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STATIONARY MEASURES AND THE CONTINUOUS-STATE
BRANCHING PROCESS CONDITIONED ON EXTINCTION

RONGLI LIU, YAN-XIA REN, AND TING YANG

ABSTRACT. We consider continuous-state branching processes (CB processes) which
become extinct almost surely. First, we tackle the problem of describing the stationary
measures on (0, +00) for such CB processes. We give a representation of the stationary
measure in terms of scale functions of related Lévy processes. Then we prove that the
stationary measure can be obtained from the vague limit of the potential measure, and,
in the critical case, can also be obtained from the vague limit of a normalized transition
probability. Next, we prove some limit theorems for the CB process conditioned on
extinction in a near future and on extinction at a fixed time. We obtain non-degenerate
limit distributions which are of the size-biased type of the stationary measure in the
critical case and of the Yaglom’s distribution in the subcritical case. Finally we explore
some further properties of the limit distributions.
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1. INTRODUCTION

A [0, 4+00)-valued strong Markov process Z = (Z;)>0 with probabilities {P, : > 0} is
called a continuous-state branching process (CB process for short) if it has paths which
are right continuous with left limits, P, (Zy = ) = 1 for every = > 0, and it employs the
following branching property: for any A > 0 and z,y > 0,

Boyy %] = B [4] B, [

where P, denotes the expectation with respect to the probability P,. We suppose that Z
has branching mechanism 1, which is specified by Lévy-Khintchine formula

+oo
(1.1) P(A) = a)+ %U2A2 - / (e — 1+ Ar)m(dr), \>0,
0

where a € R, 0 > 0, and 7 is a positive Radon measure on (0, +0o0) such that f0+°o A
r’m(dr) < +oo. One has P,[Z,] = ze ¥ OV for all z,t > 0. Since ¢/(0+) = a, the
process (Z;)i>o is called supercritical, critical and subcritical accordingly as @ < 0, a = 0
and o > 0. In this paper, we restrict our attention to the cases when the CB processes
hit 0 with probability 1, that is, those critical or subcritical CB processes with branching
mechanism 1) satisfying that f+°o 1/9(N)dA < +o0.

We are concerned with the stationary measures of CB processes. Since 0 is an absorbing

state, the unique (up to a constant multiple) stationary measure on the state space
1
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[0, 4+00) is the Dirac measure at 0 (cf. [12, P23-24] ). Therefore, we shall exclude the
state 0, and call a Radon measure v on (0, +00) a stationary measure for (Z;);>¢ if for
any t > 0 and any Borel set A C (0, +00),

P,(Z, € A) = v(A),

where P,(Z; € A) = f(o 1o0) P.(Z; € A)v(dz). It is well-known that a CB process can

be viewed as the analogue of the Galton-Watson process (GW process) in continuous
time and continuous state space. Before anything starts, let us first review some classical
results concerning stationary measures for GW processes. A standard reference is Athreya
and Ney [3]. (see, also, Asmussen and Hering[2], Hoppe [13], Nakagawa [23] and Ogura
and Shiotani [27] for related discussions for multitype GW processes.) Suppose (Y,)n>0
is a GW process taking values in Z; = {0,1,2,---} with offspring distribution (p)x>o-
Let m = Z;;O(l’ jp;j be the reproduction mean and ¢ = P (Y, = 0 eventually |Y; = 1) be
the extinction probability. Unless p; = 1, ¢ < 1 iff m > 1 (supercritical case). Hence
extinction occurs almost surely in the critical (m = 1,p; < 1) and subcritical (m < 1)
cases. We call (7;);>1 a stationary measure for (Y,,),>o if n; > 0 for all i > 1, and

i=1

where (P(i,)): j>0 denote the one step transition probabilities of (Y;,)n>0. [3, Theorem
I1.1.2] tells us that (7;);>; is a stationary measure iff its generating function U(s) =
;;Of n;s' is analytic for |s| < ¢, and satisfies Abel’s equation

U(f(s)) = Ulpo) +U(s),  [s| <q,

where f is the generating function of the offspring distribution (px)r>o. In the supercritical
case, if ¢ = 0, the only stationary measure is n; = 0 for all ¢ > 1, otherwise if ¢ > 0, then
the construction of stationary measures can be handled by reduction to the subcritical
case, see, |3, I1.2]. So we focus on the critical and subcritical cases. It is proved in [3]
that in the critical case a (nontrivial) stationary measure exists and is unique (up to a
constant multiple), while in the subcritical case the stationary measure is not unique. In
fact, in the critical case, the stationary measure is determined by the ratio limit of the
n-step transition probabilities(cf. [3, Lemma 1.7.2 and Theorem II1.2.1] and [28]). The
continuous-time analogue of this result is due to [I4, Lemma 7]. In the subcritical case,
the problem of determining all stationary measures is settled by Alsmeyer and Rosler [4].
They proved that every stationary measure has a unique integral representation in terms
of the Martin entrance boundary and a finite measure on [0,1) (cf. [4, Theorem 2.1]).

For a continuous-time GW process with transition functions {p;;(¢t) : ¢t >0, i,j € N},
a stationary measure is a set of nonnegative numbers {v; : j > 1} satistying that

v = Zlﬁpij(t), Jj=21,1=>0.
i>1

In contrast to the discrete-time situation, a nontrivial stationary measure of the continuous-
time GW process exists and is unique (up to a constant multiple) in both critical and
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subcritical cases, see, [14, Lemma 7| for the critical case and [22], Corollary 8] for the sub-
critical case. A similar phenomenon happens for CB processes, see Ogura[24]. Namely,
assuming extinction occurs almost surely, the CB process has a unique nontrivial sta-
tionary measure. Indeed, Ogura has established the functional equation satisfied by the
Laplace transform of the stationary measure (see, [24, Lemma 1.2]), which can be viewed
as the continuous counterpart of the above Abel’s equation.

In this paper, we are interested in the description of stationary measure of CB process
from different points of view. We extend Ogura’s results in the following three aspects:
Firstly, we establish a representation of the stationary measure for CB processes in terms
of the so called scale functions of the related Lévy processes (see, Theorem below).
Secondly, we prove that the transition probability on (0,+oc0) of the CB process, when
appropriately normalized, converges vaguely, and we obtain the precise limit measure
(Theorem B.21below). We shall see from this result that, in the critical case, the stationary
measure can be obtained from the vague limit of an appropriately normalized transition
probability of the CB process, giving an analogue of the ratio limit theorem (cf. [3]
Lemma 1.7.2]). We remark that more regularity properties of the transition probabilities
were investigated in [8, 25 26] for CB processes (with or without immigration), under
additional analytical assumptions on the branching mechanisms. Finally, we obtain a
representation of the potential measure of the CB process in terms of the scale functions,
and we prove that the stationary measure can also be obtained from the vague limit of
the potential measure in both critical and subcritical cases (Theorem .5 below). In the
context of GW processes, result of this type is obtained in [27] for the critical case (under
additional assumptions on the reproduction law) and in [4] for the subcritical case. Our
proof is based on the relation between CB processes and Lévy processes through the
so called Lamperti transform (see, Section 2.1l below), and is easier than the proofs for
the discrete state situation. Furthermore, we give equivalent conditions, depending on
the branching mechanisms, for the potential measures to be finite (see Proposition
below).

In this paper we also aim at linking the stationary measure to some conditional limit
theorems of CB processes. Conditional limit theorems constitute an important part
of the limit theory of branching processes. There has been a lot of work on various
conditional limit theorems for branching processes, see, for example, [3], 10, 29] for discrete
state situation, and [19} 21} 30, B2] for continuous state situation. Suppose (Z;)i>o is
a CB process which becomes extinct almost surely. A usual conditioning is made on
extinction after some time t. Let ( be the extinction time. The asymptotic behavior
of Z; conditioned on {¢ > t} is described in the so-called Yaglom’s theorem. Namely,
in the subcritical case, there is a probability measure p on (0, +00), called the Yaglom
distribution, such that for any x > 0 and any Borel set A C (0, +00),

(1.2) lim P.(Z; € Al >t) = p(A).

t——+o00
The Yaglom distribution belongs to the family of quasi-stationary distributions of CB
processes. A brief review of the latter distributions is given in the end of Section 2l By
contrast, the critical case is degenerate since all the limits on the left hand side of (I.2]) are
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0. However, by taking different conditioning instead of conditioning on non-extinction,
one may get non-degenerate results for both critical and subcritical cases. In Section [4]
we consider two special conditioning events: {t < { <t + s} and {{ =t} (t,s > 0). The
former is regarded as conditioning on extinction in the near future [t, ¢+ s) and the latter
as conditioning on extinction at time ¢. When the extinction time ( is finite almost surely,
the event {t < ( <t + s} is of positive probability and this conditioning can be made in
the usual sense. But {{ = ¢} is of 0 probability, and this conditioning can be made by
taking limit of the conditional probability on {t < { < t+ s} as s — 0+, or equivalently,
by taking a Doob h-transform. The study of CB process conditioned on {¢ = t} dates
back to [1], in which it was shown that CB process has a spinal decomposition, called
Williams decomposition, under such a conditional probability. Later, similar property for
superprocesses was studied in [9, BI]. For GW processes, similar conditioning is studied
by Esty [10]. We remark that Esty [10] considers only critical GW processes, while we
allow the CB process to be either critical or subcritical.

In this paper we prove some limit theorems for CB processes conditioned on the afore-
mentioned two events. Our two principal results, Theorem and Theorem 4.3, show
that the distributions of Z;_, (0 < ¢ < t) conditioned on extinction in the near future
[t — q,t) and on extinction at time ¢, are convergent as t goes to infinity, and we also
obtain the precise limit distributions. From these results, we shall see that the limit
distributions obtained in the critical (resp. subcritical) case are of the size-biased type of
the stationary measure (resp. the Yaglom distribution). As a by-product, in the critical
case, we prove that the limit distribution of Z;_, (0 < ¢ < t) conditioned on {¢ = t}
is of the size-biased type of the stationary measure, giving an analogue of [3, Theorem
[.8.2]. Our proofs of the conditional limit theorems are based on the asymptotic esti-
mates of the Log-Laplace functional of CB process derived from the integral equations
it satisfies. Moreover, we investigate properties of the limit distribution of Z,_, condi-
tioned on extinction at time t. We show that the limit is infinitely divisible and give a
representation of its Lévy-Khintchine triplet in terms of the scale functions (Proposition
4.7 below). In the subcritical case, we prove that it is weakly convergent as ¢ — +oo
to a non-degenerate distribution under an additional Llog L condition (Proposition 4.8
below). As an application of these results, we present a new proof of a limit theorem for
the CB process conditioned on non-extinction (Proposition .9 below).

We notice that by conditioning a supercritical CB process to be extinct, one recovers a
subcritical CB process. To be more specific, if v is the largest root of ¢»(\) = 0, then v > 0
in the supercritical case, and the supercritical CB process with branching mechanism )
conditioned on its extinction turns out to be a subcritical CB process with branching
mechanism ¢*(\) = (A +7). As a consequence, our conditional limit theorems obtained
for the subcritical case can be applied to supercritical CB processes conditioned to be
extinct.

The remainder of this paper is organized as follows. In Section 2 we recall the definition
of CB processes and review some classical results concerning CB processes and Lévy
processes. Then we give a representation of the stationary measure in terms of the scale
functions of the related Lévy process. In Section [B] we prove the vague convergence
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of the normalized transition probabilities and potential measures of CB processes. Some
examples are given to illustrate the results obtained in this section. In Section ], we study
the probabilities of Z; conditioned on extinction in the near future and on extinction at a
fixed time, prove some conditional limit theorems and explore some properties of the limit
distributions. Some minor statements needed along the way are proved in the Appendix.

Throughout this paper, we use “:=" as a way of definition. For positive functions f, g on
(0, +00) and constant ¢ € [0, +00), we write f(z) ~ g(x) asz — ciflim, . f(z)/g(x) = 1.
For a measure p on (0, +00) and a measurable function f, we write (f, 1) for the integral
f(o’%o) f(z)pu(dz). Forlocally finite (resp. finite) measures v, and v on (0, +00), we say v,
converges vaguely (resp. weakly) to v if and only if for any compactly supported bounded
continuous (resp. bounded continuous) function f : (0, 4+00) — [0, +00), (f,vn) — (f, V).

2. PRELIMINARIES

2.1. CB processes and Lévy processes. Let ((Z;)i>0,P,) be the CB process with
branching mechanism () given in (L)) and initial value z > 0. Following [18], such a
process is a time-homogeneous strong Markov process taking values in [0, +00) with an
absorbing state 0, such that for any A > 0,

(2.1) P, [e%] = e, t >0,

where u4() is the solution to the following ordinary differential equation
Oug(N)

(22) ot - —Q/J(Ut()\)),

We assume that 1(4+00) = +00. Thus by [18, Theorem 12.3]) (Z;)¢>0 is conservative in
the sense that P, (Z; < +o00) =1 for all z > 0 and ¢ > 0. [20, Chapter 3] is also a good
reference for continuous state branching processes.

Let ¢ :=inf{t > 0: Z; = 0} be the extinction time. It follows by (2.1]) that

(2.3) P, (¢ <t) =P, (Z, =0) = e *+) vz ¢ > 0.
Let q(z) := P, ({ < +00) for x > 0. It is proved in [I1] that g(x) > 0 for some (and then

all) = > 0 if and only if

+oo

1
(2.4) Wd)\ < +o00.

In this case ¢(z) = e™*7 where

(2.5) v :=sup{A >0: ¢(\) =0}
We know that 1) is strictly convex and infinitely differentiable on (0, +00) with 1(0) = 0,
(+00) = 400 and ¥'(04) = a. So we have v > 0 if & < 0 (supercritical case) and v = 0
if & > 0 (critical and subcritical cases).

Assuming (2.4]) holds, one can define a strictly decreasing function ¢ on (v, +00) by

400
p(N) = //\ @du, A > .
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It is easy to see that ¢(v) = +oo and ¢(+00) = 0. Let ¢ be the inverse function of ¢ on
(v, +00). From (Z2) we have

A
1
(2.6) / — du=t, AML>0.
ut(N) 1/’(“)

By letting A — 400, one has

+o0 1
7 ——du =1t.
27) /ut(Jroo) Y(u) vt

Recall that us(4+00) = —logPy(¢ < t) > —logPy({ < +00) = 7. One gets by (27) that
ui(+00) = () for all t > 0, and consequently,

(2.8) P (C<t)=e W 2¢>0.
Particularly, if (Z;):;>¢ is critical or subcritical, then v = 0 and (2.6)) yields that
(2.9) ur(A) = @t + d(N)), At > 0.

We note that i is also the Laplace exponent of a spectrally positive Lévy process
(X¢)t>0- We denote by P, the law of (X;):>o started at € R at time 0. Then

Px [e*)\Xt] — ef)\:l:erJ()\)t )\,t > ().

Define 7, := inf{¢t > 0: X; < 0} with the convention that inf() = +o00. There is a
sample-path relationship between the CB process (Z;)i>o and the Lévy process (X¢)i>o
stopped at 7, , called the Lamperti transform (cf. [I8, Theorem 12.2] or [6]): Define for

t>0,
. 1
Gt::1nf{s>0: /o Edu>t}.

Then <<X0t /\To_)tzo, Px> is a CB process with branching mechanism ¢ and initial value

x > 0. We refer to [I8, Chapter 12] for the results on the long-term behavior of CB
process based on the fluctuation theory of spectrally positive Lévy process.

2.2. Representation of the stationary measure. In what follows and for the re-
mainder of this paper, we assume (Z;);>0 is a CB process with branching mechanism
satisfying (2.4) and ¢’(0+) > 0. In this subsection we shall give a representation of the
stationary measure of (Z;);>o in terms of the so called scale function. Recall that the
scale function W is the unique strictly increasing and positive continuous function on
[0, +00) such that

1

(2.10) /0 N e MW (x)dr = 20y A > 0.

We define W(z) = 0 for x < 0. We refer to [5, Chapter VII] and [17] for the general
theory of scale functions.

We write foioo for f(o too) 1O emphasize the integral is on (0, +00). For a measure v
on (0,+00), we set U(A) := OTO e My (dz) for A\ > 0 whenever the right hand side is
well-defined.



Lemma 2.1. Set
W (z)

(2.11) p(dx) == "

dx

for x> 0. Then u(X) = ¢(\) for all A > 0.
Proof. For any \ > 0,

+o0 +o0 +oo
/ e Mu(dr) = / p(dx) / re “Cdu
0+ 0+ A

+o0 +oo
= W (z)dz / e “du
0 A

+o0 +o0
= / du W(z)e “dx
A 0

+Oold A
~ L ww™ T

g

Theorem 2.2. The measure u(dx) defined by ([ZI1)) is the unique (up to a constant
multiple) stationary measure for (Zy)i>o.

Proof. Fix an arbitrary ¢ > 0. For the (sub)critical CB process (Z;);>0 with v = 0, we
have

W) = p(t+6(N),  A>0.
Then we have

+00 +oo
/ e NP, (Z, € dy) = / P, [e " Z, > 0] p(dx)
0+ 0+

+o0o
= / (e—wt(k) — e—w(t)) p(dz)
0+

pi(un(A)) — B(e(t))
= o(w(N) = ¢(p(t))

= () = (M)
The fourth equality follows from Lemma 211 This implies that P,(Z;, € -) = pu(-). The
uniqueness follows from [24], Proposition 1.3]. O

Remark 2.1. The result of Theorem holds also for the supercritical CB processes
satisfying (2.4]). Suppose (Z;);>o is such a supercritical CB process. Recall that v =
sup{A > 0: ¥(\) = 0} > 0. Repeating the calculation in the proof of Lemma 2], one

can show that, for u(dz) = @daz,

(2.12) /O :OO e Mu(dz) = ¢(\) YA > 1.
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Note that for any A > v, u;(A) > = (see for instance [20], Corollary 3.12]). Thus by (2.0),
ur(N) = o(t + ¢(N)) for A > ~. Then one has

+oo
/ e NP, (Z; € dy) = 1i()), A > .
0+

This identity follows from (2.12)) (in place of Lemma [2.1]) in the same way as for the case

of (sub)critical CB process in the proof of Theorem This implies that P,(Z; € dy) =
p(dy) on (0, 00).

We notice that 11(0) = ¢(0) = +o0. So p is an infinite measure on (0, +00). Theorem
implies that the CB process has no stationary distributions on (0, +00). Instead, one
may consider a subinvariant distribution, called the quasi-stationary distribution (QSD).
For a CB process, a QSD is a probability measure v on (0, +00) satisfying that

(2.13) P,(Z, € A|¢ > 1) = v(A)

for any Borel set A C (0, 400) and ¢ > 0. One can easily show by the Markov property
that

P,(¢(>t+s)=P,(C>t)P, (¢ >s) Vit,s>0.
Hence the extinction time ¢ under P, is exponentially distributed with some parameter

£ > 0. So (213) is equivalent to
P,(Z, € A) = e Ply(A)

for any Borel set A C (0,400) and ¢t > 0. A discrete state analogue is the so called
A-invariant measure, for which we refer to [22]. Lambert [19] has given a complete
characterization of QSD’s for CB processes. It is proved in [I9] that a subcritical CB
process has QSD’s while a critical CB process has no QSD. In fact, for a subcritical CB
process with ¢'(0+) = o > 0, all QSD’s form a stochastically decreasing family {vz} of
probabilities indexed by 3 € (0, o] satisfying that

(2.14) Ds(N)=1—e PN x>0
The probability v, is the so-called Yaglom distribution in the sense that
(2.15) lim P, (Z, € A|(>1t) =v.(A)

t—-+o0

for every x > 0 and Borel set A C (0, +00). From the theory of Laplace transform, the
QSD vg can be expressed by the stationary measure p as

S (_/B)H *n
vg(de) = — Z o H (dz),
n=1
where *" denotes the n fold convolution of y. On the other hand, since Uz(\)/8 — ¢(X)
as # — 0+ for all A > 0, one gets that %Vﬁ converges vaguely to u as 5 — 0+.

Though there is no QSD in the critical case, convergence results are established for
the rescaled process ();Z; conditioned on {¢ > t}, where Q; — 0 as t — +oo. It is
known (cf. [19, Theorem 3.3]) that if the critical CB process has finite variance, that is
" (0+) < 400, then Z;/t conditioned on ( > t converges in distribution to an exponential
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distribution random variable with parameter 2/1"(0+). We also refer to [32] for the cases
allowing infinite variance.

3. CONVERGENCE OF TRANSITION PROBABILITIES AND POTENTIAL MEASURES

Let (Pi(z,dy);t > 0,2,y > 0) be the transition probability of the CB process (Z;):>o.
Firstly, we shall show that the transition probability P;(z, dy) on (0, 4+00), when appropri-
ately normalized, converges vaguely to a precise measure. For notational simplification,
we also use P;(z,dy) to denote the restriction of Py(z, dy) on (0, +00).

Lemma 3.1. For any A > 0,
1 — e_a¢(A)

(3.1) lim p(t) = p(t + ¢(V) Y if a>0;

t—=-+oo Y(p(t)) d(N), if a=0.

Proof. From [19, Lemma 2.1], for any s > 0,
plt+s) _ —as
im =e .
t—+oo (p(t)

Recall that ¢(t) — 0 as t — +o0. If @ > 0, then ¥ (¢(t)) ~ ap(t) as t — co. In the this
case, we have by (3.2))

_ _ — o~ (V)
e =t 60) L plt) =l () | - e
t—400 »(p(t)) t—4o00 ap(t) «
Now we suppose a = 0. It follows by the monotone convergence theorem that

(3.2)

+oo
Y'(N) = o*\ +/0 (1—e)rr(dr) =0 asA—0+.

We note that (¢(¢(t))) = —¢'(p(t)(p(t)) for t > 0 and that ¢t — @(t) is strictly
decreasing on (0, 4+00). Thus for any s > 0,
o(t
lnd)( +S / (p(u))du —0 ast— +oo.
It follows that
belt+5)

(3:3) A o)

By the mean value theory, for every ¢ > 0 and A > 0 there exists Ai(P(N)) € [0, p(N\)]
such that

(3.4) p(t) — ot +0(N) _ (et + Alo(V)))
' U(p(t)) (1))

Since t — 1 (¢(t)) is strictly decreasing on (0, +00), we have

Pt +0(N) _ vlplt+AdoN))) _
b)) P(p(t)) T

P(A).
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By (B.3),

LB+ AN))
t—+o00 ( ())

Combining this with (3.4]) we get

i B0 =BT O0) Ul + Ad6O)))
t—-+o0 Y(p(t)) t—+o0 Y(p()

~—

Theorem 3.2. If a > 0, then for every x > 0, w(@
Lua(dy) ast — +o0. Otherwise if a = 0, then for every x > 0

w0ty Dr(@, dy) converges weakly to
’ w(¢(t))Pt(fU7dy) converges
vaguely to p(dy) as t — +oo.

Proof. By Lemma [AT] it suffices to show that for any x > 0,

1 +oo T~ > £ '
(3.5) lim 7/ e P, (2, dy) = /’i a(A), VA >0, 1 a > 0;
t=+o0 Y(p(t)) Jour (A, VA > 0, if a=0.

For any A > 0, we have

+o0
/ ei)\ypt(xa dy) = ]P)g: [ei)\Zz Zt > 0:| = eixut()\) — efl'tp(t).
0+

Thus by Lemma [B.1], for any A > 0,

1 +00 o—TP(t+e(N) _ g—ze(t)
lim ——— e P (z, dy) = i
A ) / (e dy) = im0
(36) = i SEO—elreQ))  [HEER =2 0), i a0,
' t->-+o0 b(p(t)) 2d(N) = 2fi(\), if a=0.

If « >0 and A =0, then
+o0 +oo
/ e P,(z,dy) = / Pz, dy) =P, (Z > 0) =1 — e =¢®),
0+ 0+
Using the facts that 1 — e ¥ ~ y and that ¢(y) ~ ay as y — 0+, we have
1 +o0 1 — e—l‘cp(t) €T
lim 7/ P(z,dy) = lim —F——— = —.
ARG o MW T ARTGE T a
This together with (3.6]) yields (B.5]). Hence we complete the proof. O
Theorem implies that the transition probability P;(x,dy) constrained on (0, 00) is

vaguely convergent with rate x1)(¢(t)) as t — +o0. In the following we shall give concrete
examples to illustrate the result of Theorem [3.2]
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Example 3.3. Suppose (Z;)i>o is a subcritical CB process with ¢/(04+) = a > 0. Let ©
be the positive random variable whose distribution is equal to the Yaglom distribution
Vo By [19, Lemma 2.1}, E[©] < 400 if and only if

“+oo
(3.7) / rinrr(dr) < 400,

and in this case ¢(t) ~ ﬁe_“t as t = 4o00. Thus,

D) ~ 9 (O+)p(0) ~ prgge ™ ast o 4o

Theorem yields that for every x > 0, restricted on (0, +00),

e P,(z, dy) converges weakly to ﬁya(dy) as t — +00.
Otherwise if (3.7) fails, then ¢(t) = o(e™*") and thus ¥(p(t)) = o(e™**). Hence e* P(z, dy)
converges weakly to the null measure.

Ezample 3.4. Suppose (Z;)>0 is a critical CB process with branching mechanism v given
by
P(A) = ATPL(1/)0), A >0,

where 0 < p < 1 and L is a slowly varying function at 4+o0. For a slowly varying
function [, it is known (cf. [7, Theorem 1.5.13]) that there exists an unique (up to
asymptotic equivalence) slowly varying function (# such that I(z)#(zl(z)) — 1 and
I#(2)l(xl# (z)) — 1 as © — +oo. [# is called the de Brujin conjugate of I.

+o0 2z up—1 .

For z > 0, let g(2) = ¢(1/2) = fl/z ﬁd)\ = Jo faydu. Since p —1 > —1, by

Karamata’s theorem (cf. [7, Theorem 1.5.11]),

P

g\z) ~
B~ L6

Note that g is a strictly increasing function on (0, +00). Let g~! be its inverse. It follows
by [7, Proposition 1.5.15] that

as z — +00.

g (2) ~ pPLO (VPP as 2 — o0,

where L is the de Brujin conjugate of 1/L. Recall that ¢(t) = ¢~ 1(t) = 1/g71(t). We
get
1
Q(t) ~ =t YPLO(HP) TP as t — oo,
p

We note that
—+oco

wwz—[MQ@MV: Bl (s))ds.

t
We also note that 1(p(s)) is a strictly decreasing function on (0,+00). Hence by the
monotone density theorem (cf. [7, Theorem 1.7.2]),
1
W(p(t) ~ =t GHILO@/P) =17 ag ¢ — oo,
p
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Therefore Theorem yields that for every z > 0,

2
gt%JrlLo(tl/p)l/th(x, dy) converges vaguely to u(dy) as t — +oo.
x

We put for every x > 0 and Borel set A C (0, +00),
+o0
Gla, A) = / P,(Z, € A)dt € [0, o],
0

and call the corresponding measure G(z, dy) on (0, +00) the potential measure of (Z;)>o.
Equation (8.5) yields that, if & > 0 (subcritical or critical case), for every x > 0 and A > 0,

(3.8) /O:OO e WPz, dy) ~ cxzp(p(t)) as t — +oo,

for some positive constant ¢, depending on A\. We note that ¢/(t) = —(¢(t)). Thus

+oo

1 Y(p(t))dt = p(1) — ¢(00) = (1) < 400.

Hence we deduce by ([B.8) that f0+°o e MG (x, dy) = 0+°° OJ;OO e M Py(x, dy)dt < +oo for
every x > 0. This implies that G(z, B) < 400 for every compact subset B C (0, +00).
Thus the potential measure for the CB process (Z;);>o is a locally finite measure on

(0, 4+00).

Theorem 3.5. The potential measure G(x,dy) of (Z:)i>o has a density with respect to
the Lebesgue measure given by

Wiy) —W(y —z)
y

for z,y > 0. Moreover, G(x,dy) converges vaguely to the stationary measure u(dy) as
Tr — +00.

(3.9) g(r,y) =

Proof. Suppose (X;)i>o is the spectrally positive Lévy process associated with the CB
process (Z;)¢>o through the Lamperti transform. Then we have for > 0 and A > 0,

+oo ¢
/ e NG (x,dy) = P, [/ e’\tht}
0+ 0

Ty 1
1 = P _AXS_d X
(3.10) w [/0 e X s]

The final equality follows from a change of variables. Let U(z,dy) be the potential
measure of X killed on exiting [0, +00) when issued from z > 0, that is

+oo
U(:E,dy):/ P, (XtEdy, t<7'0_)dt for y > 0.
0
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It follows by (BI0) that
1
(3.11) G(z,dy) = =U(x,dy) for z,y > 0.
)
It is proved in [I7, Theorem 2.7] that U(z, dy) has a potential density with respect to the
Lebesgue measure given by
(3.12) u(z,y) =e Wy -W(y—-2z), x,y>0.

Here v = 0 since ¢'(0+) > 0. Putting this back to (B.11]), we prove the first assertion.
We note that for A > 0,

+oo +o0 _ _
/ e NG (x,dy) = / e VW) =Wy~ ) dy
0+ 0 Yy

+o0 400 1%/74 o
— / e_/\y,u(dy) —/ e_)‘yi(y 7) dy.
0 T

N Y

_ + AW
Az Oooe Az (Z)dZ

By change of variables, the second integral in the right hand side equals e w2 4z,

which converges to 0 as x — +o00. Hence we get

+oo
lim [ e G(x,dy) = AN,

r—r-+00 0+

for all A > 0. Hence we prove the second assertion. O

Remark 3.1. We remark that (3I2) holds indeed for v > 0. Thus for a supercritical
CB process, applying similar argument with minor modification, one can show that the
potential density function exists and is given by

— effy:vw(y) o W(y B SL’)
Y Y

9(w,y)

)

for z,y > 0.

A natural question is under what condition, G(x,dy) is a finite measure on (0, +00).
We give the following equivalent statements.
Proposition 3.6. The following statements are equivalent:

(i) G(z,dy) is a finite measure on (0,400) for some (and then all) x > 0.
(i) P,[¢] < 400 for some (and then all) x > 0.
(iii) The branching mechanism v satisfies that

(3.13) /o+ ﬁdu < 4o00.

Proof. (i)<=>(ii): By Fubini’s theorem, we have for every x > 0,

(3.14) /0+OOG(:c,dy):/0+Oodt/O:OO Py(z, dy) :/O+OOIP’1(C>t)dt:Px[§].

+
Hence (i) and (ii) are equivalent.
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(i)<=(iii): We have for every = > 0,

+oo +oo +oo
G(z,dy) = / P,(¢ > t)dt = / (1- e_W(t)) dt.
0 0
Since p(t) — 0 as t — +o0, one has 1 — e ~ 2¢(t) as t — +oo. Hence the final

integral is finite if and only if f dt < +o0. Substituting ¢ by ¢(s) in the integral
[+ p(t)dt, one can deduce that f t)dt < +oo if and only if

—/0+sdgb / G ds<+oo

We will also classify the finiteness of G(x,dy) through the Lévy measure 7.

0+

Corollaray 3.7. If « > 0, then G(x, dy) is a finite measure on (0, +00) for every x > 0.
If a =0, then G(z,dy) is finite on (0,+00) for some (then all) x > 0 if and only if

“+o0o 1
3.15 ———ds <
( ) / s [, @(r)dr S <+,

where for v >0, 7(r) == [ n(dy) and 7(r) := [ 7(y)dy, or equivalently,

(3.16) ds < +00.

“+o0o 1
/ s fos r2mw(dr) + s2 f:oo ro(dr)

Proof. If o > 0, then u/v(u) ~ 1/a as v — 0, and (BI3) holds immediately. Now we
suppose o = 0. In this case

) 1 L[
T = §U2A+XA ( A 1-'-)\7’) (dT)

(3.17) = -\ + /0+°° (1—e ) @(r)dr

for A > 0. Obviously ¥(\)/\ is the Laplace exponent of a Lévy subordinator. Thus by

[5, Proposition I11.1],
1 12
? = A (50 +/0 ﬂ(r)dr) :

U 1 1
/ —dux/ —. T du.
ot V(u) 0+ U 02 + f 7 (r)dr

By change of variables, the integral in the right hand side equals [ e

Consequently we have

1
s(So2+ [ w(r)dr) ds
If fo r)dr < 400, then the latter 1ntegral equals +o0o0 and ([B.I3) fails. Otherwise if
S a(r )d’r’ = +o0, then T 2+f =7d fs:( ar s s — +o0, and (B.13) holds if and only
0 T 0 T\T)ar
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if (B.I5) holds. Next, we prove the equivalence of (BI5) and (B.I6). For any s > 0, by

exchanging the order of integration, we obtain that

/Os%(r)dr:/OJroow(dr) /Or(u/\s)du

_ 1 Srzﬂ(dr)+s +°° ra(dr) — S—Qﬁ(s)-
2 Jo s 2

Note that 0 < 7(s) < . These deduce the following inequalities

1 s ) s +o0o s _ 1 s ) +o0o
— [ rimw(dr) + = ra(dr) < [ @(r)dr <= [ r*m(dr)+s rr(dr).
2 0 2 s 0 2 0 s

Or it can be expressed as

/OS%(r)drx /0 r27r(dr)+s/:oo ra(dr).

And the equivalence of ([B.15]) and (B.I6]) is obtained.

0

From this result, we can see that if the critical CB process has finite variance, i.e.,

+o0 9

| r*m(dr) < +oo, then P,[(] = 400 for every x > 0, though P,(( < +o00) = L.
However, if the right tail of the Lévy measure 7 of the critical CB process is light enough,

for example, 7(dr) = r~2P)dr for some p € (0, 1), then the expectation of ¢ is finite.

4. CB PROCESS CONDITIONED ON EXTINCTION
4.1. Existence of conditional limits.

Lemma 4.1. For any s > 0, set
W (z)

4.1 s(dx) = emP) d
(4.0 pa(da) 1= e g,
for x > 0. Then us is a probability measure on (0, +0oc0) with
. A
I

Moreover, s is the size-biased stationary measure given by

—e(s)z ), (d
peld) = AT
fO e*@(s)TILL(d'r)

Proof. By (2.10) and Fubini’s theorem, we have for A > 0,

+o0 1 +oo —+o00
A = ——du = d YW (x\d
oA+ o(s)) Aw@ww>“gﬁm>“l eI (2)dx

—+00 —+00

= W (z)dz / e “du
0 A+p(s)
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400
_ / o (e(s)z W(x)dx
0

T

+oo
= s / e Mg (dx).
0

In particularly if A = 0, f0+°o ws(dx) = o(e(s))/s = 1. It follows that us(dz) is a
probability measure on (0, 4+00). The second assertion follows immediately by observing
that [," e=#)*)(dx) = s. O

Recall that © is the random variable distributed as Yaglom distribution v,. Then its
Laplace function is given by

(4.2) Efe™®] =1-e™ x>0

The following result establishes the limit distribution of CB process conditioned on ex-
tinction in the near future.

Theorem 4.2. For any s > 0, there is a positive random variable Wy such that for any

Az >0,
1 — e~ aP(A+w(s))
] — ,  a>0;
—e as
lim P, [e_)‘z’f} t<(<t+ s} = E (e_/\WS) =
o (A + ¢(s))
_ a=0.
S

In particular, if a = 0, then Wy has the distribution P(W, € dr) = us(dr) where us is
the size-biased stationary measure defined in ([@1l). Otherwise if a > 0, then W has the
size-biased Yaglom distribution
e ?P(O € dr)

E [e—go(s)@]

(4.3) P(W, € dr) =

Proof. 1t follows from the Markov property of (Z;):>o that
P, [e*1ie>n P2, (¢ < 5)]
Po(C <s+1t) —Ps(C <t)
Taking use of (Z8) and (2.9]), we obtain that

P, [ (et

Zt:[
“2\Zy _ Tz {CZt}] _
(44) P [et<C<t+s] = o—Tots) _ g-apl) | e—cp(tts) _ g—zp(D)

P, [e’AZt‘t§C<t+s] =

e~ zp(t+e(Ate(s))) _ g—ze(t)

When a = 0, since lim;, 1 ¢(t) = 0 and ¢'(\) = —9(¢())), by the mean value theorem
for integral,

oA +o(s) o u
lim P, [e |t <¢<t+s] = lim Jo T e me g (o(t + w))du
totoo = t—400 fos ef:vgo(t+u)¢(g0(t + u))du

I e IHEo0+e )Y (O(t + & prto(s)))) DN+ (s))

m e_q;cp(t-‘rft,s)w((p(t + St,s)) 5
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where 0 < & g(rto(s) < (A + ¢(s)) and 0 < & < s. Applying (33)), we obtain that
(ot + &oirrels)))

lim =1.
t=too P(p(t+ &is))
So from Lemma [4.1], for all A > 0,
. _ Ate(s) -
VA _ ( _
tl}gloon [e }t <(<t+ 3] - Ls(A).
When « > 0, recall that for any s > 0,
t
(4.5) lim ol +5) =e .
t=too p(t)
Thus taking limit in (£4), we get

(4.6)
- 1 — o—ad(+(s))
t—+o0 t——+o0 (p(t) — Sp(t + 3) 1 —e—as
By (£2), we have for A\ > 0,

—+o0
/ eV OP(O € dr) = E [o- (O] — | _ gmadire),
0+

In particular, E [e**"(s)@} =1 —e2%0) =1 — e~ Consequently, we get
lim P, [e_)‘z’f} t<(<t+ s} = E [e_’\WS] ,

t——+o0

where the distribution of W is given by (£.3). O

Next we shall define the distribution of Z;_, (0 < ¢ < t) conditioned on extinction at
a fixed time t by taking limit of P,(Z;_, € -|t < { <t+s) as s — 0+. Recall that

P.(¢<t)=e W ¢t>0.

Since ¢'(t) = —1(p(t)), conditioned on Zy = x > 0, the distribution of ¢ has a density
function given by

(4.7) foz(tlz) = we " Op(p(t), > 0.
For any s >0,0< ¢ <tand A >0,
Py [e M1 ljcccrrsy]
P.(t < ¢ <t+s)
P, [e M 1Py,_ (¢ < (< q+5)]
P(t <( <t+s)
_ +s
]P)x |:e Athq qu fC‘ZO(T"Zt,q)dT}

5 foize(rlz)dr
Py [Zy_qe” VoD Za] 4h(p(q))
ze= = ip(p(t)) ’

P, [e’AZt‘q}t§C<t+s] =
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as s — 04. We note that for A > 0,

P, [Ztiqe*(AJr‘P(Q))Zt—q] — e Te(t—a+e(s)) aﬁutq(s)
5 s=A+¢(q)
(4.9) _ eavlt-are0e@) VP — g+ 6(A +¢(q))
YA+ ¢(q))

In particular,

P, [Z1_ge#0%or] = gerzet0 YD)

We can rewrite the limit in (L) as

Pa: [e*)‘Zt—q . Zt_qe*‘P(Q)Zt—q]

P, [thqe—so(Q)thq]

lim P, [e_/\Zt*q‘ t<(<t+ s} =
The term in the right is a Laplace transform of a probability measure on (0, +00). For
0 < g < t, we denote this probability by

P, [Zt_qeﬂp(Q)Zt—q; Zt—q c }
P, [Z;—ge~?@0%t-d]

Px(Zt_q < |C - t) = sl—i>1((gl+lp>9C [Zt—q < '|t S¢<t+ 5] =

Remark 4.1 (Conditioning on extinction vs. conditioning on non-extinction). The above
argument justifies the definition of the conditional law P,(Z;_, € -|( =t) for 0 < ¢ < ¢
and x > 0. In fact, applying similar argument, one can show that the limit

P, (Al¢=1t) := lir&PaE (Alt<{<t+s)

exists for any x > 0, 0 < ¢ <t and A € F;,_,. On the other hand, one can also condition
the CB process to be extinct at a fixed time in the sense of h-transforms. Given ¢ > 0,
let

MW = Ze=?t92q)(p(t — 5)), Y0 <s <t

It is known (cf. [31, Lemma 4.2]) that (M§t))0§s<t is a nonnegative (F;)s<-martingale.
Moreover, it is proved in [31] that the distribution of (Zs)s«; under the conditional prob-
ability P,(-|¢ = t) is the h-transform of P, based on this martingale. That is, for any
0<s<tand A € F,,

M

(4.10) P(AIC = 1) =P [
0

A).
A closely related conditioning for the CB process is conditioning the process on non-
extinction. The latter is defined by Lambert [19] in the sense of h-transforms. More
precisely, it is shown in [19] that for any x,¢ > 0 and A € F,

lim P, (A[¢ >t + s) = PI(A),

s§——+00
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where P! is the h-transform of P, based on the nonnegative (F;)-martingale M; := Ze*,
that is,

dP} M,
4.11 to =1 wt>0.
(4.11) dP, |, M, =

The process conditioned on non-extinction is denoted by ZT, and called the Q-process. It
is proved in [19] that ZT is distributed as a CB process with immigration (CBI process).
In the remaining of this remark we shall show that for any x,¢ > 0 and A € F;,

(4.12) lim P.(A|¢ =t+s) =Pl(A).

This implies that the CB process conditioned to be extinct at time t + s, as s — 400,
has the same law as the Q-process ZT. To prove (£I2)), we note that for any ¢,z > 0 and
s> 0,

M Ziem 2 (p(s))

M Zoe ARt + )
By [B3), one has lim,_, o ¥ (¢(s)) /¥ (p(t + s)) = e*. Tt follows that

M(t+3) 7 ot M.
hm L - € — _t) Pm'a.s.
s——+00 M(gt'f's) T T

Hence by the dominated convergence theorem, one gets
M,
lim P,(A|¢ =t =P, —; A ) =PL(A).
Jim Po(A = 49 =P, (24) =B

In the next result we obtain the distribution of the CB process conditioned to be extinct
at a fixed time in the limit of large times.

Theorem 4.3. For any q > 0, there is a positive random variable V, such that for any

Ax >0,
4.13 lim P, [e *%t-« (=t =E e MV :e_a(¢(,\+¢(q))_q)7¢<<ﬁ<®) .
(@13) -l P[] =1 =B [ 0+ ola)
Moreover, the distribution of V, satisfies that

rP(W, € dr)
4.14 P(V,edr)= ——3+—-~=
( ) ( q S T) E[Wq] )

where W, is defined in Theorem [{.3.

Proof. Combining (£8) and (£9), we have for all A > 0,
(4.15)

P [e*’\Zt‘q\C _ t] — o z(et=a+(A ()~ (1) Y(p(t —q+ oA+ 0(q))  P(v(q))
: D(p(t)) b(A+0(q)

If & > 0, then by (£H) as t — +o0,

Yot —q+ ¢+ (q)))) N ap(t —q+ oA+ v(q))) _y o (8(\+e(a)—a)
o) 0 |
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Otherwise if @ = 0, by (B3], one has

i L0t = g+ ¢(A + ¢(q))))

L Pe0) -t

In either case, one has

lim Y(p(t — g+ oA+ ¢(q)))) _ o~ a(6(O+p(a)—a)
oo U(e(t)) '

Hence we get (£13) by letting t — +o0 in (AI5). It follows by the first conclusion of
Theorem that for any A > 0,

« 1
e~ @A te(@) a > 0:;
E [We ] = —d%\E e W] = { L= e vA+ela))
N L a=0
g (A +»(q))
By letting A — 0+, we have
«Q 1
a>0
aq 1 ? )
B, = { 1 U(e@) 0
S o=
q(e(a))
Thus we get
+oo —AWq
E[W,] Jo E[W] (A +¢(q))
This yields (£.14]). O

There is another way to obtain the distribution of V, for the CB process by reversing
the process from the extinction time (.

Proposition 4.4. For any q > 0, under P, Z;_ lic~qy converges in distribution to V,
as r — +00.

Proof. For any A > 0, by the total probability formula,
+oo
P, [ aliengy] = oizo (tl) Py [eA7e-a|¢ = t] dt.
q
Here fyz,(t|z) is the probability density function of ¢ given that Z, = x. By (4.I3) we
get that

—+0o0o
P, [e”\ZC*qI{oq}] — @/)(SO(Q))/ P, [Zt_qe*(A‘HP(Q))Zt—II] dt
q

“+o0o “+o00
= (e(q)) / P, [ZemMHPOZ] dt = p(p(q)) / ye WTPONG (2, dy).
0 0+
It follows from Theorem that
+o00
lim P, [eIienq] = ¢(p(q)) lim ye WHPONG (2, dy)

T—>+00 r—r-+00 0+
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+00 +oo
= o) [ ey = wiel) [ e Oy
+ +
V(e(q)) —AV,
= ————=E a].
W)
Hence we complete the proof. O

Finally we give some examples to illustrate the results obtained in this subsection.

Ezample 4.5. Suppose (Z;)¢>o is a critical CB process with branching mechanism (\) =
M (1 < B <2). Then the corresponding scale function W (z) = 2#~1/T'(8) for > 0,
and ¢(t) = ((8 — 1)t)"Y¥=Y for t > 0. So the stationary measure on (0, 4+00) is given
by pu(dx) = %dw for z > 0.

By Theorem .2 for any ¢ > 0, conditioned on {t — ¢ < ( < t}, Z;,_, converges
in distribution to a positive random variable W, as t — 400, where W, has a Gamma
distribution with parameter ([q(ﬁ —1)]"YED g~ 1) with a probability density function
given by

22

9:2) = Up(E) P {‘ DG } R

By Theorem [£3] for any ¢ > 0, conditioned on {¢ = t}, Z;_, converges in distribution
to a positive random variable V, as t — 400, where V, has a Gamma distribution with
parameter ([q(ﬁ —1)]7VE-D), 6) with a probability density function given by

pe() = o exp {— ° } x> 0.
R A TCR Y B e

In particular, when 5 = 2, W, is distributed according to the exponential distribution with
parameter 1/g, and V is distributed according to Gamma distribution with parameter

(1/q,2).

Example 4.6. Suppose (Z;)i>o is a subcritical CB process with branching mechanism
¥(X) = A+ A2, Then by elementary calculation, one gets that W(z) = 1—e™® for x > 0,
d(\) =In(1 + A7) for A > 0 and p(t) = (¢! — 1)7! for t > 0. The Laplace transform of
the Yaglom distribution vy (dz) is given by
(A =1—e9W = %H’ VA > 0.

So the corresponding Yaglom distribution is the exponential distribution with parameter
1. It follows by Theorem that for any ¢ > 0, conditioned on {t — ¢ < ( < t}, Z;_,
converges in distribution to a positive random variable W, as ¢ — 400, where W, is
exponentially distributed with parameter 1 + (e? — 1)~!. Moreover by Theorem K3 for
any ¢ > 0, conditioned on {¢ = t}, Z,_, converges in distribution to a positive random
variable V; as ¢ — +o00, where V} is distributed according to Gamma distribution with
parameter (1 + (e? —1)71,2).
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4.2. Further properties of the limiting distributions. In this subsection we will
investigate properties of the distribution of V, obtained in the previous subsection. We
show that it is infinitely divisible, and give a representation of its Lévy-Khintchine triplet.
Then we show the distribution of V, is weakly convergent as ¢ — +o00, and give a necessary
and sufficient condition for the limit distribution to be non-degenerate.

Recall that (X;):>o is a spectrally positive Lévy process with Laplace exponent ¢ and
W is a corresponding scale function. Under the assumption (2.4)), X has unbounded
variation. Hence by [17, Lemma 3.1] W (0) = 0. Moreover, by [18, Lemma 8.2] (and the
reference therein), the restriction of W to (0, +00) is continuously differentiable.

Proposition 4.7. For any q¢ > 0, the distribution of V, is infinitely divisible and its

Laplace exponent l,(X) := —InE [e™*V4] is given by
Ate(a) o) (s) —
(4.16) I,(\) :/ vl ma s
v(q) w(s>
Moreover, l,(\) has the Lévy-Khintchine decomposition
+oo
(4.17) l,(\) = b\ + / (1—e) va(@)
0 x
where by = 0,
(4.18)  w,(z) = e ?@® |:0'2W/(IL‘) +/ (W(x) —W(x—r))rn(dr)|, x>0,
(0,400)

and W'(x) denotes the derivative of W (x).
Proof. By Theorem [£.3] we have

G0 e) | )
Consequently,
o vy YO —a
! YA+ () '

Thus (£I6]) follows by taking integrals on both sides of the above equation. Note that
l;(A) = 0 as A — 0+. So to show the distribution of V; is infinitely divisible, it suffices
to show that [,(\) is a Berstein function, or equivalently, the first derivative of I,(\) is
completely monotone, that is, (—1)"l((1"+1)()\) >0forall A >0and n=0,1,2,....
We note that
V' (u) —a = c’u+ / (1—e™)rr(dr), Yu>0,
(0,+00)
is the Laplace exponent of a Lévy subordinator. Applying [16] eq. (3.15) and eq. (3.16)]

by taking F(u) = v¢/(u) — a and R(u) = —(u) (and correspondingly b = o2 and
m(dr) = rr(dr)), one gets that
F(u)

+o0o
= o*W(0) + 02/ e W' (x)dx
0
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+o0
—i—/ e e [/ (W(z) —W(x—r)) rw(dr)] dx, Yu>0.
0 (0,4-00)
It follows that for A > 0,

v FA+elg) 52 52 +Ooe_>\x o P@DT (1)) d
W=y = WO [ W)

(4.19) + /0 e [e—vw /(0 N (W(z) — W(z —1)) rﬂ(dr)] dz.

One can easily show by the above identity that I/ (\) is completely monotone. Suppose
the Lévy-Khintchine decomposition of [,(\) is given by

1,(A) = byA +/ (1 —e ) Ty(dz) VA >0,
(0,400)

where b, > 0 and I'; is a measure on (0,4o00) such that f(o +Oo)(1 A x)ly(dz) < +o0.
Then

IL(N) = by + / ezl (dx).
(0,400)
Comparing the right hand side with that of (£19), we deduce that b, = ¢*W (0) = 0 and
I,(dx) = "’T(m)da: with v,(x) being given by (£I8). O
Proposition 4.8. If

+o0
(4.20) a>0 and / rinrr(dr) < 4o0,

then V, converges in distribution as ¢ — +oo to a positive random variable V. The
distribution of Vo has the following properties.
(1) It is of the size-biased Yaglom distribution
rP(© € dr)
P(Ve €dr) = ———.
(ii) It is infinitely divisible.
(iii) [ts Laplace exponent loo(A) :== —InE [ )‘VW} is given by

/w A > 0.

(iv) lso(A) has the Lévy-Khintchine decomposztwn

loo(A) = booh + /O+Oo (1= o) @ gy

where by = 0, and
Voo (1) = ?W'(z) +/0 h (W(z) = W(x —r))rr(dr) Yz >O0.

Otherwise if ([AL20)) fails, then V,, converges in probability as ¢ — +oo to infinity.
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Proof. First we claim that (£20) holds if and only if
/ —_—
/ Mds < +o00.
o+ (s)

In fact, if @ = 0, then [ ¢'(s)/¢(s)ds = [, dInt(s) = +oc. On the other hand, if
a > 0, we have

s'(s)  a+t o%s + f(0+ (1 —e*")rn(dr)
U(s) oo+ [ (SR ra(dr)

ST

—lass—0-+.

Hence ¢'(s)/1¢(s) ~ 1/5 as s — 0+4. This implies further that
1/1

ds<+001ff/ ds < +0o0.

1 o}
¥(s) or 5 Y(s)
By [19) Lemma 2.1], the latter holds iff ({20 holds. Hence we prove the claim.
Let I,(\) be the Laplace exponent of V,. It follows by (A.I6]) and the above claim that

A S o .
S ROETN L2 ds if (@20) holds;
®(q) Y(s) +o00 otherwise.

lim [,(A\) = L
Jm lg(A) = Hm

So V, converges in distribution as ¢ — 400 to some random variable V, if (4.20) holds,
and V, converges in probability to infinity if (4.20) fails. When (4.20) holds, it follows by

(A14) and (@3] that
re’“’(q)rP(@ € dr)
E[Oe¢()9]

Hence (i) follows by letting ¢ — +o0o. The statements (ii)-(iv) follow directly from
Proposition 71 O

P(V, edr) =

Recall that (Z] )i>0 is the @-process defined in Remark [£.1l The next result shows that
ZtT converges in distribution as t — +o00, and its limit distribution is equal to that of V

as ¢ — +o00. Since (ZtT )i>0 is a CBI process, criteria for convergence in distribution and
properties of the limiting distribution can readily be found in [16], but since they follow
very easily from Theorem and then Proposition 4.8 we present the proof here for the
sake of being more self-contained.

Proposition 4.9. If @20) holds, then Z] converges in distribution as t — +o0o to a
positive random variable Z1_ which is equal in distribution to V., defined in Proposition

[4.8 Otherwise if ([A20)) fails, 7] converges in probability as t — 400 to infinity.

Proof. Fix an arbitrary z > 0. We shall prove the following: For all A > 0,
Ele=Ve if (4.20) holds;
(421) lim PT[ )\ZZ] :{ [6 ]7 1 olds;

t—+00 0, otherwise.
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Fix A > 0. Suppose s > 0 is sufficiently large such that ¢(s) < A. Suppose t € (s, +00).

Recall the definitions of the martingales (M@)OSTQ and (M, ),>o given in (LI0) and
(A1) respectively. It is easy to see that for ¢t > s,

- S ——=, P,-a.s.
My () R

Thus we have for t > s,

pt [e—AZLS} — P {%G—Azm]

(t)
(422) Mtis 1/}<(‘0<t>> a(t—s)+@(s)Zt—s—p(t)x Mt—s

My
(t)
_ w(SO(t)) ea(tfs)ftp(t):vpx Mt—s ef()\fip(s))Zt_s

P(p(s)) M)
(4.23) = Ia,t,s) x II(A\ 2, s),
where

t
I(a’t’s) = Mea(t—s)—so(t)x and II()\,t,S) — ]P)x [e—()\—go(s))Zt,s gz t] )
P((s))
If « =0, one has
; ad(r) — 13 -
(4.24) 7"l_1>151+1/1(r)e rl_l)l&lp('r’) 0.
Otherwise if a > 0, we note that by (4.2)
O] — ol (el — &
E[@e™®] = —ag'(r)e = D)o vr > 0.
Consequently, we have
(4.25)
= if holds;
lim ¥(r)e®® = lim ——— 5 = Her 1 @.20) ho S’+Oo
r—0+ r—0+ E [Oe~"0] 0, if «>0and |77 rlogrm(dr) = +oc.
Combing (£.24), (£25) with the fact that lim; ., ¢(t) = 0, we get that
if (4.20) holds;

t—s+o0 t—+o0 0, otherwise.

lim (p(t))e™ = lim (p(t))e*#®) = {ﬁ>

It follows that

(4.26) lim I(a,t,s) = ENEONE if (A20) holds;
frtoe 0, otherwise.

On the other hand, by Theorem [4.3]
(4.27) lim TI(\t,s) = B [e-G-#(DV]

t—+o00
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Combining (£23), (£20) and (£27), we have
lim P! [e*AZZ ] _ {WG_ME [e-(—e()V] | if @20) holds;

t—+00 0, otherwise.

Hence ([@.2]]) follows by letting s — +o00, and we prove the first assertion. If (£.20) fails,
one has lim;_, | o IP; [e*)‘zz] =0 for all A > 0. Thus for any M > 0,

P! (Zj < M) —p! (e_ZtT > e—M) < MPp! [e_ZtT } 0

ast — +oo. Consequently lim;_, o P! (ZtT > M) = 1forall M > 0, and so ZtT converges

to infinity in probability. Hence we prove the second assertion. O

One can see from Proposition 4.9 and Theorem E.3] that, the two double limits coincide:
lim lim P, (Z; € A|(=t+s)= lim lim P.(Z; € A|( =1+ s),

§—r+00 t—+00 t—+00 s—+00
for any Borel set A C (0,+00) with P(V, € 0A) = 0, and any x > 0. Moreover, the
limit is non-degenerate if and only if (£20) holds.
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APPENDIX A. APPENDIX

Lemma A.1. (1) Suppose vy, v are finite measures on (0,+00) with v(0) > 0. Then
v, converges weakly to v if for all A > 0,

(A.1) V(A) < +oo and vp(N) = V(A) as n — +o0.

(2) Suppose vy, v are locally finite measures on (0,+00) with 0 < V(5) < +oo for
some B> 0. Then v, converges vaguely to v if ([(BI) holds for all X > 3.

Proof. (1) Without loss of generality we assume 7,,(0) > 0 for every n > 1. Let p,(-) :=
V”A:((O)) and p(-) := %. Then p,, and p are probability measures on (0, +00) with p,(\) =
Un(N)/1,(0) and p(A\) = D(X)/D(0) for all A > 0. (A implies that p, converges weakly
to p. The weak convergence of v, follows from the weak convergence of p, immediately.

(2) First we shall show that the sequence {v, : n > 1} is vaguely relatively compact.
By [15, Theorem 4.2], one needs to show that for any bounded Borel set B C (0, +00),

the following two conditions hold:
(i) sup,, vy(B) < 400.
(ii) inf{Kc(0,+oo): compact} SUPy, vn(B\ K) < +00.
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Without loss of generality we assume B C [a,b] for some 0 < a < b < +00. Condition
(1) is automatically true if one takes the compact set K to be [a,b]. On the other hand,
note that

vu(B) < va([a, b)) < / e B, (dy) < 5 (5).

Hence (i) follows immediately from (A.T]).
Let o be the vague limit of an arbitrary subsequence {v,,, }. Then for all f € CF((0, +00)),

(A.2) i (f,v,) = (£.7).

For 8 in our assumption, set v2(dy) := e v, (dy) and v°(dy) := e v (dy). Then v/?

and v# are finite measures on (0, +00) with I//E(O) = D(B) > 0 and vh(\) — 1//5()\) for all
A > 0. Thus v? converges weakly to 1. We have for all g € C;7((0, +00),

400 400
(A3)  lim 9(y)e Pun(dy) = lim (g,1))) = (g, V5>:/O g(y)e u(dy).

n—-+4o00 0 n—-+4o00

It follows by (A.2) and (A.3]) that for all h € C.F((0, +00)),

/ T heitan = [ e iay)

+ 0+
Hence we have 7 = v, and so the vague convergence of v, follows. O
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