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WITH IMMIGRATION

R. LOEFFEN, P. PATIE, AND J. WANG

ABSTRACT. We develop a comprehensive methodology for the fluctuation theory of continuous-
time skip-free Markov chains, extending and improving the recent work of Choi and Patie [5] for
discrete-time skip-free Markov chains. As a significant application, we use it to derive a full set of
fluctuation identities regarding exiting a finite or infinite interval for Markov branching processes
with immigration, thereby uncovering many new results for this classical family of continuous-time
Markov chains. The theory also allows us to recover in a simple manner fluctuation identities for
skip-free downward compound Poisson processes.

1. INTRODUCTION

First passage times are ubiquitous in probability theory and, more broadly, in many fields of
sciences, such as epidemiology, physics, neurology, insurance and financial mathematics. In spite of
the wide applicability of first-passage phenomena, finer characterizations of the law of these random
variables beyond as solutions of a boundary value problem associated with a linear operator, have
been obtained only for very few and specific classes of Markov processes, including most notably
one-dimensional diffusion processes and their discrete-state space analogue birth-death chains on
the one hand and processes with stationary and independent increments on the other hand, both
for which tailor-made approaches have been developed. Unfortunately, attempts to carry over
techniques from these cases have had limited success, providing some evidence towards the need to
find a novel way to tackle this issue. In this vein, in the recent paper [5], Choi and Patie develop an
original and comprehensive approach based on a combination of techniques such as the theory of
Martin boundary and potential theory to provide an expression for the resolvent of a discrete-time
skip-free Markov chain in terms of the so-called fundamental excessive functions of three different
chains, namely the given skip-free downward (upward) Markov chain, its dual and the original one
killed when going above (below) a given level. This allowed them to derive various fluctuation
identities involving the first hitting time of a given point and the first exit times out of a given finite
or semi-infinite interval.

In this paper we will follow the approach of Choi and Patie [5] to extend their results to the case of
continuous-time skip-free Markov chains, while also improving on their methodology as explained in
the beginning of Section 3. This is our first main contribution. Besides our time homogeneous chain
being skip-free (downward) we further assume that all its states are stable (i.e. no instantaneous
states), and allow for state-dependent killing and for explosion with the precise setting being laid
out in Section 2. Our second main contribution is to use the general theory presented in Section 3 to
derive a collection of fluctuation identities for Markov branching processes with immigration (MBIs),
a well-studied class of continuous-time Markov chains. Most of these identities are new as explained
at the end of Section 5, which shows the power of our methodology. As a quick illustration of the
general theory and in order to contrast it with the case of MBIs we will also derive the same type of
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fluctuation identities for continuous-time skip-free Markov chains with stationary and independent
increments, i.e. skip-free compound Poisson processes (CPPs), though for this class the resulting
identities are (essentially) known.

Of course for deriving certain probabilities involving first passage times there is the analytical
approach. To illustrate this, let p(z) be the probability that our skip-free downward continuous-time
Markov chain with state space E C Z and starting at « € E exits a given interval (a,b) C E by
hitting a. Then, with some of the terminology explained later on in Section 2, p(z),z € [a—1,b+1],
is harmonic for the Markov chain killed at exiting (a,b) and as a consequence, with @ the Q-matrix
of the chain, p(x), > a, solves the boundary valued problem

> Q,yply) = plx) zela+1,b—1]

yeE
pla) = 1landp(x)=0forxz>0b

Consequently, p(x) can be computed by solving a linear system of b — a — 1 equations. Note that
this approach becomes more difficult when E is unbounded and ¢ = —co or b = 0o as one then has
to deal with an infinite system of equations. Our main theorems in Section 3 provide in particular
a structure for the solution of these systems. Besides yielding more insight into the solution, even
in the case of a finite system, our results for MBIs and CPPs allow one to compute probabilities
like p(x) for these classes in a more efficient way than by numerically solving a system of linear
equations, especially when one wants to compute p(z) for various values of a and b.

The rest of the paper is organized as follows. In Section 2 we introduce various notations and
concepts that will be needed later on and in particular define the class of Markov chains that we
will be working with. Section 3 contains the main results where we, following Choi and Patie [5],
express, for a general Markov chain, the resolvent and derive various fluctuation identities in terms
of the three fundamental excessive functions, whereas in Sections 4 and 5 we apply these results to
the class of skip-free CPPs and MBIs respectively.

2. PRELIMINARIES

Let E = [I[,h] NZ where [, € Z U {—o0,00} with [ < h. We set Eg = E'U {9} where 0 denotes
the cemetery state. We always work in a canonical setup where
e () is the space of functions w : [0,00) — Ey with the property that there exists ((w) € [0, o0]
such that w is F-valued and right-continuous on [0, ((w)) and w(t) = 0 for t > ((w)
o X = (Xy)i>0 is the process defined by X;(w) = w(t) for w € Q
o (Fi)i>0 is the natural filtration of X
e F is the smallest sigma-algebra containing U;>oF;
The random variable { = inf{t > 0; X; = 9} is the lifetime of X. With Jy = 0 and J,, = inf{t >
Jn—1; Xt # Xy, _, } for n > 1, the random variables Ji, Ja, ... are the consecutive jump times of X.
We denote by Joo = lim,,— J,, the explosion time.
Let Q = (Q(x,v))zyck be a given Q-matrix on E, i.e. a matrix satisfying

0<Q(z,y) <ooforz#yand Y Qx,y) <Qz) < oo
y#
where Q(z) := —Q(z,z). Weset Q(z,09) = Q(z) —>_,,, Q(z,y) > 0 for z € E. Note that @ is not
assumed to be conservative, i.e. Q(z,0) is not necessarily equal to 0. Given @ we next specify a

continuous-time, time homogeneous Markov chain on (2, F) via the usual jump chain/holding time
definition. Namely, we assume P = (P,).cp, is a family of probability measures on (2, F) such that

o P (Xo=xz)=1forz e Ey



e Foralln >1and z € E, given J,—1 < oo and X, , = x the n-th holding time H,
Jn — Jn—1 is exponentially distributed with parameter Q(z) if Q(xz) > 0 and equal to co
otherwise and is further conditionally independent from F;
° For all n>1 x€ Eandye€ LBy, given J,_1 <ooand X, , =z, X;, =y with probability
Q(a:) ) if Q(z) > 0 and X, is conditionally independent from F;, |, and H,
e X is sent to the cemetery state if explosion occurs, i.e. X; = 0 if Jo < 00.
We call (X, P) the Markov chain generated by ) with state space E. Note that the Markov chain
can end up in the cemetery state either due to explosion or due to a transition to 9 by the jump
chain (X, )n>0-
We write P(z,y) = Py(X;y = ), z,y € E, t > 0, for the transition kernel of (X,P). From the
theory of continuous-time Markov chains, see e.g. Section 2.8 in [12]}, the transition kernel P;(x,y),
x,y € E, t >0, is the minimal nonnegative solution of both the forward equation

(2.1) —Pt (2,9) = > Pu(,2)Q(2,y), Po(w,y) = bsy
z€E

with ., the Kronecker delta, as well as the backward equation

d
—Py(z,y) =Y _ Q(z,2)P(2y), Po(z.,y) = day

dt
zeE
For a function f: E — R, we will use the notation

Fif(x) = Z Pz, y) f(y) = Eo[f(Xe) L))
yeE

Qf(x) = Y Qz,y)f(y)

yeE

where E, is the expectation operator associated with P,. Throughout the paper we assume the
Q-matrix @ is such that, for z,y € F,

(2.2) Q(z,z—1)>0 ifz>1 and Q(z,y)=0 ify<z-—2.

This assumption means that (X,P) is skip-free downwards, i.e. from any state, (X,P) can reach
a lower state with a positive probability but only by visiting all states in between. Next, for any
q > 0, one defines the g-resolvent as follows

o0
Gy(z,y) =/ e " Py(x,y)dt
0

For all z,y € E, Gy(x,y) < oo, and, by the skip-free downward assumption in combination with
the right-continuity of the sample paths Gy(x,y) > 0 for all 2,y € E such that y < z. In the case
where the Markov chain is transient (i.e. all states in E are transient), the resolvent of (X, P) is
defined by G(z,y) = lim,_,0 G4(z,y), i.e

G(xvy) - /OooiDt(xvy)dt

The chain being transient is equivalent to G(x,y) < oo for all z,y € E (see e.g. Theorem 3.4.2 in
[12]). Note that, [;°Py(X: = y,t < eq A ()dt = Gq(z,y) where e, is an exponentially distributed
random variable of parameter g > 0 and taken independent of F. Therefore G is the (0-)resolvent
of the skip-free downward Markov chain generated by the Q-matrix @@ — ¢I with I the identity
matrix.

n this reference it is assumed that Q is conservative but the arguments go through if @ is not conservative.
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For any ¢ > 0, we say that a function h : E — [0,00) is g-excessive (resp. g-harmonic) for (X, P),
if, for all x € F and t > 0,

e " Ph(x) < h(x) (resp. e T Ph(x) = h(x))

We simply say excessive (resp. harmonic) when ¢ = 0. Note that, if h is g-excessive, then
lim; g e~ P;h(z) = h(z), which follows by an application of Fatou’s Lemma combined with the
right-continuity of P, at ¢ = 0. Similarly, we call a measure 7 : E — [0, 00) excessive (resp. invari-
ant) if

Z m(x)Pi(z,y) < m(y), (resp. Z m(x)Pi(z,y) = w(y)), forally € Fand t >0

ek relk
We assume throughout that there exists an excessive measure 7 for (X, P) that is positive, i.e. m(y) >
0 for all y € E. Note that in the transient case, a candidate is given by 7(y) = >_ g 277G (z,y)
for some injective map o : E — {1,2,...}, see also [9, Section 5.2|. We now fix such a positive
excessive measure 7 as our reference measure and we set

(2.3) Gqy(z,y) = gg(z,y)7(y)

g, is called the g-resolvent density, and we simply write g(z,y) = go(z,y) when (X, P) is transient.
Next, we introduce some auxiliary Markov chains associated with (X,P). First, writing P =

(I/P\’y)yeEa, the dual (X,P) of (X,P) with respect to 7 is the Markov chain with state space E

generated by the Q-matrix @ given, for any y,x € E, by

~

Qy, x)m(y) = m(2)Q(z, y)

Note that @ is a well-defined Q-matrix since 7 is a positive measure, and, for each y € F,

7(y) Y Qy.a) = Y m(@)Q(a,y) < liminfy () I | i D020 = L
zeFR zeFE 10 zty t t}0 t
— liminf ZCEEE 7T($)Pt(.%', y) - W(y)
10 ¢
< 0,

where the first inequality is due to Fatou’s lemma, and, from the backward equation, %Pt(:c, Y)loeo =
Q(x,y) and the last inequality is because 7 is an excessive measure for (X,P). Note that (X, I/P\’)
is skip-free upwards, i.e. (—X,P) is skip-free downwards. Denoting by P (y,z) := Py(X; = z) the

transition kernel of (X, @), we easily see that %, y,x € B, t >0, is the minimal nonnegative

solution of the backward (or forward) equations associated with @ and therefore

Py(y, ) (y) = 7(z) Pi(,y)

Denoting by @q and g, respectively the g-resolvent and the g-resolvent density (with respect to )
of the dual, we immediately observe that, for any y,x € E,

8q(y, ) = gq¢(z,y)
Now, denote by T4 the first hitting time of the set A C R, that is
Ty =inf{t > 0; X; € A}

with the usual convention that inf{(} = co. We will write T,, := Ty,) for a € E. For A C R and

B C Ejy we write B4 := B\ A. We will also use the notation [b for the set [b, c0).
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For A C R and writing PA = (Pf)erA,
o]
with state space E and generated by the Q-matrix Q4 given, for any =,y € E4, by

QA(xa y) = Q(.T, y)

Let PA(z,y) := PA(X; = y) be the transition kernel of (X,P4). By mimicking Steps 1 and 2
of the proof of [12, Theorems 2.8.3 and 2.8.4] one obtains that P,(X; = y,t < T4), z,y € E4,
t > 0, is the minimal nonnegative solution of the backward equations associated with Q# and
thus PA(z,y) = Po(X; = y,t < T4). Therefore, we call (X,P4) the Markov chain obtained by
killing (X, P) at the stopping time T4. The semi-group property entails that, for all t > 0, x € FE
and I' € F, PA() = P.(I' N {t < Ta}). Then, for any stopping time 7', one can show by first
considering stopping times with a discrete range and then approximating a general stopping time
by a non-increasing sequence of stopping times with a discrete range, that, for any I' € Fr and
r el

(2.4) P N{T < o00}) = P (T N{T < Tx})
The g-resolvent of (X, P4) is denoted by Gg‘(x, y) = [y e 1PN, y)dt, x,y € E4, and we extend it

to the whole of E' x E by setting GqA(az, y) = 0 for (z,y) ¢ E4 x EA. The corresponding g-resolvent
density is denoted, for any xz,y € F, by

GqA(x,y) = g’;(way)W(y)

We can consider the dual of (X,P4) or kill the dual at T4. Clearly by looking at the Q-matrices
involved, the operations of taking the dual (with respect to 7) and killing at 74 commute and the
following switching identity holds:

(2.5) g (y.x) =g (z.y), wy€E,

the second auxiliary Markov chain (X,P4) is the one

where @?(y,:p) is the g-resolvent and /g\j;‘(y,:n) its density of the dual process killed at T4. Very
closely related to (X,P4), is the third auxiliary Markov chain that we introduce. For A C R and

writing [ <@f) o let (X, @A) be the Markov chain with state space E and generated by the
xELy
Q-matrix @A given by
QA( ) Q(z,y) fzcEAandye FE
x? = .
Y 0 ifre Aandy e FE

Similarly as for the previous auxiliary Markov chain, one can show that the transition kernel

?f(m,y) = @f(Xt = y) of (X, @A) admits the expression f?(w,y) = P (Xiar, =), z,y € E,
t > 0. Therefore, we call (X, FA) the Markov chain obtained by stopping (X, P) at T4. Finally, for

a € E, with slight abuse of notation, we write E§ := Ey N [a, 00) and P = (PZ)Q; cEa and denote by
o

(X,P") the Markov chain obtained by stopping (X,P) at T,. Note that the state space of (X,P")
is chosen to be E* := ENJa,00) and not E, which we can do because (X, P) is skip-free downward.
Its transition kernel is denoted by P;. For the convenience of the reader, we gather in the table
below the object associated to the different Markov chains we have introduced.

transition kernel g-resolvent
(X,P) Pi(z,y) Gy(z,y) = g¢(z,y)m(y)
(X,P) | P(y,z)r(z) = Pz, y)n(y) gy, 7) = gq(z,y)
(X,PY) | P (x,y) = Pe(Xy =y, t <Ta) | G5 (z,y) = g (z,y)7(y)
(X,P4) NA g (v, x) = gl (x,9)
X,PY) | Pla,y) = Po(Xinr, = ) NA
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3. POTENTIAL THEORY AND FLUCTUATION IDENTITIES OF CONTINUOUS-TIME SKIP-FREE
MARKOV PROCESS

The following two theorems are, to some extent, the analogue of the results in Section 3 and
the first part of Section 4 in Choi and Patie [5] who deal with discrete-time Markov chains that
are skip-free upwards. However, there are some differences with the most notable ones being the
following. First, translating their approach to our setting of continuous-time skip-free downward
Markov chains, Choi and Patie [5] distinguish between the cases (i) [ = —oo or [ > —oo with
P(X;, € E\{l}) = 0 on the one hand and (ii) [ > —oo with Pi(X; € E\{l}) > 0 on the other
hand, with their results being less comprehensive in the latter case, due to technical difficulties
arising in the use of the theory of Martin boundary. To overcome this difficulty, we propose another
definition of the fundamental excessive function associated to the killed process than the one in
[5, Theorem 3.1(2)] (though both definitions are equivalent in case (i)). Moreover, our viewpoint
enables to unify the two cases and at the same time give a more elementary proof that avoids the
Martin boundary theory employed in [5]. Second, we allow for state-dependent killing whereas Choi
and Patie |5] worked with a constant killing rate. We recall that the notation and terminologies
used in the following two theorems can be found in Section 2.

Theorem 3.1. Let (X,P) be a Markov chain with state space E generated by the @Q-matriz Q
satisfying (2.2), ¢ > 0 (resp. ¢ > 0 if X is transient) and fix a reference point o € E.

(1) Define, for any x € E,

. Gy (z, .
Gy(z,y)  Jlimy o 702(0,2’) ifl=—0o0

Hy(z) =lim = = (o)
() ylt Gg(o,y) {g‘;((ﬂ)) if 1> —o0

Then, for any x,a € E such that x > a,
Hy(x)
Hg(a)

(3.1) E, [e_qTaH{Ta<C}] =

(2) The function Hy is g-excessiwe for (X,PP) and it is the unique positive-valued function on E
satisfying the following four properties: (i) non-increasing, (11) Hy(0) = 1, (i11) for any a €
E, H, restricted to E* is q-harmonic for (X, @a) in the sense that for any t > 0,z € E°,
IEI[e_‘I(MTa)Hq(Xt/\Ta)]l{tATa<<}] = Hy(z), (i) if h = 00, ¢ = 0 and if there exists x > a such
that P, (T, = ¢ = 00) > 0, then limy oo Hy(x) = 0.

(3) Define
- G G
H,(y) = lim M, yeE and H([Ib(:p) = limw, rek
ath G, (0, ) vl Gg(0,y)
Then, writing cq = gq(0,0), we have, for any x,y € E,
(3:2) gu(w,9) = colly(y) (Hy(x) - HY (2))
Remark 3.2. (1) The function H, is not necessarily ¢g-harmonic for (X,P) if [ = —oo whereas,
in the discrete-time case, H, is g-harmonic when [ = —oo, see [5, Theorem 3.1]. For instance

when (X, P) is the negative of a birth process which explodes, then Hy = 1 but Hj is not
harmonic since the lifetime is a.s. finite.

(2) If hy : E — (0, 00) is g-harmonic for (X, P) then h, satisfies property (iii) in Theorem 3.1(2).
Indeed, if h is g-harmonic, then by the Markov property for any s <t and x € F,

Ew[e_qthq(Xt)]l{t«}u—S] =Ly “Ex, [e_q(t_s)hq(Xt—S)]l{t—Kcﬂ = Phe(Xs)ls<y
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So (e hq(X:)1g1<¢))iz0 is a martingale and therefore is (e~ ) by (Xynr, ) Lat, <c} )20
for any a € E. This yields (iii).

(3) Property (iv) in Theorem 3.1(2) is needed to characterise H, when ¢ = 0. Indeed, if h = oo
and (X, P) is such that lim;_, X¢ = 0o P-a.s., then h = 1 satisfies properties (i)-(iii) but

Hy # h.

Theorem 3.3. Under the assumptions of Theorem 8.1, using its notation, and, for any q > 0
(resp. ¢ > 0 if X is transient), we have the following.

(a) For any z,y € E,
Hy(x) ~ Hy (x)

( ) [ {Ty<C}] Hq(y)
In particular, for any x,a € E such that > a,
H,(x
34 ]E(t e_qTa]I = g
( ) [ {Ta<C}] Hq(a)
(b) For any x,a,b € E such that a <z < b,
H (x)
(3.5) Ee (e "Ly, cryncy| = &
| 49l = i
(c) If 1 = —o0, let H[qb(—oo) = lim, H[qb(az) € (0,00]. Then, for any z,b € E,
[b
1— 7a+ [b , _ Hq(m) [= —
(36) E e’qT[b]I{T[b«}} _ 2yenn(Qy,0) Q)g([;b(x NTW) = B @.f 00
- ZyeE[b (Q(y7 8) + Q)gq (l’, y)ﬂ-(y) Zf[ > —00

where, for any z,y € EL,
(3.7) gl (2.) = cyfly(y) (A(2) - HY(2))

(d) Let a,b € E such that a < b. Assume f : E — R is such that Q|f|(z) < oo for all x € E@b)°,
Then, for any x € E,

(88)  Eo e 00 f (Xn, ) Uz pecq] = F@+ D (Q—aDfw)el™ (@ y)m(y)

yeE(@b)®

where, for any x,y € E@Y°

c = H[b x
(39) g0 (2,y) = oy (0) ( 1 gl () Hg%:))
Hy (a)
In particular,
(3.10) E, [e‘qT(av”)C]l{T(a,,,)c<g}] =1- Y Q) +q e (z,y)m(y)
yeE(a,b)c

3.1. Proof of Theorems 3.1 and 3.3.

Proof of Theorem 3.1. Let x,y,z,a,b € E, and, without loss of generality, we set ¢ = 0 and assume
that X is transient as the proof follows the same line of reasoning for ¢ > 0. For the item (1), we
start by proving the following claim:
G(z,y) _G(z,zNo)
3.11 = , <zxzAo
3.1 Glo.y) ~ Glowho) V=
7




By the strong Markov property, G(z,a) = P,(T, < {)G(a,a) for any z,a € E. Hence,

G(b,y) G(b,2) G(2,y)
G(y,y) G(z,2) Gly,y) 7 sesh

where the second equality follows by the strong Markov property and the skip-free downward prop-
erty of (X,P). When x < o, take z = x and b = o, to get for y < z < 0, G(0,y) = g((;’Z%G(J:,y)
which shows (3.11) in the case where x < o. Similarly, if 0 < z, take z = 0 and b = z instead to get

fory<o<uz Gz,y) = g((i’g;G(o,y), which shows (3.11) in the case where x > 0. From (3.11) it

= Pb(Ty < <) = IP>17(Tz < C)Pz(Ty < C) =

follows that H(x) = lim, g%ﬁg)) is well-defined. By the strong Markov property and the skip-free
downward property, G(z,y) = P, (T, < {)G(a,y) for y < a < z. Hence

BT, < ¢) = @) _ Gley)/Gly)

Gla,y)  Gla,y)/G(o,y)’
Now taking limits as y | [ yields (3.1). For the item (2), by the semi-group property of P, for y < z,

IN

x.

Z Pi(z,2)G(z,y) = Z Pz, z2) /OOO Py(z,y)ds = /OOO Piis(z,y)ds = /too Py (z,y)du < G(z,vy)

z€E zeE

Thus, if [ > —oco, PLH(z) < H(z) for all x € E and hence H is excessive (but not harmonic) for

(X,P). On the other hand if [ = —oco, then H is the limit as n — oo of the sequence of excessive

functions H ™ () := gg:z)), —n € F, and thus is excessive since, by Fatou’s lemma,

PH = P lim H™ < liminf BH™ < liminf H™ = H

By means of (3.1) and the fact that (X,P) is skip-free downward, we deduce that the function H
is non-increasing. Obviously, H(0) = 1 by definition. Fix now a € E and let h%(x) := P,(T, < (),
x € E® Then, for any x € E* and t > 0,

Pin(z) = Eq [h*(Xear)Lpar,<cy]
= E, [ﬂ{tzTa,Tu<<}PXTa (Ta < C)} +E; [ﬂ{t<Ta/\C}Px(Ta < q}—t)]
= Po(t > To,Ta <) +Pal(t <TaAC Ta <Q)
= h%x)

where we have used the Markov property in the second equality. Thus, h* is harmonic for (X, @a).
Then, by (3.1) H restricted to E* is harmonic for (X, P"). Let h: E — (0, 00) satisfy (i) and (iii).
Then for x € E?,

h($) = tlii&??h(!l?) = ]Ex [tli{go h(Xt/\Ta)]l{t/\Ta<C}]
(3.12) = h(@)Py(T, < ¢) + lim h(y)Py(T, = ¢ = o)
Yy—0

where the second equality is due to the dominated convergence theorem which is applicable because
h is non-increasing and positive, > a and (X, P) is skip-free downward and for the last equality
we used that by transience X; — oo as t — oo if T, = ( = oo (which can only happen if h = 00).
So if h satisfies (i)-(iv), then we conclude h(z) = h(a)P,(T, < ¢) for all z > a, which yields that h
is proportional to H on E® by (3.1). Since a € E was chosen arbitrarily, h is positive-valued and
h(o) = H(o0), it follows that h = H on F if h satisfies (i)-(iv). Since we have showed that H satisfy
(i) and (iii), (3.12) holds for H and thus H satisfies property (iv) by (3.1). We now turn to the
proof of (3). By the strong Markov property and the skip-free upward property of the dual, for
8



xz,y,b € E such that y < b,

Gy, x) = OV(y,2) + By(Ty, < OG(b,2) = APy, 2) + H(i)@a» z)

~—

where for the second equality we used the analogue of (3.1) for the dual which is justified because
(X, P) is skip-free upward and is transient. Then, by the switching identity (2.5),

)| =

(3.13) V() = Cla.y) - G, %‘éﬁiﬁi} y<b

Since by the same arguments Cir(&’;)/) =g(o,y) =8(y,0) = IF’Z,,(T0 < )g(o,0) = c% for y <o,

GP(z,y) _Glzy)  G(a,b)
G(o,y)  G(o,y)  cH(b)n(b)

Taking limits as y | [ shows that H is well-defined and H(2) = H(z) — %. The expression

for the resolvent density of G then follows. U

Proof of Theorem 8.3. As in the proof of Theorem 3.1, and after recalling that the case ¢ > 0
corresponds to the case ¢ = 0 and changing the Q-matrix to @ — ¢, without loss of generality,
we set ¢ = 0 and assume that (X, P) is transient. First, by the strong Markov property G(z,y) =
P.(T, < {)G(y,y) for x,y € E. The identity (3.3) then follows from (3.2) since H¥(x) = 0 for
x > y. For the item (b), since (X,PL) is skip-free downward with all states transient (3.4) is

applicable for this Markov chain. Hence, by (2.4) and with Hb(z) := lim,, % where ol® € EP

is a reference point,

H(x)

Px(Ta < T[b A C) = P[b(Ta < C) = HT@’

x> a

The required identity then follows since H(x) = lim, G[b((f[by)) G[Gbg ’y)) HP(2)HP (o), z € E.

Next for the item (d), we first prove (3.9) and (3.7). The latter follows directly from (3.13) and
(3.2). Since by the strong Markov property and (X, P) being skip-free downward,

gl(z,y) = g (2,y) + PU(T, < Ogl(a,y), z>ayeE

(3.9) follows from (3.5) and (3.7). Now we prove (3.8). Note that without loss of generality we
can assume that f is bounded because the general case can be proved by approximation. By the

forward equation (2.1), Pﬁa’b)c(x,y) = Oy + fg Y cE Fga’b)c(:v,z)@(a’b)c(z,y)ds, z,y € E, t > 0.

Therefore, for f: E — R bounded, « € FE and t > 0, by definition of @(a’b)
a,b)®

P =t + Y Qfw) /0 PO (2, )ds

yeE(ab)°

where the interchanging of the two sums is justiﬁed because E(@b)° is a finite set. By the transience
assumption, T(, p)c A( < 0o Py-a.s. forallz € £ (@b)® " As f is assumed to be bounded, the dominated
9



convergence theorem yields
El‘ [f(XT(a,b)c)1{T(a,b)c<c}:| = tll)Iglo EZ‘ |:f(Xt/\T(a7b>c)1{t/\T(a7b)c<<}:|

. —(a,b)¢®
= (P e
* a,b)®
= f@+ Y Qe [P s
2€B(@h)° 0
= fo+ Y QG (@,2)
LeE(abe
The identity (3.10) then simply follows by taking f = 1 and the definition of Q(z,d). We now turn
to the item (c). When [ > —o0, we can use the same arguments for (3.10) to prove (3.6) since EI®

is a finite set and T}, A ¢ < oo Py-a.s. for all z € EP. Now assume [ = —oco. By (3.10) and (3.5), for
xz,a,b € E such that a < b, z,

]P)x(T[b <TaN g) = IP)ac(T(a,b)c < C) - P:c(Ta < T[b N g)

c H[b(x)
— 1— (a’b) —
Z Q(Z,a)G (ﬁ,Z) H[b(a)
z€ E(a,b)¢
Since [ = —oo we have for any x € E, Py-a.s., T, A( — ( as a — —oo since the Markov chain is sent
to the cemetery state when explosion occurs. Hence, (3.6) for [ = —oo follows by taking a — —oo
in the last equation and using the monotone convergence theorem. ]

4. DOWNWARD SKIP-FREE COMPOUND POISSON PROCESSES

In this section, we apply the methodology described in Section 3 to recover various fluctuation
identities for downward skip-free Z-valued compound Poisson processes. We recall that for the
continuous-state space analogue of this class of Markov processes, namely spectrally positive Lévy
processes, this problem has been well studied and has found an impressive range of applications, such
as insurance mathematics, epidemiology, financial mathematics and queuing theory, see [10, 6]. For
the discrete-time analogue, i.e. for random walks, Spitzer [14] solved this problem by means of the
celebrated Wiener-Hopf factorization and alternative interesting proofs, based either on excursion
theory or martingales devices have been proposed, see again [10, 6] and the references therein.
However, all of these approaches rely on the stationarity and independent increments property of
the random walks/Lévy processes, which makes it difficult to extend them to a wider context. Note
that the continuous-time, discrete-state space case considered here has been studied in [15].

In this section we assume that £ = Z and the Q-matrix generating (X, P) is given by, for x,y € Z,

ply—z+Da ify>zx+lory=xz—1
(4.1) Qz,y) =< —(a+p) ify==xa
0 ify<axz—2

where a@ > 0, p = (u(j))j>0 is a probability measure with p(0) > 0 and p(1) = 0 and p > 0.
Note that Q(z,0) = p for x € Z. This means that the holding times are i.i.d. and exponentially
distributed and the jump sizes are i.i.d. and independent from the holding times. Thus, (X,P)
corresponds to a Z-valued skip-free downward compound Poisson process with intensity «, jump
distribution Po(Xy, = j) = p(j + 1), 7 > —1, and killed at the constant rate p. For a function
f :7Z — R we denote its generating function (GF) by

Fs) =3 s ()

YEL
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We have, for z € Z and s € (0, 1],

(4.2) Q*(w,-)(s) = P(s)s" "
where, setting u(j) =0 for j < —1,

P(s) = a(p(s) — s) — ps
Further, we define
0 = inf{s > 0; ¥(s) =0}

Since 1) is convex, ¥(0) = ag > 0 and ¢(1) = —p < 0, we have 0 € (0,1] and ¢)(s) > 0 for s € [0,6).
Note that P (z,-)(s) is well-defined for s = e™ for u € R. Using the forward equations, Fubini and
(4.2), we get for t > 0, x € Z and s = "™ with u € R,

¥(s)

S

t t
Pr(z,-)(s) =1 —I—/O ZPU(:E, 2)Q*(z,-)(s)dv =1+ /0 Py(z,)*(s)dv
2EZ

Then, by taking the derivative in ¢, we get %Pt*(x, )(s) = MPt*(a:, -)(s). Solving this simple ODE

S

with the boundary condition Py(x,-)*(s) = s® yields, for t > 0, x € Z and s = ™ with u € R,

(4.3) E, [th]l{Kg}] = Pf(x,-)(s) = s"e s

By analytic extension (4.3) also holds for s € (0,1]. Also (4.3) implies the spatial homogeneity
property Pi(z,y) = Pi(z,y —x + 2) for x,y, z € Z. Clearly all states are transient if p > 0. Further,
as can be deduced from the theory of random walks, if p = 0 then all states are transient if and only
if Eg[X1] # 0 and by differentiating in s both sides of (4.3) we see that Eg[X1] = ¢'(1) = a(m — 1)
where m := >~ ju(j). Hence all states are transient for (X,P) if and only if p > 0 or m # 1.
Otherwise all states are recurrent. In order to present the fluctuation identities we introduce the

function W : Z — [0, 00) defined by W (z) =0 for x < 0, W(0) = m and for z > 0,

(44) W($+1)=a:(0)+u(10)ZW(j) (e —j+n+2)
j=0

where 7i(k) =1 — >, p(j). It is easy to verify that the function W on Z N[0, c0) is identical to
the one defined in Lemma 5.7 below and, hence, from that lemma we get that the GF of W equals
W*(s) = ﬁ for s € [0,6). We now provide a suite of fluctuation identities for skip-free downward
compound Poisson processes (killed at a constant rate). Recall that some of these identities can be
found in [15] whereas all of them for the closely related class of spectrally negative Lévy processes

can be found in [10, Chapter 8|.
Theorem 4.1. We have the following.
(1) If p > 0 or m # 1, then the resolvent of (X,P) is given by, for x,y € Z,
or—v
G(z,y) = “w0) Wy —z—1)
(2) In any case, for x,y € Z,
PL(T, < Q) = 0"V + ¢/ (OW (y - — 1)

11



(3) In any case, fora <x <b-—1,

Wh—-—x-1
P (T < T A C) :WEb_H
b—xz—2 W(b o 1) b—a—2
Py(Tiapye <) =1+p Z W(z) - mp Z W(z)
2=0 z=0
X T W) - EW a1 ifp>00rm>1
Pw(T[b<O_{1+¢’(1)W(b—x—1) ifp=0andm<1

Proof. We first assume p > 0 which entails that all states are transient. We choose for the reference
point 0 = 0, and for the reference measure m = 1. Note that by spatial homogeneity EyGZ Py(z,y) =
> yez P(0,y —x) <1 for any x € Z and so m = 1 is excessive for (X,P). We have by (4.3), for any
r €,

Z Pi(z,y)0Y = 0% exp (1'[)‘(9‘9)75> =6

YEL

So z + 67 is harmonic for (X,P) and so, via Remark (3.2) and since 6 € (0,1) as p > 0, satisfies
properties (i)-(iv) in Theorem 3.1(2). We now simply write H = Hy, H = Hy,HV = Hgy. Hence,
H(z) = 6*. Furthermore, as @(y, x) = G(z,y) = G(—y,—x) for all y € Z, we have by the definitions
of H and H in Theorem 3.1, for all y € Z,

~

Ty T G(ya ‘T) BT G(_y7 _:E) 7 G(—y,Z) _ o _ N
H) = 0 200 ~ o 00, ) % G, =
Since 1(s) < 0 for s € (0, 1] we have by (4.3), for s € (0, 1],
N I vy, S
G (0, )(s)—/o S =~
By (3.2) and recalling HY(0) = 0 for y < 0, we have for s € (,1],
DGOy = GO0 = D els/0 =~ s — g
y>1 y<0
L (s —0)s+ cip(s)s
) BEKCICED

Since G(0,y) < 1/p for all y € Z, we must have >_ -, sYG(0,y) < oo for all s € [0,1]. Hence by
continuity of a power series

lim (s —0)s+ ci(s)s
sl Y(s)(s = 0)

But by L’Hépital, if ¢ # —w%w), then
lim (s —0)s+cip(s)s

— 1 v
551;8 G(0,y) € [0,00)

s—0+s(14ci)/(s)) + ci(s)

e e6=0 | BT e o0t |
1

So we must have ¢ = — 5. Then by analytic continuation, (4.5) holds for all s € [0, 1]. Therefore,
since G(0,y) = c~Y(1 — HIY(0)) for y € Z by (3.2), we have for s € [0,6),

S (/0 B0) = 23 wG(0.y) + L0 = i)

/6
y=1 y=>1
12
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Hence, HY(0) = —¢/(0)0YW (y — 1). Since W*(s) = % for s € 0,0), we have G(0,y) = cf7¥(1 —

HY(0)) = —% — W (y — 1). By spatial homogeneity G(z,y) = G(0,y — x) which proves item (1)
for the case p > 0 and further implies by (3.2), for z,y € Z,

HV(z) = —/(0)0*W (y -z — 1)

If p = 0, we consider for ¢ > 0 the process (X,P(@) which is defined to be the process (X,P)
but killed at rate g, i.e. its Q-matrix is given by (4.1) but with p = ¢. Then clearly from (4.3),
the transition kernel of (X,P(9) is given by Pt(Q) (x,y) = e P;(x,y). By the same reasoning as for
(2.4), we further have for any stopping time T,

(4.6) PO N{T < oo}) =E; [e P rnreny], T E€Fr, z€Z

Since all states are transient for (X, P(9)) we have with the obvious notation,

GQ(xvy) - /Ooo e_qtpt(x7y)dy - _w,((ge(((];)m)_y_q

By the monotone convergence theorem Gy (z,y) — G(z,y) as ¢ | 0 and it is easy to see by convexity
of ¢ that 6(q) — 6 and thus also ¥’ (0(q)) — v¢'(0) as q | 0. Further, via (4.4) it is easily seen that
W@ (z) - W(z) as ¢ | 0 for any = € Z. Since ¢/(A) # 0 when p = 0 and m # 1, we can conclude
that item (1) also holds when m # 1. Note that the above expressions found for H(z), H(y) (given
the same reference measure 7 = 1) and HY(z) still hold for the case p = 0 and m # 1 (for which
we know all states are transient as well). Then the identities in items (2) and (3) in the case p > 0
or m # 1 immediately follow from Theorem 3.3 in combination with, relevant for the last identity
in item (3),

_W(q)(y_x_1)7 xvyEZ

lim W(z) =

T—00 1

—vm ifp=0and m <1

In order to see this, note that lim, oo W(z) = limg AW*(s) where AW (z) = W(z) — W(z — 1),
x € Z, and that (i) # < 1if p >0 or m > 1 and so limg AW*(s) > limgrg AW*(s) = limgpg 275

¥(s)
oo and (i) § =1 and ¢(1) = 0if p = 0 and m < 1 and so limg AW™*(s) = limgyy ﬁ = —ﬁ(l).
If on the other hand, p = 0 and m = 1, then § = 1, ¢/(1) = 0 and all states are recurrent. Hence
item (2) and the last two identities in item (3) still hold when p = 0 and m = 1. The first identity
in item (3), in the case where p = 0 and m = 1, can be proved by considering the process (X, P(q))

for ¢ > 0 and taking limits as ¢ | 0 while using (4.6). 0

{oo ifp>0o0rm>1

5. MARKOV BRANCHING PROCESSES WITH IMMIGRATION

In this section, we apply the methodology developed in Section 3 to establish the fluctuation
theory of Markov branching processes with immigration, which are downward skip-free continuous-
time Markov chains. We emphasize that although this class of processes have been intensively
studied, only the law of the downward first passage time, that is the one with continuous crossing,
has been characterized through its Laplace transform, see [4, 16] and in the continuous state space
setting [7]. Further remarks about the literature can be found in Remark 5.5.

We assume that £ = Z; = Z N [0,00) is the set of nonnegative integers and the Q-matrix
generating (X, P) is given by, for z,y € Z,

ap(ly—z+z+pPriy—=x) ify>z+1
—(a+p)r— B —rlz_g ify=ux
p(0)ox ify=a—-1

0 ify<z—2
13

(5.1) Qz,y) =



where o,r > 0, p = (u(j)) >0 is a probability measure with £(0) > 0 and p(1) = 0, p,8 > 0,
v = (v(j));>1 is a probability measure. Note that, for z € Z,

(5.2) Q(IL‘, 8) = px + ’I“H{ﬁzo}

We call (X, P) a Markov branching process with immigration (MBPI) with parameters (a, p, p, 8, v, 7).
If B =0, we call the MBPI a Markov branching process (MBP) with parameters (v, u, p,r).

MBPT’s were introduced by Sevast’yanov [13| and are continuous-time skip-free downward Markov
chains with transition rates that are affine in the state variable and with Q(z,x —1) = au(0)xz > 0.
For more background information on MBPI's/MBP’s we refer to Li et al. [11, Section 1|, Harris [8,
Chapter V|, Athreya and Ney [3, Chapter III| and the references therein. Note that when 8 = 0,
in the limit case r = 0, (X,P) is still an MBP in the sense of these references. However, 0 is an
absorbing state in this case which prevents the use of our theory developed in Section 3 due to the
lack of the existence of a positive excessive reference measure. Nevertheless, as we shall see below,
this case can be dealt with by a limiting procedure.

We recall that for f : Zy = R, f*(s) := 3., ez, s”f(y) denotes its generating function (GF), and,
for f,g:7Zy — R we denote by f x g :7Z, — R the convolution of f and g, i.e.

= fle—yly
y=0

The branching and immigration mechanisms 1) and ¢ of a MBPI (X, P), are defined, for any s € [0, 1],
by
(5.3) U(s) = a(p(s)—s)—ps

o(s) = B —v(s))+rlp=
where we have set v(0) = 0. Moreover, we have 9(0) = au(0) > 0, (1) = —p < 0, and, since ¥ is
convex, 1(s) > 0 for s € [0,0) where

0 = inf{s > 0; ¢(s) =0} € (0,1]
From (5.1), we get that, for any z > 0 and s € [0, 1],
(5.4) S Q. y) = b(s)rs" — o(s)s”
YELy

where we understand that 2s*~! = 0 when # = 0 and s = 0. Before we derive the fluctuation
identities for the MBPI using the theory from Section 3, we need to introduce further notation. For

a measure p = (u(k))k>0, we denote by & = (fi(k))r>o its tail, i.e. (k) =1 =3 5 u(i), k > 0.
Then, i = (f(k))k>0 and 7 = (U(k))g>0 are the tail measures of p and v Where we set (0) := 0.
We introduce the following functions.

(1) Let W, Aw, kq : Z4 — [0,00) be defined as follows. For any k > 0,

k
k)= Awl(j)
=0

where Ay (0) = and recursively

1
au(0)
1 b PR p

and, for any ¢ > 0,
Kq(k) = B Aw x (k) + (g + rlis_oy) W (k)



which is easily seen to be positive for any k € Z..
(2) For any g > 0, the positive measure 7y = (74(k))r>0 and the signed measure vy = (vg(k))r>0
are defined recursively by m4(0) = v4(0) = 1, and, for k > 0,

Vg * kg (k)

(5.5) rolk 1) = TR k1) = =

k+1
As above, we simply write m = mg and v = vy.
We proceed with the following main results which first characterize the g¢-resolvent density of

MBPI along with the transience-recurrence dichotomy, and, in a subsequent claim, the Laplace
transform of first exit times of an interval. The proof of this claim is given in Section 5.1.

Theorem 5.1. Assume (X,P) is a MBPI with parameters (o, p,p, 3,v,7). Then the positive mea-
sure ™ = mo defined in (5.5) is an invariant reference measure for (X,P).

(1) The g-resolvent density of (X,P) is given, for any x,y € Z4 and q > 0, by

(5.6) ga(w:y) = < fly(y) (Hy(w) — HY (@)
v p(u)+
where cq = foe ¢(1v 0 (“>qdudv,
1 [0 o~ v p(wq g
5.7 H,(x)=— — ¢ Jo wm My
( ) q( ) Cq 0 w(v)
> mq(y)

5.8 H =4

and

1 Y& (y—x—1-1)

5.9 HUY(z) = a W s vg (1)1
( ) q x Cqﬂ-q(y) o r+1+1 * Uq( ) {y>z+1}

or, equivalently, for any y > x + 1 and s € [0,0),

S ¢>(u) q
(5.10) S HY (2)m, (y)s" = / o0 5 gy

YELy

(2) Moreover, for any q > 0, the functions x — Hy(x) and x — H Y(x) (resp. y — H, ¢(y)) are
non-increasing (resp. non-decreasing) on Z .

(3) (X,P) is transient, i.e. for all v,y € Z4, g(x,y) = limy_,0 g¢(z,y) < 00, if and only if, for
some 0 < e <0,

(5.11) / o) My < 00

As a by-product of these previous results and Theorem 3.1, we deduce the following.

Corollary 5.2. (1) For any x > a >0 and ¢ > 0,

H,(z
12 E, [em?TeI = 1
(5 ) [6 {Ta<<}] Hq(a)
(2) For any0 <a<xz<b—1andq >0,

ly
- Hy ()

qTa q
E, [6 ]I{Ta<T[b/\§}} H([Iy(a)
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(8) For any xz,y > 0 and ¢ > 0,

i _ Hy(x) - H ()
By [e yH{Ty<C}] = Hy(y)
(4) For any 0 <z <b and ¢ >0,
b—1
Ex |:67qu] H{Tb]<<}} = 1- Cq Z(py + Q) (H([]b(x) - HE]y(‘r)> ﬂ-Q(y)
y=0

(5) For any a <x <b and q> 0,

. b—1 Hgb(x)
B[ on] = 1-¢, Y <py+q>( : HLW—HW) 70(9)
y=a+1 H; (a)

We first point out that the fluctuation identities above still hold by taking the limit ¢ — O.
Moreover, the limiting case r — 0 when § = 0, that is (X,P) is an MBP with 0 as an absorbing
state, cannot be directly handled with our approach as there does not exist a positive excessive
measure. However, due to the structure of MBP’s, the fluctuation identities in the case r = 0 and
q > 0 are easily derived from the previous Corollary by replacing in the expressions both r and ¢
by ¢/2. Finally, the case r = ¢ = 0 is given in the following.

Corollary 5.3. Let (X,P) be an MBP with r =0, then, for any x >0 and y > 1,
1 €T
(5.13) Gla) = 2 Wy —1) = Wiy - - 1)

where we have set W (y) =0 for y < —1. Moreover, for x,y € Z,

B W(y—xz—1)
P.(T, —eleyb (7 T I

and, for any 0 < x <b,

b—x—2 W(b—m— 1) b—2
Po(Tyy <) =1+p Z W(y) - TWo-1) 1 +PZW(9)
y=0 y=0
Finally, for any 0 <a <z <b,
Wh—x-—1
Pp(To <TpNC) = M
and
b2 b—a—2
Wh—-—z—-1
Py(Tiapye <¢)=1+p Z W(y) — WEb—a—lsp W(y)
y=0 y=0

Remark 5.4. The class of MBPI’s is invariant by killing according to a linear multiplicative func-
tional. More specifically, if (X, P) is a MBPI with parameters («, u, p, 8, v, ) (including the limiting
case r = 0), and (X, ]P’(V)) a MBPI with parameters (a, pu,p + 7, 8,v,7),7 > 0, then using (5.2) and
a classical result in the theory of Markov processes, one can show for any stopping time 7', ¢ > 0
and z,v > 0,

E; |e aT=7 Jo Xed ]1{T<oo}] - Eg)/) [6 qT]l{T<oo}]
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where EO) is the expectation operator associated with P(). This entails that all the identities in

Theorem 5.1 can be rephrased for the couple (7 fOT Xsds) where (X, P) is a MBPI with parameter
p > 0. As an example, for any 0 < a < x < b — 1, one has

HY . (z)

E(E e—qTa_,nyTa X = 7[[)
Hq,v(a)

“‘ds]l{Ta<T[bAc}] =E{ [e_qT“]l{Ta<T[bA<}

where H([Ib,V is the one associated with the MBPI process with parameters (o, u,p + v, B, v, 7).

Remark 5.5. Most of the identities presented in Theorem 5.1 and Corollary 5.2 are new in the sense
that also no analogues have appeared in the literature for the discrete-time analogue of MBPI’s,
i.e. Galton-Watson processes, or the continuous-state space analogue of MBPI’s, i.e. continuous-
state branching processes with immigration (CBI’s). For the special case of MBP’s some of these
identities are covered in the literature because the Lamperti transform entails that a MBP is a
time-changed skip-free downward compound Poisson process stopped at hitting 0 and killed at a
constant rate, see |3, Theorem III.11.3| for the Lamperti transform for nondecreasing MBP’s. This
implies that, in the MBP case, the last two identities in Corollary 5.3 for y < x are identical to
those for skip-free downward compound Poisson processes, which is confirmed by comparing these
results with Theorem 4.1, see also [10, Theorem 12.8 and Corollary 12.9] for the continuous-state
space case. With immigration the only identity that, to our knowledge, has appeared before in the
literature is the one for the downwards hitting probability, which from (5.12) in Corollary 5.2 reads,
for any ¢ > 0,

0 v v ¢(u)+q
0 B )exp(— 0 0w du)dv

9 e
f 200y €XP ( v olu ()J)rqdu) dv

Namely, the analogue of this identity for CBI’s has been derived from Duhalde et al. |7] and the
MBPI case can be found in [16], see also [4] for the case f = 0 where the methodology developed
therein is used.

0<a<zx

(5.14) E. [e" " lir, <] =

In Corollary 5.3, we see that the expressions simplify for the special case of MBP’s for r = ¢ = 0.
This is also the case for another subclass of MBPI’s.

Example 5.6. Assume the parameters (o, i1, p, 8,v,r) of the MBPI are such that 0 <m <1+ 2,
f=am>0,v(j) = w for j > 1 and ¢ = p — a(m — 1), where m := >~ ju(j). Then
o(s) +q = —'(s) for all s > 0 and consequently, for s € [0,0) and y > 0, via Lemma 5.7 and

Theorem 5.1, we have 7 ( )= ¢EO)
o (- [ g = T
w P(0) z+1
1 S:c—f—l
Z Hy x)cqmg(y)s? = BEES

yELy
This yields, for z,y > 0,

e ) = OV ) and B (2 () = 2

5.1. Proof of Theorem 5.1. We start with the following lemma.

Hy(z) =
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Lemma 5.7. The GF’s of Ay, W, kq, mq and vy are given, for any ¢ > 0 and s € [0,60), by

* 1—s * _ 1 * _ ¢(S) +q
AW(S) mv w (S) - w(s)v Hq(s) - Qp(S)
W;(S) = fs d)’%x and U;(S) =e 0 %u();)qdu

Proof. Let f: Z4+ — [0,00) with f(0) = 0 be given and let f** denote the n-fold convolution of f
with f*9(z) = 8o, It is well-known that, given ug > 0, u(z) = ug >_,,50 f*"(2) is well-defined and
satisfies the renewal equation -

xT

(5.15) we+1)=> u()fle+1-47), x>0, u0)=u

=0
see e.g. |2, Theorem V.2.4]. Hence, if f*(s) < 1 for some s > 0, then u*(s) = % < oo. Let
n(z) = ﬁ(ﬁ(x) + £) for x > 1 and set n(0) = 0. Since, for s € [0,1), 77*(s) = 171“:8(5), we obtain

that

1 — p*(
(1 — (0 —_—
5 (52 p(O) +
That is n*(s) < 1 for s E 0,9 ) and we conclude that, for s € [0,0),
Aw() _1—8

AV =120 = 00
Consequently, for any s € [0, 6),
« Afy(s) 1
L =T
Next, since 7*(s) = 1—11/_*53)7 we have, for any s € [0,6),
wiayq(L—s1—=0v7(s) q _#(s)+gq
0= (5 o) Yot~ S

From the definitions of 7, and v, it follows that |v,(z)| < mg(x) < w(x) where u is given by the
renewal sequence (5.15) with f(j) = kq(j — 1), j > 1. Since f*(s) = rj(s)s there exists € > 0 such
that f*(s) < 1 and consequently u*(s) < oo for any s € [0, ¢]. Hence, the mappings s ~ 7 (s) and

s+ vy (s) are well-defined for s € [0, ¢]. By the recursive definitions of 7, and vy, we deduce that

d o(s)+a .
d ¢(s)+a .
£’U;(8) = —U;(S)W with U;(O) =1
. fS d(uw)+q du . .
By solving these ODE’s, we get m;(s) = v T = for s € [0,¢€]. Since the middle part of

*(S)
the last equation is well-defined for all s € [0,6) it follows by properties of power series that this
last equation holds for all s € [0,0). O

The next two lemmas are more of less covered in Li et al. [11, Section 2|, though we provide a
proof since [11] has a different starting definition of MBPI’s and uses different notation.
Lemma 5.8. Define I, : [0,0) — [0,00) by Iy(s fo sy du. The function Ly is bijective and its
inverse IJI : [0,00) — [0,8) is well-defined. Then, the GF of the MBPI (X,P) is given, for any
x€Z4,t>0and s €10,0), by

(5.16) E. [s¥ 1 ccy] = WF (s)Py(s)
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where, recalling that 7 (resp. v*) is the GF of m = my (resp. v = vg), we have set

(5.17) Uy(s) = I, (t+ Ly(s))

(5.18) Di(s) = 7 (s)v* (Te(s))

Proof. Note that I is bijective since it is increasing, continuous, I,,(0) = 0, and, as 9 is a power
series with (6) = 0, limgyg Iy (s) = oo. The first part of the proof of [11, Theorem 2.2| in com-
bination with [1, p. 83| shows that, for z,y € Z; and t > 0, P,(z,y) is the unique nonnegative
solutionv to the forward equation satisfying 3 ., Pi(z,y) < 1. Let Py(z,y) = F(0,-) * Fi(z,-)(y)
where P;(x,y) is the transition kernel associated with the MBP with parameters («, p, p,0) whose
Q-matrix we denote by Q. Clearly, Pi(x,y) > 0 and Zy€Z+ Pi(z,y) < 1. Since P, respectively P,

satisfies the forward equation associated with @, respectively Q, see e.g. [12, Section 2.8], we have

d ~ y+1y+1 . o
SPley) = > > B0, 1)Py(x, k) (Q(l,y — k) +Qk,y — l))
=0 k=0
y+1y+1 .
= > > P(0,)Pi(x,k)Q( + k,y)
=0 k=0
y+1 m .
= Y ) P(0,)Py(z,m — D)Q(m,y)
m=0 [=0
= Z ﬁt(ﬂj,m)Q(m’y)
meZ4

v

where the second equality is due to (5.1) and where we have set Q(z,—1) = Q(x,—1) = 0. So
P, is a solution to the forward equations and therefore P, = P;. From [1, Theorem 3.1(2)], see
also [8, Theorem V.4.1]%, we get that P; satisfies the branching property Pi(z,y) = Pi(1,-)**(y)
where *z denotes the z-fold convolution. Combining this with Py(x,y) = P,(0,-) * P,(z,-)(y), we
see that (5.16) holds with Wy(s) = Pr(1,-)(s) and ®;(s) = Pr(0,-)(s). Since P, respectively P,
also satisfies the backward equations associated with @, respectively Q, we have with the help of
Fubini, for s € [0,1] and t > 0,

BrL)(s) = s+ /0 > QMY)EL (v, )(s)du

YELy

14 /0 S Q.9 Py, )(s)du

YELy

F7(0,-)(s)

Then, by taking derivatives in ¢ and using (5.4), we get, for s € [0,1] and ¢ > 0,

(5.19) %\I't(s) = P(Vy(s)) with Up(s) = s
(5.20) CBils) = —6(Wi()Bils) with Do(s) = 1

Since 1 is locally Lipschitz on (—1,1), and, for any s € [0, ), the right-hand side of (5.17) solves,
for all t > 0, the ODE (5.19), it follows by a classical argument that (5.17) holds. Furthermore, the
linear ODE (5.20) has a unique solution, and, using (5.19) and Lemma 5.7, the right-hand side of
(5.18) solves, for all ¢t > 0, (5.20) for any given s € [0,6), which implies that (5.18) holds. O

2In these references it is assumed that p = 0 but the arguments go through for p > 0.
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Lemma 5.9. For any g > 0, the positive measure mq defined in (5.5) is a g-invariant measure for
(X,P). In particular, m = 7y is a positive invariant reference measure for (X, P).

Proof. We need to prove that, for ¢ > 0, e~% erz+ 7g(x) Pz, y) = my(y), for all y,t > 0. To this
end, let ¢,y > 0 and s € [0,6). Then, by using successively Tonelli theorem, (5.16), (5.17) which
entails that W.(s) € [0,6) and (5.18), we have that

S Y m@Pay)st = Y me) 3 Piley)st = 3 m(@) W) i(s)

yELy wely ©€ly yeZ w€ly
= ma(Wi(s))Pi(s)
= (W)t D (s)0* (Wy(s))
= ettetlv(&)x(s)
e_qtﬂ;(s)

where we used, for the two last identities, the fact that 7*(s) = 1/v*(s), (5.17) and m;(s) =
e?v(5)7*(s). By injectivity of the GF, this provides the claim. O

We proceed by providing the expression of the GF of the g-resolvent, from which the integral test
(5.11) for the transience-recurrence dichotomy is derived.

Lemma 5.10. For any x > 0,q > 0 and s € [0,6),

0 T s T
. . v _fv o(W+q g, v fs o(w)+ta g,
(5.21) Gy(xz,)(s) = 7 (8)/ ——e 10 90 dv—/ ——e’v ¥ Ty
! o ¥(v) 0 ¥(v)
Moreover, if (5.11) holds then, for any x > 0 and s € [0,0),
0 T s T
v — v ) g, v 220 gy,
5.22 G*(x,.)(s) = 7"(s / e Jo vy gy —/ ——ev v dw
(5.22) (2,.)(s) ()ow(v) D)

Thus, (X,P) is transient if and only if (5.11) holds.

Proof. By Lemma 5.8 and by performing the change of variables ¢t = Iy,(v) — I(s), we have, for any
x>0 and s €[0,0),

Gyl )s) = 3 Gyla)s = [T S Rt

YELy =
= /o e q (IJl(t + qu(s)))xw*(s)v* (Igl(t + Lp(S))) dt
= eMv)r*(s) /9 eqlw(u)wdv
- Y vxvg(v) . s vxv;(v)
= m, (s) o) dv — ﬂ'q(s) /0 dv

P(v)

0 ,x s
v _ (v ¢(w)+g s o(u)+q
= 7'('*(8)/ ——e 0 90 dudv—/ elv oty gy
! o Y(v o ¥(v

where, for the last identity, we used Lemma 5.7. We complete the proof by letting ¢ | 0 and using
the transience-recurrence dichotomy property of continuous-time Markov chains. ]
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5.1.1. End of the proof of Theorem 5.1. We first recall that the characterization of the invariant
measure is given in Lemma 5.9. Next, from the definition of H; in Theorem 3.1(1), i.e. Hy(x) =

g‘;%’g;,x > 0, where we used 0 = 0 as reference point. Since Gy(z,0) = Gy(z,.)(0),z > 0, by

invoking Lemma 5.7 again, we deduce from the identity (5.21) that G,(x,0) = m;(0) 00 e J(%()U)d =
I v (u)+ *

f9 . ) 0 oty % v, which provides the expression of Hy(x) and of ¢, = g4(0,0) = G ;(Og( ' =

g #(w)+
v u)+q
fe qp(l ye o v %y, since m(0) = 1. Next, using the definitions (5.8) and (5.9), one gets, for any

x>0,qg>0and s €]0,0),

Y ey (pHY @) (y)s! = g m(y)HY ()5

YELL YELy

y—z—1

gy — (z+1+1))
- Z s¥ Z : T+ 1+ 1 W vg(Dly 241y
YELy

= 7 (s) MSIHH

zz+l+x+1

= /ZW*vq z“dv
0 jez,
= () /0 oW ()02 (v)dv
S P g slwtag,
5.23 = /e” v My
(5:23) ) 200)

where, for the fourth equality, we have used Fubini Theorem which is applicable because clearly
lug(l)| < my(l) for all I > 0 by their definitions, and the last one follows from Lemma 5.7. Putting
pieces together and using (3.2) and (5.8), we get, for any = > 0,¢ > 0 and s € [0, 0),

> glwnrw)s’ = > ciflyly) (Holw) - B (@) nly)s”

YyEL+ YELy
= coHy(x) Z mq(y)s? —cq Z Trq(y)H([]y(x)sy
yELy y>x+1
0 _ v ¢»<u>+qd S T s glwta g
= 71'*(5)/ e o udv—/ elv “otm gy
o O(0)° 0 ¥(v)

which is the expression (5.21). Using Theorem 3.1, and the injectivity of the GF, we deduce the
expression (5.6) of the g-resolvent density. The fluctuation identities, for ¢ > 0, are a by-product of
Theorem 3.3. The last claims of the Theorem follow readily.

5.2. Proof of Corollary 5.3. We now turn to the limiting case r = 0, when (X,P) is a MBP,

i.e. B =0. It is easy to prove by induction that lim, o m4(y) = limg o ve(y) = 0 and lim, o = f‘(y) =

W for y > 1 and further by an integration by parts, for x > 0,

0 0 i
lim ¢ VI gy — i <1+ / wvle o wi’md“dv)
a0 Jo () 410 0

(5.24) = ¢
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Using Theorem 5.1, replacing in the expression of the g-resolvent both r and ¢ by ¢/2, and invoking,
while taking the limit ¢ — 0, the monotone convergence theorem, we deduce, for all x > 0 and
y > 1, that

0
T g, Wy—z-—1
Glz,y) = hqu(y)q/ VS g, W=z 1)
0

a0 ¢ (v) y
_ Wy -1 Wy-z-1)
y y

which finishes the proof of (5.13). In the same way, using Corollary 5.2, we get the remaining
identities.
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