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A quasi-stationary approach to the long-term asymptotics of

the growth-fragmentation equation

Denis Villemonais Alexander R. Watson”®

18th March 2024

Abstract

In a growth-fragmentation system, cells grow in size slowly and split apart at random. Typ-
ically, the number of cells in the system grows exponentially and the distribution of the sizes of
cells settles into an equilibrium ‘asymptotic profile’. In this work we introduce a new method
to prove this asymptotic behaviour for the growth-fragmentation equation, and show that the
convergence to the asymptotic profile occurs at exponential rate. We do this by identifying
an associated sub-Markov process and studying its quasi-stationary behaviour via a Lyapunov
function condition. By doing so, we are able to simplify and generalise results in a number
of common cases and offer a unified framework for their study. In the course of this work we
are also able to prove the existence and uniqueness of solutions to the growth-fragmentation
equation in a wide range of situations.
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1 Introduction

Growth-fragmentation describes a system of objects which grow slowly and deterministically, and
split apart suddenly at random. It arises in biophysical models of cell division [37, §4], cellular
aggregates [2] and protein polymerisation [41]. We are concerned in this work with a mathemat-
ical model of a growth-fragmentation system which describes its average behaviour over time. We
will give general conditions for such a model to make sense, and characterise its long-term beha-
viour, by showing that cell numbers grow exponentially and the cell size distribution settles into an
equilibrium, and that this occurs at exponential rate.

In a growth-fragmentation system, each cell has a trait associated with it, called its size. As
time progresses, the size of the cell increases in a deterministic way, mathematically modelled by
an ordinary differential equation. At some random time, it undergoes fragmentation, and splits its
size, again at random, into a collection of descendant cells.

A common starting point for the study of these phenomena is the equation

(0]
0rur(x) +0x(c(x)ur(x)) = f ur(Pk(y,x)dy — K(x)us(x), ey
X
where u,(x) represents the density of cells of size x at time ¢, ¢ and K are growth and fragmentation
rates respectively, and k represents the repartition of size between parent and descendant cells.
This equation can be expressed in a more general form, without requiring densities, by consid-
ering a semigroup T which solves the following equation:

0
0T f(x) =Tt f(x), A f(x)= a—i(x) +f(0 )f(y)k(x,dy) - K(x) f(x), 2)

for suitable functions f. Here, s represents the growth term, K(x) is again the rate at which a cell

of size x experiences fragmentation, and k(x,dy) is the rate at which a cell of size y appears as the

result of the fragmentation of a cell of size x. We call (2) the growth-fragmentation equation.
Speaking formally, if u; solves (1), then T;f(ug) == [ u.(x)f(x)dx solves a version of (2) in-

tegrated against u(x)dx, with s(x) = [} %. On the other hand, if T solves (2) and T;f(x) =

Ju:(» f(y)dy, and once again s(x) = f;' %, then u, satisfies (1) with uy = d, the Dirac delta
measure. However, it is not straightforward to make this connection rigorous (see [24] for one pos-
sible approach for growth-fragmentation, and [21, Theorem 8.1] for a related model). We take (2)
as our main object of study.



Our standing assumptions on the coefficients of (2) will be given at the beginning of section 2.
For the moment, we note that s should be continuous and strictly increasing, we define (see e.g. [39]
and references therein)

g(x) ~ lim f(x+6) —f(x),
0s 5—0,5>0 s(x+06) — s(x)
and C" to be the set of continuous functions f: (0, +o0) — (0, +00) such that 8 f/ds is well-defined
on (0, +00). We also write C&¥ for functions f € C® with compact support and with 4 f/ds bounded;
and C\*) the set of functions f € C¥) with 8 f/ds locally bounded.
The purpose of this work is to give general conditions for the existence and uniqueness of the
semigroup solving the growth-fragmentation (2), and to describe its long-term behaviour precisely.
For the first of our results, we require the following assumption on the existence of a Lyapunov
type function for <.

Assumption 1. There exists a positive function & € Cl(g)c such that, for all M >0,

h(y)
su PN k(x, d ) < +00 (3)
xe(o,IJ)m f(o,x) h(x) y

and such that (0,00) 3 x — "Q%(C;‘) is bounded from above and locally bounded.

This assumption is quite abstract, but we will show shortly that it is verified for a wide class of
coefficients, covering many commonly studied cases in the literature. The main result of this paper
is the following statement on existence and uniqueness of solutions to the growth-fragmentation
equation. We consider semigroups acting on the Banach space

B={f:(0,00) —R: fis Borel and f/h is bounded}

with associated norm || fllg = Il f/ hll Lo ((0,00)). We caution that our definition of semigroup (which
we defer to page 8) does not impose any strong continuity requirement.

Theorem 1. Assume that Assumption 1 holds true. There exists a unique semigroup (T;) =9 on B
such that, for all f € 2(f) == C® U {h},

t t
f Tuldfl(x)du<oocdetf(x):f(x)+f Tyot f(x)du. )
0 0

We study the semigroup T by connecting it to that of a Markov process via an h-transform, and
this is a feature shared by other recent work such as [11, 17, 5, 14]. However, whereas these previous
works have been concerned with finding either a specific superhamonic function (in the first two
cases) or an eigenfunction (in the latter two) connected to </, we are quite free in our choice of the
function h, provided that we verify Assumption 1. In turn, we make use of the theory of sub-Markov
processes and their quasi-stationary distributions. This gives us a great deal of freedom and ac-
counts for the flexibility of our approach. In particular, we do not require conservation of size at
splitting events (i.e., K(x) = [ 2k(x,dy)), and both K(x) = [ 2k(x,dy) and K(x) = [ Lk(x,dy) are
possible in our framework, modelling respectively size creation and destruction; see section 3.1.1
for a representative example.

Other approaches, which do not adapt well to our situation, have been proposed. An approach
via Hille-Yosida theory may be found in [4, 7, 8], and further references therein; a method using



strongly continuous semigroups in L! spaces is contained in [17, 33, 30]; [35] discusses perturba-
tion results for Cy-semigroups in well chosen function spaces; an approach from martingale theory
can be found in [11]; and [6] uses a fixed point argument.

The second part of our work consists of describing the long-term behaviour of T, the unique
solution of the growth-fragmentation equation. In order to do this, we leverage a representation of
T in terms of a sub-Markov process which is developed in the proof of Theorem 1, and make use
of the theory of quasi-stationary limits in weighted total variation distance.

The following additional assumptions are required. These are discussed in more detail in se-
cion 3. The first can be regarded as a sufficient condition for irreducibility of the auxiliary Markov
process referred to above; see Proposition 4 in section 3 for a proof of this.

Assumption 2. For all x € (0, +o0), the Lebesgue measure of s({y € (x, +o0) : k(y, (0,x)) > 0}) is pos-
itive.

The second assumption implies a certain Doeblin condition for said Markov process, as shown
in Proposition 5 in section 3.

Assumption 3. One of the following holds true:

(a) There exist a positive constant a > 0, a non-empty, open, compactly contained interval I c
(0, +00), a function T': [0,1] x (0, 4+00) — (0,+00) and a probability measure y on [0,1] such
that, for all positive measurable function f on (0, +c0),

f fWk(x,dy) = af f(TO,x)udd), xel,
0,400) [0,1]

and such that for all 8 € [0,1], so T'(6, ) is continuously differentiable with respect to s on I,
with

0soT(0,-)
—(x) #1, xel. (5)
0s

(b) There exists a non-negative non-zero kernel g from (0, +o00) to (0, +00) such that, for all x €
(0,+00), k(x,dy) = B(x,dy) and such that, for all measurable A c (0, +o0) and x € (0, +o0) with
B(x, A) >0,

liminf B(y, A) > 0. (6)

Y—=X, y<x

With these in place, we can state the second main result. A more general version of this appears,
with proof, as Theorem 3 and Proposition 7 in section 3.

Theorem 2. Assume that Assumptions 1, 2 and 3 hold, and that there exist positive functions y,¢ €

Cl(g)c, constants A, = A, and cy, ¢2, C > 0, and a compact interval L < (0, +00), such thatc,é < h < oo,

limy—0,+00 % =0, SUP e, o) %k(x, dy) < +oo forall M >0, and
Ay (x) < -My(x)+Clp(x), x € (0, +00),
A ¢(x) 2 =A28(x), x € (0, +00).



Then, there exist Ay < A2, a unique positive measure m on (0, +00) and a unique function ¢ : (0, +oo) —
(0, +00) such that m(y) =1 and |@/¥|e = 1 and such that, for all t =0, mT; = eMim and Tp =
eMp. Moreover, for all f : (0, +oo) — R such that| f| <y, we have

eMT f(x) —p)m(f)| < ce My (x).

43

¢

for some constants c,y > 0. If moreover < is not constant, then 1o < A,.

This result is exactly what one hopes for from a Lyapunov function approach, but the reader
may still wonder whether these conditions and assumptions can be verified in practice. A repres-
entative case is the following, which appears later, with proof, as Proposition 9.

Consider the operator </ given in the form

A f=c)f (x)+K(x) U(O 1)f(ux)/v(du) -fx],

where p is a finite measure on (0, 1) such that f, ;, u p(du) = 1, K is right-continuous and c: (0, +o0) —
(0, +00) is right-continuous and locally bounded. This means that p(du) describes the rate of see-
ing children of relative size du at splitting, regardless of the size of the parent (we say that k is
‘self-similar’); there is conservation of size at splitting events; and that prior to splitting, the size x;
of a cell follows the ordinary differential equation x; = c(x;). To put this into the framework of (2),
we may take s(x) = ;" % and k(x,-) = K(x)po m;!, where m,(u) = xu.

Proposition 1. Assume that sup ¢ K(x) < +oo for each M > 0, that Assumptions 2 and 3 hold
true, that

X
R
0,1 ¢(x)

and that there exists a > 1 such that, for all u € (0,1),

. * K(x) —alnu
liminf dx > .
x—+00 Jyr c(X) 1= [,y v*p(dD)

)

Then, Assumption 1 holds, and the conclusions of Theorem 2 are valid, with A¢ < 0.

In the case where p(du) = 2du, which represents splitting into an average of two children with
uniform size repartition, Assumption 3(a) is satisfied provided K has some positive lower bound
on a compact interval (see Remark 4(i) in section 3.1), and the inequality (7) holds if

.. XK(x)
liminf
x—+o00 ¢ (x)

>3+2V2. (8)

On the contrary, when p(du) = 261,2(du), representing equal mitosis, Assumption 3(a) holds
provided that K has some positive lower bound on a compact interval I and that c(x) # 2c(x/2) for
x € I (see Remark 4(ii) in section 3.1). Moreover, the right-hand side of (7) has minimum approx-
imately —3.861n u (with the exact expression involving an implicit function). This implies that (7)

holds if
xK(x)

liminf > 3.86. 9
x—+oo ¢(x)
Proposition 1 and inequalities (8) and (9) give very concrete conditions for checking the long-term

behaviour in these common cases.



Comparison with the literature. We give here a brief overview of the literature and describe how
our results compare with the state of the art, without pretending to be comprehensive.

The situation in Proposition 1 was considered in Theorem 1.3 of [14] where, as discussed earlier,
the authors begin by finding an eigenfunction ¢ for </, using functional analysis techniques, and
then use Lyapunov function criteria for the convergence of the resulting (conservative) semigroup.
Proposition 1 improves upon this by reducing the regularity assumptions on ¢ and K and the re-
quirements on the relative growth rates of these functions. Proposition 1 also recovers Theorem 4.3
in [6] while making slightly weaker assumptions on the growth rate and balance between K and c.
Both of these cases are discussed in more detail in section 3.1.2.

Bertoin [9, section 3.6] considers the setting where c is a positive, continuous, approximately
linear function and k is self-similar, and develops moment conditions for convergence at geomet-
ric rate. The method used in that work bears some similarity with our own: the authors identify a
particular superharmonic function and study an associated Markov process. Section 6 of [12] ap-
plies the same idea in a more specific setting. Our approach is based on the study of a sub-Markov
process, which allows us to extend the geometric convergence to a broader class of models. In par-
ticular, Proposition 11, whose conditions are similar to those in the model studied in [9], gives a
similar, but more general moment conditions for this to occur. Cavalli [17] uses methods similar to
those of [9] in a situation in which the fragmentation rate is bounded and cells can grow to positive
size starting from size 0. We reach the same conclusion in section 3.1.1, making weaker regularity
assumptions than [17].

In [1, 15, 27], K is comparable to a power law, c is either constant or linear, and k(x,)

xK(x
both below and above. The authors prove geometric convergence in a weighted LZ( riorm. In the
case of self-similar k, Propositions 9 and 10 offer the convergence in [15] and [27] respectively, al-
beit in a weighted L* space; the bounds on )’f]((—x(x)) can be replaced with the weaker Assumption 3.
When £k is not self-similar, our main result also applies under weaker requirements, as detailed in
Remark 5. We also note in this remark that our geometric convergence result covers, under weaker
assumptions, the setting of Debiec et al. [24], who use a relative entropy method to prove conver-
gence without geometric rate, and of Bernard and Gabriel [8], where the authors prove geometric
convergence rates by means of quasi-compactness.

Maillard and Paquette [30] consider the particular case where c(x) = x, K(x) = xR(x) and k(x,dy) =
XR(x) i—{dy for some positive function R, so that there is no conservation of mass, but rather con-
servation of the number of fragments. They establish a concise necessary and sufficient condition
for existence of a stationary distribution and convergence without geometric rates. Our results can
be applied to this particular model to provide sufficient conditions for convergence with a geo-
metric rate. This is discussed in Remark 5, where we emphasize the additional requirements of our
conditions (which ensure geometric rates of convergence) to the ones from [30]. Bouguet [13] also
studies the situation where the solution to the growth fragmentation equation is the semigroup
of a (conservative) Markov process, under moment conditions on the fragmentation kernel and
asymptotic conditions on the growth and fragmentation rate, which also enter in our setting.

Finally, we give some additional pointers to the (wide) literature. In [3] the authors consider a
growth-fragmentation model in a discrete state space; in [7], the authors study the non-convergence
of the growth fragmentation equation; in [16], the author obtains a sharp bound for the coefficients
of a critical growth-fragmentation equation (we actually recover this sharp bound in Section 3.1.4);
the two papers [31, 12] study the branching process representation of the growth-fragmentation
phenomenon and corresponding laws of large numbers; in [29], the authors prove an explicit geo-
metric rate of convergence under a specific monotonicity condition on integrands of the kernel in

is bounded




the case where s(x) = x — 1 and we do recover under weaker assumptions geometric convergence
in the examples they consider, however it does not seem that their assumptions imply the Doeblin
condition required to apply our result; in [35], the author studies a situation in which loss of mass
occurs, either at division events or directly by cell ‘death’ and proves quasi-compactness proper-
ties. We also refer the reader to the seminal works [23, 28] where dynamics in (0, 1] are studied; see
also [5, 43] for an extension of this model.

Discussion of the growth term. Besides giving general Lyapunov function criteria for solutions of
the growth-fragmentation and their long-term behaviour, the present work also makes it possible
to consider more general growth dynamics, since the growth term in < is given by the general
differential 6f/0s. As intimated in the previous example, the classical situation, where df/ds is
replaced by ¢ f’ for some continuous positive function ¢, can be recovered by setting s(x) = ;' %.
However, our setting allows us to handle, in particular, situations where the drift ¢ vanishes and is
not Lipschitz. Indeed, consider the case where c(x) = v/[x — 1]. Then the flow directed by the gener-
ator f— cf’, acting on continuously differentiable functions, has multiple solutions, whereas the
flow directed by the generator f — df/0s, acting on functions with bounded s derivatives, admits
only one solution. It also covers seamlessly the situation where the drift ¢ is not locally bounded.
The fact that the generator is not restricted to continuously differentiable functions is of course a

central component.

Outline of the paper. In section 2, we prove that the growth-fragmentation equation admits a
unique solution, by representing it as an k-transform of the semigroup of a sub-Markov process.
In section 3, we state and prove a general result which implies Theorem 2, and we provide sev-
eral applications to different families of growth fragmentation equations, with a comparison to the
state of the art. Finally, in Appendix A, we give some extensions of Davis’ work [22] on piecewise-
deterministic Markov processes (PDMP) which are required in section 2, proving in particular that
the martingale problem is well-posed.

2 Existence of a unique solution to the growth-fragmentation equation

This section is devoted to the proof of Theorem 1, which is to say, the existence and uniqueness
of a semigroup T solving the growth-fragmentation (2). Before discussing this in detail, we should
clarify our standing assumptions, notation and definitions.

The coefficients of (2) have the following standing assumptions in place. Let k be a positive ker-
nel from (0, +00) to itself such that k(x, [x, +00)) = 0 for all x € (0, +00), let s: (0, +00) — R be a strictly
increasing continuous function such that s(1) = 0 and limy_. ., $(x) = +o00, and K : (0, +c0) — R be
a measurable locally bounded function.

Recall the definition given earlier of the derivative of f with respect to s,

of . fx+d-f(x)
os (x) _6—»1(1)%>0 s(x+8)—s(x)’

and the function spaces C¥, C\ and Cl((f)c of s-differentiable functions. It is also useful at this point
to observe that, if a function f is s-differentiable on the right with locally bounded derivatives in the



above sense, then f is s-absolutely continuous (as defined in the appendix) and df/ds is its Radon-
Nikodym derivative. On the other hand, if f is s-absolutely continuous, then the right-hand side
above is equal to its Radon-Nikodym derivative almost everywhere.

We say that T = (Ty) ;=0 is a semigroup on a measurable space E if

(i) foreach t =0, T; is a kernel from E to itself,
(ii) foreach t,u =0, x € E and measurable Ac E, Ty, ,(x,A) = fE T (x,dy) Ty (y, A),
(iii) To(x,-) =04

As is usual for kernels, we can regard T; as acting on a measurable function f: E — R, by the
definition T; f (x) = [ T:(x,dy) f(»), and if 1 is a measure on E, we can also define a measure T =
Jg 1(dx) Ty (x,-). If B is some space of functions on E with the property that T;(B) B, we will refer
to Ty as a semigroup on B. Crucially, we do not make the requirement that T is strongly continuous.
In addition (see Corollary 2 below) the semigroup T does not depend on the choice of & made in
Assumption 1.

The proof of our first theorem is based on the study of an auxiliary sub-Markov process. More
precisely, setting

b:= (10

xe(0,4+00) N(X)

which is finite by assumption, we show that the action £ f(x) = M%C))(X) — bf(x) on suitable f

uniquely characterises a sub-Markov process X, whose killing rate is given by

dh(x)>0 Vx e (0,+00)
W ool

The auxiliary sub-Markov process X can be described informally as follows. The growth-fragmentation
equation (2) can be seen as characterising the expected behaviour of a system of growing and di-
viding cells (see [12] for a precise description). We assign each cell a time-dependent weight, with
the property that at each time, the sum of weights of cells is less than 1. At time ¢, we treat the
weights as a probability distribution and select a cell based on this (with positive probability of se-
lecting no cell). The size of the selected cell is equal in law to X;, and this procedure can be iterated

to obtain the law of a sub-Markov process X. This process is characterised in the following result,
which is proved in section 2.1; however, for our purposes, we do not need any system of cells, and
work solely with semigroups and their associated operators.

qx):=b-

Proposition 2. Assume that Assumption 1 holds true. Let E = (0,00) U {0}, where 0 is an isolated
point. Consider the operator £ given by £ f(0) =0 and

o (h
ZLfx)= % —bf(x)+qx)f),
0 h
= _f(x) +f (f» —f(x))ﬂk(x,dy) +q(x)(f0) - fx), x€(0,+00).
0s ©0,x) h(x)

with domain
D(L)={f: E=R: f(0) eRand flo,0) € CS}.

There exists a unique cadlag solution to the martingale problem (£,2(%)) for any initial measure
Ox. Moreover, its semigroup Q satisfies: forallt =0, allx € E and all f € 2(£),

t t
fOQulfffl(x)du<+oo and Qtf(x)zf(x)+f0 Q. Zf(x)du. (11

8



Then we show that there is at most one Markov semigroup Q on L*°(E) and satisfying (11). A
semigroup Q on E is called Markov if Q;1g = 1g for all £ = 0. The following result is proved in
section 2.2.

Proposition 3. Assume that Assumption 1 holds true. Then there is at most one Markov semigroup
Q on L>™(E) satisfying: forallt =0, allxe E and all f € 2(%L),

t t
fo QulZ f1(x)du < +oo and Q. f (x) = f(x) +f0 QuZ f(x)du. (12)

With these results on the auxiliary semigroup Q in place, we can conclude the proof of The-
orem 1 in section 2.3, by representing Q as an k-transform of the semigroup 7T solving the growth-
fragmentation equation 4.

Representing T in terms of Q is very useful, and not only for existence and uniqueness: our
results on the spectral gap in section 3 also rely on this technique.

We conclude with a few useful properties of T First, we note a simple bound on the support of
0xT, and observe that (4) holds true on an extension of the domain of «/. This result is proved in
section 2.4.

Corollary 1. Assume that Assumption 1 holds true. Then, for all x € (0,+o00) and all t = 0, the
support of 8 T; is included in [0,s™ 1 (s(x) + 1)]. Let f € C;;)C such that | f|/|h| is bounded and such
thatinf %f > —00 or sup %f < +o0. Then equality (4) holds true.

Secondly, we observe that the solution to (4) does not depend on the choice of h. This is proved
in section 2.5, ensuring that

Corollary 2. Let hy and h, satisfy Assumption 1. Then, the solution T' to (4) with hy instead of h,
and the solution T? to (4) with h, instead of h, are identical.

Remark 1. In this paper, we assume that sizes take values in (0, +00). However, when 0 is an en-
trance boundary for the growth component, that is when s(0+) > —o0, it is straightforward to adapt
the method and results of this paper to the case where the space (0, +o0) is replaced by [0, +00),
with k(x, {0}) =0 for all x € [0, +o0).

Remark 2. The primary difficulty in proving the results from this section is that we wish to char-
acterise T (and Q) in terms of analytic, rather than probabilistic conditions; that is, the semigroup
condition and the equations (4) and (12). Moreover, we want to avoid assumptions such as the
Feller property, which may not hold in the absence of similar conditions on the kernel k.

Indeed, Proposition 2, concerning the probabilistic question of the well-posedness of the mar-
tingale problem in the space of cadlag paths, is fairly straightforward to prove, and we rely primarily
on the work of Davis [22] (slightly extended in Appendix A) and standard techniques of Ethier and
Kurtz [26].

Proposition 3 is substantially more involved, but the techinque is essentially to show that any
semigroup solving (12) can be represented in terms of a cadlag Markov process, which in turn is the
unique solution of the martingale problem already addressed. The ideas in this part, such as the
study of upcrossings and regularisation of paths, are familiar, but typical references (for instance,
[42] under Feller-type (SII1.7) or Ray (§I11.36) conditions) have sufficiently different hypotheses that
we were not able to reduce the situation to one covered by these results.



2.1 An auxiliary Markov process

This section is devoted to the proof of Proposition 2.

From now on, we set

_h(y)
kp(x,dy) = ) k(x,dy).

so that, by Assumption 1, x — kp(x,(0,x)) is bounded on (0, M), for all M > 0. Before proving
Proposition 2, we start with a useful technical lemma. We define f_(x) = max{— f(x),0}.

Lemma 1. Assume f € 9(£), meaning that f(,+c0) € Cés), and that Assumption 1 holds true. Then
(i) Zf islocally bounded;
(ii) if f is non-negative, then £ f is bounded below;
(iii) if f is non-negative and f (0) = 0, then, for all M > 0, sup ¢ g pp £ f (x) < +o0.

Proof. Since f € 2(Z), flo,c0) € Cés). Define F = supp f(0,00), @ compact subset of (0,00). We first
note the following: for all x € (0, +o00),

| fx0)] =

0
a—i” +2[| fllookn (x, (0, X)) + 21l f oo g (),

where g(x) = b - 3%8‘) = 0 and ky(x, (0, x)) are locally bounded by Assumption 1. This proves the

first point.
If f is non-negative, then

0 0
fff(X)E—Ha—i” —f(X)kh(x,(O,X))—q(X)f(X)Z—Ha—f” = Lyerl flloo(kn(x, (0, X)) + q(x)) (13)

which is bounded below since F is compact and q(x) and kj(x, (0, x)) are locally bounded. This
proves the second point of Lemma 1.
If f is non-negative and f(0) = 0, then

of

ZLfx) = a” + 1 fllookn(x, (0, x))

0
G_fH + FO) kp(x,dy)
S oo 0,x)

which is bounded over x € (0, M), for all M > 0, according to Assumption 1. O
We can now proceed to the proof of Proposition 2.

Proof of Proposition 2. We first show that there exists a cadlag solution of the (£, 2(%)) martingale
problem, and then prove that this solution is unique.

(1) There exists a cadlag solution of the (£, 2 (%)) martingale problem.

Since s is continuous and strictly increasing, there exists a unique flow ¢ : (0, +00) x [0, +00) —
(0, +00) such that ¢(x,0) = x and

d

10



which is given by ¢(x, ) = s7!(s(x) + #) for all x € (0,+00) and ¢ = 0. We also set ¢(8, t) = 0 for
all = 0. We observe that ¢ is not explosive since it satisfies s(¢(x, 1)) = s(x) + ¢ for all £ = 0 and
x € (0, +00), while s(y) — +oo when y — +c0. Moreover, for all f € 2(%£), we have

f@p(x, 1+ h) - fp(x, 1)

d. o
Ef((/)(x, 1) := . lim

—0,h>0 h
-~ lim FG @) +t+h) - f(s s+ 1)
 h—0,h>0 h
= lim [W=J@n) g((l)(x, 1). (15)

Y= 0,y>hxn S(y) - sp(x, 1) s

Let us consider the piecewise-deterministic Markov process (PDMP) X directed by the flow
¢ between its jumps and with jump kernel kj and killing rate g, constructed jump after jump,
similarly as in [22], with values on (0, +00) U {co,0} and up to the time of explosion of the number
of jumps. Here oo is the point to which the process is sent after explosion of the number of jumps
and 0 is the cemetery point.

We prove now that the process X is non-explosive, so that it defines a cadlag Markov process
on E. For all k = 2, we set TZ =inf{t =0, X; = k or X;_ = k} and Ty, = inf{r =0, X; <lkor X,_ <Yk}
As pointed out above, we know that the flow ¢ does not explode. Since the process only admits
negative jumps, X; < ¢(Xp, t) almost surely, so that, for all x € (0,+00) and all ¢ = 0, there exists
kyx : = 2 such that

Pty <0)=0, (16)

where P, denotes the law of X with initial distribution §, (as usual, we extend this notation to
initial distribution u by P, and denote E, and E, the associated expectations).

According to (3), the jump rate of X from (0, +00) to (0, +00), thatis y — ky(y, (0, y)), is uniformly
bounded on (0, ky (]. Since in addition 0 is an absorbing point, the process does not undergo an
infinity of negative jumps before time # A T;;x P x-almost surely for all x € E. Using the fact that
the flow ¢ is increasing, we deduce that the 'process does not converge to 0 before time ¢ A TZM
P,-almost surely for all x € E, that is

. - + _
Jim Pz < ATy )=0, VxeE. 17)

Combining both (16) and (17), we deduce that, for all initial distribution v on (0, +0c0) U,

lim P, (75, AT <1)=0. (18)
k—+o00
This concludes the proof that X defines a non-explosive cadlag Markov process on E.

Let us now remark that it satisfies the (£,2(%))-local martingale problem. Indeed, for all
f€2(%), f belongs to the domain of the extended generator of X, as proved in Theorem 26.14
in [22], with the only difference being that, in our case, the flow ¢ is not determined by a locally
Lipschitz continuous vector field y, but instead by s. The only adaptation to be made in the proof
of Theorem 26.14 in [22] to obtain that f is an element of the domain of the extended generator of
X is as follows: we have, denoting by J;_; and J; the i — 1" and i™ jump times of X,

0if X, =0,

Xy )= fXg )=+ ._; . . )
F0=11% {fol i %f((P(X]i_l,t))dt:fO’ Jina %(g{)(X]H,t))dt:f]l_’f1 %(Xt)dt, otherwise
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instead of [ ]i"_ : X (X;)dt in [22]. The rest of the proofis identical.

Let us now prove that X satisfies the (£, 2(%))-martingale problem. We have that, for all x € E
and under P,, M{ = f(Xy) - f(x) - fotff f(Xy)du is a cadlag local martingale. Moreover, since
f and Zf are locally bounded by Lemma 1 point (i), the sequence 74 = 7;,, A T} is a localization
sequence.

We initially focus on the case where f € 2(%) is non-negative, and set a = infg £ f, which is
finite by Lemma 1 point (ii). We have, for any fixed t > 0 and any k = 2,

t t
IMf,\,kl =2 flleo +f0 | <L f(X)| du<2] flloo + |a|t+f0 | <L f(X,)—al|du
where, by the monotone convergence theorem and the local martingale property for M/,

t INT
E, (f Ixf(Xu)—aldu) =E, (llicminff kle(Xu)—aIdu)
0 —+00 Jo

k—+o00

INT |
= liminf Ey (f 1L (X)) - al du)
0

k—+o00

INTk
=liminf E, (f ($f(Xu)—a)du)
0

— liminf E, ( FXined) — ) = MY,

IAT
k—+o00 k

)+|a|t.

=2 flleo +lalt.

Hence, for all T = 0, {IM{ arel t £ = T,k = 2} is dominated by an integrable random variable. We

conclude by [40, Theorem 51] that, for all x € E, under P,, M/ is a martingale.

Next, we remove the assumption that f is non-negative, and permit any f € 2(%). Let ¢ €
9(%) such that ¢ = f;, where f,(x) = max{f(x),0}. Then, according to the above result, M? is a
martingale. Setting v = ¢ — f, we have ¥ = 0 and ¥ € 2(%) and hence MY is also a martingale.
Since M/ = M?¥ — MY, we deduce that M/ is a martingale.

Finally, we conclude that X defines a non-explosive cadlag Markov process on E, which satisfies
the (£,2(%))-martingale problem. In particular, we showed that fot Ex(1Z f1(Xy))du < +oo, and
we observe that the semigroup of X satisfies (11).

(2) X is the unique cadlag solution of the (£,2(%)) martingale problem. For all n = 2, we
consider the operator £, on 2(%) defined, for all x € E and g € 2(%), by

24

£ngx) = 1xe(0,4+00) s
n

(x) + f (8(») —8()]Qn(x,dy) |,
(0,x)u0

where s, is a continuous increasing function on (0, +00) and Q,, a kernel such that

sp(x)=s(x), x>1/n,
limy g $,,(x) = —o0,
Qn(x,dy) = Lye/nmlkn(x,dy) + q(x)65(dy)].

According to Proposition 17 in the appendix, the solution of the martingale problem for (£, 2(%£))
is unique. In particular, any two solutions of the Dg[0, +oc0) martingale problem for £, have the

12



same distribution on Dg[0, +c0) (see Corollary 4.4.3 in [26]). This and Theorem 4.6.1 in [26] im-
ply that, for each n = 2 and all probability measures v on E, the stopped martingale problem
for (£, v, (Un,n) U {0}) admits a unique solution with sample paths in Dg[0, +o0). Since, for all
g € 2(%), we have £, g(x) = Lg(x) for all x € (/n, n) U {0}, we deduce that the stopped martin-
gale problem for (£, v, (1/n, n) U{0}) also admits a unique solution with sample paths in Dg|0, +o0).
Since X stopped at time 7, := inf{t = 0, X; or X;_ ¢ (1/n, n) U {0}} is a cadlag solution to this stopped
martingale problem, it gives its unique solution in Dg[0, +00). Since it satisfies in addition

lim Py (t,<0)=0,
n—+oo

we deduce from Theorem 4.6.3 in [26] that there is a unique solution to the Dg[0, +oo)-martingale
problem associated to £ on 2(%). O

2.2 Uniqueness of a Markov semigroup generated by ¥

This section is devoted to the proof of Proposition 3, that is to the uniqueness of a Markov semig-
roup Q satisfying (12).

In order to do so, we first prove useful technical lemmas. Then, we show that, given such a
Markov semigroup Q, one can construct a cadlag solution to the (£,2(%))-martingale problem
with semigroup Q. The uniqueness of the solution to (12) then derives from the uniqueness of this
martingale problem, proved in Proposition 2.

2.2.1 Technical lemmas

Let Q be a Markov semigroup solution to (12). The following lemmas will be useful to prove the
non-explosion of a process with semigroup Q.

Throughout this section, we will apply the operator £ to functions (such as W and f in the
following Lemma) which do notlie in 2(%). We note that, under Assumption 1, Z f is well-defined
by its integro-differential action for any f € C'¥ with f and df/ds locally bounded, whereas 2(%)
represents the space on which the equation (12), defining Q, is valid.

Lemma 2. Assume that Assumption 1 holds true. Let W: (0,+o00) U {0} — [0,+00) be such that
Wl0,+00) IS a non-decreasing function in Cl(g)c with W(0) = 0 and such that sup %—V;’(z) < +o0.
Then, fot QulLW(x)|du < oo and

t
QW(x) =W(x) +f Qu¥W(x)du, t=0andxce(0,+00).
0

Proof of Lemma 2. For any A = 1, we consider the Cl(g)c function Wy : (0, +o0) — [0, +o0) defined by

W(x) ifx<A+1,

Wa(x) = .
WA+1) ifx=A+1,

)

 function f; : (0,+00) — [0, +00) such that

and also set W, (0) = 0. For any m = 3, we consider a Cl(g

W(A+1) ifx<1l/m,

A —
f’”(x)_{WA(x) if x > 2/m,

13



such that £/ which is non-increasing on (1/m,2/m). In particular, %(x) < %(x) < %—V!(x) for all
x € (0, +00). We also set f2(d) = 0.

Since g5t := W(A+ 11— f2 € 2(£) and L1 = 0, we deduce from (12) that, for all £ >0 and
all x € (0, +o0),

t t
Qe8im(X) = g () + fo QuL gm(x)du = g (x) - fo QuZfaxdu.

But Q;1g = 1g, and hence, subtracting W(A+1)1g(x) on both sides of the equation, we deduce that

t
Qifd) = fAx + fo Qu& fa(x)du. (19)

Set hiy(2) = [, (V) = fim (@] kp(z,dy) for all z> 0. We observe that h;,,(z) < 0 forall z= A+
1 and that h(2) < W(A+1) SUPye(,4+1) kn(y, (0, y]) for all z < A+ 1, which is finite according to
Assumption 1. Using the fact that, for all z> 0,

0 A 0 A ow
ﬂ ﬂ(z)_q(x)frg(z)SCWSZSUP—(J/)»

Ag)— £A(z)) =
55 @+ a0 (@) - fin(2) = y>0 05

we deduce that

sup sup fff,ﬁ(z) < +o0.
m=1ze(0,+00)

Hence, applying Fatou’s Lemma in the integral part of (19), we deduce that

t
limsup Q; f,ﬁ(x) < limsup f,’g(x) + f Qu(limsup & f,ﬁ)(x) du. (20)
0

m—+oo m—+oo m—+oo

We havelimsup,, ., fA(x) = W, (x) and the left hand side is equal to Q, W (x) by dominated con-
vergence (recall that f4 < W(A+1)). Moreover, for any fixed z > 0, we deduce from Fatou’s Lemma
(recall that, when m — +oo, f(y) — f(2) is uniformly bounded from above in y and converges
pointwise to W4 (y) — Wa(z), while kj,(z,dy) has finite mass) that

limsup )[f;‘;(y)—f,;‘(z)]kh(z,dy)sf( [(Wa(y) — Wa(2)] kp(z,dy),

m—+oo J(0, 0,2)
while 8 f;/9s(z) converges pointwisely toward dW*4/ds(z), so that

limsup £ fA(z) < LWx(2).
m—+oo
This and (20) thus entail that, for all A= 2,
t
Q:Wyu(x) = Wy(x) +f0 QuZLWyu(x)du.

Since £Wy4 < Cy, we can use again Fatou’s Lemma, and deduce

t
limsup Q;W4(x) < limsup Wy (x) +f Qu(limsup LWy)(x)du.
0

A—+o00 A—+o0 A—+o0
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On the one hand, limsup,_ ,,, Wa(x) = W(x) and, by monotone convergence, we obtain that
limsupy_, o Q:Wa(x) = Q;W(x). On the other hand, using the monotone convergence theorem
(note that Wy (y) is increasing in A, for any fixed y), we deduce that, for all z> 0,

limsup [(Wa(y) — Wa(2)] kp(z,dy) = f(o )[W(y) - W(2)] kp(z,dy)

A—+o0 J(0,2)

and hence thatlimsup 4_., ., ZWa(2) = ZW(z). This implies that
t
QW =W+ [ Quewedu
0

In particular, since £ W is bounded from above by Cyy, this implies that fot Qu&ZW)_(x)du <
+o0o and hence that fot QulZW]|(x)du < +oo. This concludes the proof of Lemma 2. O
Lemma 3. Wedefinethe functionp: E — [0,+00] by p(2) = ky(z,(0,1)) and p(0) = 0. IfAssumption 1
holds true, then p(E) c [0, +00) and, for all x € (0, +0c0),

t
f Qup(x)du < +oo.
0

Proof of Lemma 3. We first observe that p(z) < +oo for all z € (0, +o0) according to (3). Let W be a

Cl(g)c non-decreasing function with W(d) = 0, such that Cy :=sup,. %—VSV (z) < +o0 and

0 ifx<l,

Wi(x) = {
1 ifx=2.

For all z > 0, we have

0 ifz<2
LW(2)=C +f (W(y)-W(2)] kp(z,dy) < Cw +

Hence
(ZLW)_(2) = lzzzf 1y<1kp(z,dy) — Cw
0,2)

=p(2)1;52— Cw = p(2) — sup ky(r,(0,1))—Cw,
re(0,2)

where sup.¢ ) kn(r, (0, 1)) < +oo by Assumption 1. Hence

t t
f Qup(x)dusf Qu&W)_(x)du+ t( sup kp(r,(0,7)+Cw|.
0 0 re(0,2)

According to Lemma 2, we have f Q,(£W)_(x)du < +oo. Hence we obtain

t
f Qupx)du < +oo.
0
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Lemma 4. Assume that Assumption 1 holds true. Let W: E — [0,+00) bea C;;)C non-increasing func-

tion such that W(x) =0 for all x = 1 and W (0) = 0. Assume that py (x) < +oo and fot Qupwx)du <
+oo for all t > 0 and x € (0, +00), where pw (x) = [ig y W kn(x,dy). Then Jo QuILIW (x)du < +oo
and

t
QW(x)=Wi(x) +f QuZLW(x)du, Vx e (0,+00) and t = 0.
0
Proof. Forall A=2,let Wy :(0,+00) — [0, +0c0) be the non-increasing CY function defined as
loc

W(@/A) ifx<1/A,

Walx) =
At {W(x) if x> 1/A.

We also set W4(0) = 0. For all m = 2, let m’ > 0 be such that s(m’) = s(m) + W(1/A) and let
fi: (0,+00) — [0, +00) be a ) function such that

FAW) = Walx) ifxsm,
" wW@a/4) ifx=m,

A
such that f/ is non-decreasing on (1,+o0) and such that %(x) < 1 for all x € (0,+00). We set
fA(8) = 0. Proceeding as in the proof of Lemma 2, we have

t
Qtfnfg(x):fnfg(x)+f0 Quéfix)du,  Vt=0and x € (0, +o0). 1)

Set 1y (2) = [0, [ (V) = fin (@] kn(z,dy) for all z > 0. We have, forall 0< y < z,

A - fA s waiA,q

and hence

hA (z) < W(1/A) f(o )1y<1kh(z,dy) <W(1/A)p(2),

where p is defined in the previous lemma. Since % (z) < 1forall z> 0, we deduce that &£ f(z) <

1+ W(1/A)p(z). Since fot Qu(1+W(1/A)p)(x)du < +oo according to Lemma 3, we deduce using
Fatou’s Lemma in (21), that

t
limsup Q,f,ﬁ(x) < limsup f,ﬁ(x) +f Qy(imsup ,%f,ﬁ)(x) du.
m—+oo m—+oo 0 m—+oo

As in the proof of Lemma 2, this entails that

t
Q:Wya(x) = Wy(x) +f0 QuLWa(x)du.
Now we observe that, for all z> 0, forall A= 2,

LWy (2) Sf(o )W(y) kn(z,dy) = pw(2).
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Since py is integrable by assumption, we can apply again Fatou’s Lemma to deduce that

t
limsup Q;W4(x) < limsup Wy (x) +f Qu(limsup LWy)(x)du.
0

A—+o00 A—+o0 A—+o0

As in the proof of Lemma 2, this entails that
t
QW =W+ [ QzWedu
0

In addition, fot QuW), (x)du=< fot Qupw (x)du < +00, and hence fot Qu(£LW)_(x)du < +oo, which
concludes the proof. O

2.2.2 Representation of the semigroup Q by a cadlag Markov process

In this section, Q is a Markov semigroup satisfying (12). In Lemma 5, we prove the continuity
and the non-explosion of any process (Z;) ;cr with semigroup Q, where F c [0, +o0) contains Q; =
[0, +00) N Q and is countable.

Lemma 5. Assume that Assumption 1 holds true. Let F > Q.. be a countable subset of [0, +o0) and let
(Zy)ter be a Markov process on E with semigroup Q, defined on the probability space Q = EF. Then,
almost surely (for any starting distribution), the process (Z;) icF is continuous at any time t € F and,
forall T >0, sup,cpno,11 12,20/ Zt < +oo and sup c g0, 11 12,202t < +oo.

Proof. First note that the existence of (Z;) ;e is guaranteed by the Kolmogorov extension theorem.
In order to simplify the expressions, we consider the case F = Q.. We denote by PZ (resp. Pﬁ ) the
law of Z with initial measure 8, (resp. u), with the associated expectations EZ and [Eﬁ . We first
prove that Z is right-continuous almost surely, then that it is left-continuous almost surely, and
conclude by proving that, on any finite time horizon, the trajectories of the process are almost
surely bounded away from 0 and +oo.

(1) The process (Z;) ¢, is right-continuous almost surely. Let x € (0, +oo) and f: E — [0, +00)
such that f|(9,+00) € CY with £(0) = 0 and such that f is maximal at x. Fix § > 0 a positive rational
number. For all n =1, let Mé") =0and, for all k=0,

oln
M,(C'fl—M,(C”) = f(Zs+1yin) — [ Zskin) — ; Qu f(Zskin) du.

The process M™ is a discrete time martingale and, using Doob’s inequality, we deduce that, for all
>0,

P ( sup IM"V|>¢ . (22)

_E(1M,")
kefo,...,n}

£

But M,(c") = fZsiin) - fX) - X5 Sw Qu< f(Zs1n) du, so that

n-1 prdin
M 1= f=fZs)+ X | QulZf1(Zoun) du,
=0
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since the maximum of f is attained at x. Taking the expectation on both sides of the inequality, we
obtain

n-1 pé/n
Ex (1M < f(x) - Qs f(x)+ Y | Queainl Zflx)du
=0

o
< Qof(x)— Qs f(x) +f0 QulZfl(x)du.

We also obtain that

n-1 pé/n
|M](cn)| = | f(Zskin) — f(X)] = Z 0 Qul< f1(Zs1n) du,
1=0

where
n-1 pdln 1 n-1 pdln
Pl QuZfl(Zsyn)du>e|<-E[ Y QuIL fI(Zs1n) du
1=0J0 € \i=0Jo
1 )
<~ [ Quesiwdu
€ Jo

Hence (22) implies that

n-1 pé/n
Pf( sup |f(25k,n)—f(x)|>2e)snﬂ>§( sup |M,'g|>e)+[@§(z A Qu|$f|(25l/n)du>£)
ke{0,...,n} 1=0

_ Qf )= Qsf () +2fg QulZLf1(x) du

£

Setting h,(0) = Qo f(x) — Qs f(x) +2 f(f QulZ f1(x) du, this implies in particular that, forall n =1,

he(6
Pf( sup |f(Z5k/n!)—f(x)|>2£)s E().

ke{0,...,n!}

But, almost surely,

sup |f(Zskin) —fX) = sup  |f(Zskin+1y) — ()]
ke{0,...,n!} ke{0,...,(n+1)Y}

and hence we can take the limit when n — +oo in the penultimate inequality, which leads to

Pf( sup |f(26k/nz)—f(X)|>25)=Pf(U{ sup | f(Zsksn) = f(x)] > 2€}

n=1, ke{0,...,n!} n=1 kef{0,...,n!}

<1A hX(6).
£

Since {k/n!:n=1,0<k < n!} =[0,1] nQ, we deduce that

hx(5)_ ©3)
€

Pf( sup |f(Zg) — f(X)I >2£) <1A
qel0,01nQ
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Note that /1,(6) — 0when 6 — 0, since Q; f (x) is continuous in ¢ by (12) and Q,|.%£ f|(x) is integrable
over [0, f]. We deduce that

PZ| sup If(Z)-f(x)|>2e| —0, (24)
el0,61nQ 0—0

Since this is true for all functions f € C' such that f is maximal at x, this implies that (Z1)teq is
(right)-continuous at time ¢ = 0, °,-almost surely. In particular

Pf( sup |Zg—x|> e) —— 0, Yx € (0, +00).
q€(0,61nQ 0=0
For x = 8, we have, for all £ =0, Q;15(x) = Quls(x) =1, so that Z; = 0 Py-almost surely, which of
course implies the right-continuity of (2),eq, Ps-almost surely. Hence the last convergence also
holds true under Py (taking for instance |y — | = +oco for all y € (0, +00)).

Now, for any probability measure u on E, integrating with respect to p(dx) the last convergence
and using the dominated convergence theorem, we deduce that

P7| sup 1Z,-Zl>e
q€10,61nQ

_ O’
—0

which implies that Z is continuous at time 0, PP;,-almost surely.

Finally, fixing ¢ € Q4 and using the Markov property at time ¢, we deduce that the process is
right continuous at time ¢ € Q; almost surely. This implies that Z is right-continuous at any time
t€ Q,, PZ-almost surely for all x € E.

(2) The process (Z;) cq, is left-continuous almost surely.

Fix € > 0. For each x € (2¢,1/¢€), let fy ¢ € Cés) be a function with supportin (¢/2,1/¢ + 2¢) such
that fy:(¥) < 1jy-xj<e and 0 < fy.(y) < fx(x) = 1 for y € (0,+00) U {d}. The collection of func-
tions f . can be chosen such that f; . and 8 ./0s are bounded uniformly in x. Define &, . (6) =

Qo fre(X) — Qg fr,e(X) + 2]}? QulZ frel(x)du. By applying (23), we obtain

Pf( SU.p |Zq _x| > 5) = Pf( SUP |fx,£(Zq) _fx,e(x)| =1|=2 SUP hx,e(a); (25)
gel0,01nQ gel0,01nQ x€(2¢,1/¢)

forall x € (2¢,1/¢) U{d}. (The case x = 8 is immediate, since we observed in step 1 that g is absorb-
ing.)

Using the fact that f; . is maximal at x, we deduce that Qo f ¢ (x) — Qs fx,¢(x) is non-negative,
hence

)
T 8) = Qo free (X) = Qp froe (X) +2 fo Qul frel 0 du
)
< Z(Qofx,g(x) - Q6fx,g(x)) + 2[} Qulgfx,sux) du

0 0 0
= _Zf ngfx,e(x)du"'zf Qulex,z;“x)du :4f Qu(xfx,e)—(x)du;
0 0 0

where we used (12) for the penultimate equality. We observe that (£ f ¢)-(z) is bounded in z €
(0, +00) U {0} according to Lemma 1 point (ii), uniformly in x € (2¢,1/¢) according to (13) in its
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proof (for this last claim, we simply observe that || fx¢lloo and [10fy¢/95llo are bounded in x by
assumption and that the union of the supports of these functions is included in a compact subset
of (0, +00)). Hence C¢(6) := 2SUP y¢(2¢.1/¢) Px,e (6) goes to 0 when 6 — 0.

Fix x € E, a positive time ¢ € Q, and 6 € [0,7] N Q. Note that for g € [0,61NQ, |Z; — Z;—4| <
| Zt — Zt—s|+1Zt—5 — Z1—q4l. Taking we can conclude (using the preceding remark in the first line, the
Markov property in the second and (25) in the third) that, for x € (0, +00) and &’ € (0,£/2],

IPf sup |Z;—Zi4l>¢ SIPf sup |Zi—g—Z;-5l > ¢
q€l0,61nQ q€l0,61nQ

= [Ef (I]Déé ( sup |Zs—q— 2ol > 5'))
q€l0,61nQ
< Ce(8) +PZ(Z,_5 ¢ 2,1/ U {B}). (26)

But
PZ(Zi_5 ¢ 26,116V 010} =1 - Q5L er1/enui0) () < 1 - Qr—5 8 (%),

where g, is any non-negative function in 2(%) bounded by 1, equal to 1 on (3¢’,1/2¢) U {3} and
vanishing outside (2¢’,1/¢") U {0}. Now, for all > 0, there exists ¢’ > 0 such that 1 — Q,g./ (x) <n/2
(by dominated convergence theorem and the fact that 1z = g,» — 1 pointwisely, with Q;1g = 1)
and ¢’ > 0 such that, for all § € (0,6"), |Q;g (%) — Q;—58¢ ()| < n/2 (by continuity of u — Q, g at
time ¢). In particular, for all § € (0,6'),

PZ(Zi_s ¢ 2€',1/")Uid}) <7,

Hence, we deduce from (26) that

PZ| sup 1Zi—Zi_ql>e|—0, 27
q€(0,61nQ =0

so that Z is PZ -almost surely left continuous at time ¢.
The extension to non-Dirac initial distribution can be done as in Step 1, and this concludes the
proof of the first part of Lemma 5.

(3) The trajectories of the process (Z;) c0, 71ng, are bounded away from 0 and +oo.

Fix T > 0. We first show that, for all x € (0, +o0) U{d}, Z is PZ-almost surely bounded from above.
In order to do so, fix x € (0,+o00) (the result is trivial for x = 0). Let W) be a Cl(g)c non-decreasing
function such that C; :=sup,.,0W;/0s(z) < +oo and lim;; 4. W1 (m) = +oo (such a function exists
since lim,_. 4, $(2) = +0o by assumption) and set W;(9) = 0. According to Lemma 2 and using the
fact that W, < C;, we obtain that, forall n > 1,

M = Wi(Zrgsn) = C1 Tkin

defines a super-martingale. Hence, for any m > 0, defining the stopping time o}, = inf{IiT/n, | €
Zy, Zyr1n > m} and using the optional sampling theorem, we deduce that

EX (Wi (Zonar)) < Wi () + C1 T.
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Since W1 (Zsn A7) = Wi (m) on the event o}, < T, we deduce that

W1 (.)C) + C1 T

P2 <T)<
com=D=—0 00

Since (), is almost surely non-increasing and converges toward o, = inf{u € Q,, Z, > m}, we
deduce that

Wix)+C T

PZ(opm<T)<
Wi (m)

Using now that (o ), is almost surely non-decreasing, we deduce that

Py

sup 1z 4572, = +oo) = Pf( lim o, =< T) =0. (28)

uel0, TINQ. m=+oo

We prove now that Z is almost surely bounded away from 0, starting from x € (0, +oc0). We
consider the non-negative measure v on (0, 1) defined by

t
v(A) ::f0 Qupa(x)du.

where pa(z) = [5 14(y) kn(z,dy) for all measurable A subset of (0,1). This is a finite measure ac-
cording to Lemma 3. Hence there exists a non-increasing Cl(g)c function W, : (0, +00) — (0, +00) such
that W5 (z) — +oco when z — 0 and W5(z) = 0 for all z = 1, and such that v(W,) < +oo; see Lemma 6
below.
According to Lemma 4 and using the fact that fot QuZW,du < v(Ws,) (with W5(0) := 0), we have
that, foralln=1,
N = Wy (Zrgin) —v(W2) Tkin

defines a super-martingale. Defining the stopping time o7, =inf{lT/n:l€Z,, Zj7/, <1/m} and

using the same method used to obtain (28), we deduce that
PZ  sup 1z,49/Zy=+oo|=0.
uel0, TINQ
This and equation (28) concludes the proof of Lemma 5. O

Lemma 6. Let v be a finite measure on (0,1). Then, there exists a non-increasing C;;)C function W,
such that W (x) — oo when x — 0, W (x) =0 for x > 1 and v(W,) < +oo.

Proof. Let y, =2""! —1for n > 1. Let (x,) be a decreasing sequence of numbers in (0, 1) such that
v(0, x,;) < 37" for n = 1, which exists because v((0, 1)) < +oo. Then

A=) Ypra Ve, xp) < ) 237" < oo,

n=1 n=1
Now let W5 be defined by

_ $(x) —s(ps1)
Wa(X) = ype1 + s(Xy) — 5(tne1) (Yn—Yn+1)» X € [Xps1,Xn),
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so that Wa(x) € (Vp, Yn+1] when x € [x41, X,). Let Wa(x) = 0 for x = 1. Then W, is a positive, non-
increasing, continuous, and admits a right derivative with respect to s given by
oW, _ Yn—Ynt1

- SO; ) y
3s (x) SCin) = sCom) X € [Xp+1,Xn)

and, for all x = 1, by % (x) = 0. Moreover, we have

f(o . Wo(x)V(dX) < ) Yne1V ([Xns1, Xn)) < +00,

neN

which proves the lemma. O

We state now the uniqueness of the Markov semigroup, so that the proof of the following lemma
concludes the proof of Proposition 3. In order to do so, we show that (Z;) g, (as in the proof of
the preceeding lemma) can be extended to a cadlag process (Y;) c(0,+00) With values in E, which
appears to be solution to the (£,2(%))-martingale problem. The conclusion is then obtained
from Proposition 2.

Lemma 7. Assume that Assumption 1 holds true and that Q is a semigroup satisfying (12). Then
Q:f(x) = Ex(f(X})) for all bounded measurable functions f on E, where X is the unique cadlag
solution to the martingale problem (£,2(%£)). Moreover, Q1 0,00)(X) = 1(0,00)(X) — fot Quq(x)du, for
allxeE.

Proof. Let (Z;)teq, be as in the proof of Lemma 5. In a first step, we show that, for any sufficiently
regular function f, (f(Z;))cq, admits only finitely many upcrossings over non-empty open inter-
vals. In a second step, we use this to deduce that Z can be extended to a cadlag Markov process
(Y1) te0,+00) With semigroup Q and taking its values in the one point compactification of E. Finally,
we prove that Y takes its values in E and that it satisfies the (£, 2(%))-martingale problem.

(1) Finiteness of the number of upcrossings. Let x € (0, +00) and f be a non-negative function
in C%¥, extended to d with f(d) = 0. Our aim is to prove that, for any a < b € R, the number of
upcrossings through (a, b) of (f(Z,)— f (x)) e, is finite PZ-almost surely on any finite time horizon.

Fixa<beRandé € (0, %) N Q, where c := sup(Z f)- is finite according to Lemma 1 point
(ii). Forall n>1, let M{"” =0 and

oln
M =M = f(Zsws1yn) = [ Zskrn) - | Qu f(Zskin) du.

The process M is a discrete time martingale. Hence, setting N(()”) =0and
(n) (n) c6 (n) ) oln cd
N~ N7 = F(Zsgesnyin) — F(Zsiin) + = M, - M7+ ; Qu f(Zskin) du + —

defines a sub-martingale. In particular, using Lemma 2.5 p.57 in [26], we have (here U (a, b)
denotes the number of upcrossings through the interval (a, b) during the n first steps of the sub-
martingale N (m)y.

EZ(NY” = @)+) _ I fllo+ €8 +1al

EZ (U™ (a, b)) < < )
= (U@, b)) = b-a b-—a
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since N,(Z") = f(Zs) — f(x) + cb. In addition, the number of up-crossing through (a, b) of (f (Zsk/n) —
(X keo,...,ny» denoted by V™ (a, b,8) from now on, is bounded from above by the number of up-

.....

I flloo +2c6 +al
b—a-2cod

EZ (V™ (a,b,8)) <

Since, forall n =1, (f (Zk/n) — f (X)) kejo,ny is @ sub-process of (f(Zk/n+1)) — f (X)) kefo,(n+1)3, We have
v (a,b,6) < V") (q, b,5) almost surely and hence

I flloo +2c6 +al
b—a-2cod

EZ (sup v (a, b,6)) <
n=1

Butsup,,., V" (a, b, 8) is exactly the number of upcrossings through (a, b) of (f (Z;) - f (x)) 1€Q,N[0,5]
and hence, denoting by V (a, b, §) this number, we have

I flloo +2¢6 +al

Z
EY (V(a,b,0) < =—=———

Hence
I fllco +2¢6 +|a— f(x)] - 2 flloo +2cb +al

b-a-2cd ~ b-a-2c¢6
and, since the upcrossings through (a— f (x), b— f(x)) by (f (Z;) — f (X)) teq, ni0,5 is exactly the num-
ber V'(a, b,8) of upcrossings of (a, b) by (f(Z)) teq. 0,5, we deduce that

EZ (V(a-f(x),b-f(x),8)) <

)

2| flloo +2¢6 +lal

VA /
Es (V'(a, b,6)) < 5

We conclude that the number of upcrossings V' (a, b, 8) is finite PZ-almost surely. Since this is true
for all initial distribution, using the Markov property at times 8, 29, ..., we obtain that, forall T € Q.,
the number of upcrossings V'(a, b, T) is finite almost surely. Since this is true for all a < b € R, this
in turn implies that V(a, b, T) is finite PZ -almost surely.

(2) Construction of a cadlag representation of (Q) sc[0,+o0) in EU{A}. Now, using Problem 9(a),
p. 90 in [26], we deduce that, for all non-negative functions f € Cés) (0,+00) extended to 0 with
£(0) =0, PZ-almost surely, for all £ € [0, +c0),

lim f(Z,) and lim f(Z) (29)
ueQ.,u>t,u—t ueQ. ., u<t,u—t
both exist. Moreover 0 is an absorbing point for Z, so that (15(Z;))cq, is increasing, taking its
values in {0, 1}, and hence the above limits also exist for f = 1,.
As a consequence, there exists a countable family % of continuous functions f that separates
points in E and such that the above limits exist (recall that 15 is continuous since 9 is an isolated
point). We deduce that, PZ -almost surely, for all £ € [0, +00),

lim Z, and lim Zy
ueQ. ., u>t,u—t ueQ. ., u<t,u—t

also exist in (0, +00) U{0, A}, where A is a compactification point for (0, +oo) (and hence for (0, +co)U
{0}). Indeed, let Z;, and ZL be two accumulation points in (0, +o0) U {0, A} of (Z,) ueq,,u=r at t €
[0,+00). On the one hand, if Z;, € (0,+00) U {8} and Z; € (0,+00) U {0} are different, then there
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exists a function f € # such that f(Z;,) # f(Z; ). Since f is continuous, then this contradicts (29).
On the other hand, if Z;, € (0,+00) U {8} and Z; = A, then one chooses any function f € # such
that f(Z;,) > 0 with compact support, and observe that f extended by 0 at A is continuous, so that
f(Z,) #0 = f(Z]) also contradicts (29). This implies that, almost surely, for all ¢ € (0, +o0), the
accumulation point in (0, +oo) U {0, A} of (Z;14)r+ueq, at t € (0,+00) is unique, which implies the
existence of the first limit. The existence of the second limit is proved similarly.

We deduce that Z satisfies almost surely the assumptions of Lemma 2.8, p. 58 in [26] and hence
we can define the cadlag random process (Y;);er, with values in EU {A} as

Y, = lim Zy, Pf -almost surely.
ueQ,u>t,u—t

Since (Z;) (eq, is (right)-continuous according to Lemma 5, we deduce that Y; = Z; forall t € Q, (in
particular, Y, € E IPf -almost surely, for all € Q).

Let us now show that, for all ¢ = 0, §,Q; is the law of Y; under [P’f . We have, for all f € 2(£)
extended to E U {A} by f(A) =0,

EXFO=E| lim  f(z)|= lim EX(f(Z)= lim - Quf(0)=Q.f),

u>t,ueQ,u—t u>t,uceQ,u—t ueQ,u

since Qg f (x) is continuous in u for all f € (%) by (12). Since Cés) c2(¥) and 15 € 2(&L), we de-
duce that IPf(Yt € A) = 0,Q¢1 4 for all measurable A c (0, +o00) U {d}. Since 6,Q;1g = 1, we conclude
that PZ (Y; € E) = 1 and that §,,Q; is the law of ¥; under PZ, for all £ € [0, +00).

Let us now prove that Y is a Markov process with respect to its natural filtration (9?) 0. Fix
Up < t € [0,+00) and consider the Markov process (Z)) re@, uiug,7,} With semigroup (Q;) req, u{ug, 1}-
Then (Z)) seq, under PZ has the same law as (Z;) re@, under PZ. Since Z' and Y are right-continuous
at times uy, fo almost-surely (according to Lemma 5 for Z’), we deduce that (Z;,, Zt’o, (Z))te,) un-

der Pf/ and (Yy,, Yy, (Z)teg,) under IPf have the same law, for all x € E. Hence, for all bounded
measurable functions f: E—-Rand g: E— R,

EZ(f (Yu,)8(Ys) =EZ (f(Z],)8(Z}))
=EZ (f(Z},) Qto-1,8(Zl,))
= EZ (f (Yu) Qoo 8 (Ya))-

The same line of arguments applies for any finite family of times u; < ... < ur < uy < #p, which
implies that, forall0<u < ¢,

EZ(f(Y) |0(Yy, v < w) = Quyf (Yy), PZ-almost surely.

We conclude that Y is indeed a Markov process, with values in E U {A}.

(3) The cadlag representation is a solution to the martingale problem in E. We observe that,
foralltzu=0andall f € 2(%), and setting £ f(A) =0,

t u t
£Z (f(Yt) —fo L) dvl 93) = Qi f(Y) —fo LfY,)dv—EZ (f L) du] 93),
u
where % is the natural filtration of Y. But

t—u

t t
Qt—uf(Yu) = f(Yu) + Qvgf(yu)dy and [Ef (f ff(yy)dl/ | 973) :f Qv—ugf(yu)dv
0 u u
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(using the fact that | Lf Qu-u 1 Z fI(Y,) dv is finite, which allows the use of Fubini’s theorem). Hence
fY) - fot X f(Y,)dv defines a martingale. We deduce that Y is a cadlag solution to the martingale
problem associated to £ on E U {A}.

But, according to Lemma 5, Z is bounded away from 0 and +oo almost surely, so that Y (whose
values are in the adherence of the values taken by Z almost surely) is also bounded away from 0
and +oo almost surely. This implies that Y never reaches A and hence that Y takes its values in E,
PZ-almost surely for all x € E. This entails that Y is a cadlag solution to the martingale problem
inE.

We conclude the proof of the first part of Lemma 7 by observing that Proposition 2 states that
the cadlag solution to the martingale problem (£, 2(%)) is unique.

In order to obtain the last claim of Lemma 7, observe that 15 € 2(%) and that Q;1g = 1, so
that

t t
0xQr1(0,400) =0xQr1E—0,Q:15=1g(x) —15(x) _fo QuZ15(x)du =1(g,+00)(x) _fo Qugq(x)du.

This concludes the proof of Lemma 7. O

2.3 Conclusion of the proof of Theorem 1

For the existence, we set T; f (x) = e?’ h(x)Q,(f/h)(x) for all f € @(<f) with the convention f/h(d) :=
0, where Q is the semigroup of Proposition 3. For all f € Z(«), the function g = f/his in 2(Z) or
g =1(y,+00), and hence, for all x € (0, +00), if g € Z(ZL), then

0: T, f(x) =0; [ h(x)Q;g(x)] = be? h(x)Q;g(x) + e’ h(x)Q; L g (x)

= beb’h(x)th(x) + eb’h(x)Qt (d(:g) - bg) (x)
o
= ebth(X)Qt (Tf) (x) = Ttdf(x)»

understanding differentiation here in the sense of density with respect to Lebesgue measure; if
g =1(0,+00), then the same computation holds true according to the last property of Lemma 7. The
fact that T; B c B is a straightforward consequence of the fact that Q;1(0,+00) < 1(0,4+00)-

Let us now check the uniqueness. Assume that 7 is a semigroup which solves the above equa-
tion for f € 2(«f). Then h € (<) and hence the semigroup defined by 6R; := % (xe
(0, +00)) satisfies, for all x € (0, +00),

-bt t ,—bu t
e ’'Th(x) :l—bf e PUT, h(x) du+f o bu T, h(x) du
0 0

R10,100)(X) = 00 00 o0

t
=1 +/ Ru$1(0,+oo) (x)du<1.
0
Hence (R;) >0 is a sub-Markov semigroup on the set of bounded measurable functions on (0, +00).

As usual, we extend R as a Markov semigroup on the set of bounded measurable functions on
E = (0,+00) U {0}, by setting R;15(x) = 1 — R;1(g,+00)(X) for all x € (0,+00) and R;f(d) = f(9) for all
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bounded measurable functions f on E. For all f € Cés), fhe2(sf) and hence, for all x € (0, +00),

eV T(f ) ~ f TR ff _pu Tust (f D))
B R h(x)

:f(x)+f R, Z f(x)du,
0

R f(x) = du

while R; () = f(8) = f(9) + [y Ry f(9) du. For all x € (0, +00), we have

t
Ri1(0,4+00)(X) =1 _fo Ryq(x)du

and hence , ,
R,la(x):f Ruq(x)duzf R, Z£15(x)du,
0

while R;15(0) = 15(0) = 15(0) + fo R, £15(0) du. Using Lemma 7, we deduce that R; = Q; and hence
that T, f (x) = e’ h(x)Q,(f/h)(x). This concludes the proof of Theorem 1.

2.4 Proof of Corollary 1

Fix x € (0,+00). Assume first that f = 0 and set ¢ = f/h and let (@) m=0 be a non-decreasing
sequence of functions in C& such that ¢,,(x) = ¢(x) for all x € (1/m,m). We also set ¢,,(3) =
@(0) = 0. Then, for all m > k = 1, since ¢, € 2(&£) and 7 (defined in the first step of the proof of
Proposition 2) is a stopping time, for all =0, and all x € (1/k, k), we have

INT | IAT

Ex(@m(Xiaz)) :(pm(x)+[Ex( | ,%(pm(Xu)du) =(p(x)+[Ex( | Lon(Xy,)du].

But, almost surely, for all u < 7, we have X, € (1/k, k) c (1/m, m) and hence
0
= E(Xu) + f(O )(Pm(J/) kh(Xu; d_V) —p(Xy) kn(Xy, (0, X)) — q(Xu)(P(Xu)
,X

0
/ a_(f(Xu) + j;o )(P(y) kh(Xuy dJ/) - (P(Xu) kh(Xuy 0, X)) - (/I(Xu)(P(Xu)
= ZL¢p(X,) when m — +oo.

The monotone convergence theorem (taking into account the fact that E, ( f EATE | L Qm (X)) du)
+oo for all m = 1), we deduce that

AT AT
[Ex( $¢m(Xu)du) [Ex( $¢(Xu)du)
0 m—+oo 0

Since ¢ = f/h is bounded, by the dominated convergence theorem, we also deduce that

Ex(@m(Xiar,)) oo Ex(@(Xtar,))

and hence
INT |

Ex(p(Xinr,)) = @(x) +Ey

,%(p(Xu)du).
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Assume first that of f/h is lower bounded by —a, where a > 0. Then

INTk
Ex(@(Xiar,)) +aby(EATE) = @(X) +Ey UO (ZLo(Xy)+a) du),

where L¢p(X,) +a = o f(Xy)/h(X,)+ a =0, so that, by dominated convergence on the left hand
side, and by monotone convergence in the right-hand side, we obtain by letting k — +o0

t
Ex(@(X)) +aky(t) = p(x) +Ey fo (LX) +a) du)

and hence that
t t
E, (f Iff(p(Xu)Idu) <+oo and [Ei(p(Xy))=¢@x)+E, (f fﬁ(p(Xu)du). (30)
0 0

Assume now instead that «f f/h is upper bounded by a > 0. Then

INT |
Ex(@(Xinr,) —abx(tATE) = @(x) —Ey (fo (LX) +a) du),

where - L ¢p(X,)+a=—-< f(X,)/h(X,) + a=0. As above, this entails that (30) holds true.
In both cases, we deduce from Fubini’s theorem that

t t
fOQulffqol(x)du<+oo and Qt<p(x)=<p(x)+f0 QuZ¢(x)du.

Replacing Q, £ and ¢ by their respective expressions of T, <« and f, this concludes the proof of
Corollary 1.

2.5 Proof of Corollary 2

We observe that Assumption 1 is clearly satisfied with k = h; + h, and hence, according to The-
orem 1, there exists T a solution to (4). In addition, </ h,/h is upper bounded by </ h;/h; and
hence is upper bounded. By Corollary 1, we deduce that

t t
‘/1 Tyl hildu < +oo  and Tihp(x) = hi(x) +‘/1 Tﬁazlhl(iu.
0 0

Since in addition (4) holds true for all f € CY®, we deduce from the uniqueness part of Theorem 1
that T = T!. Similarly, T = T? which concludes the proof.

3 Long time asymptotics of the solution to the growth-fragmentation
equation

In this section, we focus on the existence ofleading eigenelements and a spectral gap for the semig-
roup T solution to (4) acting on the Banach space B. Our approach will be to leverage the repres-
entation of T as the h-transform of the semigroup Q of an absorbed Markov process evolving on
E = (0,+00) U {8}, as given in section 2. More precisely, we will make use of the results developed
in [20] for the study of quasi-stationary distributions.
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At this stage, we require Assumptions 2 and 3, which appeared in the introduction. These can
be interpreted, respectively, as an irreducibility and local Doeblin condition for the cadlag Markov
process with semigroup Q defined in Proposition 2.

Under Assumptions 1 and 2, the semigroup T from Theorem 1, the semigroup Q from Pro-
position 3 and the Markov process X from Proposition 4 below are well defined, and we have the
following irreducibility result, which is proved in section 3.2.

Denote by P, the law of X with initial distribution &, for x € (0, +oc0), and P, = J Py u(dx) for a
distribution p on (0, +00). Let & = (%) >0 be the completion of the natural filtration with respect
to sets which are null for every P, (see [22, §25]). Moreover, define H) = inf{z = 0, X; = y}, the
hitting time of y by X.

Proposition 4. Assume that Assumption 1 holds true. Let X be the unique cadlag solution of the
martingale problem (£,2(%)). Then X is a strong Markov process with respect to & . If in addition
Assumption 2 holds, then X is irreducible in (0, +00), in the sense that, for all l < r € (0,+00), there
exists to > 0 such that
inf Py(H, <) >0.
x,y€ll,r]

We turn next to Assumption 3. This is sufficient to obtain a local Doeblin condition for X.
Assumption 3(a) is adapted from a general, multi-dimensional result developed in [38, Proposi-
tion 1]. Its application leverages a simple change of variable argument, as detailed in section 3.3.
Assumption 3(b) places regularity conditions on a lower bound of the division kernel, inspired by
the concept of T-chain, as introduced in [32, Chapter 6]. Its application use irreducibility argu-
ments, as detailed in Section 3.4.

Other approaches to the local Doeblin condition typically revolve around coupling; for in-
stance, see [18] for an approach to the TCP process and [14] for results applied to the mitosis kernel
k(x,dy) =2K(x)d,/2(dy). The equal mitosis kernel is also considered in section 6.3.3 of [44], using
a similar approach to us; see Remark 4(ii) in section 3.1 below.

Proposition 5. Assume that Assumptions 1, 2 and 3 hold true. Then there exists a probability meas-
urev on (0, +o0) such that, for any compactly contained interval L c (0,+00), there exists t; > 0 such
that, forallt =t andallxe L,

Py(X;: €)= cpv(), (31)
where cy,; >0 only depends on L and t and is non-increasingin t.

If Assumptions 1, 2 and the Doeblin condition (31) hold true, we can introduce the growth
coefficient of T, defined by

Ao :=inf{1 € R, liminf e“TtlL(x) = +oo},
—+00

with arbitrary x € (0, +o0) and non-empty, open, compactly contained interval L c (0, +00). One
easily checks, using the relationship between T and the semigroup of X, that 1y = )L()f — b, where

AY = inf{leR, limjnf eMP (X, € L) = +00}, (32)
—+00

The fact that )L()f (and hence Ay) does not depend on x nor L is a well known consequence of the
irreducibility property and the Doeblin condition (31).
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Our aim is to apply Theorem 3.5 in [20] to X. This requires a Foster-Lyapunov type condition,
which will be obtained using the following assumption, where we recall that Cl(g)c denotes the set of
functions with a locally bounded derivative with respect to s. (In fact, one may consider situations
where v is only s-absolutely continuous, as defined in the appendix).

Assumption 4. There exist a positive function y € Cl(g)c, a constant A; > 1y and a compact interval
L c (0, 4+00) such thatinfye( +00)¥/h >0 and

AY(x) <= -Myx)+Clr(x), Vxe(0,+00),
for some constant C > 0.

We emphasis that, in most cases, taking h = v is the most natural choice, in which case the
requirement infye 9 +00) ¥/ 1 > 0 of the last assumption is trivial.

We can now state the main result of this section. It is proved in section 3.5.

Theorem 3. Assume that Assumptions 1, 2, 3 and 4 hold true. Then there exist a unique posit-
ive measure m on (0,+o0) and a unique function ¢ : (0,+00) — (0,+00) such that m(y) = 1 and
lg/¥lleo < +00 and such that, for all t =0, mT; = e™'m and T,p = e’'¢. Moreover, for all f :
(0, +00) — R such that | f| < v, we have

MIT f(x) - px)m(f)| < Ce Ty (x).
for some constants C,y > 0.

We call Ay the growth coefficient of T. Theorem 3 entails the existence of a spectral gap for
the semigroup of (T;) ;>0 acting on the Banach space L*(y) := {f : (0,+00) = R, | f/W¥ oo < +00},
endowed with the norm f — || f/¥]l«. Conversely, if the convergence of Theorem 3 holds true, then
(Ty) = also satisfies Lyapunov type conditions and Doeblin type conditions (we refer the reader
to [6] and [19] for such converse properties) and it is thus expected that Theorem 3 covers most
situations where a spectral gap exists in some L*° (). However it is clear that our result does not
apply in situations with no spectral gap. While a similar approach may be used in this situation,
the main limitation is that the theory of quasi-stationary distributions for sub-Markov semigroup
without spectral gap is limited and is still as of this day an active area of research.

In practice, checking Assumption 4 requires to find a upper bound on 1y and to find a Lyapunov
function w. We first relate A to an apparently lower quantity. This result is proved in section 3.6.

Proposition 6. If Assumptions 1, 2 and 3 hold true, then
[e.0]
Ao =inf{l € R, f e“TtlL(x)dt=+oo}
0

for any x € (0, +o0) and any non-empty open compactly embedded subset L < (0, +00).

Making use of a second Lyapunov-type function ¢, the following result provides a criterion to
find upper bounds for Ay, proved in Section 3.7 (the proof adapts easily to situations where ¢ is
only s-absolutely continuous). Theorem 3 together with part (b) of this result provides Theorem 2
in the introduction.

Proposition 7. Assume that Assumptions 1, 2 and 3 hold true, and that:
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(i) There exist a positive functiony € C;;)C, a constant 11 € R and a compact interval L < (0, +00)
such thatinfye o +00) W/ h >0 and

AY(x) < -Myx)+Clr(x), Vxe(0,+00), (33)
for some constant C > 0.
(ii) There exists a positive function & € C;S)C such that |&/h| o < +00, % m 0, and such that

there exists A, € R such that

AE(x) =-A¢(x), Vx € (0, +00). (34)

The following hold:
(@) ifdy <Ay, then Ay < Ay;

(b) if A2 <= Ay and sup ¢ up) f(o,x) %k(x, dy) < +oo for all M > 0, then Ay < Ao, with strict in-

equality if x € (0, +o0) — "ngg) is not constant.

While finding Lyapunov functions can be tricky, we show in the next section that exponentials
of s or of f; K(y)s(dy) cover several situations and allow to recover and improve on several results
in the literature.

Remark 3. We emphasize that Ao may be characterized by other means than its definition. For in-
stance, in [10, Proposition 3.3] itis shown that Ag = —inf{g € R, Ly, x,(q) < 1}, where Ly, 4, is defined
in terms of a multiplicative functional of an auxiliary Markov process evaluated at the return time
to xo. In particular, [10, Proposition 3.4] provides a upper bound for 1. We also refer the reader
to [17, Section 2.2] for a situation where the mass conservation does not hold.

3.1 Applications

In this section, we apply the results of sections 2 and 3 to different situations, focusing on As-
sumptions 1 and 4, since Assumptions 2 and 3 are already explicit (see also Remark 4 below). In
subsection 3.1.1, we provide a sufficient criterion for Assumptions 1 and 4 in the situation where
$(0+) > —oo. In subsection 3.1.2, we consider the situation where [, ;) K(y) s(dy) < +oo and where
mass conservation holds true. The last two subsections are dedicated to the study of near-critical
cases, the critical case being when K is constant and s(x) = In x, in which case it is well known that
the conclusions of Theorem 3 do not hold true. In subsection 3.1.3, we study the case s(x) = Inx
and K is not constant. In subsection 3.1.4, we study the case s(x) # Inx and K approximately con-
stant.

Remark 4. Assumption 3 holds in the following situations.

(i) Assume that there exists a positive constant a > 0, a non-empty open interval I < (0, +00)
and a probability measure x on (0, 4+00), such that

k(x,dy) = ax(dy) xel.

Then Assumption 3(a) and 3(b) both hold true. The fact that 3(b) holds true is immediate.
For 3(a), let u be the Lebesgue measure on [0, 1] and T(0, x) = F ' (6), where F ! is the gener-
alized inverse of the cumulative distribution function of x. Then x(dy) = f[o, 10710, (dy) pu(do),
so that (5) holds true. Since T'(6, x) does not depend on x, the rest of the assumption holds
true.
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(i)

(iii)

(iv)

W)

Assume that k is locally lower bounded by the equal mitosis kernel, that is, there exists a
non-empty open interval I c (0, +o0) and a > 0 such that

k(x,dy) = abyp(dy),  xel,

and moreover assume that s(x) = [ 1/¢(y) dy for some positive function c: (0,+00) — (0 +
00), continuous on I, such that c(x) # 2c(x/2) for all x € I. Then, Assumption 3(a) holds by
taking T'(x) = x/2. Clearly, Assumption 3(b) does not hold in this situation.

More generally, consider the situation where k(x,-) = K(x)p o m;! with m,(u) = xu and p is
a finite measure on (0,1), with s(x) = f;" 1/¢(y)dy for some positive function c: (0,+00) —
(0 + co) continuous on some sub-interval I. Assume in addition K is lower bounded away
from 0 on I by a constant a > 0 and that there exists measurable A c (0,1) such that p(A) >0
andforallf e A,

Oc(x) # c(0x), xel. (35)
Then, Assumption 3 holds by setting T8, x) = 8x and u(df) = p(d6)/p((0,1)).

Consider the situation where k(x,-) = K(x) po m;! with m,(u) = xu and p is a finite non-zero
measure on (0,1), with s(x) = [;" 1/¢(y)dy for some positive function c: (0, +00) — (0 + co)
continuous on (0, +00). Assume in addition that K is locally lower bounded away from 0.
If s(0+) < +o0, then Assumption 3(a) holds. Indeed, let 6y € [0, 1] such that p(U) > 0 for all
neighborhood U of 8y. Then, since 1/c is summable in a neighborhood of 0, there exists
Xp € (0, +00) such that Ogc(xg) # c(0gxg), which then holds true for all (0, x) € A x I, where A
and I are neighborhoods 8y and x respectively. This shows that (35) holds true for all 8 € A
and x € I, with p(A) > 0.

Finally, assume that k(x,-) = K(x)po m! with m,(u) = xu and p is a finite measure on (0, 1)
which is not singular with respect to the Lebesgue measure. Assume in addition that K is
lower bounded away from 0 on an open subset of (0, +00). Then Assumption 3(b) holds true.
Indeed, let K be a non-zero continuous function such that 0 < K < K. Then k(x,-) = K(x)p, o
mZ !, where p, is the absolutely continuous part of p, and it only remains to prove that p; o
m;! defines a lower semi-continuous kernel. Let g be the density of p, with respect to the
Lebesgue measure and let g,, be a sequence of continuous functions which converge to g in
L'(dx). Then, for all measurable A c (0, +oco) and all x € (0, +o0),

mom;l(A)zf lyxeagu)du
0,1)
> [ Viweagaodu-lg- g,
0,1)

dy
= 1 /x)——|g-
f(o'x) yeA&n(Y/X) e g —8&nlli,

The first term in the last line is continuous in x, while the second term goes to 0 when n —
+00, so that, for all x € (0, +00),

lifyrlj)fclfpa o m;l (A) = pyo m;l(A)-

This shows that Assumption 3(b) holds true. Note that in this particular case, py o m;l (A)is
actually continuous with respect to x.
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3.1.1 Entrance boundary

In this section, we provide a simple criterion for processes with an entrance boundary at 0 (i.e.
$(0+) > —oo) and with a locally bounded fragmentation rate, inspired by the main result of [17]. As
in this reference, and contrarily to the following sections, the result depends on Ay.

Proposition 8. Assume that s(0+) > —oo, that sup, an k%, (0,x)) < +oo for all M > 0, that K is
non-negative and that

limsup k(x, (0, x)) — K(x) < +00. (36)

X—+00

Then Assumption 1 holds true. If in addition Assumptions 2 and 3 hold true, and if

limsup k(x, (0, x)) — K(x) < =2y, (37)

X—+00
then Assumption 4 holds true.

Before proceeding with the proof of Proposition 8, we remark on the strong similarities with
Theorem 1.1 of [17]. There, the author reaches the conclusion of Theorem 3, making some ad-
ditional regularity and further assumptions on s, k and K; these ensure in particular that T is
a strongly continuous Feller semigroup on the space of bounded functions vanishing at infinity,
which is not in general true for us.

Proof of Proposition 8. Let a < —limsup,_,, k(x, (0, x)) — Ap such that a < 0. Let xp = 1 be such that
exp(—as(0+)) + s(xg) = 1 and set, for all x € (0, +00),

h(x)=exp(a(s(x) —s(0+)) 1yc1 +1A (exp(—as(0+)) + s(x)) | P

Then, for all x € (0,1),

o h(x)
h(x)

—a+ f( e (als() = ) ktx dy) = Ko
< a+exp(a(s(0+) — s(x)))k(x, (0, x)),

which is uniformly bounded from above on x € (0, 1) by assumption. For x € [1, x¢), we have

Ahx) 1 +f exp (a(s(y) — s(0+))) ( ”f exp(—as(0+)) + s(y)
h(x) h(x) Jo,1) exp(—as(0+)) + s(x) ' 1,x) exp(—as(0+)) + s(x)
<exp(as(0+)) + exp(as(0+)) k(x, (0,1)) + k(x, [1, x)),

k(x,dy) - K(x)

which is uniformly bounded from above on x € [1, xo) by assumption. For x = xj, we have

A h(x)
e _f(o'nexp(a(s(y) $(0+))) k(x,dy)

+ f[ . (exp(—as(0+)) + s()) k(x,dy) + k(x, [x0, X)) — K (x)

< k(x,(0,x)) — K(x),
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which is locally bounded from above and is bounded when x — +oo by (36). This entails that "Qil?g)

is bounded from above on (0, +00). It is clearly locally bounded, and, in addition, for all M >0,

sup kp(x,(0,x)) < sup exp (as(0+)) k(x,dy)
x€(0,M) x€(0,M) J (0,x)

which is finite by assumption. We conclude that Assumption 1 holds true.
We now work under the additional assumptions and set ¥ = h. We have s(x) — s(0+) when
x — 0, and hence

limsup ) <limsup|a+exp (a(s(0+) — s(x))) k(x, (0,x))] = a+limsup k(x, (0,x)) < —Ay.
x—0 x—0 x—0

Using (37), we also obtain
of
limsup 2yx) <limsup|k(x, (0,x) — K(x)] < = Ao.
x—+oo Y X) X—+00

This concludes the proof of Proposition 8. O

3.1.2 Pseudo-entrance boundary and mass conservation

In this section, we consider the situation where [, ;) K(x) s(dx) < +oo. Informally, this means that
a PDMP with drift determined by s and jump rate K has a positive, lower bounded probability to
reach 1 before its first jump when starting from any x € (0, 1).

For simplicity, we consider the situation k(x,-) = K(x) pom; ! where m,(u) = xu, p is ameasure
on (0,1) such that [, ,, up(du) = 1. We also assume that K is right-continuous.

Proposition 9. Assume thatsup ¢ p) K(x) < +oo for each M > 0. Assume in addition that Assump-
tions 2 and 3 hold true, that p is a finite measure, that

K(x)s(dx) < +oc0
0,1)

and that there exists a > 1 such that, for all u € (0,1),

—alnu
1- [0 vop(dv)’

X
liminf f K() sdy) > (38)
X—+00 ux

Then, Assumptions 1 and 4 hold, 1y < 0 and the conclusions of Theorem 3 hold true.

Suppose moreover that, for all x € (0,+00), s(x) = [} %y)dy where ¢ : (0,+00) — (0,+00) is a
right-continuous and locally bounded function. In the case of uniform mass repartition, where
p(du) = 2du, the right hand term in (38) reaches its minimal value (—Inu)(3+2v2) at a = 1+ v/2.
In particular, (38) holds true if

K
liminf yK(y)

>3+2v2.
y—+o00 C(y)

Before turning to the proof of this proposition, it is interesting to compare it with the find-
ings of [14]. In this recent paper, the authors use advanced methods from functional analysis to
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derive the existence of an eigenfunction h. This gives them access to a (conservative) Markov pro-
cess using an h-transform (see also [34, 36], where similar approaches were used to study non-
conservative semigroups). This allows them to study the growth fragmentation equation under
mild conditions. The main drawback of this approach is that it requires the preliminary proof of
the existence and fine properties of a positive right eigenfunction &, which typically requires ad-
ditional assumptions on regularity and asymptotic behaviour of the coefficients. On the contrary,
our approach, based on the study of non-conservative Markov processes, only requires the exist-
ence of a Lyapunov function #, and the existence of an eigenfunction is then a consequence of our
theorem, instead of a preliminary step in the proof. This lets us consider more general situations.

More precisely, in the case where p is the uniform measure over (0,1) (where Assumption 3
is clearly satisfied by Remark 4(i)), Theorem 1.3 in [14] states that the conclusions of our The-
orem 3 hold true, assuming in addition (compared to Proposition 9) that c is locally Lipschitz,
thatlimsup,_., % < +o0, that ¢(x) = o(x™”) when x — 0 for some p =0, that K is continuous on
[0, +00), that xK(x)/c(x) — 0 when x — 0 and that xK(x)/c(x) — +oo when x — +oo. Similarly, the
mitosis kernel case considered in [14] is a special case of Proposition 9 (using this time Remark 4(ii)
instead of Remark 4(i)).

Our result also covers and extends the setting considered in [8], where the authors assume
either (1) that c(x) = x and p is absolutely continuous with respect to the Lebesgue measure (this
is a particular case of Remark 4(iv), our result shows in particular that it is sufficient for p to have
a non-zero absolute continuous part with respect to the Lebesgue measure) or (2) that c =1 and
p has compact support in (0,1) (this is a particular case of Remark 4(iii), and we show that the
condition on p can be dispensed of entirely).

We can also compare Proposition 9 with Theorem 4.3 in the recent paper [6], where the authors
consider the special case where ¢ = 1 (which means that s(x) = x — 1) and K is a continuously dif-
ferentiable increasing function, and under the additional assumption that p is lower bounded by
a uniform measure over a subinterval of [0, 1] or by a Dirac measure (these situations clearly sat-
isfy Assumption 3(a) via Remarks 4(iv) and 4(ii) respectively). In this situation, both assumptions
of Proposition 9 are clearly satisfied, with liminfy_.oo [, K(3) s(dy) = +oo for all u € (0,1) and
Theorem 4.3 in [6] is thus a special case of Proposition 9.

Remark 5. In the proof, we make use of the functions y and % defined by

w(x) = h(x) =exp (f( ) apK(y) S(dy)) 1<) +exp (f( s K (y) S(dy)) 1y>1,

1,x)
where ag, dso € R, so that, forall x < 1,

o
LAC o (f exp(agf K(y)s(dy)) pdu)—1- ag)
Y(x) 0,1) (ux,x)

and similarly for x = 1 (see (42) for the exact expression). Our assumptions are then used to de-
rive asymptotics on "Qf;’('g) when x — 0 and x — +oo. In this situation, the main point of the mass
conservation assumption is to ensure that x € (0, +oo) — x is a natural candidate for ¢ in Propos-
ition 7, and is thus used to derive a lower bound for Ay. The strategy developed in the proof, and
in particular the use of ¢ with this form, is relevant even outside of the structure for k assumed in
Proposition 9.

For example, let us assume that Assumptions 2 and 3 hold, and let us make the following as-

sumptions: K is locally bounded, sup,.. k(I’?((g)’X) < +oo, [ %k(x, dy) = K(x) (conservation of mass),
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there exists a > 1 such that my := limsup,_, [(y/x)%k(x,dy)/K(x) < 1, c is right continuous,
Jon % dx < +oo (pseudo-entrance boundary), and there exists d., € (0,m4) such that, for all

x = y =1 with y large enough,

_ ! AN
exp( aoofy K(z)s(dz))s(x) . (39)

We emphasize that this implies that ﬁ Ji* K(2) s(dz) goes to +oo when x — +oo. Then, using the
same 1 as in the proof, we obtain forall x = 1,

Ay(x)

1 X 1
v —K(x)(f(o'l) exp(agfy K(z) s(dz) —aoofl K(z)s(dz)) mk(x,dy)

X 1
+ -0 | K dz)| —k(x,dy) — 1+ as |
fu,x>exp( ¢ fy ()t Z)) Kp o —ira )

The first term in the parenthesis goes to 0 when x — +oo since fol K(2) s(dz) < +oo, [} K(2) s(dz) —
+0o when x — +oo and the total mass of ﬁ k(x,-) is uniformly bounded. For the other terms, we

obtain using (39) that, for all x = y = 1 with y large enough,

X 1
limsup exp(—aoof K(z)s(dz))—k(x,dy)—1+aoos Mg —1+as <0.
y K(x)

X—+o00o J[1,x)

This entails that
AY(x)

im <0.
X—+00 w(x)

Choosing ag > sup,.. k(I’?((g)’X) and proceeding as in the proof, we deduce that 1y < 0 and the con-

clusions of Theorem 3 hold true.

In particular, this recovers and improve the convergence of the model in [24], where the au-
thors prove the (a priori non-geometric) convergence for a more specific model under stronger
assumptions inherited from [25] (in order to obtain the leading eigenelements) and additional reg-
ularity assumptions (see (2.5)-(2.7) in [24] and (2.1)-(2.9) in [25]). We emphasize that, although
we proved that there is actually a spectral gap under the assumptions of [24] and [25], the authors
of the former use the latter to obtain the existence, uniqueness and additional properties on the
eigenelements of the adjoint operator, so their methods may apply to situations where there is
no spectral gap and thus where our result does not hold true. Similarly, we also cover the setting
of [15], where the authors prove a convergence with geometric rate for two specific models un-
der additional regularity assumptions (see Hypotheses 1.1 to 1.7 therein), some of which are also
derived from their use of [25].

To conclude this remark, we consider the sharp and quite explicit result of [30], where the au-
thors consider the special case where s(x) =Inx, K(x) = xR(x) and k(x,du) = x R(x) i—’; du. There is
no mass conservation in this case, but instead conservation of the number of fragments («/1 = 0).
The authors show that the condition

f yexp(—f R(y)dy)dx<+oo
0 1

holds true if and only if [|6 Ty — ml 7 goes to 0 when ¢t — +oo (without a geometric rate). In order
to ensure that Theorem 3 applies to this case (and thus to ensure geometric convergence), and
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using the same Lyapunov function as above (observing that 1y = 0), we require that there exists
dso € (0,1) such that

: * 2ydy
f R(y)dy < +oo and limsup exp —aoof R(z)dz -1+ ax <0.
0,1 1,x) y X

X—+00 2

The last property holds true for instance if | yx R(z)dz=(2+¢€)In % for some £ > 0 and all x > y with
y large enough. In this case, it is clear that the condition of [30] holds true. It is also the case that
their condition (and of course ours) does not hold true if | ; R(z)dz<2In % for all x > y with y large
enough.

Proof of Proposition 9. For all a € R, we set p, := f(o,l) u® p(du).

(1) Identification of & = y. For all u € (0, 1), we define

* K(y)s(d
€y := liminf Jux K 5(dy) __“
X—+00 —lnu 1-pa

and set
a €172

T1-p. 2

Note that £, > 0 by assumption and hence a/¢ <1 - p, and

allllep o ua(£u+a/(1—l7a)) p(du) — [0 . u(l—pa)514+a p(du) < Pa.
In particular, there exists dos € (4,1 — pq) such that
];l)u“w“ﬂ+““l‘pﬂ)p(du)<:pa. (40)

We also fix ag > py — 1 and define the function

wx) = exp(—ao [ K(y)s(dy)) ifx<1
exp (doo [1 K(y)s(dy)) ifx=1.

We have, forall x <1,

Ay (x)

= K(x) (f exp (dof K(y) s(dy)) pdu)-1- ao) .
v(x) ©,1) ux

Since exp (ap [, K(¥) s(dy)) < exp(ao fol K(y) s(dy)), with

1 1
f(o 5 exp (aofo K(y) s(dy)) pdu) = exp(agfo K(y) s(dy)) Po < +00

and since [ K(y) s(dy) — 0 as x — 0, we deduce from the dominated convergence theorem that

X
lim exp(aof K(y)s(dy)) pdu)—-1-ag=po—1-ay<0.
x=0J(0,1) ux
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Hence there exists xy > 0 such that

AY(x)
v (x)

<0, for all x € (0, xp). (41)

For all x =1, we have

o 1 X
LAC) :K(x)(f exp(aof K(y)s(dy)—aoof K(y)s(dy))p(du)
Y(x) 0,1/x) ux 1

+f exp (—aoof K(y) s(dy)) pdu) -1+ aoo). (42)
[1/x,1) ux

On the one hand, we have (noting that a, > 0)

1 X 1
f(ou )exp(aof K(y)s(dy)—aoof1 K(y)s(dy)) p(du) Sexp(aofo K(y)s(dy)) p((0,1/x))

X—+00
On the other hand, for all u € (0, 1),
X
limsup 1u€[1/x,1) exp (_aoof K(y) S(dy)) = uaoo(b‘u+a/(1—l7a))
X—+00 ux
and hence, by Fatou’s Lemma and using (40),
X
limsup exp (—aoof K(y) s(dy)) pdu)—1+as < pg—1+ax <0.
x—+oo J[1/x,1) ux
We deduce that there exists xo, = 1 such that, for all x = x,
o
v _y, 43)
w(x)
Taking h = v, we observe that x € (0, +o00) — gil’(’g) is locally bounded, and we deduce from (41)

and (43) that it is bounded from above. Moreover, the above calculations show that, for all M > 0,

h
sup ﬂlc(x, dy) < +oo.
xe(0,00J(0,x) h(x)

We conclude that Assumption 1 holds true.

(2) Identification of ¢ and conclusion. We choose ¢(x) := x for all x € (0, +o0). We first prove
that {(x) = x = o(y(x)) close to 0 and +oo. Since v is bounded away from 0 in a vicinity of 0, this is
immediate for x close to 0. Now, according to our assumptions and the definition of ¢, there exists
x1 =1 (which is fixed from now on) such that, for all x = x;,

f K(y)s(dy) = ¢In2.
x/2

For any x > x1, let n > 0 such that 27" x = x; = 2= "*Dx (in particular nln2 > In x—In x; —In2). Then
2—(71—1)x

x 27"x
~[IK’(y)s(dy)zfl Kwnmw+f

27"x

Kwnmw+m+Lwanmw

=>nfln2=¢Inx—-¥In2x;).
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Since as, > a/¥¢, we deduce that, for all x > x;,
X
aoof K(y)sdy)zalnx - axfIn(2x,).
1

This shows that liminf,_. 1, ¥ (x)/x% > 0 and hence, since a > 1 by assumption, that x = o(y/(x))
when x — +oo0.

We also observe that, for all M > 0, sup ¢ an Jo.n %k(x, dy) = sup,¢ o p) K(x) < +o00, by as-
sumption. Finally, for all x € (0, +o00),

A¢(x) 10 c(x)
&x)  x0s ’

Since c(x)/x is not zero, we deduce that it is either lower bounded by a positive constant or that it
is not constant. Using Proposition 7 together with (41) and (43), we deduce that Ay < 0. This also
entails that Assumption 4 holds true, which concludes the proof. O

3.1.3 Critical case, s comparable to In x

It is well known that, when K is constant and s(x) = In x, the results of Theorem 3 do not hold true
in general (see, for instance, [25, end of §2]). In this section, we consider first the situation where
s(x) =Inx and K is not constant, and then the situation where s(x)/In x has positive limit inferior
when x — 0 and x — +oo and finite limit superior when x — +co.

As in the previous section, we consider for simplicity the situation where k(x,-) = K(x)po m}!,
with p a positive measure on (0, 1) such that f(o,l) u p(du) = 1; we do not assume that p is a finite
measure. We assume that K is right-continuous and non-negative.

Proposition 10. Assume that Assumptions 2 and 3 hold true. Assume in addition that s(x) = Inx for
all x € (0, +00) and that there exist a < 1 <  such that [, ;, u® p(du) < co and

—a p-1

and liminfK (x) > . (44)
00 1= fio.1) uP p(duw)

limsup K(x) <
x—0 p ‘/‘(0,1) ua p(du) - 1

Then Assumptions 1 and 4 hold true.

We note that in the case of uniform mass repartition, i.e. p(du) = 2du, condition (44) reduces
to

limsup K(x) <2 <liminf K (x).
x—0 X—00

This may be compared with the conditions in section 6 of [12], whose effectiveness in this setting
relies on [9, Theorem 1.2]. Similar conditions can be found in [9, section 3.6]. We leave as an open
problem to check whether this condition is sharp; one natural approach to this question would be
to follow the strategy developed in [16].

Proposition 10 is actually a particular case of the following result, which applies when the drift
c(x) is only approximately linear in x. We assume here that, for all x € (0, +00), s(x) = ' ﬁy)dy,
where c: (0, +00) — (0, +00) is a right-continuous and locally bounded function.

Proposition 11. Assume that Assumptiosn 2 and 3 hold true. Assume in addition that there exist
a, B =0 such that

ainf,o;

a< inf@ and u e p(du) < +oco (45)

x>0 X 0,1)
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and

c(X ; x
B> limsup (7) and o ubP infe=1 g p(du) < +oo. (46)
X—+00 R
If
) inf, % -a
limsup K(x) < - 47)
=0 Jopu® 0w pldu) - 1
and
p—inf, <X

liminf K (x) > (48)

X—+00 uﬁ hminfx~»+oo T);) p(du) ’

1=Jon
then Assumptions 1 and 4 hold true.

Proof. Forall ae R, we set p,:= [, u® p(du).
Note thatlimsup,_,, K(x) < +oo and hence, since K is locally bounded, K is bounded on (0, M),
for all M > 0. We define, for all x € (0, +00),

¥ (x) = h(x) = exp (as(x)) Ly<1 +exp (Bs(x)) 1= and &(x) = x.

In particular, for all x € (0, +00),

AE(x)  c(x)

&x)  x

We first prove that ¢/ — +o0o when x — 0 and +oco. According to (45), there exists xg € (0,1)
and € > 0 such that, for all y € (0, xp), a/c(y) < (1 -¢)/y, so that, for all x € (0, xp),

-a 1 1 -a 1
as(x)—lnx:f (—+—)dy2€f —dy+f (—+—)dy———>+oo.
wnley) vy xx0) ¥ o \c(y) ¥ x—0

This shows that /¢ — +oo when x — 0. Similarly, (46) implies that there exists x,c = 1 and € > 0
such that, for all y > x,, B/c(y) = (1+¢€)/y, so that, for all x > x,

g1 g1 1
s(x)—lnx:f (———)d 2[ (———)+£[ —d +00. (49)
h an\cy) y Y Lxo) \C() ¥ (oo ) ¥ e

This shows that /¢ — +co when x — +o0.
We observe that, for all x € (0,1),

Ah(x) h(y) e ( f _ _
"o +f(0’x) oo k(x,dy) - K(x) = a+ K(x) (Oyl)exp(a(s(ux) s(x))) p(du) -1].

We have, forall u € (0,1) and x € (0,1),

. y\[*1 . y
s(ux)—s(x)<—-| inf — f —dy=| inf —|Inu,
y€(0,1) ux ¥ ye©,1) ¢(y)

c(y)
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so that exp(a(s(ux) — s(x))) < ynfyeo. %, which does not depend on x and is integrable with re-

spect to p(du) by Assumption (45). We conclude that

sup h(y)

k(x,dy) < +oo. (50)
xe(0,1)J(0,0) (%) ¥

In addition, for all u € (0, 1),

. . . y X
| — <1 f —|lnu=I f—Inu.
11;1j51p(s(ux) s(x)) imsup (yel{(l),x) C(y)) nu=limipf——lnu

Using Fatou’s Lemma, we deduce that

limsup (y) k(x,dy) — K(x) < limsup K(x) ( f u“hmmfwo ) p(du) — )
x—0 Jox h(x) x—0 ©,1)

We conclude, using in addition (47) and the fact that alim 1nfx_.0 <1, that

A ¢(x)
Ex)

limsup a < a+limsup K(x) (f(o 5 y & iminfy—o g5 p(du) - ) < ir)}f (51)

x—0 X x—0

For all x =1, we have

o h(x) f h(y)
= k(x,dy)—-K
0 P o e O TR
=B+ K(x) (f(()l/ )exp(as(ux)—,Bs(x))p(du)+f(1/ 1)exp(,[i(s(ux)—s(x)))p(du)—1). (52)

According to (49), there exists x/, = 1 such that, for all x € (x/, +00), Bs(x) = Inx, so that, for all
x € (x),,+00) and u € (0,1/x),

as(ux)—ﬁs(x)sa( inf L)(lnuﬂnx) lnxsa( inf L)lnu,

0.1 c(y) ye©,1) ¢(y)

a 1nfye(0 1)

J
since ainfye((),l ey <1 by (45). Since, by (45), u "V« is integrable with respect to p(du), we

deduce by dominated convergence that

f exp(as(ux) — Bs(x)) p(du) 0.
0,1/x) X—+00
Forall x>1and u€ (1/x,1), we have

s(ux) —s(x) < (inf L) Inu,
y=1¢(y)

so that exp(B(s(ux)—s(x))) < uP =1 %y), which does not depend on x and is integrable with respect
to p(du) by (46). We conclude that

sup f B e, dy) < oo, M > 1. (53)
xe[1,M)J 0,0 h(X)
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Similarly as above, we have in addition, for all u € (0, 1),

X
i - s(x) =liminf ——Inu.
imsup(s(ux) - s() = liminf = Inu

Using again Fatou’s Lemma, we obtain

limsup exp(B(s(ux) — s(x))) p(du) < f uPlimint—o 75 b (du).
x—+o00 J(1/x,1) 0,1)

Using (52), we deduce that

o h(x) A E(x)

E(x)

limsup < B +limsup K (x) ( f( o g Pliminfe o0 755 p(du) - 1) < i&lf (54)

x—+oo N (x X—+00

where we used (48) and the fact that Sliminf,_. ﬁ > 1 for the last inequality.

By (50) and (53), we deduce that the first part of Assumption 1 holds true. Since </ h/h is locally
bounded, we deduce from (51) and (54) that it is bounded from above. We conclude that Assump-
tion 1 holds true.

Finally, using Proposition 7, we deduce from (51) and (54) that Assumption 4 holds true. O

To once again give an explicit example, we offer:
Corollary 3. Assume that Assumptions 2 and 3 hold true. Let p(du) = 2du and
CoX, X=X
c (x) _ { 0 c
CooX, X> X,

forsome x>0 and 0 < cy, < ¢y < 00. Assume that

limsup K(x) <3¢y — Coo — 2/ 2¢0(Co — Co0) (55)

x—0
andliminf,_.., K(x) > 2c,. Then, the conditions of Proposition 11 are satisfied.

Proof. With this particular choice of c, the conditions of Proposition 11 are that there exist a €
[0, cso) and B > ¢, such that

Coo— O (a@+co)(Coo — @)

limsup K(x) < = 56
xﬁop (*) Jo.p u¥'o2du~1 co—a (56)
and
. . ﬁ_coo
liminf K (x) > =B+ Coo- (57)
Tmreo 1= Jio uP'2du P

The maximum of a — Won the domain «a € [0, c¢y,) is given by the right-hand side of

(55), which shows that the condition given suffices for (56) to hold.
Since liminfy_.., K(x) > 2¢, one can find > ¢ such that (57) holds, which concludes the
proof. O
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3.1.4 Ciritical case, K comparable to a constant

We consider now the situation where K is the constant function 1, and then the situation when K
is bounded away from 0 and bounded from above by 1.

As in the previous section, we consider for simplicity the situation where k(x,-) = K(x)po m!,
with p a positive measure on (0,1) such that f(o,l) up(du) = 1. We also assume that, for all x €
0, +00), s(x) = %y)dy where c : (0, +o00) — (0,+00) is a right-continuous and locally bounded
function.

Proposition 12. Assume that Assumptions 2 and 3 hold true, and that K = 1. Assume in addition
that there exists § > 0 such that [ u® p(du) < +oo. Ifs(0+) = —co and

limsup G} < —f Inup(du) < liminf@, (58)
x—+oo X (0,1) =0 X
then Assumptions 1 and 4 hold true.

In [16], the author considers the case where p(du) is absolutely continuous with respect to the
Lebesgue measure and where there exist positive constants a_ and a, such that

a_x ifx<l,
c(x) = .
a,x ifx=1.

In this case, our assumption reads
a, < —f Inupdu)<a_,
©o,1)

which is sharp, according to [16], in the sense that, if one of the inequalities fails, then e’’ T, f does
not converge (for some bounded, compactly supported function f). Additional properties, and in
particular fine estimates on the limiting profile of e’ T}, can be found in the above reference.

The previous result is a particular case of the following proposition, where we do not assume
any more that K is constant. Here K is a locally bounded right-continuous function.

Proposition 13. Assume that Assumptions 2 and 3 holds true.Assume in addition that there exists
& >0 such that [y, u™° p(du) < +oo, and 0 < infK < 1. If s(0+) = —oo,

infK =limsup K (x) = limsup K (x) (59)
x—0 X—+00
and
. c(x) . ()
limsup — < —f Inu p(du) <liminf —, (60)
x—+00 X 0,1) =0 X

then Assumptions 1 and 4 hold true.
We start with a simple technical lemma, whose proof is standard and thus omitted.

Lemma 8. If there exists d > 0 such that [ u=0 p(du) < +oo and constants ag, a; such that

ap < —f Inup(du) < ay,
)

)

then there exists gy > 0 such that, for all e € (0, €p),

£ +f (uf'® —1) p(du) < 0 and u~¢'% p(du) < e+ p((0,1)).
0,1) 0,1)
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Proof of Proposition 13. Let {(x) =1 for all x € (0, +o0) and set
Y (x) = h(x) = exp(—as(x)1x<1 +exp(Bs(x))1y=1,

where a > 0 and 8 > 0 are (small enough) constant which will be chosen later. We already observe
that, by assumption, ¥ (x)/¢(x) — +co when x — 0 and when x — +oo. In addition,

yff(x)
¢(x)

For all x < 1, we have

K(x )( p(du)—l)zianf (1-u) p(duw). (61)
(0,1) 0,1)

fo )hiy; k(x,dy) = K(x) f exp (—a(s(ux) - s(x)) p(du),

where

exp (—a(s(ux) — s(x))) < u~ ¥ Pre0n o7

On the one hand, choosing a <§/sup ¢ (g1 %y), we deduce that

f B ey < sup ko) [ w? paw), 62)
0, h(x) y€(0,1) 1)

and, on the other hand, letting x — 0 and using Fatou’s lemma, we deduce that

limsup ) _ —a +limsup (y)
x—0  h(x) x—0 Jox h(x)

k(x,dy) - K(x)

—a +limsup K (x) (f y~ImSUPo 5 (du)—l)
(0,1)

x—0

= —aq+infK ( f uOMSIP0 257 y(lyy) — 1).
0,1)
According to Lemma 8 and the second inequality in (60), there exists @ > 0 such that, for all & < a,
f w0 37 y(du) < @+ p((0, 1))
(0,1)

This implies, choosing & < ag A (6/sup ¢y %y)) (which we will assume from now on) and using
in addition (61), that

W e -infK) +infK(p(0,1)-1) < igf‘ifg).

limsup (63)

h
x—0 h(x)

For all x =1, we have

h
f 5 i dy) = K0 exp (~as(ux) — Bs(x)) p(dw)
0,0 h(x) 0,1/x)

+ K@) f( e (Blsun) = s00) pldi K (),
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where

exp(—as(ux) — f5(x)) < (ux) *SWPreow T < 1y~
and
exp (B(s(ux) — s(x))) < P Mretwnn 7
On the one hand, we deduce that
h(y) -5
k(x,dy)< sup K(y) u ° p(du) (64)
0, h(x) yE(0,M) ©,1)
and, on the other hand, choosing < 1/ infy>1 0’ letting x — +oo and using Fatou’s Lemma, we
deduce that
dh
limsup () = B +limsup h(y) k(x,dy)—K(x)
X—+00 (x) x—+oo J(0,x) h(x)
< +limsup K (x) (f PNy oo 2y p(du) - 1)
X—+00 ©,1)

y

=B+ ian( f yPiminty—soo G5 1 (du) — 1)
©0,1)
According to Lemma 8 and the first inequality in (60), there exists ¢ > 0 such that, for all < B,
f uﬁliminfyﬂ+oo % p(du) < _ﬁ + p((o’ 1))
0,1)

Choosing ff < o A (1/inf>1 =~), we deduce that

C(y)
o h(x)

< (1 —infK) +infK(p(0,1) - 1)

and hence, choosing f small enough and using (61),

Ah(x) . AL(x)
msup = M (©5)

By (62) and (64), and observing that our assumptions imply that K is uniformly bounded, we de-
duce that the first part of Assumption 1 holds true. In addition, o/ h/h is locally bounded and,
by (63) and (65), it is thus bounded from above. We conclude that Assumption 1 is verified.
Finally, (63) and (65) in combination with Proposition 7 entail that Assumption 4 holds true.
This concludes the proof of Proposition 13. O

3.2 Proof of Proposition 4

Since the process X is a PDMB it is a strong Markov process with respect to its completed natural
filtration according to Theorem 25.5 in [22] (its proof remains correct under our assumptions).
Let us now prove the irreduciblity of X. Fix xj € (0, +o0) and set

={x € (0,+00), Px(Hy, < +00) >0}.
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We first note that A is non-empty since xy € A. Our strategy is to prove that A is open and closed in
(0, +00), so that A = (0, +00) since (0, +o0) is connected.

(1) AN (0, xo) is open. For all x < xg € (0, +00), My 1= SUP ¢y x,] kn(2, (0, 2)) is finite according to
Assumption 1. Setting #, = s(xp) — s(x), we deduce from the construction of the process (see Step 1
in the proof of Proposition 2) that

Py (Hy, < tx) =Py (the process X does not jump during the time interval [0, ty]) = e Ml 5,

In particular, (0, xp) < A so that An (0, x¢) is open.

(2) A contains a neighbourhood of x,. According to the previous step, for all € € (0, xp), (xp —
€, Xo] € A. It remains to prove that there exists € > 0 such that (xg, xg +€) < A. According to Assump-
tion 2, the Lebesgue measure of s({y € (xg, +00), k(y, (0, xo)) > 0}) is positive. Since

{y € (x0,+00), k(3,(0,x0)) >0t = |J {ye(x0,n), k(y,(0,x0)) >1/mj},

n=1, m=1

we deduce that there exists a bounded I < (xp, +00) such that

M (s(Ip)) >0 and inf k(y, (0, xp)) > 0.
yEIO

Choosing € > 0 small enough, we deduce that, for all x € (xg, xg + €), 11 (s(lo N (x, +00))) > 0.
We also have, denoting by o the first jump time of X and using the strong Markov property at
time o,

P (Hy, < +00) = Ex (Ly<+00Px, (Hx, < +00)). (66)

Since Py, (Hy, < +o0) >0 for all y € (0, xo), it is sufficient to prove that P(0 < +oo and Xy € (0, xo)) > 0
to conclude that Py (Hy, < +00) > 0. By construction of the process X, we have

P, (0 < +ooand Xy € (0, xg)) =P, (0 < +oo and X, - € Iy and X;; € (0, xp))

- lnf el kh (yr (Or x()))
>P,(s! +0) €] Al 67
(s "(s(x)+0) €l SUPy o1, kn(0, 0, )+ 40 (67)

since s (s(x) + 1) is the position of the process X;_ under Py, conditionally to ¢ < . We also have

P(s 1 (s(x) +0) € Ip) =Py (0 € s(Ip) — 5(x))
_ f 1 .
 Jsto)-sto Ukn+ql(s71(s(x) + 1)

r
Xp(—f [kh+ﬂl](3_1(s(x)+u))du dr>0. (68)
0

Using (66), (67) and (68), we deduce that, for all x € (xg, xp + €),
Py (Hy, < +00) >0.

This concludes the second step of the proof.
(3) An(xp,+o0) is open. Fix x € AN (xg, +00). Then, for all € € (0, x), for all y € (x—¢, x), we have
using the strong Markov property at time Hy,

Py (Hy, < +00) = Py (Hy < +00)Py (Hy, < +00) >0,
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since y < x and x € A. In particular, (x — ¢, x) € A. Moreover, since X is right-continuous,

lim  Py(Hy < Hy,) = 1.

V=X, y>Xx
Hence there exists € > 0 such that, for all y € (x,x+¢),
Px(Hy < Hy)) =21 —=Py(Hy, < +00)/2
This implies that
Py (Hy < Hy, and Hy, < +00) > 0.
Since, by the strong Markov property applied at time Hy, we have P,(H), < Hy, and Hy, < +00) =
P.(Hy < Hy,)Py(Hy, < +00), we deduce that, forall y € (x, x +¢),

Py (Hy, < +00) >0.

This concludes the third step of the proof.

(4) Ais closed in (0, +oc0). We prove that A is sequentially closed in (0, +00). Let (x)nen € A%+
be a sequence converging to a point x € (0, +00).

If there exists n € Z, such that x < x,, then Py(Hy, < +o0) > 0 and hence, using the Markov
property at time Hy, , we deduce that P, (Hy, < +o0) >0 and hence that x € A.

Assume now that x, < x for all n € Z,. Without loss of generality, we assume that (x;) ez, is
non-decreasing. According to Assumption 2, the Lebesgue measure of s({y € (x, +o0), kp(y, (0, x)) >
0}) is positive. Since

{y € (x,+00), kn(y,(0,x)) >0} = U {ye(x, p), kn(y,(0,x,)) > 1/mj,

n=1, m=1,p=1

we deduce that there exists a bounded I; < (x,+o0) and n € Z, such that

A1(s(1)) and inf ky(y, (0, x,)) > 0.
yEIl

Using the same procedure as in Step 2 above, we deduce that P, (Hy, < +o0) > 0. Using the strong
Markov property at time H,, and the fact that x, € A, we deduce that P,(Hy, < +o00) > 0, so that
x€eA.

(5) Conclusion. Steps 1, 2, 3 and 4 above imply that A is both open and closed in the connected
set (0, +00), so that A = (0, +00) and, for all x, y € (0, +00)

Pyx(Hy < +00) > 0.
Now let I < r € (0,+o00) and set £; , = s(r) — s(!) . Then, forall x < y € [I,r],
Py(Hy < t,) 2P0 = f1,,) > 0.

Moreover, since P (H; < +00) > 0, we deduce that there exists ¢, . > 0 such that P,(H; < t; ) > 0.
Using the strong Markov property, we deduce that, forall x > y € [[, ],

Ipx(Hy <Ir+ t;’r + tl,r) =Py (H, < tl,r)Pr(Hl < t;’r)Pl(Hy < tl,r)
>P(o=1,)P(H < t;’r) Pi(o=1t;,)>0.

Setting o = 7, + t;,r + 1., this concludes the proof of Proposition 4.
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3.3 Proof of Proposition 5 under Assumption 3(a)

This proof is a direct adaptation of the proof of Proposition 1 in [38], where the problem is already
solved when s is of the form f;" 1/¢(y)dy, with ¢ continuous and positive, and the measure y is a
Dirac measure.

Let I = (a,b) and fix #; > 0 small enough so that ¢(a, ) € I for all £ € (0, ;). Let us denote by
r(x)=kp(x,0,x))+q(x)=b+K(x)— ﬁx) % (x) the jump rate of X at position x € (0, +00); recall the
definition of b in (10). Restricting to the event where the process jumps only one time in the time
interval (0, t;), we deduce that, for all ¢ € (0, £;) and all positive measurable function f vanishing on

the cemetery point 9,

t u u
Q.f(@ = f f FOTO, b, w), - w)ae b T@@wdv = r@T @), t-w)dv 1T 0, P(a, w)) 1(d0) du
o Jio h(p(a,u))

t e v _ h(T(0,¢p(a,u)))
— T, , - Jo' r@@uw)dv — fo' r( (T (@(a,uw),t—uw)dv d do).
f[o,l]fo F(P(TO,Pp(a,u) u))ae e —h(([)(a, ) u p(do)

By assumption, % is upper bounded on I and r is uniformly bounded away from co on compact
subsets of (0, +00), so that there exists a constant a; > 0 such that

t
Qif(@)=zay f[o 1]f0 F@TO,¢(a,u), t —w) h(T 6, P(a,u)) du (do)

t
> a) fm]fo fos  (sop(TO, pla,w), t —u) dumgu(ds),

where my = infyc(0,1,) B(T (0, ¢p(a, u))) > 0, where we used the fact that, for any fixed 8, u — h(T(0, ¢(a, u)))
is positive and continuous. We observe that, forall 8 € [0, 1], sop(T (8, ¢p(a, w)), t—u) = s(T(6, p(a, u)))+
t — u, so that (recall (15)) for all 6 € [0,1],

dsop(T(0,¢la,u),t—u) _dsoT(O,¢la,u)) 1= 0soT(0,")
du B du B 0s

with the left hand side continuous in ©# and in particular bounded away from 0 and oo for u € (0, ;).
We are now in position to use the change of variable y = s(¢(T'(0, d(a, u)), t — u)), and deduce that,
for all 8 € [0, 1], there exists a positive constant a, () > 0 such that, for all ¢ € (0, £;),

S(TO,¢(a,1)) 1
f fos™ (ydy|.
s(p(T(0,a),1)

(p(a,u)) -1#0,

t
f fos T (sop(T®,pla,w), t—w)du = ay(©0)
0

We have ¢(T(0,0a),t1) # T(0,¢(a, 1)) and hence, by continuity of both term at ¢, there exist two
values s1(0) < s2(0) and a fixed time #;(0) € (0, £;) such that, for all € (¢](6), t1),

S2 (0

t )
fofos‘l(so¢(T(9,¢(a,u)),r—u))duzaz(e)mef fos'ydy

1(0)
and hence
52(0)

Q:f(a) = f az(0) mg e 0),1) 0 fos ' (y)dypu(do).

[0,1] s1(
Let t] € (0, £;) such that

52(0)

f az(0) mo e 0),1) fos Hydyudd >0
[0,1] ©)

$1
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for all positive continuous f,and define the positive measure v’ on (0, +o0) by

52(0)

V= [ @@ molyegon | fos ()dyado)
[0,1] $1(0)

1
so that, for all £ € (¢}, 1;), setting a = v'((0, +00)) and v = /a,V/,
Ea(f (X)) = Q¢ f(a) = apu(f). (69)

Now, since v is a non-zero measure on (0,00), we have, by the irreducibility property proved in
Proposition 4,

Py (Hy < +00) :f v(dy)Py(Hy <00) >0,

(0,+00)
where H, = inf{t = 0: X; = a}. In particular, there exists t, > 0 such that

az:=Py(Hy € [tp, to + (11 — 1})/2]) > 0.

Hence, using the strong Markov property at time Hg, we deduce that forall ¢ € [f, + ], to + (£] +
tl) /2] »

Ey(f (X)) = Ey lHae[tz,t2+(t1—t{)/2][Ea[f(Xt—u)]|Ha = azay v(f). (70)

Iterating the above inequality (i.e., applying the Markov property successively at times tk/n, k =
1,...,n—1) we deduce that

Ey(f (X0) = (azaz)"v(f), te[n(ty+ 1), nlta+ (t + 11)12)]. (71

26+2t
h-t

We set 7 = { J +1 (so that (n+1)(£2 + £]) < n(t + (¢, + 11)/2) for all n = ny), and define 3 =

ni(tp + t}). For any ¢ = t3, the integer n = Lttht’J satisfies ¢ € [n(ty + £}),(n+ 1) (2 + t))] and n = ny,
1
sothat t € [n(t+3£/2),n(t + (t{ + 11)/2)]. Hence, setting

Br = (azay) L_IJ >0, t=13,
we deduce from (71) that
Ey (f (Xy) = Brv(f), t=13.

Using again the irreducibility property stated in Proposition 4, we know that, for any compactly
contained interval L c (0, +oo) containing a, there exists a constant #4(L) > 0 such that

as(L) := )icrelglpx(Ha < t4(L)) > 0.

Hence Markov’s property applied at time H, and the above inequalities gives, for ¢t = t; + #3 + 14(L)
andxeL,

Ex (f(X0) 2 Ex [1H,<0,0Eal f (X))o g, |
>y, [lHa£t4(L)aZ[EU[f(Xt—tl—u)]Iu:Ha]
=Ey [1H,<t, 1) @2Bi—1,— 1, | V()

= CL,tv(f))

where cr,; 1= as(L) a2 B¢- 1 -1,(1)- This concludes the proof of Proposition 5 under Assumption 3(a).
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3.4 Proof of Proposition 5 under Assumption 3(b)

(1) We find a lower bound for Q by a simpler semigroup S.

Let I = (a,b) such that B(x, (0,x)) is positive for all x € I and fix #; > 0 small enough so that
¢(a,t) € I for all ¢ € (0, ;). Without loss of generality, we assume that there exists a compact set
A < (0,a) such that f(x, A°) = 0 for all x € (0, +o00), and that S(x,-) = 0 for all x = 2b. Let (S;)¢=0 be
the semigroup of a PDMP on [min A, +00), with jump kernel §(x,dy) and flow directed by ¢. Then,
using the fact that h, g and kj(x, (0, x)) are locally bounded, we deduce that, for all ¢ = 0, there
exists a constant a; (t) > 0 such that, for all non-negative function f with supportin (min A, 2b),

Qif(X)zar(0)S;f(x)Vx e (a,b).

(2) We prove a Feller-type property for S.

Let ty > 0 be such that ¢(min A, p) > 2b, so that the process with semi-group S has jumped
at least once before time f; or remains outside [min A,2b]. Then for all ¢ = ¢, all measurable B c
[min A,2b] and all x € [min A, +00),

t u
S50 = fo fw( Sualp@ly, =) e B O Bpe ), dy) du
(X, u

with rg(z) := f(z, (0, +00)). Using the property (6) for 5, one deduces that it also holds for S;: for all
t = 11, for all xp € [min A, 2b]

S¢1p(xp) > 0 implies that liminf S;1g(x)>0 (72)
X—Xp, X<Xp

(3) We find a recurrent set. To be more specific, in this part, we obtain a set C of arbitrarily
small radius with the property that S;1¢(x) > 0 for all ¢ sufficiently large and x € C. We begin with
a useful inequality, before making a case distinction.

Restricting to the event where the process jumps exactly once, and does so in the time interval
[0, £;], we deduce that, for all positive measurable function f and all x € I, for all ¢ = #;, there exists
a constant a, (t) > 0 such that

5]
S:f(x) = ax(t)6<R' f, where 5xRtf::f f fy, t—w) plp(x, u),dy)du.
0 (0,+00)

We set ¢ = %[’ The term §.R" defines a measure such that §.R" ((0,a)) > 0, and hence there exists
tp > t1 such that §.R2((c—¢,¢]) > 0forall e > 0. Let ¢ € (a,¢) be such that ¢(¢/, r,— 1) > ¢. Then there
exists a constant as > 0 such that, for all x € (¢/, ¢) and all positive function f : (0, +oo) — [0, +00),

S5:R2f=as6 R2"Vf, (73)

where t(x) € (0, to—t7) is such that ¢ (x, £(x)) = ¢. In particular, for all x € (¢/, ¢), noting that ¢(¢/, £(x)) <
¢(x, t(x)) = ¢, we have
xS, (¢, ¢]) = ap ()8 R™((¢', c])
= a(12) 36 R~ ((¢ )

= ay (1) az0 R ((P(c', t(x)), Plc, £(x))])
> ay () azd R2((¢p(c, t(x)),¢]) >0, (74)
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where (here and later) we define the measure 6,S;(A) = S;1 4(x).

Case (a): 6.5y, ({c}) > 0. When this is true, we can prove Proposition 5 in a straightforward way.
If this holds then, using (72), we deduce that there exists ¢’ € (¢/, ¢) such thatinfye( xS, ({c}) > 0.
Fixing 3 € (1, t») such that

inf 6.5.((c",¢c]) >0,
telts, ]
we deduce that there exists a constant a4 > 0 such that, for all t € [t3+ £, 215],
6CS;§ = a46c.

We can now follow the same strategy as in the previous section, since the equation above is essen-
tially (70) with v = §.. This allows us deduce that Q satisfies (31), which completes the proof of
Proposition 5 in this case.

Case (b): 6.5, ({c}) = 0. Take ¢’ € (¢/,¢) such that ¢(c, £(¢"")) = ¢”’. Then there exists € > 0 such
that 6. R2((¢”, ¢ —¢€)) > 0. According to (74), we have

S5 R2((¢',c—€) = az6. R (' c— )
= a3 R" (', t(x)), p(c— &, £(X)]).

If x € (¢, "], then ¢(¢/, 1(x)) < c and ¢(c — €, £(x)) > ¢(¢”, 1(x)) = ¢ so that

8xR2((¢,c—€)) = ag6 R2((P(¢, £(x)), 0)) > 0.
If x € (<", ¢), then (¢, t(x)) < p(c/, t(c")) =" and p(c — ¢, t(x)) > ¢ — ¢, hence

6xR2((¢,c—€)) = as6 R2((",c —€)) > 0.
Choosing t; > f, such that ¢(c — ¢, t4 — £2) = ¢, we deduce that
8xS:((cse]) = a (D)6 R (¢, ¢]) = az ()6 R2((',c—€]) >0, Vx e (,cl, VE€ [, ta].
Hence there exists t5 > 0 such that, for all ¢ = 5,
Si((¢,e])(x) >0, Vx e (el

Since ¢’ can be replaced in this argument by any point arbitrarily close to ¢ and since S is irreducible
on (¢, ¢), we deduce that, for all € > 0, there exists ¢(¢) such that, for all ¢ > #(¢),

S;((c—¢,¢))(x) >0, Vxe (c,c]. (75)

(4) Conclusion. In this part, we give an adaptation of [32, Proposition 6.2.1] in order to con-
clude.

Define the measures 6§, S, := 1 (X)0xSns, (- N (¢, ¢]) for x € (0,+00) and n € N. For all meas-
urable B < (¢/,¢] such that §.5;(B) > 0, we deduce from (72) that there exists € > 0 such that
infye(c—e,c) 0xS1(B) > 0 and hence from (75) that, for any ng = 1 such that ngt; > t(e),

6xSn0+1(B) > 0.

This shows that (S,,) sen is w-irreducible with ¥ = §.S;. In particular, by [32, Theorem 5.2.2] and
its proof, (S,,)en admits a ‘small set’ C < (¢/, ¢] such that §.5;(C) > 0; this means that there exists
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m = 1, a constant 7 > 0 and a probability measure v on (¢, ¢] such that §,S,, = nuv for all x € C.
Since 6,51 (C) > 0, we deduce from (72) that there exists a neighborhood U of ¢ in (¢,’, ¢] such that
infyey 6,51 (C) > 0. In particular,

5xQ(m+1)t1 za((m+1) t)5xs(m+1)t1 za((m+1) t)5xsm+1 =1 ;2£5x51(c) v, VxeU.

Since there exists s > f7 such that inf;c[4, ) 6.Q;U > 0, we deduce as above that (31) holds true.
This concludes the proof of Proposition 5.

3.5 ProofofTheorem 3

Our aim is to prove that Assumptions 1, 2, 3 and 4 together imply that Assumption F of [20] is
satisfied for the Markov semigroup (Q;) re[0,+o0). Let us recall this assumption.

Assumption (F). There exist positive real constants y1,y2,¢1, ¢z and cs, t;, f> € [0,+00), a measur-
able function v : (0,+00) — [1,+00), and a probability measure v on a measurable subset L c
(0, +00) such that

(FO) (A strong Markov property). Defining
Hp:=inf{t =0, X; € L}, (76)

assume that for all x € (0, +00), X, € L, Px-almost surely on the event {H}, < oo} and for all
t >0 and all measurable f: (0, +oo) U {0} — Ry,

Ex [F X0 t,20c] = Ex |Vt <encExy, [FXemi) it lumr |
(F1) (Local Dobrushin coefficient). Vx € L,
Px(Xy €)= c1v(-nL).
(F2) (Global Lyapunov criterion). We have y; < y» and

Ex(@1(X5,) 1< i, n0) < V1291 (X), VX € (0, +00)
Ex(y1(X)lcp) =, VXEL, VEE[D, 1],
Y 'Po(X € L)

+o0, Vx€ L.
t—+o00

(F3) (Local Harnack inequality). We have
supyeL Py(t < ()
SUp ——————— <3
=0 infyer Py (1<)

We prove in the following subsections that F0, F1, F2 and F3 are satisfied, in this order, with the
aim to apply the following result, which is Theorem 3.5 in [20] combined with the continuous time
adaptation of Theorem 1.7 in [20].
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Theorem 4 ([20]). Under Assumption (F), (X;)te[0,+00) admits a quasi-stationary distributionv gs on

(0, +00), which is the unique one satisfying v os(y1) < oo and P, ,,(X; € L) > 0 for some t € [0, +00). In
-Afe

Vs
addition, there exists a constant/lé( =0 such that/l(})( <log(1/y2) <log(1/y1) andP,(t <) =e
for all t = 0, and there exists a functionn : (0, +c0) — [0, +o0) lower bounded away from 0 on L and
such that

'n(x) _ MNP (1< ()' <Ce My (x), Vxe (0, +o0) 77)

and such that Ex(n(X)1;<;) = e‘Agtn(x) for all x € (0,+00) and t = 0. Finally, setting E' = {x €
(0, +00), 1(x) > 0}, we have, for all f : E' — R such that || fn/y1 |l < +00,

X
AXt

n(x)

—rt 1 (x)
n(x)

Ex(M(Xo) f( X)) —vos(nf)| < Ce Ifn/yilleo, VXEE, (78)

for some constantsy >0 and C > 0.

Note that, in the above result, it is clear that /1(})( is the same as the one defined in (32). We
conclude by proving that the property obtained from this result entails Theorem 3.

In what follows, we only consider functions f vanishing on the cemetery point, so that Q; f (x) =
Ex(f(X)1:<r) = Ex(f(X;)) for all x € E, where ( is the first hitting time of d. Moreover, b and h are
the objects defined in section 2.1.

3.5.1 Proofof FO and F1

The completed natural filtration of X is right continuous (see Theorem 25.3 in [22]). Hence the
Début Theorem (see for instance Lemma 75.1 in [42]) implies that H} is a stopping time with re-
spect to this filtration. By Proposition 4, we deduce that F0 holds true for any compact interval
L c (0, +00) (this set shall be chosen in subsection 3.5.2).

According to Proposition 5, the condition F1 holds true for L, assuming in addition (and without
loss of generality) that L large enough so that v(L) = 1/2.

3.5.2 Proof of F2

Take v, =/ h (we assume without loss of generality that ¢ = h), extended to 0 by the value 0. We
deduce from Assumption 4 that there exists A{( > Aff and a compact interval L c (0, +00) such that

Ly (x) < -A¥y1(x) + Cl(x), Vxe (0, +00).
Let (fx) k=2 be a non-decreasing sequence of non-negative functions in Cés) such that, for all k=2,
fr(x) =1 (x) forall x € (1/k, k). We deduce that, for all x € (1/k, k),
0
L fr(x) = a—]; (x) + kp(x, fi) = fr (XD kp(x, (0, x)) — g(x) fi.(x)

_on
0s
< Ly1(0) < —Af 1 () + C1(x) = —Af fi(x) + C1L(%).

(xX) + kp(x, fi) — w1 () kn(x, (0, x)) — g(x)w; (x)

Since f, extended by the value 0 on 9, belongs to the domain of the extended infinitesimal gener-
ator of X, we deduce that

X t X
MF = M (X)) - i) - fo MUY 1+ 2 f(X) du
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is a local martingale. Since elf”(/l‘lx + £ fx(Xy)) is uniformly bounded on [0, f] (where we used
Lemma 1 (iii)), we deduce that it is a martingale. In particular, for any 2 < k' < k, denoting by
T =inf{t = 0, X; or X,_ ¢ (1/k’, k')}, we have, using the optional stopping theorem,

E (e/li(t/\(/\rk,AHLfk(Xt/\(/\Tk//\HL)) < fir(x), VxeQ/k, k.
Letting k — +o00, we deduce that
E (e/li(t/\(/\Tk//\HLwl (Xt/\(/wk//\HL)) <y (x), VxeQ/k, K.
Using Fatou’s Lemma and the non-explosion of the process X, we conclude by letting k' — +oo that
E (e/lfm(/\HLwl (Xt/\{/\HL)) <y, (x), Vxe (0,+00).

This entails that .
E (eﬂl Yy (X)L earn HL) <y1(x), Vxe(0,+00),
which implies the firstline of F2 for any £, >0 and y; = e M,
The same procedure, but replacing /1{( by —C, stopping the process at time t A { A T} instead of
t AN AT A Hp and using the fact that £ fi. < C for all x € (1/k, k), one deduces that, for all £ = 0.

E(y1(X)1eg) < e“'y1(x),  Vaxe (0,+00).

This implies the second line of F2.
X X
Finally, choosing any y, € (e~ ,e~4), the last line of F2 is a direct consequence of the defini-
tion of 13.
3.53 F3

The irreducibility property of Proposition 4 implies that there exists #; > 0 such thatinfy ye P, (H) <
t1) > 0. Moreover, for any fixed xg € L, Py, (f1 <{) >0, hence

c3:= inf Px(Hy < tL)Ipxo(tL <{)>0.
X,YeL

Forallall = t; and all x, y € L, we obtain, using the fact that P, (¢ < {) is decreasing with respect to
t and the strong Markov property at time H,,

Pr(t <) 2Ex(1m,<Py(t—u<Qly=p,)
=P (Hy < t))Py(t <) =3Py (£<{).

For ¢ < 17, we observe that, for all x, y € L, using the strong Markov property at time Hy,,
Py(t <) 2 Py(Hy, < +00)Py, (11 < Hy) = c3 2 c3P, (£ < 0).

Hence,
sup, Py(t<) 1
su yEL—y < — <oo. (79)
=0 infyerPx(£<()  c3

This concludes the proof of F3.
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3.5.4 Conclusion of the proof of Theorem 3

We proved in the above subsections that the semigroup Q satisfies the conditions of Theorem 4.
The Doeblin property obtained in Proposition 5 entails that 1 is positive on (0, +o0) (and in partic-
ular E’ = (0, +00)). Hence, for all f € L*®(y) and all ¢ > 0, applying (78) to f/n, we deduce that

Mt

n(x)

-yt Y1 (x)
n(x)

<Ce

Q¢ f —vqs(f) I £l VXEE.

Since 6,Q;f = e‘b‘ﬁéx T¢(f h), we obtain, for all g € L*°(y) = L*°(w h) and taking f = g/h,

eho-big, Ttg—st(g/h)n(x)h(x)| <Ce "y (h@)g/ (hyDlle = Ce " p(x) 1 g/ llso-

Finally, using that Ay = Aé( — b and setting m(g) := vqs(g/h) and ¢(x) = n(x)h(x) we deduce that,
forall ge L*(y),

’e’l"tc?x T,g—m(g e(x)|<Ce " y(x).

Integrating with respect to p such that u(y) < +oo concludes the proof.

3.6 Proof of Proposition 6

Let /1’0 = inf{l € R, fg"’ eM T, 1, (x)dt = +o0}, where x € (0, +00) is fixed and L < (0, +00) is a non-
empty, compactly embedded open interval. We clearly have Ay = A;. Let us prove the converse
inequality.

Fix A > Ay, so that [§° eMT;1;(x)dt = +oo for some x € (0, +00) and some compactly embedded
non-empty interval L < (0,+00). In particular, setting AX = A+ b, we have [{°e? P, (X, € L)dt =
+oo. For any y € (0, +00), there exists, according to Proposition 4, ug > 0 such that P, (Hy < ug) >0,
and hence, using the strong Markov property at time H,,

Xy Ryre
fe IPJ,(XtEL)dIZf e [Ey(leguolF’x(X,_uEL)Iu:Hx)dt

Uy U

R
:[Ey lesuof e Px(Xt—ueLNu:det

Uy

o0
>, (lesuof eAX”[P’x(X,, €el) dt) = +00.

Up

In particular, [;° eMip y(X; € L)dt = +ooforall y € (0, +00). This implies that the probability meas-
ure v from Proposition 5 satisfies

f NP, (X, € L)dt = +oo. (80)
0

Consider f7, vand ¢z, ; from Proposition 5. Then, forall T = ¢, +1 and all x € L, we have, applying
the Markov property at time #; + u for all u € [0, 1],

Pr(X7e D) =zcppy+uPoXr—p—u€ L) = cp g 1Py (X7~ € L)
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and hence
AXT AXT 1
e P.(Xrel) = CLn+1€ IPU(XT_tL_ueL)du
0

! AX(T

= CL:tL+1f AR Py(XT—t,—u e L)du

0

T-1

= CL,tL+1f et 'P,(X; € L)dt.

T—-t-1

Now, according to (80), for any fixed € > 0, there exists T; € {0,1,...} such that T, = ¢ + 1 and

Te—tr, X
f NP (X, e L)dt =
To—t1—1 CLt;+1

and hence such that
eV HOLp (X1 €)= 1. 81)
We define the function w;, : (0, +co0) — [0, +00) by
T,-1 T,-1
we(x)= Y. NP (Xen= Y eV Q1)
i=0 i=0

where we recall that Q is the semigroup associated to the Markov process X. We thus have
Tl s
Quwe(x) =Y, eV *91Qi11(x)
i=0

Te
_ X X o;
—e A% +g) Ze(/l +£)1Qi1L(x)
i=1
—AX X
= =¥ (1w () + eV T Q100 - 1, (0)

But, by (81), e+ Qr.1.(x) = 1 forall x € L, and hence we obtain, for all x € (0, +00),

—(AM+¢

Qwe(x)=e Jwe(x)

and hence, by iteration,
Quwe(x) = e M1y, (%), Ynelo,1,...).

Since w,(x) > 0 for all x € L, we deduce that

e~ W HIng (%) +oo, VxelL. 82)

n—+oo

Proposition 4 and 5 entail that there exists 7, > 0 such that
co:=Py(X;, € L)>0.

We can assume without loss of generality that T, > 1 + typ. Hence, for all y € L, we have according
to the Markov property and by Proposition 5, for all # = ¢ such that u—¢ =ty + ¢,

Py(Xut € 1) 2 Ey (Px, (Xt € 1) = cpu1-Py(Xiy € 1) 2 C1umi 1y 0.
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Using again the Markov property, we thus observe that, for all u > 5 + £z, all x € (0,+00) and all
te[0,u—rt—1gl,

Py(Xy € L) = Ex (1x,etPx, (Xy— € L))

> Py (Xt € L) cL,u-t-1,Co-
In particular, forall u > ¢y + t; + T and all k € {0, 1,..., T, — 1},

Px(Xy € L) 2 Px(X |y~ 1,4k € L) CLu—|u)+ To— k- 1,60 = Px (X |y~ 1, +k € L) L1+ T,— 1, Co-

X
LA +0k e have

Hence, setting 6, = Z]?: _0
e(/IX+2£)u Te-1 ok
—— L T PuXueD)

€ k=0
e(/lx+2£)u T.-1 A vk

+
5 CL1+T—-1,C0 », €% TP (Xy-T+k € L)

€ k=0

e(/lx+2£)u T.—

1
A +e)k
= ——F—CL1+T.-14C0 Z e +e) Quu)-1.+,k1L(%)
O =0

e(/lX+2£)(LuJ—Tg)

> 5—CL,1+TE—tOCOQLuJ—TE we(x).
£

e(AX‘sz)u[FDx(Xu € L)

\%

By (82), this shows that e(’lx+25)”l]3>x(Xu € L) goes to infinity when u — +oc0. In particular, AX +2e>
AZ. Since this is true for all € > 0, we deduce that A* = AX and hence A = A¢. Since this is true for
all A > g, we deduce that A = Ay, which concludes the proof of the proposition.

3.7 Proof of Proposition 7

(1) Proof of (a) We set w1 = ¢/h and v, = ¢(x)/h, both extended by the value 0 at point 8. We
observe that (up to a change in the constant C > 0)

$W1 =-1 +b)1//1 + C1y and ,%1//2 =>—(As +b)1//2.

Since v, is continuous and positive, it is lower bounded on the compact interval L, and hence we
have £y < —(A1 + b)w, + C'w», for some constant C' > 0. Hence setting F = ¢ — ﬁ([/z, we

obtain
(/12 + b) Cl

A=A
Fix x € (0,+00). Using the same approach as in section 3.5.2 (note that F is lower bounded on
(0, +00) and positive in a neighbourhood of {0, +oc0}), we deduce that, for all £ = 0,

LF<—-A1+by;+Clys+ wy=—(A +b)F.

EyleMDIF(X)] < F(x).

In particular, for all £ = 0,
!

A=Az

Ex(y1(Xp) < Ex(po (X)) + e MHDE(y),
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For all M > 0, there exists a compact interval Ly; < (0, +o0) such that ¢; = My, on E\ Ly;. Hence,
forall t =0,

c’ _
ME (W2 (X)Lx,eny) < 7 ExWa(X0) + e M+b)t By,
1— N2
so that, choosing M = MCTIM +1,

!

Ex(W2(X)1x,er,,) +e MO FW),
-7y

Ex(Wo(Xp)1x,er,) <

which entails
!

A—=b

!

Ex(wa2(X)) = |1+

) Ex(w2(X)lx,er,)+ e~ M+DI Ry

<|1+

)IPx (X, € Ly) + e MRy, (83)
A —b

In addition, by Corollary 1 (and more precisely its proof), we have, for all £ = 0,
t t
Ex(wa2(Xp) =ya(x) +/0 Ex(Zyo (X)) du =y (x) — (A2 + b)fo Ex(wa2 (X)) du
and hence, by Grownwall’s Lemma,

v (x) < eMOE (y, (X)),

The last inequality and (83) and the fact that A, + b < A1 + b imply that, for any fixed A’ € (12, 1;),

eNDIp (X, € Ly +00.

t—+oo
In particular AX < A’ + b, so that Ay < A’ for any A’ € (1,, A1), which concludes the proof of Proposi-
tion 7 (a).
(2) Proof of (b) The intuition for this part is that we wish to consider a semigroup generated
by the operator f — d(gm , represent this in terms of a Markov process Y together with a potential

d(Ys)ds

term el and use [11] to bound its growth coefficient. However, we must be cautious: ¢
cannot be used in place of i in Assumption 1, so we cannot use our established existence and
uniqueness results, and moreover, the potential term we would get from the calculation above is
not bounded. Instead, we first define a process Y with the desired properties, and then consider
introducing a truncated potential (d" below) to allow us to apply [11]. Once this is done, we relate
this back to the original semigroup T by applying Theorem 1 to a truncated version of <, and this
allows us to bound Ay.

We consider the right-continuous PDMP Y with drift s and jump kernel k(x,dy) = %k(x, dy).
The function V = v/¢ satisfies
‘Z—Z(x) + f( oo VO V) k(x,dy) = V(x) (ﬁ‘;—f(x) - %%m *os %k(x, dy) - k(x, (0, x))

=V(x) (% - %) < V(x) (=11 +C1.(x) + 1p)

<-AV(x)+ CmLaleL(x),
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where A = A; — A, = 0. Since in addition V(x) — +oco when x — 0 or x — +o0, and since the jump
rate k(x, (0, x)) is locally bounded, this entails that Y is non explosive and recurrent. Its extended
infinitesimal generator, denoted by £7, satisfies, for all f € Cés),

0 _
LY f(x)= a—i(fo(o )(f(y)—f(x))k(x,dy), Vx € (0, +00).

Let M > infy-o </ &(x)/&(x) and define dM : x € (0, +o00) — d(x) A M. Consider the semigroup
t
Sltwf(x) =E, (exp (f dM(Ys) ds) f(Yt)),Vt >0,x€ (0, +00).
0

According to Proposition 2.11in [17] (see also Proposition 3.4 in [11]), if Y is recurrent, then — 1 (S™) =
infyso d(x), with strict inequality if d is not constant, where Lo(SM) is the growth coefficient of sM
(beware of the difference of sign convention in the definition of the growth coefficient in the cited
works).

We therefore need to prove that 19 < Ao(SM). Forall f € Cés) and for f =1, we have

t u
SYf(x0) = f(x) +Ey ( f exp ( f d™(vy) ds) (@ (Y f (V) +£Y f(Y) du
0 0
t
=f(x)+f SM@Mf+ Y fx)du.
0
Let

KM(x) = k(x, (0,x)) —dM(x)

and
0 _
BMf(x)=dM(x) f(x)+ LY fx) = _a]; (x) + f( . )f(y)k(x,dy) - KM ) f(x).

The operator M is a growth-fragmentation operator just like «¢, and indeed, it satisfies Assump-
tion 1 with 4’ = 1 instead of h. In particular, according to Theorem 1, S is the unique semigroup
such that, forall f € C%¥ and for f =1, for all £ =0 and all x € (0, +00),

t
SYf(x) =f(x)+f0 sM (M f)(x)du.
We now define, for all f € (<) and all x € (0, +00),
AMf(x) = o f(x)— (d(x) - d™ (X)) f (x).

Then

A h(x) AMp(x) o h(x)
—-dx) = <

h(x) h(x) h(x)

with d locally bounded, since ¢ is locally lower bounded away from 0 and since % and f(o, »s k(x,dy)
are locally bounded by assumption. Hence one easily checks that «#M satisfies Assumption 1. Let
TM be the associated semigroup (whose existence and uniqueness is ensured by Theorem 1). Since
e L®(h) and L&/ h = —A¢/ h is lower bounded, we deduce from Corollary 1 that

t
TME(x) = E(x) + fo TM (™ &) (%) du.
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In particular, the semigroup T™ defined, for all f € Cés) and for f =1, by
M f(x) = mTM(Ef)(x), Vi=0,Vxe€ (0,+00),

satisfies, for all such f, x and ¢,

- 1 r__
TMf(x) = f(x)+ ——TWdM@mumu‘ﬂMﬁ[ﬂ%JMﬂumu

¢(x)
where
P po = LIOW
¢(x)

of - 1 0 M
=—(x)+f FON k(x,dy) —Kx) f(x) + =—==x) f(x) = (d(x)—d™ (x)) f(x)

s ©0,%) &(x) Os
_ g - ¢ (x) 7 _ M
=35 (x) + (ny)f(y) k(x,dy) + 200 k(x,0,x)—d(x)+d" (x)| f(x)
=M f(x).

This entails that, for all non-negative measurable function f : (0, +oco) — [0, +o0), all x € (0, +oo) and
allt=0,

~ 1
ﬂVM=ﬂWm:agﬂ%ﬂm.

But, according to the representation of T™ as the 1/ h transform of a sub-Markov process (see Pro-
position 2 and the conclusion of the proof of Theorem 1 in section 2.3), we have

mm&f i EXM

-———T”ﬁffx )= ————E«| f(X t)h(XWﬁ x4 |

(%) ¢ (%)

where XM is a (0, +o0) U {8}-valued PDMP with drift determined by s, jump kernel hgi k(x,dy) and
killing rate (that is jump rate toward 9)

AMh(x) AMn(x)
Moy _ oM _ M
GOty WS S e S
Moreover, b — gM(x) = < ;\:(Z)(x) < ”ij(lg) b-q(x), so
h(x)e"'t ¢ &(Zp)
sM —TM [Ex( (—f Mzod ) Z )
L )= ) €NHx) = 500 exp q” (Z,)dul| f( t)h(Zt)
_ hx)e? ( ( f ) ﬂ&q 1
[Ex Zu d Z
) exp q(Z,ydu] f( t)h(Zt) St( ) T; () (x)

where Z is a (conservative) PDMP with drift determined by s and jump kernel % k(x,dy).
We hence obtain, immediately from the definition, that 1o(SM) = Ay, which is what we needed

to prove.
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A Appendix

Let s be continuous (strictly) increasing function from (0, +oc0) to R such that s(+o0) = +o0, let Q
be a non-negative kernel from (0, +o0) U {8} to (0, +00) U {8} such that Q(9, (0, +oc0) U {9}) = 0 and
Q(x,[x,+00)) = 0 for all x > 0, where 0 ¢ (0,+00) is an isolated point. From now on, we set E =
(0, +00) U {0}. We consider the PDMP X with state space E, directed by the flow ¢ defined by (14)
(with ¢(0, t) = d for all £ = 0) between its jumps and with jump kernel Q (note that d is an absorption
point for X).

In the following results, C,(E) denotes the set of bounded real valued continuous functions
on E and Cy(E) the set of bounded continuous function vanishing at infinity. We emphasize that
its statement and proof can be easily adapted to the case where X takes its values in [0, +00) or R.

The first part of the following proposition is proved by Davis in [22, Theorem 27.6], when ¢
is generated by a Lipschitz vector field and x — Q(x, (0, +0c0) U {8}) is continuous and bounded.
In our case, we do not assume this regularity, but use instead the fact that our state space is one
dimensional.

Proposition 14. Assume that sup ¢ p;) Q(x, E) < +oo for all M > 0. Then the semigroup T of X
maps Cyp(E) to itself.

If in addition s(04) = —oo, sup .y Q(x, E) < +o0 and, for all M > 0, limsup,_,, ., Q(x, (0, M) U
{0}) =limsup,_., Q(x,{0}) =0, then the semigroup of X is Feller, meaning that it maps Cy(E) to itself
and is strongly continuous on Cy(E).

Proof. We start by showing the first part, and then the second part of Proposition 14.

(1) T maps Cy, (E) to itself. Our proofis a simple adaptation of the proof of [22, Theorem 27.6] to
our particular one-dimensional setting. Since s(+o00) = +o0, the explosion time of ¢(x,-) (denoted
by 7. (x) in the cited reference) is equal to infinity for all x € E. Moreover, since sup ¢ g p5) Q(x, E) <
+00, the process X is non-explosive (as detailed in the first step of the proof of Proposition 2) and
well defined for all time ¢ = 0, for any initial distribution. Finally, Q(x, E) is uniformly bounded over
x€E.

The only difference with the proof of [22, Theorem 27.6] is that, in our case, it is not immediate
that, for any ¢ € C, (R x E) and f € Cy(E), the term

t
Gy(x,t):= f(p(x, t))e_A(t’x) +f f w(t—u,y)Qp(x, u),dy)e—A(x,u) du
0 JE

where

t
A(x, t):=f Q(¢p(x,u), E)du,
0

is continuous in (t, x) € [0, +00) x E and bounded. The rest of the proof is identical to the one of [22,
Theorem 27.6] and we thus only need to prove that Gy € C, (R, x E) to conclude.

First note that |G¥|lco < | fllco + 1 ]lo, SO that it is bounded. It only remains to prove that Gy is
continuous. Since Q(8,dy) = 0 and since ¢(9, t) = d for all t = 0, we have Gy (9, t) = f(0) forall t =0
and hence Gy is continuous on {9} x [0, +00). Now let (x, ) € (0, +00) x [0,+00) and (¢, h) € R xR
such that (x+¢, ¢+ h) € (0, +00) x [0, +00). We have, for all u =0, denoting 6 := s(x +€) — s(x)

Glx+e,u)=ss(x+e) +u) =5 (s(xX) + (u+s(x+8) —5(x) = P(X, U+ ). (84)
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In particular,

t+h
Alx+et+ h)zf Q(p(x+¢,u), E)du
0

t+h

= Q(p(x, u+0bx,e), E)du
0

t+h+06,
_ f Qb (x, w), B)du,

X,€

so that A is continuous and more precisely

[A(x+e,t+h)—Alx, D)< 20+ h) sup Q(y, E). (85)
YEO,p(x,t+h+8,.))

Using again (84), we also obtain

t+h
f f w(t—u,y)QPp(x+¢,u),dy)e” Ax+ew qy
0 E
t+h
:f fW(t— u,y)Q((,b(x,u+5x’8)’dy)e—A(x+£,u)du
0 E

t+h+05,
= f f W(t— u _6x,gy y)Q((’b(x’ u),dy)e—/\(x+£,u_§m) du.
6x,£ E

By dominated convergence, continuity of ¢ and of A, we deduce that the last term converges to
Jo Jew(t—u,)Q(p(x, u),dy)e~A*¥ duwhen (¢, h) — 0. In particular, using this and the continuity
of ¢, of f and of A, we deduce that Gy(x, t) is indeed continuous in (x, t), which concludes the
proof of the first part of Proposition 14.

(2) T maps Cy(E) to itself. We assume in addition that s(0+) = —oo, that sup,.; Q(x, E) < +00
and that, forall M > 0, limsup,_, .., Q(x, (0, M) U {0}) = limsup,_., Q(x,{d}) =0.

Let f € Co(E) and fix € > 0. Let also ng be large enough so that sup ¢ o,1/n,)u(n,+00) f (X) < €.

Denoting by T < T, < -+ the successive jump times of X, we deduce from the boundedness of
Q(, E), that, forall t =0,

supP(T, <t | Xo=Xx)

xeE

0.

n—+oo

Fix n; such that sup . P(Ty, < t| Xp = x) < €. Since the process X is almost-surely non-decreasing
between the jumps, its law at time 7 on the event T}, < t < Ty stochastically dominates the n' h it-
erate of Q, denoted by Q" (consider that dis below 0). By assumption we have limsup,._., ., Q(x, (0, ng)u
{0}) =0, so that, for all n =0, limsup,._. , ., Q" (x, (0, ng) U{8}) = 0, and hence there exists n, = 1 such
that, for all n € {0,...,n;},

SupP(X;<ngTp<t<Tpi1|l Xo=x)<el(ny+1).
X=ny

In particular,
1
supP(X; < ng | Xo=x) < sup Z PX;<nogTp=t<Tpys1| Xo=x)+supP(Ty, =t|Xp=x) <2¢.
X=np X=N2 p=0 X=np

Asa consequence,
sup E(f(X,) | Xo = x) < 2¢|| flloo +&.

X=ny
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Since the existence of n; is true for any fixed € > 0, we deduce that

E(f(Xe) | Xo=x)

0.

X—+00

Now, since s(x) gy Toowe deduce that ¢(x,t) — 0 when x — 0. Since X; < ¢(x,t) or X; =0
X—

almost surely when it starts from x at time 0, we deduce that, if f vanishes at 0, then so does
T:f(x) = E(f(X)1x,45 | Xo = x) when x — 0. Moreover, the jumping rate from y to 0 goes to 0
when y — 0, so that P(X; = 0 | Xy = x) — 0 when x — 0. Finally, we deduce that T} f(x) — 0 when
x—0or x— +oo.

We conclude that T, maps the space of continuous functions vanishing at 0 and infinity to itself.

(3) T is strongly continuous. We proceed under the same assumptions as in step (2). Let f be
in the space of continuous functions vanishing at 0 and infinity. Fix £ > 0. Since Q(:, E) is uniformly
bounded, say by a constant C, then the probability that the process has no jumps between times 0
and t is larger than e~ ‘¢, for any # = 0. Hence

|Tef ()= fpx, )| < 1—e | fllco- (86)

Since f vanishes at infinity, there exists ns large enough so that f(x) < ¢ for all x = n3 or x < 1/ns.
Since we have ¢(x, t) = x for all starting position x = n3 and ¢ = 0, we deduce that

sup | f(p(x, 1) — f(x)| <2 sup|f(x)] < 2e. (87)
x=zn' x=zn'
Similarly, ¢(x, ) < ¢(1/(n3 + 1), t) for all starting position x < 1/(n3 + 1). Since ¢(1/(n3+1),t) —
1/(n3 +1) when t — 0, there exists f > 0 such that ¢(x, t) < 1/n3 for all x < 1/(n3+1) and ¢ € [0, f].
We deduce that

sup |f(¢(x» 1) _f(X)| < 2e. (88)

x<1/(nz+1)

Finally, ¢p(x, t) converges to x when ¢ — 0, uniformly on compact sets and f is uniformly continu-
ous on [1/(n3 + 1), n3], so that there exists #; > 0 such that

sup  |f(px, )~ f(x)| <& Vi<t

x€[1/(n3+1),n3]

Using the last equation and inequalities (86), (87) and (88), we deduce that there exists #, > 0 such
that, for all ¢ < t,, (note that the case x = 0 is trivial)

sup| T f(x) - f(x)| < 3e.
x€E

Since this is true for any € > 0, we deduce that T, f converges to f in the uniform topology. This
means that T is a strongly continuous semigroup on Cy(E) and concludes the proof of Proposi-
tion 14.

O

In the following result, we characterize the infinitesimal generator of X when its semigroup is
Feller. We recall that, if s7! : (oo, +00) — (0, +00), then, given a function f : (0, +00) — R such that
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fos!is absolutely continuous, the function fos™! is 1;-almost everywhere differentiable and
that, for any function g equals to this derivative 1;-almost everywhere, we have

t
fos_l(t)—fos_l(u)zf g(v)dv, Yu<te (—oo,+00).

One easily checks that, as a consequence, f is differentiable with respect to s, A, o s-almost every-
where, with derivative h = go s, and that

y
f—-fx :f h(z)ds(z), Vx<ye(0,+00).

In this case, we will say that f is s-absolutely continuous and that £ is a s-derivative of f. We con-
sider the domain 2(%), defined as the set functions f : E — R such that f| 1) is an s-absolutely
continuous function admitting a s-derivative h such that x — h(x)+ f(o, M= f())Q(x,dy) isan

element of Cy(E), where we set % (0) = 0. We also define the operator % : 2(%) — Cy(E) by

0
U f(x) = a—ﬁ(x)+f(0 )(f(y)—f(x))Q(x,dy), Vx€E,

where % is the s-derivative of f extended with % (0) =0and such that x€ E— % (x)+ f(o, o=
F)Q(x,dy) € Co(E).

Proposition 15. Assumes that s(0+) = —oo, that sup,. Q(x, E) < +oo and that, for all M > 0, we
havelimsup,_, .., Q(x, (0, M) U {0}) = limsup,_,Q(x, {8}) = 0. Then the infinitesimal generator of
the semigroup T of X acting on Cy(E) is given by (%,2(%)). Moreover, for all bounded f : E — R
such that f(0,+o00) is S-absolutely continuous, denoting by d f 10s any s-derivative of f| (o +oc) €xtended
0 Of oAy
with 55(0) =0,
of

t —_— —_—
Mf:z f(Xz)—f(x)—fo Qu f (Xs)ds, with f (y) := a(y)+f(0 )(f(y)—f(x))Q(x,dy),

defines a local martingale under Py, Vx € E.

Proof. Let us denote by ¢ the infinitesimal generator of T' and by (%) its domain. Our aim is to
prove that (4,2(9)) = (%, 2 (%)).

We make use of the fact that the proof of Theorem 26.14 in [22] adapts directly to our situation
where the flow ¢ is generated by s on (0, +co) and by 0 on 9, instead of a Lipschitz flow 2 on R?. The
only adaptation lies in the fact that, between two successive jumps, say at times T;_; and T;, and
for any function f such that f|(,+o0) is s-absolutely continuous, we have (for the second equality,
recall that % (Pp(y,u) = % (¢(y, u)) as soon as the derivative is well defined) if X7, | € (0, +00)

Ti—Ti— df
f(XTi—) _f(XTi_l) :f _((yb(XTi_ll u))du
0 du

Ti=Ti of
_fo a—s(gb(XTi_l,u))du
T;
- [ L ixan
T;-, 0S
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instead of f(X7,-) - f(X1,_,) = fTii—l Z f(Xy)dvin [22], while f(X;) - f(X7,_,)=0forall t = T;_; if
Xr, , =0.

In particular, this result implies that any bounded f : E — R such that f|( +o0) i s-absolutely
continuous is in the domain of the extended infinitesimal generator of X, say %', and that %' f (x) =
% () + fio.0 (f (1) = f(x)) Q(x,dy), for any s-derivative  f/ds of s (note that conditions 2. and 3. of
Theorem 26.14 in [22] are trivially satisfied in our case, respectively because the boundary of the
domain is not reached and because the number of jumps is finite in any finite time horizon almost
surely). This proves that M/ is a local martingale under P,, for all x € E.

In particular, given f € 2(%), the stochastic process defined, for all ¢ = 0, by

t
Ml = FX) - f) —fo U f(X,)du

is a local martingale under Py, for all x € E. Since f and % f are bounded and M/ is cadlag, we
deduce that it is a martingale and thus, taking the expectation, we obtain

_ t
M:%f T, % f(x)du, Vx € E.
0

Moreover, since T is strongly continuous on Cy(E) by Proposition 14 and since % f € Cy(E) by
assumption, for all x € E,

t t
’lf T, f(x)du—% f(x) slf | Tu2 f - ||, du—0.
tJo tJo t—0

We conclude that, for any f € (%), we have f e 2(¥4)and 4 f=%f.
Reciprocally, assume that f € 2(¥¢). Then f is in the domain of the extended infinitesimal
generator of X, so that, according to Theorem 26.14 in [22], f|(,+o0) iS S-absolutely continuous and

Iro
M, = (X0 - fx) fo [a—ﬁ(xm f(o )= K)QXdy) | du

Ay

is a local martingale under Py for all x € E, where % is an s-derivative of f|( +o0) €xtended by

% (0) = 0. Moreover, denoting by ¢ the infinitesimal generator of X, we have that

t
M;:f(Xt)_f(x)—fO Y4 f(X,)du

is a martingale under P,. In particular, M; — M is a continuous local martingale with bounded
total variation and hence it is constant P, -almost surely. We deduce that, P,-almost surely,

%(Xu) +f (f) - fXW))Q(Xy,dy) =94 f(X,), Ai(du)—almost everywhere.
0,Xy)

Since the jump rate Q is bounded, we know that, for any ¢ > 0, with positive probability, X, =
¢(x,u) for all u € [0, t]. This and the previous equality entails that % (2) + f(o, 2(F( - f(2)Q(z,dy)
equals 4 f(z) for 1) o s-almost every z = x. Since this is true for all x > 0, we deduce that, up to
a modification of df/8s on a A, o s-negligible set, z — %(z) + Ji0.0f ) = f(2)Q(z,dy) =4 f(2) €
Co(E),sothat feD(U)and 9 f=%f. O
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We conclude this appendix by two results on the uniqueness of the martingale problem for
compactly supported and/or regular functions. Here uniqueness refers to the uniqueness of the
finite dimensional distributions. In particular, it entails that two cadlag solutions to the martingale
problem are indistinguishable.

Proposition 16. Take the assumptions of the previous proposition. Let D be the space of compactly
supported functions f : E — R such that f|(,+o0) i S-absolutely continuous and such that df/0s is

bounded, with the extension %(6) = 0. Then the (%, D) martingale problem is well posed, and its
unique solution is the Markov process X.

Proof. Note that X is a solution to the (%, D) martingale problem, so that the problem admits at
least one solution.

Assume now that Y is a solution to the (%, D) martingale problem. Then, for all # € D and all
x€E,

LToh
h(Yt)—h(Yo)—f [—(Yu)+f h(1) QY dy) - h(Y.)Q(Ye, ) | du
o LOs ©,Y,)

is a Py-martingale. Let f € 2(%) such that f(1) = 0. Note that df/ds is bounded. For all n = 2, let
h, be the s-absolutely continuous compactly supported function defined by

f) ifx=0,

JE ) sdy) if x € (/n,n),
(f(n)—s(x)+sn)+ ifx=nand f(n)=0,
—(f(m)+s(x)—s(n))- ifx=rnand f(n) <0,
(fA/In)+s(x)—s(M/n))y ifx<1nand f(/n) =0,
—(fUn)+s(n)—sx))- ifx<Vnand f(1/n) <0,

hp(x) =<

Then h,, is bounded by || fll.o and h,(x) converges toward f(x) for all x € E. Moreover, dh,/0s is
bounded by ||6f/0slle V1 and 0k, /0s(x) converges toward 0 f/ds(x) for all x € E, with the exten-
sion 0h,,/0s(0) = 0. Finally, since Q(x,) is a bounded measure and h,, is uniformly bounded in n,
Q(, hp)—h,()Q(, E)isbounded and, by dominated convergence, Q(x, h,)—h, (x)Q(x, E) converges
toward Q(x, f)—f(x)Q(x, E) for all x € E. We deduce that (h,,% h;) converges toward (f,% f) in the
bounded point-wise sense, and hence that f(Y;) — f(x) - fot% f(Y,)du is a martingale. If (1) #0,
then one derives the same result by considering the function f — f(1).

Since this is true for all f € 2(%), we deduce that Y satisfies the (%,2 (%)) martingale prob-
lem (see for instance Proposition 4.3.1 in [26]). But (%,2(%)) is the infinitesimal generator of the
strongly continuous semigroup T, and hence its martingale problem is well-posed (this is a con-
sequence of Hille-Yosida Theorem 1.2.6 and Theorem 4.4.1 in [26]). As a consequence the finite
dimensional laws of X and Y are the same, which concludes the proof of Proposition 16. O

Proposition 17. Take the assumptions of the previous proposition. Let D' be the space of functions
f €D, such thatd f19s is continuous', with the extensiondf/9s(0) = 0. Then the (%, D') martingale
problem is well posed, and its unique solution is the Markov process X.

Proof. Similarly to the proof of the previous proposition, we know that X is a solution to the (%, D)
martingale problem, and our aim is to show the uniqueness of the solution by a density argument.

IThe proofstill holds true under stronger regularity conditions on df/ds
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Assume that Y is a solution to the (%, D') martingale problem and let S be its semigroup, so
that, forall h e D/,

t oh t t
Sith(x) = h(x) +f Sua(x)du+f SuQ(-,h)(x)du—h(x)f S,QG,E)(x)du, Vx€eE.
0 0 0
Let f € D (where D is defined in Proposition 16) and denote by [a, b] < (0, +o0), a < b, a com-
pact interval containing the support of fl( +o0)- Fix £ > 0 and let g, be a bounded sequence of
continuous functions with support in [a/2,2b] U {8} such that g,, — 8 f/ds in L' (u; + A1), where

t
He(A):= f S, 1 adu, for all measurable set A < (0, +oo) U {0}.
0

Defining h,(x) = f; gn(y)dy, we observe that (h,),en is a bounded sequence in D' such that
hn(x) — f(x) when n — +oo, for all x > 0. In particular, using the fact that A — fot S0, A)(x)du
defines a bounded measure and by dominated convergence,

t t
fo S2Q(, h) (x) du fo 8200, ) du.

n—+oo

Similarly, S;h,(x) — S¢f (x) when n — +oo, for all x > 0. Moreover, fot Su agls” (x)du= fot Sugn(x)du=

1t (gn) converges to ws(0f/0s) = fot S u% (x) du when n — +oo. Finally, we proved that S satisfies

t a t t
Sif(x) =f(x)+f0 Sua—{:(x)dmfo SuQ(-,f)(x)du—f(x)fo S.QG,E)Y(x)du, YfeD.

This implies that Y satisfies the (%, D) martingale problem, and hence, according to Proposi-
tion 16, that the finite dimensional laws of Y and X are the same. This concludes the proof of
Proposition 17. O
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