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A central limit theorem for continuous-time Markov
processes conditioned not to be absorbed

William Ocafrain*
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Abstract

This paper aims to establish a central limit theorem for Markov processes conditioned
not to be absorbed under a very general assumption on quasi-stationarity for the underlying
process. To do so, a central limit theorem has been established for ergodic Markov processes.
The conditional central limit theorem is then obtained by applying the central limit theorem
to the Q-process.

Key words: Quasi-stationary distribution; Quasi-stationarity; Quasi-ergodic distribution;
Central limit theorem; QQ-process.

Notation

o M;(E): Set of the probability measures defined on E.
e For any 1 € M1 (E) and measurable function f such that fE f(x)p(dx) is well-defined,

wlf) = / F@)n(da).

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

£ lluoe @y := [1f /% loo-
e For any positive measurable function v, for any u,v € M1(E),
lw—=vly:= sup  [u(f) —v(f)l
[ llzeo () <1

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

f(@)p(dz)

Jomdn) =)

e Kolmogorov distance: For any u,v € M1(R),

dKotm (1, V) = Sup |((—o00, z]) — v((—o0, z])|.
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1 Introduction

1.1 Introduction to quasi-stationarity

Let (X¢):>0 be a time-homogeneous continuous-time Markov process living on a state space
(EU{0},€), where 0 ¢ E is an absorbing state for the process X, which means that X, = 0
conditioned to {Xs = 9} for all s < ¢, and & is a o-field associated to the state space E’.
Denote by 7s the hitting time of 9 by the process X. We associate to the process X a family
of probability measure (Pz)zcpufay such that P,[Xo = z] =1 for any x € EU {0}. 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 € M1 (E) such that, for all ¢ > 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 c,
such that, for all 4 € D(a) and A € &,
P,[X: € Alto > ] . a(A).
—00

In particular, if « is a quasi-stationary distribution, o € D(«) by (1). Conversely, we can
show that any quasi-limiting distributions for X satisfy (1) for all t > 0 (see [26, Proposition
1]). In other terms, quasi-stationary and quasi-limiting distributions are equivalent notions.

Denote by Ag := —log(Pa[rs > 1]). Then, it is well-known (see [26, Proposition 2] for
example) that, for all ¢ > 0,

Pulro > t] = e, Vit >0.
A consequence of this property coupled with (1) is that, for all ¢ > 0,
Po[X: € ,19 > 1] = 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 by

Pif(z) == Ea(f(Xe)Lrp>t),

for all ¢ > 0, f belonging to a Banach space and € E. In what follows, we will use the
notation
uP =P, (Xt € -,79 > t).

Also, we assume that the process X admits a nonnegative function 7 defined on F,
vanishing at 9 and satisfying a(n) = 1, such that, for all z € E and ¢t > 0,

Eo[n(Xt)1rpse] = € 'n(2).

7 is therefore a right eigenfunction for the semigroup (P:)+>0, associated to the eigenvalues
(e7*)ex0.

1X is assumed to satisfy the time-homogeneous Markov property with respect to its natural filtration. E and
sample paths of X are assumed to be equipped with appropriate o-fields; for instance, and most usually, there
may exist a Polish topology on E under which X is cadlag, although topology plays no role in the present work.



1.2 The main assumption and the ()-process

The main assumption on this process is the following.

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,

|2 uP, — p(n)allp, < Cu(ypr)e ™. (3)

This assumption is satisfied under the general criteria Assumption (F) of [9]. In particu-
lar, it is shown in [9] that Assumption 1 is satisfied for a lot of processes such as multidimen-
sional elliptic diffusion processes or processes defined in discrete state space. In particular,
we refer the reader to [9, 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 [16],
and for some degenerate diffusion processes, as studied in [3, 23]. We refer the reader to
[6, 15, 30, 2, 28] for alternative criteria ensuring Assumption 1.

We can show (a short proof is provided later in the appendix of this paper) that As-
sumption 1 implies the following one.

Assumption 2. i) Denoting E' := {x € E : n(z) > 0}, the family of probability meas-
ures (Quz)zepr defined by

Q:(I) = lim Po(Plry > T), V¢ >0,V € F,,
— 00

is well-defined.

ii) Under (Qz)ser, X is a Markov process on E' admitting B(dzx) = n(z)a(dz) as an
invariant probability measure. Moreover, denoting

_ (=)
B(v) < +oo and, for allt >0 and x € E’,
1Qu(Xe € ) = Blly < C(x)e ™, (4)

where C,~y > 0 are the same constants as in (3).

Since the process X under (Qz),c g is a Markov process, the family of operators (Q+¢):>0
defined by
Quf(x) = EZ(f(X0), Vt2>0,Ye € E\VfeL™n/n),

where E? is the expectation associated to Q, is a semigroup. In the literature (see for
example [9, Theorem 2.7]), the Markov process associated to this semigroup is called the
Q-process.

Independently on the satisfaction of Assumption 1, (4) is satisfied when the Q-process
satisfies the assumptions 1 and 2 in [18]. Moreover, the inequality (4) implies, since n €
L*°(¢1), that, for all z € E’ and ¢t > 0,

Pi(x) _
16:Qc = Bllrv < Cllllm oy 2 e,

where || - ||7v denotes the total variation norm.



1.3 The main result

A consequence of Assumption 1 is that the probability measure g is a quasi-ergodic distri-
bution for the process X. That is, for all bounded measurable function f and p € M (E)
satisfying p(¢1) < +o0o and p(n) > 0, the convergence

[ [

holds true. This property is a consequence of the following lemma, whose the proof is
postponed to the appendix of this paper.

Lemma 1. Forallx € E',t >0 and ' € F,

ot Pi[nLr](z)
n(z)
Moreover, there exists a constant C' > 0 such that, for all w € My(E), 0 <t < T and
I'e A,

To > 1

— B() (5)

Q.(T") = (6)

(@non (1) ~ Bu(Tlro > 1| < "B o0

w(n) @

In particular, the property (7) implies (5) as shown in [7]. More precisely, we can show
that the previous lemma implies the corollary below:

Corollary 1. For all p € M1 (E) such that u(i1) < 400 and u(n) > 0, for all f bounded,

1 [t ?
E, ( ! / F(Xo)ds — B(F)

implying (5) and that, for all p € M1(E) and f bounded, for all € > 0,

1 t
([ [ o=

Provided Lemma 1, a short proof can be obtained adapting the proofs in [27] or [19],
providing even 1/t as speed of convergence.

To > t) — 0,
t—o0

> €

Ta>t> — 0.

t—o0

The aim of this paper is to prove a central limit theorem for processes satisfying As-
sumption 1, conditioned not to be absorbed up to the time ¢. Existing results stating a
conditional central limit theorem for absorbing discrete-time Markov chains can be found
n [10, 25, 1, 29, 4, 20]. In particular, in [10, Section 3.6], it is stated that, for any Markov
chain (X, )nez, defined on a finite state space E U {0} (absorbed at 0) whose matrix
(Pi(X1 = j))i,jer is irreducible and aperiodic, one has that, for all function f such that

B(f) = 0, the limit
6% = nh_}rrgo %Ea ((Z f(Xk)> To > n)
k=0

is V\/ell—deﬁned. If moreover 0 # O, one Obtains
>n
To =
—oo Vv 2; 6

_ z?
e 202dx,

1 n
lim P, | — Xi) <
n— oo [ﬁ kzzo f( k) =Y

for all y € R. This result is extended to all initial distributions in [25], where it is also claimed
that the limiting Gaussian distribution is the same as the one obtained in the central limit
theorem applied to the Q-process (i.e. same limiting variance).

The main result of this paper is then the following.



Theorem 1. Assume that the process (Xt)i>o satisfies Assumption 1.
Then, for all f € L>°(1g) such that 07 > 0 and p € M1(E) such that (1) < o0 and
p(n) >0,

1 [t
Py (\/5 L/O f(Xs)dsﬂ(f):| €

where w refers to the weak convergence of measures, where N (0, O’?) refers to the centered
Gaussian variable of variance

w>t) s Moo,

t——4oo

0f = 2/0 Covg(f(Xo), f(Xs))ds, (8)

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

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

[ES(f(X0)F(X0))| = [ES(f (Xo)EX, (f(Xi))| < CB(¥r/m)e” ™" 9)

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
[15, 2, 8, 31].

Theorem 1 will be proved at the third section. To prove it, we first need to show a central
limit theorem for the @Q-process satisfying (4). In particular, up to my knowledge, the papers
dealing with central limit theorems for Markov processes require stronger hypotheses than
(4) (see the references provided in Section 2). That is why the second section aims to prove
a central limit theorem for general ergodic Markov processes, which could be interesting and
useful beyond the framework of quasi-stationarity.

To conclude, the paper ends with an appendix showing the implication Assumption 1 =
Assumption 2 and Lemma 1 stated above. In particular, even if the existence of a quasi-
ergodic distribution is quite classical assuming that Lemma 1 holds true (see for example [7]
for a simple proof of this statement), the lemma itself is not clearly stated in the literature
for processes satisfying Assumption 1 ([7], for example, states it under stronger conditions).
This is why a short proof is provided in this appendix.

2 Central limit theorem for Markov processes

This section aims to establish a central limit theorem for Markov processes satisfying the
condition (4). In the literature, central limit theorems for continuous-time Markov processes
have, among others, been established in [21, 5, 24]. In particular, the papers [21, 5] made
use of central limit theorems for martingales; the paper [24] used Kato’s theory applied to
analytically perturbed operators.

In this paper, a central limit theorem will be proved for Markov processes studying the
convergence of the moments of % fot f(Xs)ds, for bounded functions f such that 3(f) =0

and ajzc > 0. Up to my knowledge, this method to establish a central limit theorem for
(non-stationary) Markov processes is new. However, this method is difficult to apply for
discrete-time processes; we refer to [13, 12, 22, 17, 11] for central limit theorems for discrete-
time Markov chains.

In all this section, we deal with a general Markov process (X¢):>0 defined on a state
space E’. We denote by (Q.).cr’ a family of probability measure such that, for all z € E’,
Q2 (Xo = =) = 1, for all probability measure p € M1 (E’), Q, = fE, Qzp(dx). We denote
by E? and Cov¥ the expectation and the covariance associated to the probability measure
Q., respectively.



We emphasize that this section can be read independently on the rest of the paper. In
particular, (X;) has no link with the Q-process with this section.

In all what follows, we denote by B1(E’) the set of the bounded by 1 measurable functions
defined over E’.

We introduce now the only assumption used all along this section:

Assumption 3. The process (Xi)i>0 admits an invariant measure 3, and there exists a
function ¢ : E' — [¢,4+00) (c > 0) and two constants C,~ > 0 such that, for all z € E' and
t>0,

Qe (X € ) = Blly < Ce™ ().

In accordance with the introduction, we introduce, for all bounded function f, the vari-
ance

of = 2/ Covg(f(Xo),f(Xs))ds.

2.1 Convergence of the moments of % Jrf(X,)ds

In this subsection, the following theorem will be proved.

Theorem 2. Assume that (X:)i>o0 satisfies Assumption 3. Then there exist a positive
constants C1 and a sequence of positive constant (Dy)ren such that, for all k € Zy, p €
M1 (E") such that p() < oo, f € Bi(E') such that 3(f) =0 and t > 0,

L[ *\ R o

E, (tk (/O ﬂXS)dS) ) -
t 2k+1

Jlim Ey (t’i/i (/0 f(XS)ds> ) =0.

In particular, for all p € M1(E’) such that p()) < +oo and f € Bi(E') such that B3(f) =0

and O’; >0,
1/ w
Qu <\/E./o f(Xs)ds € ) o N(0,0%).

Moreover, a suitable sequence (Dy)ien satisfying the inequalities (10) is the one defined as:

k-1 9
Dk;:<<f(1+5(gﬁ))> \/1>><<C;\/Cg(;/})), vk €N,

Before proving Theorem 2, we need to prove two lemmata.

< RIDCI L 1)!@ (10)

Lemma 2. There exists a sequence of positive constants (Di)ren such that, for all f €
Bi(E') such that B(f) =0 and 07 > 0, for allk € N, p € M1(E') and sz < ... < sa,

EZ ([ / f(Xstsl] (X [ / F(Xope 1 )dsoprs

k—1
< D) Y (sai41) = s20 + e 720075200 (1)

=0

o2k
f(XSZk)> - 2%

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,

2 (| [ roeas] s ) = [ sgonsonos

/ ES,  (F(X0)f(X.))ds, (12)

where we denote by (Q:):>0 the semigroup for the process (X;):>0. By Assumption 3, for
all z € E' and f € B1(E') such that B(f) =

B (f(X0)F(X:))] < EZ(IEX, (f(X))]) < w( Je (13)

Hence, by (12), Assumption 3 and this last inequality, for all t > 0, u € M;(E’) such that
() < +oo and f € B1(E') such that 8(f) =0

E‘S( / f(Xs)dS} f(Xt)> - / ES(f(X0)f(X.))ds
0 0

< Ou(w) / e B (F(Xo) F(Xa) oo s
0

k c
e [ [ Ca
0

< 7#(1#)156_”- (14)

Moreover, since B(f) = 0, by (13), for all ¢ > 0,
< /oo %B(w)e‘“ds < GBW) (e o OB yet. (15)
t

cy 2y

/ ES(£(Xo) f(X.))ds

Hence, by definition of 012:, there exists D; > 0 such that

& ([ o] -

In particular, one can choose here D; := C \% CB w) . This concludes the base case.
Let k—1 € N be such that the hypothems of 1nduct10n is satisfied. Then, by the Markov

property,

(/ f(Xsy)ds1f(Xsy) - /m 2f(XSQkl)dSQk_lf(stk)>

= ES (/ f(X51 )dslf(Xw)Egsz </ f(X53752)d83f(X54752) s / f(XSZk—l*SZ)dSQk—lf(stk*52)
0 s2 S2k—2

— K ( [ ieenas s, ( [ s [ S s S ()
0 0 s

< Dip(d)(t+1)e "

2k—2 52

N—— ~~—
N——

By hypothesis, for all so < s4... < s2g,

o S4—52 Sok —S2 Jsz 2
Exdz / F(Xsg—s0)ds3f(Xsy—ss) - / f(XSZk,—l)dst_lf(X'SWc*SQ) T k-1
0 S2k—2—52
< Dp_19(X Z (S2¢i41) — 821 + 1)6*7(52(”1)*521')‘ (17)

i=1



Moreover, since B(f) = 0, for all u € M1 (E’), for all s; > 0, for all h € L*(¢),

< S+ @b, (9

EQ ( N f(Xs)dsf(st)h(st)>

where C' is the constant implied in Assumption 3. Indeed, for all t > 0, u € M;(E’) and
f,9 € L™ (¥),

t t
/ E: [f(X)g(Xo) ds = / Ej [f(Xa)Ex, (9(Xe—s))] ds.
0 0
Thus, by Assumption 3, for all t > 0, p € M1 (E’), f € B1(E') and g € L*(¢),

/ES [£(Xs)g(X+)] ds—/ E; [£(X)] B(g)ds §C||9||L°°(w)/ plw)e " ds

C
< ;||9||L°°<w>u(¢)-

Moreover, again by Assumption 3, for all t > 0, u € M;(E’) and f € Bi(E’) such that
B(f) =0, )
C s C
< S / eds < S ().
0 &y

C

/ ES [/(X.)] ds

These two last inequalities applied to g = f x h imply (18).
Now, denote

o s4—s2 So—S2 O-?ck*2
h:zw— E; / f(XsB,SQ)dSP,f(XM,SQ).../ F(Xsop_1)ds2n—1f(Xsgp—s2) | — Sh T
0 82k —2—52
Then, by (17), h € L*(¢)) and
k—1
Hh”Lm(w) S Dkfl Z(Sg(i+1) — So2; + 1)677(52(H~1)*52i)'
=1

Hence, by (16), (18) and this last inequality,

82 Sok 2(k—1)
Ey (/ f(X51)d81f(st)---/ f(Xle)d52k1f(X52k)> - U2k —E, (/ f(Xsy)dsi f( 52))‘
0 S2k—2

k—1
€0+ 2 bl < 0+ 2

< —(1+ 1(4) Die—1 Z(SQ(HJ)—52i+1)€_7(82(”1)_52">.

i=1

(14

=2

This and the case k = 1 conclude the induction setting

Dy = |:Dk1 X <$(1+ ﬂ(cw)))] V D1.

O
We need also the following lemma.
Lemma 3. For all k € Z4, there exists Cy, € (0,4+00) such that, for t > 1,
k-1
/ Z So(i41) — S2i + 1)6_7(32<"+1)_32i)d52 o dsor < Cptt L (19)
0<s2...<s2p <t ;,_q



Proof. We prove (19) by induction on k. The case k = 1 can easily be obtained by the
reader for a given constant C1 > 0. Now, assume that (19) holds true for K — 1 € N. For all
t>0,

k—1
E / (S2i41) — S2i + l)e_W(s“‘*”_S”)dsQ ... dsog
i=0 Y 0<s2<...<sp <t
k—2
= / E (82(i+1) — 524 + 1)6_7(32<i+1)_82i)d52 . d52k
0<s2<...<s9,<t ;¢

+ / (s2k — Sa(k—1) + 1)6_’Y(52k_82(k_1))d82 ... dsog
0<s2<...<spp <t
+ k—2
= / [/ Z(SQ(i+l> — S2; + 1)677(52(i+1)752i)d52 A d82(i1)‘| dsak
0 0<s2<...<s(k—1)SS2k ;=0

+4 / (Sgk — S2(k—1) + 1)67"/(5%782("’*1))6132 ... dsog. (20)
0<s2<...<sgp <t

By hypothesis, for all ¢ > 0,

t k—2
/ [/ Z(Sz<i+1) — 821‘)6_’%52(i+1)_82i’)d.§2 o dSQ(il)‘| dsak
0 0

<s2<...<sp(p—1)SS2k =0

tkfl

t
< / Chr-185; 2dsap, = Ch1——.
; K1

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

/ (Szk — Sg(kfl) + 1)677(52]“752(]‘71)) / d82 e dSQ(k,Q) dSQ(kfl)dSQk
0<sp(p—1)<s2p <t 0<s2<...<sop—1
rk=

2
= s—r+1)e 7T drds
/ogrgsgz( ) (k= 2)!
t t ( ) Tk72
_ _ —(s—r
_/0 {/T (s=r+1)e ds] (k72)!dr

= t tir(u +1)e ™du e dr < & tht
~Jo 0 (k=21 = (k—-1)! ’

where C1 < 400 is exactly the same constant as for the case k = 1. Hence, (19) is proved
with C} satisfying the relation Cy = % + % By induction, for all & > 2,

4 Ch

Co=Goo T e

We can now prove Theorem 2.

Proof of Theorem 2. We begin with the convergence of the even moment. For all u €



Ml(E/), t>0, fe Bl(E,) and k € Z4,

B (( / t f(Xs)dS) )

:(Zk)!/ /// ES(f(Xe)f(Xs3) oo f(Xopp 1) F(Xspe))ds1 - .. dsag.
0<s2<...<s9, <t JO 52 Sok—2
(21)

Then, assuming moreover that 5(f) = 0, by (21),(11) and (19),

t 2k 2
E <</ f(Xs)ds> ) - (25)126’“02—{

which implies (10). Now, for all u € My (E’), t > 0, k € Z4 and f € B1(E’) such that
B(f) =0,

+ 2k+1
ES << / f(Xs)dS) )
= (2k + 1)!/0 ES (f(XS)E?;S [/(KSKHKS%HQSf(XSZ)...f(XS%H)dsQ...dszkH]) ds
t t—s 2k
- (2k+1)/ ES (f(Xs)E?;S ((/ f(Xu)du> >> ds
t s 2k
= (2k+1)/ ES (f(XtS)E?gts ((/ f(Xu)du) )) ds.

By (22) and using that E2[1)(X¢—s)] < (@ + C)p(e) for all € M1 (E') and s < ¢ (this

< (2k)! Depa(w) x Cit* ™, (22)

is a consequence of Assumption (3)), there exists C' > 0 such that

t 2k+1 2k t k
2k+ 1) o k(K1) ot
ES << | oxas) ) - BT [ mg gone g i) < S
(23)
Since B(f) = 0, by Assumption 3, for all 4 € M;(E’) and s < ¢,
IES[f (Xe )] < Cp(yp)e . (24)

Forallt > 0and k € Zy4,

t —~t t —~t t
1 k_—~(t—s) e 7 / k s e 7 / s 1
s'e ds = —— s7e’ds < eds < —. (25)
tk+% /0 tht1/2 0 Vit 0 'y\/f

We deduce from (23), (24) and (25) that there exists C' > 0 (different from the previous one)
such that, for all 4 € M;(E’) such that u(¢) < +o0o and f € B1(E’) such that B(f) =0,

1 + 2k+1
i ((/ f(Xs)d5> )
0

(26)

LT@E+D! | 241 ] pw)
SD’“XO[ 2R +(k—1)!} Vi

10



The central limit theorem is deduced from the method of moments. Now, concerning a
suitable candidate for the sequence (Dy)ren, as proven in Lemma 1, a suitable candidate is
the sequence defined recursively by

2
by e Oy W)
c 2y
Dy = [Dk_l « <C(1 + B(w))ﬂ VD, Vk>2,
vy c
in other words the sequence defined in Theorem 2. O

2.2 A quantitative uniform CLT

The aim of this subsection is to prove the following result, which can be seen as an improved
central limit theorem for (X;):>o.

Theorem 3. Assume that (X.)i>o satisfies Assumption 3. Then, for all u € M1 (E") such
that p() < oo, f € Bi(E') such that B(f) =0 and a? >0, and w € R,

o2 w?

E;. [f Ji ”X““go@)} ~Blg)e 2

lim sup

—=0. (27)
£=00 geLoo (y):[lg .00 () <1

Moreover, for all t > 0 and p € M1(E"), one has

L Clwl B(¥) + Cu(¥)
Vit v '

Proof of Theorem 3. For all p € M1(E"), f € B(E') such that 8(f) =0,¢ >0, k € Z4 and

g € L=(¥),
¢ k t s k—1
ES((/ f(Xs)ds) g(Xt)> k/ ES(U f(Xu)du} f(Xs)g(Xt)> ds
i s k-1
=k ) B Xu)du XOES, (9(Xi-y)) | ds.
/ <[/ PO OB, (o )))

Hence, for all € M1 (E’), t >0, f € B1(E’) such that 8(f) =0, k € Z4 and g € L*>° (),

t k t k
E@<( / f(Xs)dS> g(Xn) —/3<g>ES<( / f(Xs)ds> )
t s k—1
=k [ E? X,)du X)[ES (9(Xi—s)) — ds.
/0 <(/ (%) ) FX)ES (9(Xi-)) ﬂ(g)])

k Kk

iw t s .
Thus, using that eVt fo FXedds Yoo %(uf; f(Xs)ds)* for all t > 0, w € R, and
f € Bi(E') such that B(f) = 0, then, using the above equality, for all 4 € M;(E’) and

sup < Cp(p)e™"

gEL® (¥):[lgllLoo () <1

iw [ s iw [* ;)ds
E2 |:e\/? Jo 1x0a g(Xt)] — B(g)EY (e Vi Jo X0y

11



z ) (o) () k
s (5) s ([ e ) - () )

— E3(g(X)) — Blg) + 2 E% (e"«%fos“"“d“ (Xo)[ES, (9(Xe- s))—ﬁ(g)]) ds.

By Assumption 3 one has, for all p € M;(E’), Q,-almost surely and for all s < ¢ and
g € L=(¢),

[ES, (9(X1-2)) = B(9)] < Ollglluoeyw(Xs)e 7.
Thus, for all g € M1(E'), t >0, w €R, g € L=(¢) and f € B1(E’) such that 3(f) =0,

iw [t s iw [* s
EZ <e\/? Jo 10024 g(Xt)> — B(g)ES <e\/? Jo sx4 >‘

- C g| o w ' —y(t—s
< il + S [ g e
0

Since |E2(¢(Xs)) — B(1)| < Cu(ip)e™* for all s > 0, one has that

BW) + Cu(y)

¢ ¢
sup/ efﬁ(t*s)Eg(w(Xs))ds < sup/ e YEIB() + Cu()e " *]ds < S
0

t>0 t>0

These two last inequalities and Theorem 2 imply (27) and conclude the proof. O

3 Proof of Theorem 1

In this section, (X;):>0 refers again to the process living in F U {9} and absorbed at 0.
‘We now prove Theorem 1, divided in three steps.

Step 1. For all p € Mi(E),t>0and f € Bi(E), g € L°(¢1) and k € Z,

k

E. <[ / t f(Xs>ds} 9(X0)|70 > t) - [ o BORIO) o S X0 >
- k!/ot E, ([/o<sl<m<sk_l<s f(XSl)...f(XSkl)dsl...dsk_1] F(X)g(Xe) |0 > t> ds
= k[)t E. <{/05 f(Xu)du} o f(Xs)g(Xe)|T0 > t) ds
[ e ([ [ secom] e, (Q(Xt—s)lfa>t—s)17a>s> s

For all s <t, u € M1(E), g € L°(¢1) and z € E, denote
Aos
Coy(s, ) 1= 2L y(2=9) {]Ez(g(th)La>t5) 0 (z)a(g) }

eros Ppu(ro > t)  um)

12



Thus, for all p € M1(E), f € B1(FE) such that 8(f) =0, g € L™(¢1), k € Z4 and t > 0,

E, <U0tf(xs)dsrg(xt) To > t) - E2., ([/ fX ] >
ok x 6*%/ eEY,, ((/ F(X ) o f(Xs)C;?§E§7t,Xs)> ds.

Similarly to the proof of Theorem 3, for all ¢ > 0, w € R, u € M1(E) and f such that
B(f) =0,

iw t
To > t) — JE?“{W [eﬂ fo f(XS)ds:|

_§Xz)m{ (Uf %n»Q an/f })}

2 ikk 1 vt vs - J(Xs)Cpip(s,t, Xs)
= Z th/2 (k — 1)16 / ES‘”“ <</ FX ) n(Xs) > @

t
— iw [F U XS)C 1 (S tXS)
—e “/t/ vs Z"JEQO (e\/g fo F(Xu)d f( w,1p\S, )ds. 28

) v n(X.) 2

Step 2. By triangular inequality, for all s <t and x € E,

1) -y [|Balg(Xims)Lrp>e-a] e In(a)alg)
[Cugs,t,2)] < o5 {‘ P, (70 > t) Pu(ro > t)

e 200 () a(g) B oo n(z)alg) }

L I e way | %
By (3),
1) s |Ealg(Xe—s)lrpsios] e 20" In(x)a(g) e Mot
05 © (t=9) Fo(r0 > 1) - Polro > 1) ‘ < C||9||L°°(w1)¢1(m)ﬂ(n)m‘

Again by (3), " )
e Pu(to > t) = p(n) — Cp(hr)e” .

Hence, for all ¢ > L log ( 2941 )
v w(n)

) 1
To >

erotP (T ) -1 C’N(ﬂ’l)e—'yt

<1+20“(w1) <9,
w(n)

For the second part of the right-hand side of the inequality (29),

—Xo(t—s) Xos

)

Yy(t—s) (
S0P, (9 > 1)

MeV(t75> € 77(96)04(9) _ € 77(37)04(9)
elos Pu(ro > 1) ()

(z)]e(g)le

scmmmwf“aﬁ%%%ﬁ

(1)
< On(z)|e(g)2C a0
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Hence, these inequalities, the fact that [a(g)| < ||g||roc (p,)c(b1) and (29) imply the existence
of a constant C’ > 0 such that, for all s <t such that ¢ > % log (20:25711);1)) and z € E,

1Cro (5, £,2)] < C'llgllimony [wx) + ’jfgf;))nm] . (30)

Last step. By using this last inequality (30) in (28), one obtains that, for all f € B(E)
such that B(f) =0, w € R and ¢ > %log (M)
—t s Wl o 1 X5)|
<e ol / Y ]Enou < ) E ds
0

w(n)
iw [t
‘Eu (eﬂ fo F(Xs)ds

iw [ s
To > t) — ]E%)w {eﬁ fo J(Xe)d }

_ s |w]
< C/HHEH]LOC(%M)@ 'Yt/ e % (E‘Sw(zp(Xs)) +
0

o lwl p(r)
Vit u(n)’

where C” > 0. This, combined with Theorem 2, proves Theorem 1.

Remark 1. The presence of 1/v/t in the last inequality suggests the idea that a Berry-
Esseen inequality holds true for Markov processes conditioned not to be absorbed satisfying
Assumption 1. In reality, this last upper-bound does mot allow directly to deduce such a
result.

As a matter of fact, an approach would be to consider the inequality (from [14]),

1 [ 1 [
dKotm (Pu(\/{/ [(Xs)ds € «|T9 > t)7Qn€u($/ f(Xs)ds € '))
0 0
iw [t iw [t
. 'Eu <eﬁ Jo seceas| t) g2, [eﬁ I\ f(Xs)dS} .
< dw+ —, (32
/_W o w32

where C' > 0, holding true for all W > 0. In particular, it is visible that the inequality (31)
and Theorem & are not enough to deduce a Berry-Esseen theorem.

The inequality (32) is in particular used in [24] to state a Berry-Esseen theorem for re-
versible Markov processes, using spectral arguments applied to perturbated operators. This
approach could certainly be adapted to prove a similar result in the quasi-stationary frame-
work.

Appendix: Proof of Lemma 1 and Assumption 1 =
Assumption 2.

This little section is devoted to the proof of Lemma 1, needed to justify the existence of
a quasi-ergodic distribution and the convergence (5). The implication Assumption 1 =
Assumption 2 will also be proved in this short proof.

Proof of Lemma 1. Assume Assumption 1. Let ¢ > 0 and I" € F;. Then, for all T > t and
rekl,

TP (0,79 > T) = X By (Ir,my»iPx, (10 > T—t)) = e 'Ey(1r,rp»:e TPy, (15 > T—t)).
By Assumption 1, since ¢p1 > 1, for all T >t and x € E,

|2 TP, (T, 75 > T) — € By (Ir,rp>e1(X1))| < Ce 'y (11 (X)) 1rpsi)e 779 (33)
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Assumption 1 implies that
" Pipr () < o) + Cipn(x)e” " < +oo, (34)
so that the previous inequality entails that, for all z € F,
lim ekoTIP’x(F,Ta >T)= eAOtIEx(]lp,Taxn(Xt)).

T— o0
Since the previous inequality holds true for I' = 1 and ¢ = 0, we deduce that, for all x € E’,
Aot Bz (N(Xe)1r,rp>t)
n(x)
which proves the first point of Assumption 2 setting, for all x € E' and " € F,
Qo (1) := Eo (™' (X4)Ir.ry>1) /0(2),

proving therefore the equality (6). By definition of  and «, it is easy to check that g is an
invariant measure for the @Q-process. Moreover, by Assumption 1, for all f € L*°(¢)) and
x € E,

lim P,(T|re >T) =e
T— o0

EQ(F(X:)) — B(f)| = |6A°tPt(f77)(95() ;n(m)a(fn)l
n(z

which confirms therefore the implication Assumption 1 = Assumption 2. It remains there-
fore to show the exponential convergence of the function T — P, (|t > T) to Qpop(T),
for all p € M1(FE) such that pu(n) > 0 and p(1) < +oo0. To do so, fix such a probability
measure u. Integrating the inequality (33) over u(dz), for all T > %log(QC,u(l/)l)/p(n)),

< Cy(@)e” " f e )

'R, (Lr,rp > (X)) — Ce ' Pyapye™ "0 B (Ir,rp>n(Xe)) + Ce ' puPiapre” 7"

<P,(Tlre >T) <

w(n) + Cu(r)eT w(n) — Cu(ir)eT

Since 1/(1 — z) < 1+ 2z for all z € (0,1/2], for all T > log (%ﬁ;@)

By (Lr,7y>in(Xe)) + Ce ' pPiapre "0
p(n) = Cu(r)e ™
< (6/\0tE#(]l[‘,78>tT](Xt)) N Ce/\ot‘upt%e—“/(T—t)) (1 i 20/1(1/&)6“@)
- w(mn)

w(n) w(n)
< By (Lr,ry>in(Xt)) +20M(¢1)e—w+2C€A°tupt¢1€_7(T_t)
w(n) w(n) w(n)
Ao —(T—
< ¢ "Eu(Ir,rp>1(X1)) +20(a(¢1)+c+1)“w1)6 v ”’
w(n) w(n)

where we used (34). In the same vein, there exists a constant C’ > 0 such that, for all
T > 3 10g(2Cu(¥r)/pu(n)),

B (e (X)) = COVpuPne T B (Lrmy (X)) gy u(tha)e T
1i(n) + CerotpPipre=T=1 - 1(n) pln)

In conclusion, there exists a constant C’ > 0 such that, for all g € M;(FE) such that
p(¥1) < +oo and p(n) >0, ¢ >0,T € Fyand T > ¢V L log(2Cu(4h1)/p(n)),

/ﬂ(qpl)e_W(T_t)

pm)
To generalize this inequality for all 7' > t, it is enough to remark that, if ¢ < 7 and
T< %log(QC,u(dq)/u(n)), then for all T € F%,

[Pu(Tfre > T) — Quou(I)| < C

P (D70 > t) — Quop(T)| <2 <2 x o) e VT,

()

which concludes the proof. O
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