the sequence n%e%”i decays exponentially fast and so ¢’(-, ) is
integrable.

We return now to show that the inequality (4.6) holds. To this end, we first prove that
for almost every ¢, sufficiently large i, % < j < % and [y| > 1, we have

[fi+10 0 fr1 (¥(y, TE))| < p(T7H1E).
Indeed, _
fj oo fa1((y, TE)) = (M, M; 'y, T7€).

So by (4.5), for |y| > 1

(M, My, TVE)| < sup [ib(y, T7€)| = p(T7¢)|.

ly|>1
For r € [0, 1] consider
1—r
hj(r) = ————fi(r).
]() 1_fj(7,) j()
By Lemma 4.1, for0 <r <1
1

<1

) T TS G

Letr =|fjt10...0 fn,—1(¥(y, T™&))|. For n;/8 < j < n;/2 and i sufficiently large we have

hy(r) < !
A S ORI (oL
1
ST D TS &R p@ g
=:b(T7¢).
Hence
T Lo o funa () N
i " Fid1 0 i Fne < b(T?
1‘1;[0 1—fj(|fj+10._.0fm—1(z)|)fj(|f]+1 Fni-1(2)) j=Tni/8] T°8)
for a.e. ¢ and sufficiently large i. Since n; — oo
1 L2l 4 1
- J -
2] ; L5(T7€) = P(S) > 5, as. (4.7)

So there is N (¢) such that for n; > N(€), T9¢ € S atleast 3 [n;/2] > n;/4 — 1 times, that
is b(T7¢) < n at least n; /8 — 2 times for j > n;/8. Finally, for large enough i,

H hj(r) < 777”/8_2. O
j=1
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