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A Berry-Esseen theorem for continuous-time Markov
processes conditioned not to be absorbed

William Ocafrain*
6th March 2022

Abstract

This paper aims to establish a Berry-Esseen-like theorem for Markov processes condi-
tioned not to be absorbed. That is the Kolmogorov distance between the conditional dis-
tribution of the renormalized centered empirical mean and a Gaussian law decays as 1/+/%.
The main assumption is that a given Doob h-transform of the sub-Markovian semigroup
associated to the absorbed process is exponentially ergodic with respect to a w-distance.

Notation

e M, (E): Set of the probability measures defined on E.
e For any p1 € M1(FE) and measurable function f such that fE f(x)p(dx) is well-defined,

u(f) = / F(@)u(da).

e For a given positive function ¢, L°°(¢)) is the set of functions f such that f/1 is
bounded, endowed with the norm

[[flleoe ) == I /% lloo-
e For any positive measurable function v, for any u,v € M1(E),
I —=vlly = sup |u(f) —v(f)]-
[[fllLoo () <1

e For any nonnegative measurable function f and p € M (F) such that p(f) € (0, +00),

f(@)p(dz)
o u(dx) = .
[ o u(dx) ()
e Kolmogorov distance: For any u,v € M;(R),

dKolm(IM V) = blég |H((—OO,UC]) - V((_OO7 33])‘
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1 Introduction

1.1 Introduction to quasi-stationarity

Let (X¢):>0 be a continuous-time Markov process living on a state space (FU{9},E), where
0 ¢ E is an absorbing state for the process X, which means that X; = 0 conditioned to
{Xs = 90} for all s < ¢, and £ is a o-field associated to the state space E. Denote by
Tp the hitting time of 0 by the process X. We associate to the process X a family of
probability measure (Ps).cpuqo} such that P,[Xo = ] = 1 for any 2 € E U {9}. For any
probability measure u € My (E U {0}), define P, := fEU{B} u(dz)P,, and denote E, and
E, the associated expectations. Moreover, denote by (F:):>0 the natural filtration of the
process X.

In this paper, we assume that the process X admits a quasi-stationary distribution,
defined as a probability measure oo € M7 (E) such that, for all ¢t > 0,

Po[X: € |19 > t] = . (1)

Such a probability measure is also a quasi-limiting distribution, defined as a probability
measure such that there exists a subset D(a) C M1(E), called domain of attraction of o,
such that, for all 4 € D(a) and A € &,

P,[X: € A|lto > ] e a(A).
In particular, if a is a quasi-stationary distribution, o € D(«) by (1). Conversely, we can
show that any quasi-limiting distributions for X satisfy (1) for all ¢ > 0 (see [24, Proposition
1]). In other terms, quasi-stationary and quasi-limiting distributions are equivalent notions.
Denote by Ag := —log(Pa[re > 1]). Then, it is well-known (see [24, Proposition 2] for
example) that, for all ¢ > 0,

Pu[ro > t] = e, V> 0.
A consequence of this property coupled with (1) is that, for all ¢ > 0,
Po[X: € ,19 > t] = e_ADta(~). (2)

Conversely, if a probability measure « satisfies (2) for a given Ao > 0, then « is a quasi-
stationary distribution for the process X. In that respect, the quasi-stationary distributions
for X are exactly the probability left eigenmeasures for the semigroup (P;)+>0 defined as

Pif(x) := Ea(f(Xe)Lrp>e)

for all ¢ > 0, f belonging to a Banach space and € E. In what follows, we will use the
notation
uP =P, (X, €79 > t)
when necessary.
Also, we assume that the process X admits a nonnegative function 7 defined on F,
vanishing at d and satisfying a(n) = 1, such that, for all x € E and ¢ > 0,

Eo[0(Xt)Lryse] = e O'n(a).

n is therefore a dual eigenfunction for the semigroup (P:):>0, with respect to the quasi-
stationary distribution.



1.2 The main assumption and the ()-process
The main assumption on this process is that this process satisfies the following condition.

Assumption 1. There exists a function 1 : E — [1,400), such that a(i1) < 400 and
n € L*°(¢1), as well as two constants C,vy > 0 such that, for any p € M1(E) and t > 0,

X uP: = p(ma() vy < Cpldr)e™ ™ ®3)

This assumption is satisfied under the general criteria Assumption (F) of [8] or Assump-
tion (G) of [10]. In particular, it is shown in [8] that Assumption 1 is satisfied for a lot of
processes such as multidimensional elliptic diffusion processes or processes defined in dis-
crete state space. In particular, we refer the reader to [8, Sections 4 and 5] for examples for
which Assumption 1 holds true. Assumption 1 is also satisfied for general strongly Feller
processes, as shown in [15], and for some degenerate diffusion processes, as studied in [3, 21].
We refer the reader to [7, 14, 27, 2, 25] for alternative criteria ensuring Assumption 1.

We can show that Assumption 1 is equivalent to the following one.

Assumption 2. Denoting E' := {x € E : n(z) > 0}, the family of probability measures
(Qu)ecr defined by

Qu(I) := lim Py(Plro > T), V> 0,¥I € F,

is well-defined. Moreover, for allz € E', t >0 and T € F3,

_ erot n(Xy)
@115 (120

under (Qz)eep, X is a Markov process on E' admitting 3(dz) := n(x)a(dz) as an invariant
probability measure and, for allt >0 and x € E',

IQ:(X €)= Blly, < CHE e (1)

where C,v > 0 are the same constants as in (3). Moreover, for allx € E', t >0, T >t and
I'e -Ft;

Qu(T) — Pu(Tlro > T)| < c%mw. (5)

Moreover, S(¢1/n) < 4o0.

Since the process X under (Qy),e g’ is a Markov process, the family of operators (Q:):>0
defined by
Quf(x) :=EJ(f(X0)), Vt>0Vaoe E.VfeL>@/n)

where E? is the expectation associated to Q, is a semigroup. In the literature (see for
example [8, Theorem 2.7]), the Markov process associated to this semigroup is called the
Q-process.
One has more precisely that Assumption 1 implies Assumption 2 and that the property
(4) implies Assumption 1. In particular, Assumption 1 (equivalently Assumption 2) is sat-
isfied when the Q-process satisfies the assumptions 1 and 2 in [17]. Moreover, the inequality
(4) implies, since n € L>°(z)1), the existence of a constant C > 0 such that, for all z € E’
and t > 0,
16.Q0 ~ Bllzv < 02 (©)
n(x)
where || - ||rv denotes the total variation norm.



1.3 The main result

A consequence of (5) (see for example [9] for a proof of this statement) is that

E, [1 / F(X)ds

for all bounded measurable function f and p € M (FE) satisfying p(11) < +oo and p(n) > 0.
A probability measure 3 satisfying (7) is called a quasi-ergodic distribution.

The aim of this paper is to prove a Berry-Esseen-like theorem for processes satisfying
Assumption 1, conditioned not to be absorbed up to the time t. Existing results stating a
conditional central limit theorem for absorbing discrete-time Markov chains can be found
in [11, 23, 1, 26, 4, 18]. In particular, in [11, Section 3.6], it is stated that, for any Markov
chain (X,)nez, defined on a finite state space E U {0} (absorbed at d) whose the matrix
(Pi(X1 = j))i,jer is irreducible and aperiodic, one has that, for all function f such that

B(f) =0, the limit
" 2
92 .= nl;rlgo %Ea ((Z f(Xk)> Ty > n>
k=0

is well-defined. If moreover 6% # 0, one obtains
1w v 22
lim P, | — X)) <yl|lta >n :/ e 202dx,
n— oo \/ﬁ ; f( ) 4 oo V27102

for all y € R. Up to my knowledge, there does not exist any results on a Berry-Esseen-like
theorem associated to these conditional central limit theorems.
The main result of this paper is then the following.

To >t

— 8P, ™

Theorem 1. Assume that the process (Xt)i>o satisfies Assumption 1 (or equivalently As-
sumption 2).

Then there exists C > 0 such that, for all f € L*=(1g) such that o7 > 0, t > 0 and
w € Mi(E) such that p(1) < +oo and p(n) > 0,

dKoim (Pu <\/i [1 /t f(Xs)ds — B(f)] € -l1s > t) 7./\/(O,UJ%)) < My (8)

Vit
where N (0, a?) refers to the centered Gaussian variable of variance

o} ::2/ Cov3 (f(Xo)f(Xs))ds, (9)

where Cov% refers to the covariance with respect to the probability measure Qg := fE, B(dz)Qg.

In particular, (4) implies that a? < 400 for any f bounded by 1, since, assuming without
loss of generality that 8(f) =0, for all k > 0,

[ES(f(X0) £ (Xk))| = [EF(f(X0)EX, (f (Xi))| < CB(n)e ™. (10)

This paper is only interested in processes conditioned not to be absorbed by absorbing
states. Nevertheless, the following proofs can be adapted to general non-conservative semig-
roups satisfying Assumption 1. Some examples of such semigroups have been studied in
[14, 2, 10, 28].

Theorem 1 will be proved at the last section. To prove it, we first need to show a central
limit theorem for the @-process satisfying (4). In particular, up to my knowledge, the papers
dealing with central limit theorems for Markov processes require stronger hypotheses than
(4). This central limit theorem allows then to conclude to a useful lemma, stated and proved
in Section 3.



2 Central limit theorem for the ()-process

This first section aims to establish a central limit theorem for the Q-process. In the literature,
central limit theorems for continuous-time Markov processes have been established in [19,
6, 22]. In particular, the papers [19, 6] made use of central limit theorems for martingales;
the paper [22] used the Kato’s theory on analytically perturbed operators.

In this paper, a central limit theorem will be proved for the @Q-process studying the con-
vergence of the moments of % fot f(Xs)ds, for f such that S(f) =0. Up to my knowledge,
this method to establish a central limit theorem is new and allows to weaken the needed
assumptions on the ergodicity of the @Q-process. In particular, we will show that the only
hypothesis (4) allows to obtain a central limit theorem for the Q-process (in particular,
the papers [19, 6, 22] seems to need more restrictive hypotheses). However, this method
is difficult to apply for discrete-time processes; we refer to [13, 12, 20, 16] for central limit
theorems for discrete-time Markov chains.

In all what follows, for simplicity, we denote B1(FE) the set of the bounded by 1 measurable
functions defined over F, and we define for all z € E’

_ (@)
n(x)

P() :

In this section, the following theorem will be proved.

Theorem 2. Under Assumption 1 (or equivalenty Assumption 2), there exists C > 0 such
that, for allk € Z4, p € M1(E") such that u(v) < +oo, f € Bi(E’') such that (f) = 0 and

t>0,
' 2" k)!
E9 (tlk (/O f(Xs)ds> ) - %afﬁ
¢ 2k+1
()
0

In particular, for all uw € M1 (E’) such that u(y) < 400 and f € B1(E') such that B(f) = 0,

1 [ w >
Qu (\/E/o f(Xs)ds € ) tjo N(0,0%),

where w refers to the weak convergence of measures.

< oH¥) a

In what follows, C' refers to a constant whose the value could change all along the section

Before proving Theorem 2, we need to prove the following lemmata.

Lemma 1. For all k € N, there exists a constant C' € (0,00) such that for all p € M1(E’),
f € Bi(E") such that B(f) =0 and s2 < ... < s,

ES ([/82 f(Xsl)d81:| f(Xsy) ... [/Szk f(Xs%_l)dSle] f(Xs%)> — o2
0

Sok—2
k—1
< C#(w) Z(SQ(iJrl) — S 1)6_"/<S2(i+1)—5211)7 (12)
1=0

where so = 0 by convention.



Proof. We prove it by induction on k. We begin by showing the case k = 1. For all
w€ Mi(E") and f € B1(E') and t > 0,

EQ(U ! (Xs)ds} f<Xt>> - [ Bduxorxoas
:/ ]ESQt s(f(XO)f(Xs))dS, (13)

where we recall that (Q:):>o is the semigroup for the Q-process. By (6), for all z € E’ and
f € Bi(E') such that B(f) =

B (f (X0) £ (X:))| < EZ(IEX, (f(X:))]) < Cop(x)e ™™

Hence, by (13), (4) and this last inequality, for all t > 0, u € M1 (E’) such that p(y)) < +oo
and f € B1(E’) such that 3(f) =0

s (| [ sexas| s000) - [ esromsoras

< Cu(w) / e BS(F(Xo) F(X0))lloo iy s
0

t
< C’,u(w)/ e Y Ce 4 ds
0
< Cu(wte ™. (14)
Moreover, since 3(f) = 0, by (10), for all ¢ > 0,

CBWY) -
) o

| Eue s

< /Oo CB()e "ds <
t

Hence, there exists C' > 0 such that

Ej; ([ / f<X5>ds} f(Xt)> — o}

This concludes the base case.
Let £ — 1 € N be such that the hypothesis of induction is satisfied. Then, by Markov

property,

o ( / (X s (K)o / (X )dsmes f(Xm))
0 S2k—2
_EQ (/ f s1 dSlf s2 (/ f s3—s2 ngf( sa— S2) /2k f(XSQk—1_52)ds2k1f(X32k—32)>>

= Eg (/ ) f(X51)d51f(XS2)E(%S2 (/wk_k 2 f(Xs3)d53f(X54752) ‘e / o f(X52k1)dS2k1f(X52k52))>
0 0 82k —2—82
(16)

< Cu(@)(t+1)e .

By hypothesis, there exists C' > 0 such that, for all s < s4... < s9p,

S4—592 S2k —S2
E%SQ (/ f(XS3*82)d53f(XS4*S2) e / f(X52k1)d32k—1f(X52k52)> - U§k72
0 S2k—2—52

k-1
< CP(Xsy) 252(52(i+1) — S2; + 1)67%52(”1)7520. (17

=1




Moreover, since 8(f) = 0, there exists C > 0 such that, for all 4 € M;(E’), for all s > 0,

< Cu(). (18)

EQ ( / f(Xs)dsf(Xm)MXm))

As a matter of fact, for all t > 0, u € M1 (E’) and f,g € L= (¢),
t t
[ ERirsexlas = [ BB (aCX ) as.
0 0
Thus, by (4), for all t > 0, p € M1(E"), f € Bi(E’) and g € L™ (¢),

t
< Cllgllimo) / u()e 7 ds
(0]

< OlgllLoe ().

Moreover, again by (4), for all t > 0, u € M1 (E’) and f € B1(E') such that 3(f) =0,

/ EY [f(X:)g(X)] ds — / ES [f(X.)] B(g)ds

/ ES [£(X.)]ds| < () / e ds < Cu(y).

These two last inequalities applied to g = f x 1 imply (18).
Hence, by (16), (17) and (18),

E‘g (/ 2f(X31)dslf(Xs2),__/ 2k f(szl)dS%lf(Xs%)) —U;(k—ﬂE‘g (/ 2f(X51)d51f(X52)>'
0 Sok—2 o

k-1 52
< 02(32(i+1) — Soi 4 1)6—“/(s2(71+1)—szi)E% (/ f(XS)dsf(XsZ)l/)(XsQ))
i=1 0

k—1
< Cu(y) Z(SQ(Z'+1) — S2; + 1)6_7(82“*1’_827").
i=1
This and the case £ = 1 conclude the induction. O

We need also the following lemma.

Lemma 2. For all k € N, there exists C € (0,+00) such that, fort > 1,

/O<52m<32k<t

Proof. We prove (19) by induction on k. The case k = 1 can easily be obtained by the

k—1
(82(i+1) — 824 + 1)677(52“+1)752i>d82 e dSQk S Ctkil. (19)
1=0



reader. Now, assume that (19) holds true for k — 1 € N. For all ¢ > 0,

k—1

/ (82(i+1> — S2; + l)e_W(Smi“)_S%)dsz ...dsok
=0 Y 0<s2<. . <sgp <t

k—2
= / E (82(i+1) — S2; + 1)677(52“*1)7821‘)(182 A dSQk;
0<s2<...<sgp <t

=0

+ / (sok — S2k—1 + 1)677(527“782]“71)6152 ...dsok
0<s2<...<sgp <t

t k—2
= / [/ Z(SQ(i+l> — S9; + 1)677(S2(i+1>752i)d52 e d32(i—1)‘| dSQk;
0 0

Ss2=5..Ssp(k—1) 82k j=0

+ / (Szk — S2(k—1) + 1)67’Y(32k732(k*1))d52 ... dsog. (20)
0<s2<...<sgp <t

By hypothesis, for all ¢ > 0,

t k—2 t k—1
_ N —Sos _ t
/ [/ E (S2¢i+1) — s2i)e Y(s20i41)=92i) g, dSQ(i_l)] dsor < / Cs’;k 2dsor = C
0 0 0

k-1
Ss25..S8p(k—1) S82k =0

For all ¢ > 0, the second term of (20) is equal to

/ (s2r — S2(k—1) + 1)e 2k =520k -1) / dsa...dsy_2) | dsap—1dsak
0<sg(p_1)<s2k<t 0<s2<...<spp—1

k-2
= s—r41)e 7™ " drds
t t - Fh—2
_ —y(s—r
_/0 {/T (s=r+1)e ds] (k_2)!dr
t th( ) 3 Tk_Q o1
= u+1)e "du dr < Ct" 7",
[/ =

Hence, (19) is proved. O
We can now prove Theorem 2.

Proof of Theorem 2. We begin by the convergence of the even moment. For all u € My (E’),
t>0, fe€Bi(E) and k € N,

E? (( / t f(Xs)dS> )

:(2k);/ /// EQ(f(Xa)f (Xen) oo f(Xage ) (Xai))dsi ... dsap.
0<s2<...<s9, <t JO 52 Sok—2
(21)

Then, assuming moreover that 8(f) = 0, by (21),(12) and (19), there exists C' > 0 such that

¢ 2k
ES ((/ f(Xs)ds> ) - %tkaﬁk

< Cu()t*™, (22)




which implies (11). Now, for all u € My (E'), t > 0, k € Z4 and f € B1(E’) such that
B(f) =0,

+ 2k+1
£ (( / f(Xs)ds) )

= (2k + 1)1/t ES <f(Xs)]E%s [/ f(Xay) oo f(Xagyy)dsa ..d52k+1]> ds
t t—s 2k

=(2k+1) [ E}| f(X)ES ( Xu du) ds

@+ [ (f()s</()f() ))

t s 2k

= (2k + 1)/ ES (f(Xt_s)]E?gts ((/ f(Xu)du) )) ds.

0 0

By (22) and using that EZ[f(X¢—s)C9(Xi—s)] < Cu(y) for all p € M1(E'), f € Bi(E') and
s < t, there exists C' > 0 such that

t 2k+1 +
ES ((/0 f(Xs)ds> ) _ waik/o B (F(Xo_0) ds

Since B(f) =0, for all p € M1 (E’) and s < t,

tk
< (2K + D)CR() -

(23)

IE2[f(Xe—s)]| < Cpa(ap)e 77, (24)

There exists C' > 0 such that, for all ¢t > 0 and k € Z,

1 /t k_—~(t—s) e /t k e /t C
s"e ds=——~ [ s€’ds< e’¥ds < —. (25)
thr% 0 tk+1/2 0 \/i 0 \/E

We deduce from (23), (24) and (25) that, for all u € M;(E’) such that u(¢) < 400 and
f € B1(E") such that B3(f) =0,

1 t 2k+1
Jim WES ((/ f(Xs)ds) ) =0.
0

The central limit theorem for the Q-process is deduced from Lévy’s continuity theorem. [J

Remark 1. The inequality (11) tells that the moments of even order converge to the ones
of a Gaussian law at speed 1/t. Gathering (23), (24) and (25), one obtains 1/\/t as speed
for the convergence of the moments of odd order. Using a similar reasoning as used in
the proof of Theorem 1 (in the last section), a Berry-Esseen theorem could be expected for
continuous-time Markov processes satisfying (4), which would better the result stated in [22,
Theorem 1.5]. In the discrete-time setting, we refer the reader to [5] for a Berry-Esseen
theorem under general ergodic assumptions.

3 A useful lemma for Theorem 1

The aim of this section is to prove the following result, which can be seen as an improved
central limit theorem for the Q-process.



Lemma 3. Assume Assumption 1 (or equivalently Assumption 2). Then, for all u €
My (E') such that p(y1/n) < oo, f € Bi(E') such that B(f) =0 and 07 > 0 (as defined in
(9)), and w € R,

. t
K Xs)ds __f
Eg [eﬁ Jo 1exe) g(Xt)} —B(g)e” 2

lim sup
t=90 gL (9):|gloo () <1

=0, (26)

where we recall that, for all x € E',

Proof of Lemma 3. For all p € My1(E"), f € B(E’) such that 3(f) =0,¢ >0, k € Z+ and
geL>®@

((/f ) o) = [ [ 1o } )
(]

Hence, for all 4 € M (E'), t >0, f € Bi(E

f(Xs)]E?;S (Q(th))> ds.

such that 5(f) =0, k € Z4 and g € L (¢),

+ k
(( / (X ) m)mg)E‘S(( / f(Xs)ds> )
—k / EQ << / Sf(Xu)d’u> i f(XsnE?;S(g(Xt_S))—mg)]) ds.

iw t s .
Thus, using that eVt fo F(Xedds Yoo 1;‘*/’; fo kforall t >0, w € R, and

f € Bi(E') such that B(f) = 0, then, using the above equahty, for all 4 € My(E’) and
g € L=(¥),

ES <ef7? J f(Xs>d59(Xt)) - B(9)ES (ef/wz IN f(XS)ds>
> . k t k . .
- kzo (z;"i) ;{E‘S <( i f(Xs)ds> g()@)) — B(9)ES ((/0 f(XS)dS) )}
= (iw k k ¢ k
= Ba(X0) -5+ (%) ;,{EQ (( [ o) g(xt)> ~ B(o)ED ( ([ secoms) )}

iw
vt Jo
By (4) one has, for all u € M;(E"), Q,-almost surely and for all s <t and g € L> (1)),

EX, (9(Xi—s)) = Blg)| < cthw%ew(t—sy

Thus, for all 4 € M1 (E'), t >0, w € R, g € L™(¢b) and f € B1(E’) such that B(f) =0,

iw [t s iw [* s
Ej <M Jo g0 g(X») - Blo)ES ( e Jo s )

CllgllLee (yyw

Vi 0

= E3(g(X:)) — Blg) + EZ (f Jo $050% X VES. (g(Xi)) — ﬁ(g)]) ds.

t
< Cu()llgllie (wye™™" + Ce™ " TIEL ($(Xs))ds.

10



This inequality and Theorem 2 implies (26) and concludes the proof. O

4 Proof of Theorem 1

We can now prove Theorem 1. For all u € M (E), t > 0 and f € B1(E), g € L*(¢1) and
keN,

k

E, Q / f(Xs>ds} g(X0)

= k:!/ E. ([/ F(Xey) o f(Xsp,_y)ds1 . ..dskll F(Xs)g(Xy)
0 0<s1<...<sp_1<s

Ta>t> ds
t s k—1
=k [ E,. Xu)du Xs)g(Xe)|T ds
/0 ([/ F0x) } FX)( )6>t>
Zk/o PilroS D Ta>t u([/ f(X ] f(XS)EXs(g(XtS)L'a>t5)17'a>s> ds.

For all s <t, p € Mi(E), g € L>(¢1) and = € E, denote

) ) [Bal9(Xe ) lrne ) n(@)alg)
Cinals:1:0):= g€ { P, (0 > 1) () }

By triangular inequality, for all s <t and =z € F,

1) i—s) | | Balg(Xe—s)lrg>t—s] e_)‘(’(t_s)n(x)a(g)
|Cug(s,t,z)] < e {‘ P70 > 1) Bl > 1)

L n@at) M n@a@)|) gy
Pu(ra > 1) ()
By (3),
1) -s) | Balg(Xe- o) Trp>es] e In(z)a(g) e ot
— <C oo _—
e)\os ]P)u('ra > t) PM(TB > t) — ”gH]L (¢1)¢1(x)u(n) ]P)#(Ta > t)
Again by (3),
NP, (1o > t) > p(n) — Cu(yr)e
Hence, for all t > 1 log (M),
v w(n)
wo) 1
e otP ( Ty > ) - 1 70“(7/»’1)67'%
<1420t e oy
w(m)
For the second part of the right-hand side of the inequality (27),
M(ﬂ) e'y(tfs) e_AO(t_S)n(x)a(g) _ ekosn(x)a(g) — n<m)a(g)€’v(tfs) H(U) _
Pu(ro > 1) () TP (5 > 1)
—vs _ Cu(yn)
< VT
= 077(33)04(9)6 e/\OtPH(TB > t)
w(31)
< Cn(z)a(g)2C .
n(z)a(g) e
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5 > t> = k!/ Eu(f(Xa)F(Xay) - F(Xe)g(Xi)|0 > t)dsy . .
0<s1<...<sp <t

. dSk



Hence, these inequalities and (27) imply the existence of a constant C’ > 0 such that, for

all s <t such that ¢t > %log (20;((7;?1)) and z € F,

1Crug (5,1, 2)] < C gl cony [wlm + ““”%(w)] . (28)

Thus, for all 4 € M1 (E), f € B1(E) such that 3(f) =0, g € L>®(¢1), k € Nand t > 0,

Eu<{/Otf(Xs)d8rg(Xt)Ta>t>— ([/ f(x ])
:kxe—wt/ ﬂESw<(/ Flx ) lf(Xs)i*(‘jf)’t’Xs)>ds.

By an inequality presented in [22, Section 3], for all u € M1 (E), t > 0, f € B1(F) such that
B(f) =0and z € R, and for W > 0,

1 /" 1 [t
— f(Xs)ds < z|mo >t) — Qo (/ F(Xs)ds §x)‘
" (ﬁ/ AV
iw t s
< l/w B 7 > 1) By (Vo 1 Ny — 22 (29)

Similarly to the proof of Lemma 3, for all ¢ > %log (M) weR, pe Mi(F)and f

wu(n)
such that S(f) =0
iw [t
) E%}ou [e\ﬁ fo ﬁXS)dS}

E, (eiﬁ fotf(Xs)dS
£ 4 [l ()

NLAATIES SRRy L (XSGt (5,1 X)
e EQ<</f ) nx.) *

k=1
t . s
—ce [ e MEe (eﬁ Jo e [(X)Cu1p (5,1, XS)) ds. (30)
o Vit n(Xs)

By (28), the family of functions (f(-)Cu.15(s,t,-)/n(")), log(QC“((u)ll)) <, is uniformly
n(n =

1
'Y

upper-bounded in L°°(¢)), as soon as u(1) < +oo and p(n) > 0. Under these conditions,

Theorem 3 implies that

o2w?

) - a(f X CMJlE(S’tv '))67T

ES (f Jy xan [(X)Crap (5,1, Xo)
n(Xs)

s—00,t>s

Moreover, by (28), one has for all s > 0,

timsup (f x s (5,1, )] < C'alwn) + €40,

12



Thus

¢ i s
lim sup efﬂ/t/ e”sng (eﬁ fO 1 f(Xs)Cpip (5,1, Xs)) ds
t—o0 0 n(XS)
t o2w? ( ) a?w2
< limsupefvt/ e’ la(f X Cuag(s,t,))e "2 |ds < (C’a(¢1)+c’“ 2 )e E
t—o0 0 ,U‘(n)
(31)
Thus, using (29), (30) and (31),
1 [ 1 [
P — Xs)ds < zx|ltg >t ) — o — Xs)ds < «x
(s [ s sl o) <o ([ rem <)
w o o) 52,2
< 1 a(y1) + ) - L dw + 24 .
T )w Vi m/TW

This proves Theorem 1.
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