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Abstract

We consider continuous space-time decay-surge population models which are
semi-stochastic processes for which deterministically declining populations,
bound to fade away, are reinvigorated at random times by bursts or surges
of random sizes. In a particular separable framework (in a sense made precise
below) we provide explicit formulae for the scale (or harmonic) function and
the speed measure of the process. The behavior of the scale function at infinity
allows to formulate conditions under which such processes either explode or
are transient at infinity, or Harris recurrent. A description of the structures
of both the discrete-time embedded chain and extreme record chain of such

continuous-time processes is supplied.
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1. Introduction

This paper deals with decay-surge population models where a deterministically

declining evolution following some nonlinear flow is interrupted by bursts of random
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sizes occurring at random times. Decay-surge models are natural models of many
physical and biological phenomena, including the evolution of ageing and declining
populations which are reinvigorated by immigration, the height of the membrane
potential of a neuron decreasing in between successive spikes of its presynaptic neurons
due to leakage effects and jumping upwards after the action potential emission of its
presynaptic partners, work processes in single-server queueing systems as from Cohen
(1982), etc. Our preferred physical image will be the one of ageing populations subject
to immigration.

Decay-surge models have been extensively studied in the literature, see among others
Eliazar and Klafter (2006), and Harrison and Resnick (1976) and (1978). Most studies
concentrate however on non-Markovian models such as shot noise or Hawkes processes,
where superpositions of overlapping decaying populations are considered, see Brémaud
and Massoulié (1996), Eliazar and Klafter (2007) and (2009), Huillet (2021), Kella and
Stadje (2001), Kella (2009) and Resnick and Tweedie (1982).

Inspired by storage processes for dams, the papers of Resnick and Tweedie (1982),
Kella (2009), Cinlar and Pinsky (1971), Asmussen and Kella (1996), Boxma et al.
(2011), Boxma at al. (2006), Harrison and Resnick (1976), Brockwell et al. (1982) are
mostly concerned with growth-collapse models when growth is from stochastic additive
inputs such as compound Poisson or Lévy processes or renewal processes. Here, the
water level of a dam decreasing deterministically according to some fixed water release
program is subject to sudden uprises due to rain or flood. Growth-collapse models
are also very relevant in the Burridge-Knopoff stress-release model of earthquakes and
continental drift, as from Carlson et al. (1994), and in stick-slip models of interfacial
friction, as from Richetti et al. (2001). As we shall see, growth-collapse models are in
some sense 'dual’ to decay-surge models.

In contrast with these last papers, and as in the works of Eliazar and Klafter
(2006), (2007) and (2009), we concentrate in the present work on a deterministic and
continuous decay motion in between successive surges, described by a nonlinear flow,

determining the decay rate of the population and given by
t
z(z) =x —/ a(zs(x))ds, t >0, zo(z) =z > 0.
0

In our process, upward jumps (surges) occur with state dependent rate S(x), when
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the current state of the process is x. When a jump occurs, the present size of the
population z is replaced by a new random value Y (z) > z, distributed according to
some transition kernel K (z,dy),y > x.

This leads to the study of a quite general family of continuous-time piecewise
deterministic Markov processes (PDMP’s) X, (x) representing the size of the population
at time ¢ when started from the initial value z > 0. See Davis (1984). The infinitesimal
generator of this process is given for smooth test functions by

Gu(r) = ~a(a/(x) + 6(z) [ K(a.dy)u(y) — ula)] , v >0
(x,00)
under suitable conditions on the parameters «, 5 and K (z,dy) of the process. In the

sequel we focus on the study of separable kernels K (z,dy) where for each 0 < z <y,

_k)
/(W) K(e.d2)= 5. 1)

for some positive non-increasing function k : [0,00) — [0, 00] which is continuous on
(0, 00).

The present paper proposes a precise characterization of the probabilistic properties
of the above process in this separable frame. Supposing that «(xz) and g(x) are

continuous and positive on (0, 00), the main ingredient of our study is the function

I(2) = / " (y)dy, where 4(y) = B(y)/a(y), y.x > 0. @)

Supposing that I'(-) is a space transform, that is, I'(0) = —oo and I'(c0) = oo, we

show that

1. Starting from some strictly positive initial value x > 0, the process does not get
extinct (does not hit 0) in finite time almost surely (Proposition 2). In particular,
imposing additionally k(0) < oo, we can study the process in restriction to the

state space (0,00). This is what we do in the sequel.

2. The function
s(z) = / A ()e "W Jk(y)dy, x> 0, 3)
1

is a scale function of the process, that is, solves Gs(z) = 0 (Proposition 3). It
is always strictly increasing and satisfies s(0) = —oo under our assumptions. But

it might not be a space transform, that is, s(co) can take finite values.
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3. This scale function plays a key role in the understanding of the exit probabilities
of the process and yields conditions under which the process either explodes in
finite time or is transient at infinity. More precisely, if s(co) < co, we have the

following explicit formula for the exit probabilities. For any 0 < a < x < b,
P(X; enters (0, a] before entering [b, 00) |Xo = ) = s((

(Proposition 4).

Taking b — oo in the above formula, we deduce from this that s(co) < oo implies
either that the process explodes in finite time (possesses an infinite number of

jumps within some finite time interval) or that it is transient at infinity.

Due to the asymmetric dynamic of the process (continuous motion downwards
and jumps upwards such that entering the interval [b, 00) starting from z < b

always happens by a jump), (4) does not hold if s(c0) = oo.

4. Imposing additionally that 5(0) > 0, Harris recurrence (positive or null) of
the process is equivalent to the fact that s is a space transform, that is, s(co) = 0o

(Theorem 2).

In this case, up to constant multiples, the unique invariant measure of the process

possesses a Lebesgue density (speed density) given by

More precisely, we show how the scale function can be used to obtain Foster-
Lyapunov criteria in the spirit of Meyn and Tweedie (1993) implying the non-
explosion of the process together with its recurrence under additional irreducibil-
ity properties. Additional conditions, making use of the speed measure, under

which first moments of hitting times are finite, are also supplied in this setup.

Organization of the paper. In Section 2, we introduce our model and state some
first results. Most importantly, we establish a simple relationship between decay-surge
models and growth-collapse models as studied in Goncalves, Huillet and Locherbach
(2022) that allows us to obtain explicit representations of the law of the first jump

time and of the associated speed measure without any further study. Section 3 is
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devoted to the proof of the existence of the scale function (Proposition 3) together
with the study of first moments of hitting times which are shown to be finite if the
speed density is integrable at 400 (Proposition 6). Section 4 then collects our main
results. If the scale function is a space transform, it can be naturally transformed into
a Lyapunov function in the sense of Meyn and Tweedie (1993) such that the process
does not explode in finite time and comes back to certain compact sets infinitely often
(Proposition 7). Using the regularity produced by the jump heights according to the
absolutely continuous transition kernel K(x,dy), Theorem 1 establishes then a local
Doeblin lower bound on the transition operator of the process - a key ingredient to
prove Harris recurrence which is our main result Theorem 2. Several examples are
supplied including one related to linear Hawkes processes and to shot-noise processes.
In a last part of the work, we focus on the embedded chain of the process, sampled at
the jump times, which, in addition to its fundamental relevance, is easily amenable to
simulations. Following Adke (1993), we also draw the attention to the structure of the
extreme record chain of X(z), allowing in particular to derive the distribution of the
first upper record time and overshoot value, as a level crossing time and value. This
study is motivated by the understanding of the time of the first crossing of some high
population level and the amount of the corresponding overshoot, as, besides extinction,

populations can face overcrowding.

2. The model, some first results and a useful duality property

We study population decay models with random surges described by a Piecewise
Deterministic Markov Process (PDMP) X;,t > 0, starting from some initial value

x > 0 at time 0 and taking values in [0, c0). The main ingredients of our model are

1. The drift function «(z). We suppose that o : [0, 00) — [0,00) is continuous, with
a(z) > 0 for all x > 0. In between successive jumps, the process follows the
decaying dynamic

e(x) = —a(z(x)) , 20(x) = 2 > 0. (5)

2. The jump rate function S(x). We suppose that 3 : (0,00) — [0, 00) is continuous
and S(z) > 0 for all z > 0.
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3. The jump kernel K (z,dy). This is a transition kernel from [0, 00) to [0, 00) such
that for any z > 0, K(z,[z,00)) = 1. Writing K(z,y) f(yoo (z,dz), we

suppose that K(z,y) is jointly continuous in z and y.

In between successive jumps, the population size follows the deterministic flow x4 (z)

given in (5). For any 0 < a < z, the integral
T dy
@)= [ 75 (©

is the time for the flow to hit a starting from z. In particular, starting from = > 0, the
flow reaches 0 after some time to (z) = [ adz) < 0o. We refer to [16], Section 2, for a
variety of examples of such decaylng flows that can hit zero in finite time or not.

Jumps occur at state dependent rate 8 (x). At the jump times, the size of the
population grows by a random amount A (X;_) > 0 of its current size X;_. Writing
Y (X;-) = Xi— + A(X;—) for the position of the process right after its jump, ¥ (X;-)
is distributed according to K (X;—_, dy).

Up to the next jump time, X; then decays again, following the deterministic dy-
namics (5), started at the new value Y (X;_) := X;— + A (X;-).

We are thus led to consider the PDMP X; with state-space [0, 00) solving

o0
dX, = —a (X)) dt + A (th)/ L<px, @M (dt,dr), Xo ==z, (7)
0

where M (dt, dr) is a Poisson measure on [0, 00) x [0, 00). Taking dt < 1 be the system’s

scale, this dynamics means alternatively that we have transitions

Xt~ = 1z — x— «a(x)dt with probability 1 — 8 (z) dt

Xi— = xz— x+ A(z) with probability 8 (z) dt
It is a nonlinear version of the Langevin equation with jumps.

2.1. Discussion of the jump kernel

‘We have

]P’(Y(:E)>y|Xt:x):K(x,y):/( )K(m,dz).

Clearly K (z,y) is a non-increasing function of y for all y > x satisfying K (z,y) = 1
for all y < z. By continuity, this implies that K (x,z) = 1 such that the law of A (z)

has no atom at 0.
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In the sequel we concentrate on the separable case

K(:c,y>=’“§§’:), ®)

where k : [0,00) — [0, 00] is any positive non-increasing function. In what follows we

suppose that k is continuous and finite on (0, o).

Fix z > 0 and assume y = = + z. Then
P (Y (z) >y) =

Depending on k (x), this probability can be a decreasing or an increasing function of

z for each z.

Example 1. Suppose k (z) = e ", a >0, z > 0 (a Weibull distribution).

-Ifa < 1, then 9, K (x,x+2) > 0, so that the larger z, the larger P (Y () > z + 2).
In other words, if the population stays high, the probability of a large number of
immigrants will be enhanced. There is a positive feedback of x on A (z), translating
a herd effect.

-If « =1, then 9, K(x,x 4+ z) = 0 and there is no feedback of x on the number of
immigrants, which is then exponentially distributed.

-If @ > 1, then 0, K(z,x + z) < 0 and the larger z, the smaller the probability
P (Y () > z + z). In other words, if the population stays high, the probability of a
large number of immigrants will be reduced. There is a negative feedback of z on

A(x).
Example 2. The case k (0) < co. Without loss of generality, we may take k (0) = 1.
Assume that k (z) = P (Z > z) for some proper random variable Z > 0 and that

Y@)LZ|Z>a

so that Y (z) is amenable to the truncation of Z above x. Thus

PY(X\-)>y|Xim=2)= P (iTZy;ZxT 2) = Zéz;, for y > x.

A particular (exponential) choice is
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with P (Y (X,_) >y | X;— = z) = e ?®~*) depending only on y — . Another possible
one is (Pareto): k(z) = (1+z) “, ¢> 0.

Note K (0,y) = k (y) > 0 for all y > 0, and k& (y) turns out to be the cpdf of a jump
above y, starting from 0: state 0 is reflecting.

The case k(0) = oo. Consider k(z) = [.° n(Z € dy) for some positive Radon

measure g with infinite total mass. In this case,

_ oy _nZ>yZ>2) k()
PY(Xi)>y| X =2)= 7> 1) —k(x),fory>as.

Now, K (0,y) = 0 for all y > 0 and state 0 becomes attracting. An example is
k(x) =27¢ ¢ > 0, which is not a cpdf.

The ratio k (y) /k (x) is thus the conditional probability that a jump is greater than
the level y given that it did occur and that it is greater than the level x, see Eq. (1)
of Eliazar and Klafter (2009) for a similar choice.

Our motivation for choosing the separable form K (z,y) = k(y) /k(x) is that it
accounts for the possibility of having state 0 either absorbing or reflecting for upwards
jumps launched from 0 and also that it can account for both a negative or positive

feedback of the current population size on the number of incoming immigrants.

Example 3. One can think of many other important and natural choices of K (z,y),

not in the separable class, among which those for which
K (z,dy) = 0va (dy)

for some random variable V' > 1. For this class of kernels, state 0 is always attracting.
For example, choosing V = 1 4+ E where:
1/ E is exponentially distributed with pdf e=*, Y (z) = Vi yields

P(Y(z)>y|X_=ux) :K(:c,y):P((1+E)gc>y):e*9(%71),
2/ E is Pareto distributed with pdf (1 +z)"“, ¢ >0, Y (z) = Vz yields
P(Y(2)>y| X =2)=K(zy) =P(1+E)z>y)=(y/z)"",

both with K (0,y) = 0. When
3/: V~dy,v>1, then K (z,y) =1 (y/x <v). The three kernels depend on y/x.
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Note that in all three cases, 9. K (z,x + z) > 0, so that the larger x, the larger
P (Y (z) >  + z) . If the population stays high, the probability of a large number of
immigrants will be enhanced. There is a positive feedback of z on A (z), translating

a herd effect.

Remark 1. A consequence of the separability condition of K is the following. Con-
sider a Markov sequence of after-jump positions defined recursively by Z, =Y (Z,-1),

Zy = xg. With z,, > x,,_1, we have
P(Zm > Tm | Zm—1 = xm—l) = K(zm—hxm) ,m=1,...n,

so that, with zyp < 1 < ... < z,, and under the separability condition on K, the

product

H P(Zm > T | Zm—l = xm_l) = H K(xm_l,xm) = H A

m=1 m=1 m=1

k (2,) _ k(z,)
(@Tm-1) K (x0)
only depends on the initial and terminal states (zo,z,) and not on the full path

(xo, ceey JL‘n) .
2.2. The infinitesimal generator

In what follows we always work with separable kernels. Moreover, we write X;(z)
for the process given in (7) to emphasise the dependence on the starting point z, that
is, X;(x) designs the process with the above dynamics (7) and satisfying Xo(x) = x.
If the value of the starting point x is not important, we shall also write X; instead of
Xi(x).

Under the separability condition, the infinitesimal generator of X; acting on bounded
smooth test functions u takes the following simple form
B ()
k (x)

Remark 2. In Eliazar and Klafter (2006), a particular scale-free version of decay-surge

(Gu) () = —a (x) v () +

/OC k(y)u' (y) dy,x > 0. (9)

c

models with a (x) oc 2%, 3 (z) o< 2° and k (z) o< 27¢, ¢ > 0, has been investigated.

Remark 3. If z; goes extinct in finite time ¢ (z) < oo, since x; is supposed to represent
the size of some population, we need to impose x; = 0 for t > to(x), forcing state 0

to be absorbing. From this time on, X; can re-enter the positive orthant if there
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is a positive probability to move from 0 to a positive state meaning k(0) < oo and
B(0) > 0. In such a case, the first time X hits state 0 is only a first local extinction
time the expected value of which needs to be estimated. The question of the time
elapsed between consecutive local extinction times (excursions) also arises.

On the contrary, for situations for which k(0) = oo or 5 (0) = 0, the first time X}

hits state 0 will be a global extinction time.

2.3. Relation between decay-surge and growth-collapse processes

In this subsection, we exhibit a natural relationship between decay-surge population
models, as studied here, and growth-collapse models as developed in Boxma et al.
(2006), Goncalves et al. (2022), Gripenberg (1983) and Hanson and Tuckwell (1978).
Growth-collapse models describe deterministic population growth where at random
jump times the size of the population undergoes a catastrophe reducing its current size
to a random fraction of it. More precisely, the generator of a growth-collapse process,

having parameters (&, 8, B), is given for all smooth test functions by

(Gu)(2) = a(z)u/ () — B(x)/h(x) /OI o' (y)h(y)dy,x > 0. (10)

In the above formula, 07,5 are continuous and positive functions on (0, c0), and h is
positive and non-decreasing on (0, 00).

In what follows, consider a decay-surge process X; defined by the triple («, 8, k) and
let X, =1/X,.

Proposition 1. The process Xt is a growth-collapse process as studied in [15] with
triple (&,B, %) given by
a(z) = 22a(1/2), B(z) = B(1/z) and h(z) = k(1/z), = > 0.

Proof. Let u be any smooth test function and study u(X;) = uo g(X,) with g(x) =

1/2. By Tto’s formula for processes with jumps,
t

w(Xy) = uog(Xy) = u(Xo) + / G(uo g)(Xp)dt' + M,
0

where M, is a local martingale. We obtain

Gluog)z) = —a(w)(uog>’<x>+§§g | woaytitay
= ioz ) 1 @ Oou' -
= e+ [ vk
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Using the change of variable y = 1/x, this last expression can be rewritten as

iawu’l—@ 1/gcu'z 1 2= a(y)u —@ yu’ h
e Q) — o [ W@k s - 22 [ oo
which is the generator of the process X,. g

In what follows we speak about the above relation between the decay-surge (DS) process
X and the growth-collapse (GC) process X as DS-GC-duality. Some simple properties
of the process X follow directly from the above duality as we show next. Of course,
the above duality does only hold up to the first time one of the two processes leaves
the interior (0,00) of its state space. Therefore a particular attention has to be paid
to state 0 for X; or equivalently to state +oo for X;. Most of our results will only hold
true under conditions ensuring that, starting from x > 0, the process X; will not hit 0
in finite time.

Another important difference between the two processes is that the simple trans-
formation & — 1/x maps a priori unbounded sample paths X; into bounded ones X,
(starting from Xy = 1/x, almost surely, X; < #,(1/2)— a relation which does not hold
for X).

2.4. First consequences of the DS-GC-duality

Given Xy = = > 0, the first jump times both of the DS-process X; starting from =z,

and of the GC-process X, starting from 1 /x, coincide and are given by
T, =inf{t >0: X, # X;_|Xo =2} = T% =inf{t>0: X, # X, |Xo = é}.
Introducing
F@) = [ 2@y, where 3 (@) = 5 (2) /a (@) o> 0,
and the corresponding quantity associated to the process X,
P = [ 30) 3@ =@ /@) o0,

clearly, T (z) = —T' (1/z) for all z > 0.
Arguing as in Sections 2.4 and 2.5 of [15], a direct consequence of the above duality

is the fact that for all ¢t < to(x),

P(T), > t) = e Ji Bs(@)ds — =M@ T (), (11)



12 B. Goncalves et al.
To ensure that P (7T, < oo) = 1, in accordance with Assumption 1 of [15] we will

impose the condition

Assumption 1. T'(0) = —oo.

Proposition 2. Under Assumption 1, the stochastic process Xi(x),x > 0, necessarily
Jumps before reaching 0. In particular, for any x > 0, X;(z) almost surely never reaches

0 in finite time.

Proof. By duality, we have
~ - 1
P(X jumps before reaching 0| Xy = ) = P(X jumps before reaching +oo|Xy = —) =1,
x

as has been shown in Section 2.5 of [15], and this implies the assertion. O

In particular, the only situation where the question of the extinction of the process

X makes sense (either local or total) is when to(z) < oo and I'(0) > —ooc.

Example 4. We give an example where finite time extinction of the process is possible.
Suppose « (z) = agz® with @3 > 0 and a < 1. Then z; (x), started at z, hits 0 in
finite time to (z) = 217/ [a (1 — a)], with

2y (2) = (2" "+ a1 (a—1)¢) 1/(1-a) ,

see [16]. Suppose 8 (z) = 1 > 0, constant. Then, with v; = f1/a; >0

I‘(x)—/lw’y(y)dy— n (:clfa—l)

l1—a

with I (0) = =2 > —oco. Assumption 1 is not fulfilled, so X can hit 0 in finite time

1—a

and there is a positive probability that T,, = co. On this last event, the flow z; (z)
has all the time necessary to first hit 0 and, if in addition the kernel k is chosen so as
k(0) = oo, to go extinct definitively. The time of extinction 7 (x) of X itself can be

deduced from the renewal equation in distribution
d
7(2) = to (2) Lyz,—c0} + 7' (V (27, (7)) 11, <00}

where 7/ is a copy of 7.
We conclude that for this family of models, X itself goes extinct in finite time. This

is an interesting regime that we shall not investigate any further.
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Let us come back to the discussion of Assumption 1. It follows immediately from
Eq. (13) in [15] that for > 0, under Assumption 1 and supposing that to(x) = oo for

all x > 0,

E(Tw)ze_r(z) /I dz €F(Z)~
o a(z)

Clearly, when © — 0, E(T}) ~ 1/a ().

Remark 4. (i) If 5(0) > 0 then Assumption 1 implies ¢(x) = oo, such that 0 is not
accessible.

(1) Notice also that to(z) < co together with Assumption 1 implies that 3(0) = oo
such that the process X;(x) is prevented from hitting 0 even though z;(z) reaches it

in finite time due to the fact that the jump rate S(z) blows up as z — 0.

Remark 5. The DS-GC-duality makes it possible to translate known results on mo-
ments for growth-collapse models obtained e.g. in [11], [29] or [30], to obtain analogous

moment results for decay-surge models.

2.5. Classification of state 0

Recall that for all x > 0,

_ [Ty
to() ‘/o o)

represents the time required for z; to move from x > 0 to 0. So:

If to(x) < co and T'(0) > —oo,  state 0 is accessible.

If to(x) = 0o or T'(0) = —oo,  state 0 is inaccessible.

We therefore introduce the following conditions which apply in the separable case
K(z,y) = k(y)/k(x).

Condition (R): 8(0) > 0 and K (0,y) =k (y) /k (0) > 0 for some y > 0.

Condition (A): %k(y) =0 for all y > 0.

State 0 is reflecting if condition (R) is satisfied and it is absorbing if condition (A)
is satisfied.

This leads to four possible combinations for the boundary state 0:

1. Condition (R) is satisfied, and to(x) < oo and I'(0) > —oo : regular (reflecting

and accessible).
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2. Condition (R) is satisfied, and to(x) = oo or I'(0) = —oo : entrance (reflecting

and inaccessible).

3. Condition (A) is satisfied, and #yp(x) < oo and I'(0) > —oo : exit (absorbing

and accessible).

4. Condition (A) is satisfied, and to(z) = oo or I'(0) = —oo : natural (absorbing

and inaccessible).

2.6. Speed measure.

Suppose now an invariant measure (or speed measure) 7 (dy) exists. Since we
supposed a(x) > 0 for all z > 0, we necessarily have z..(x) = 0 for all z > 0 and
so the support of 7 is [T (z) = 0,00). Thanks to our duality relation, by Eq. (19) of
[15] the explicit expression of the speed measure is given by 7(dy) = 7(y)dy with

k(y) "W

)

(12)

up to a multiplicative constant C' > 0. If and only if this function is integrable at 0

and oo, 7 (y) can be tuned to a probability density function.

Remark 6. (i)When &k (z) = e "7, k1 > 0, a(x) = ayx and 8 (x) = f1 > 0 constant,

I'(y) =logy, 1 = B1/a1 and

7 (y) = Cyr e

a Gamma(yi, k1) distribution. This result is well-known, corresponding to the linear
decay-surge model (a jump version of the damped Langevin equation) having an
invariant (integrable) probability density, see Malrieu (2015). We shall show later
that the corresponding process X is positive recurrent.

(7)A less obvious power-law example is as follows: Assume o (2) = a12% (a > 1)
and B (x) = Bi2®, a1,B1 > 0 so that I'(y) = #ﬂrlyb_““‘l. We have T' (0) = —o0 if
we assume b —a + 1 = —6 with 6 > 0, hence I (y) = —%y~?. Taking k (y) = e—ry"
Kk1,m >0

Y1,,—6

() = Oy (e H07)

which is integrable both at y = 0 and y = co. As a special case, if a = 2 and b =0
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(constant jump rate S (z)), n =1
7(y) = C’y_zef("””””71?4_1)7

an inverse Gaussian density.
(74i) In Eliazar and Klafter (2007) and (2009), a special case of our model was
introduced for which k (y) = 8 (y). In such cases,

m(y) = Cv(y)e"®

so that
/., ﬂ_ (y) dy = C (ep(x) . el"(O)) _ Cef(ﬂc)’
0

under the Assumption I" (0) = —oo. If in addition T (c0) < oo, 7 (y) can be tuned to

a probability density.

3. Scale function and hitting times

In this section we start by studying the scale function of X;, before switching to
hitting times features that make use of it. A scale function s(x) of the process is
any function solving (Gs) (z) = 0. In other words, a scale function is a function that
transforms the process into a local martingale. Of course, any constant function is
solution. Notice that for the growth-collapse model considered in [15], other scale
functions than the constant ones do not exist.

In what follows we are interested in non-constant solutions and conditions ensuring

the existence of those. To clarify ideas, we introduce the following condition

Assumption 2. Let

s(x) = / Y()e " /k(y)dy, @ >0, (13)
1
and suppose that s(c0) = 0.

Notice that Assumption 2 implies that k(oo) = 0 which is reasonable since it prevents
jumps of the process X; jumping from some finite position X;_ to an after jump

position X; = X;— + A(X;-) = 0.
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Proposition 3. (1) Suppose I'(00) = oo. Then the function s introduced in (13) above
is a strictly increasing version of the scale function of the process obeying s(1) = 0.

(1.1) If additionally Assumptions 1 and 2 hold and if k(0) < oo, then s(0) = —oc0
and s(00) = 00, such that s is a space transform [0, 00) — [—00, 00).

(1.2) If Assumption 2 does not hold, then

(o) = | A ()e W) Jh(y)dy = s(o0) — s(x)

is a version of the scale function which is strictly decreasing, positive, such that s1(00) =
0.
(2) Finally, suppose that T'(c0) < co. Then the only scale functions belonging to C!

are the constant ones.

Remark 7. 1. We shall see later that — as in the case of one-dimensional diffusions,
see e.g. Example 2 in Section 3.8 of Has'minskii (1980) — the fact that s is a space

transform as in item (1.1) above is related to the Harris recurrence of the process.

2. The assumption I'(co) < oo of item (3) above corresponds to Assumption 2 of
[15] where this was the only case that we considered. As a consequence, for the

GC-model considered there we did not dispose of non-constant scale functions.

Proof. To find a C'—scale function s, it necessarily solves
o0

(Gs) (2) = —a (@) & (2) + B (z) [k (z) / k(y) ' (y)dy =0

T

such that for all z > 0,

K@) @)= (@) [ k) ) dy = (14)

Putting v’ (z) = k(x) s’ (), the above implies in particular that «’ is integrable
in a neighborhood of +oo such that u(co) must be a finite number. We get v’ (z) =

7 (@) (u(o0) —u(z)).

Case 1 : u(c0) = 0 so that u(z) = —c e 1'®)

for some constant ¢y, whence I' (00) =

00. We obtain

7(2) 1@
o (15)

s'(x)=0c1

and thus
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s(@)=ca+c1 /11 Zgier(y)dy (16)

for some constants ¢y, co. Taking co = 0 and ¢; = 1 gives the formula (13), and both
items (1.1) and (1.2) follow from this.

Case 2 : u(o0) # 0 is a finite number. Putting v(x) = e'®u(z), v then solves

V() = u(oo)y(x)e ™

such that
v(z) = dy + u(co)el @
and thus

u(z) = e T @d; + u(co).

Letting x — oo, we see that the above is perfectly well-defined for any value of the

constant dy, if we suppose I'(c0) = 0.

As a consequence, u'(z) = —d;y(x)e @) leading us again to the explicit formula
xT
7 (y) —T'(y)
smzcz—i—cl/ —Ze Wiy, 17
(z) S (17)

with ¢; = —dj, implying items (1.1) and (1.2).
Finally, if I'(c0) < oo, we see that we have to take d; = 0 implying that the only

scale functions in this case are the constant ones. O

Example 5. In the linear case example with 8 (z) = 81 > 0, a () = a1z, @1 > 0 and

k(y) = e Y, with 73 = f1/a1, Assumption 2 is satisfied such that

S(x)=%/ y~Devdy
1

which is diverging both as * — 0 and as x — 4o00. Notice that 0 is inaccessible for
this process, i.e., starting from a strictly positive position = > 0, X; will never hit
0. Defining the process on the state space (0, 00), invariant under the dynamics, the
process is recurrent and even positive recurrent as we know from the Gamma shape of

its invariant speed density.
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3.1. Hitting times

Fix a < x < b. In what follows we shall be interested in hitting times of the positions
a and b, starting from x, under the condition I'(c0) = co. Due to the asymmetric
structure of the process (continuous motion downwards and up-moves by jumps only),

these times are given by
Tx,b = mf{t >0: Xt = b} = 1nf{t >0: Xt S b,Xt, > b}

and

Teo =10f{t >0: Xy =a} =inf{t >0 : X; <a}.

Obviously, 74,q = Tp = 0.

Let T' = 7, 4 ATy . Contrarily to the study of processes with continuous trajectories,
it is not clear that 7" < oo almost surely. Indeed, starting from z, the process could
jump across the barrier of height b before hitting a and then never enter the interval

[0,0] again. So we suppose in the sequel that T' < oo almost surely. Then
P(Tp0 < Taop) + P (Tap < To0) = 1.

Proposition 4. Suppose I'(co) = oo and that Assumption 2 does not hold. Let 0 <

a <z <b< oo and suppose that T = T, q A Ty p < 00 almost surely. Then
by(y) —T
I e @) dy

J2 e ody

P (o0 < Tap) = (18)

Proof. Under the above assumptions, s1(X;) is a local martingale and the stopped
martingale My = s1(Xra¢) is bounded, which follows from the fact that Xpa: > a
together with the observation that s; is decreasing implying that M; < s1(a). Therefore

from the stopping theorem we have
81(11}) = E(Mo) = ]E(Sl (Xo)) = E(MT)

Moreover,

E(Mr) = s1(a)P(T = 7¢.0) + s1(0)P(T = 72 3).

But {T' =730} = {700 < Tep}and {T =744} = {Top < Tz,a}, such that

51(33) = Sl(a)P(Tx,a < Tx,b) + Sl(b)P(Tx,b < Tx,a)-
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Remark 8. - See [25] for similar arguments in a particular case of a constant flow and
exponential jumps.

- We stress that it is not possible to deduce the above formula without imposing
the existence of s; (that is, if Assumption 2 holds such that s; is not well-defined).
Indeed, if we would want to consider the local martingale s(X;) instead, the stopped
martingale s(Xar) is not bounded since X might take arbitrary values in (a, 00),

such that it is not possible to apply the stopping rule.

Remark 9. Let 7, 5 00) = inf{t > 0: X; > b} and 7, 9,4 = inf{t > 0: X; < a} be
the entrance times to the intervals [b, c0) and [0, a]. Observe that by the structure of

the process, namely the continuity of the downward motion,

{Tz,a < Tz,b} C {Tr,a < Ta:,[b,oo)} C {Tr,a < Tz,b}-

Indeed, the second inclusion is trivial since 7, 5 00) < 7z,5- The first inclusion follows
from the fact that it is not possible to jump across b and then hit a without touching
b. Observing moreover that for a < x, 7, o = 74 [0,q), (18) can therefore be rewritten as
51 (z) — 51 (b)
s1(a) — s1(b)

Now suppose that the process does not explode in finite time, that is, during each

P (T0,0,0] < T [b,00)) = (19)

finite time interval, almost surely, only a finite number of jumps appear. In this case

Ta[byoo) — +00 as b — oo. Then, letting b — oo in (19), we obtain for any a > 0,

1Y) ,—T(y) g
z Y

Plrea<o0)= U0 _ e FT AW 20
s1(a) N o W) dy

since f: %e‘r(y)dy > 0 by assumptions on k and ~.

As a consequence, we obtain the following
Proposition 5. Suppose that T'(c0) = oo and that Assumption 2 does not hold. Then

either the process explodes in finite time with positive probability or it is transient at

+00, i.e. foralla <z, 7,4 = 00 with positive probability.

Proof. Let a <z <band T = 7, , AT, and suppose that almost surely, the process
does not explode in finite time. We show that in this case, 7, = oo with positive

probability.
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Indeed, suppose that 7, , < oo almost surely. Then (18) holds, and letting b —
0o, we obtain (20) implying that 7,, = oo with positive probability which is a

contradiction. O

Example 6. Choose o (r) = 22, B(x) = 1 + 22 so that v (z) = 1+ 1/2%and T (z) =
x—1/x with T' (0) = —oo and I' (00) = 0.

Choose also k (z) = e~*/2. Then Assumption 2 is violated: the survival function of
the big upward jumps decays too slowly in comparison to the decay of e~I'. The speed

density is
k() el®)

— -2 x/2-1/z
o (@) Cz™%e

m(z) =
which is integrable at 0 but not at co. The process explodes (has an infinite number of

upward jumps in finite time) with positive probability.

3.2. First moments of hitting times

Let a > 0. We are looking for positive solutions of
(G¢a) () = 1,2 > a,

with boundary condition ¢, (a) = 0. The above is equivalent to

(G0 (0) = ~a (@) 0) + 1 [ k)6, ) dy =1

This is also
k(x)
a(r)

—k(xw;<x>+w<m>/mk<y>¢;<y>dy:—

Putting U (z) := [° k (y) ¢, (y) dy, the latter integro-differential equation reads U’ (z) =

v (2)U () — Zg% Supposing that f+°° 7(y)dy < oo (recall (12)), this leads to

2~ e T@ > Lk (y)

U () / e

_U (2) = 2) e—T@) Ooer(y)k'(y) k (z) — k()b (z
U@) = (e [Ty S k(o) (o).

such that

o = [ aWorw [T arekE [Ty
bt = | W) / a(2)” o/ ()
dy

/00 dzm (2) [s1 (a) — 51 (x A 2)] + /I o) (21)
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Notice that [a,00) 3 = +— ¢4(x) is non-decreasing and that ¢,(x) < oo for all

x > a > 0 under our assumptions. Dynkin’s formula implies that for all x > a and all
t >0,

Ee(t A Tea) = da(2) = Ea(da(Xinr, ,))- (22)

In particular, since ¢q(-) > 0,
Ey(t A Tea) < ¢o(z) < 00,

such that we may let £ — oo in the above inequality to obtain by monotone convergence
that

Er(Tx,a) S ¢a(x) < Q.

In a second step, we obtain from (22), using Fatou’s lemma, that

Ex(Tac,a) = tllglo Ez(t A Tx,a) = d)a(z) - th& Em(gba(Xt/\Tw)a))
> ¢a(x) - ET(htIgloI.}f ¢(Z(Xt/\7'q‘,,a)) = (,25(1(93),

where we have used that liminf; o ¢a(Xinr, ,) = ¢a(a) = 0.

As a consequence we have just shown the following

Proposition 6. Suppose that eroo m(y)dy < co. Then Ey(Ty,q) = ¢a(x) < 00 for all

0 < a <z, where ¢, is given as in (21).

Remark 10. The last term f; % in the RHS of the expression of ¢, (z) in (21) is
the time needed for the deterministic flow to first hit a starting from x > a, which is a
lower bound of ¢, (x). Considering the tail function of the speed density 7 (y), namely
T (y) = fyoo er(z)%dz7 the first term in the RHS expression of ¢, (z) is

x

/x —ds; ()7 (y) = —[s1 (W) T ()]} — / s1(y) 7 (y) dy,

a

emphasising the importance of the couple (s1 (+), 7 (+)) in the evaluation of ¢, (z). If a
is a small critical value below which the population can be considered in danger, this
is the mean value of a ‘quasi-extinction’ event when the initial size of the population

was I.

Remark 11. Notice that the above discussion is only possible for couples 0 < a < z,
since starting from x, X¢a,, , > a for all . A similar argument does not hold true for

x < b and the study of 7, .
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3.3. Mean first hitting time of 0

Suppose that I'(0) > —oco. Then for flows z; (x) that go extinct in finite time ¢ (z),
under the condition that f+oo m(y)dy < oo, one can let ¢ — 0 in the expression of

¢q () to obtain

o= [ a2 W) v [Tk, [T Ay

which is the expected time to eventual extinction of X starting from x, that is, ¢g () =
E7z0-

The last term [ % = 1o (z) < oo in the RHS expression of ¢g (z) is the time
needed for the deterministic flow to first hit 0 starting from x« > 0, which is a lower
bound of ¢q ().

Notice that under the condition to(x) < oo and k(0) < oo, [,7(y)dy < oo, such
that 7 can be tuned into a probability. It is easy to see that I'(0) > —oco implies then

that ¢g(x) < 0.

Example 7. (Linear release at constant jump rate): Suppose « (z) = a1 > 0, 8 (z) =

B1>0,v(x) =7 =p1/a1, I'(x) = y12 with T' (0) =0 > —co. Choose k (z) = e 7.
State 0 is reached in finite time to (x) = x/ay, and it turns out to be reflecting.

We have [, 7 (z)dz < oo and [~ 7 (2)dx < oo if and only if 41 < 1. In such a case,

the first integral term in the above expression of ¢g (z) is 71/ [a1 (1 — y1)] x, so that

¢o () =/ a1 (1 —71)] < o0.

4. Non-explosion and Recurrence

In this section we come back to the scale function s introduced in (13) above. Despite
the fact that we cannot use s to obtain explicit expressions for exit probabilities, we
show how we might use it to obtain Foster-Lyapunov criteria in spirit of Meyn and
Tweedie (1993) that imply the non-explosion of the process together with its recurrence
under additional irreducibility properties.

Let 1 < S < ... < S, < ... be the successive jump times of the process and
Soo = limy,_, o S,,. We start discussing how we can use the scale function s to obtain a

general criterion for non-explosion of the process, that is, So, = 400 almost surely.
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Proposition 7. Suppose T'(c0) = 0o and suppose that Assumption 2 holds. Suppose
also that 3 is continuous on [0,00). Let V be any C'—function defined on [0, ), such
that V(z) = 1+ s(z) on [1,00) and such that V(z) > 1/2 for all x. Then V is a

norm-like function in the sense of Meyn and Tweedie (1993), and we have
1. GV(z) =0, Vz > 1.
2. sup,epo,1) |GV (2)] < oco.
As a consequence, Soo = sup,, S, = 00 almost surely, so that X is non-explosive.

Proof. We check that V satisfies the condition (CDO) of [27]. It is evident that V is

norm-like since limg oo V(z) = 1+ limy_, o0 s(x) = 1 + s(00) = oo since Assumption 2

holds. Moreover, since K (x,y) = :gg%,

GV(2) = —alx)V'(z) + if”i / T k)V' () dy

Since for all 1 < z < gy, V/(x) = §'(x) and V'(y) = $'(y), we have GV = Gs = 0 on
[1, o0
For the second point, for x €]0, 1],

V() = —a<x>V’<x>+§§j§§ Lmk<y>V’<y>dy

T o0 1
- a<x>V'<x>+ﬁ§$§ / KV )y + 5(2) [ K Go)V ()

a(x)V'(z) is continuous and thus bounded on [0, 1]. Moreover, for ally > x, K(z,y) <1
implying that 8(z f K(z,y)V'(y)dy < Bz f V'(y)dy < oo. We also have for all
y=1

/100 k)V' (y)dy = /100 k(y)s'(y)dy.
Thus, using GV (z) = Gs(z) = 0 on ]0, 1[ we have

5(x) > / _ ﬁ(x) /
o / KV (dy = e KOV (D)/4(1) < o0

because 3 is continuous on [0, 1] and & taking finite values on (0, 00). As a consequence,

SUPgeoq) |9V (2)] < o0 L

We close this subsection with a stronger Foster-Lyapunov criterion implying the

existence of finite hitting time moments.
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Proposition 8. Suppose there exist x. > 0, ¢ > 0 and a positive function V such that

GV(z) < —c for all x > x,. Then for all x > a > x,,

Vix)

E(72,4) <
Proof. Using Dynkin’s formula, we have for x > a > x,,
tATz.a
E(V(Xorr, ) = V(z) + E( / GV (X,)ds) < V(2) — cB(t A Tya),
0

such that

E(tArya) < L&)
C

which implies the assertion, letting ¢ — oo. (|

Example 8. Suppose a(z) = 1+, B(z) = z and k(z) = e~ **. We choose V (z) = €.
Then
(GV) (z) = —€* < —1,Vz > 0.

As a consequence E(7; ,) < oo, for all a > 0.

4.1. Irreducibility and Harris recurrence

In this section we impose that I'(co) = oo, such that non-trivial scale functions
do exist. We also assume that Assumption 2 holds since otherwise the process is
either transient at oo or explodes in finite time. Then the function V introduced in
Proposition 7 is a Lyapunov function. This is almost the Harris recurrence of the
process, all we need to show is some irreducibility property that we are going to check

now.

Theorem 1. Suppose we are in the separable case, that k € C' and that 0 is inac-
cessible, that is, to(x) = oo for all x. Then every compact set C C|0, 00| is ‘petite’ in
the sense of Meyn and Tweedie. More precisely, there exist t > 0, a € (0,1) and a

probability measure v on (Ry, B(Ry)), such that
Pi(x,dy) > ale(z)v(dy).

Proof. Suppose w.l.o.g. that C = [a,b] with 0 < a < b. Fix any ¢ > 0. The
idea of our construction is to impose that all processes X;(z),a < x < b, have one

single common jump during [0, ¢]. Indeed, notice that for each x € C, the jump rate
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of X (x) is given by f(xs(z)) taking values in a compact set [B., 3*] where S, =
min{f(zs(z)),0 < s < t,xz € C} and f* = max{fB(zs(x)),0 < s < t,z € C}. Notice
that 0 < B, < 8* < oo since § is supposed to be positive on (0, 00). We then construct
all processes Xs(x),s < t,z € C, using the same underlying Poisson random measure

M. Tt thus suffices to impose that E holds, where
E={M([0,t —¢] x [0,8%]) =0, M([t —e,t] x [0,8:]) =1, M([t — &,t]X]Bx, B7]) = 0}.

Indeed, the above implies that up to time ¢ — €, none of the processes Xs(x),z € C,
jumps. The second and third assumption imply moreover that the unique jump time,
call it S, of M within [t — &,¢] x [0, 8*] is a common jump of all processes. For each
value of x € C| the associated process X (x) then chooses a new after-jump position y

according to

mlk/(y)ldm{y%m}. -

Case 1. Suppose k is strictly decreasing, that is, |k’|(y) > 0 for all y. Fix then any
open ball B C [b, o0 and notice that 1,442} > 1B(y), since b > xg(x). Moreover,
since k is decreasing, 1/k(zs(x)) > 1/k(x¢(a)). Therefore, the transition density given
in (23) can be lower-bounded, independently of x, by

()| () ldy = pr(dy).

k(zi(a))
where 7(dy) = cl1p(y)|k'(y)|dy, normalised to be a probability density, and where
p= m /c. In other words, on the event E, with probability p, all particles choose
a new and common position y ~ 7(dy) and couple.

Case 2. |K'| is different from 0 on a ball B (but not necessarily on the whole state
space). We suppose w.l.o.g. that B has compact closure. Then it suffices to take ¢
sufficiently large in the first step such that z;_.(b) < inf B. Indeed, this implies once
more that 1p(y) < 1{y>4, (2)} for all z € C and for s the unique common jump time.

Conclusion. In any of the above cases, let b := sup{z : * € B} < co and restrict
the set E to

E' = En{M([t — €]x]B«,b] = 0}.

Putting « := p Pr(E’) and

v(dy) = / £(S|E')(ds) / 7(d2)0s,_, (2 (dy)
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then allows to conclude. O

Remark 12. If § is continuous on [0, 00) with 8(0) > 0 and if moreover k(0) < oo,
the above construction can be extended to any compact set of the form [0,b],b < oo

and to the case where to(z) < co.
As a consequence of the above considerations we obtain the following theorem.

Theorem 2. Suppose that 5(0) > 0,k(0) < oo, that I'(co) = oo and moreover that
Assumption 2 holds. Then the process is recurrent in the sense of Harris and its unique

invariant measure is given by .

Proof. Condition (CD1) of Meyn and Tweedie (1993) holds with V given as in
Proposition 7 and with compact set C' = [0, 1]. By Theorem 1, all compact sets are

‘petite’. Then Theorem 3.2 of [27] allows to conclude. O

Example 9. A meaningful recurrent example consists of choosing 8 (z) = 81/z, 81 >
0 (the surge rate decreases like 1/z), a (z) = a1 /x (finite time extinction of ), ag > 0,
and k (y) = e~ Y. In this case, all compact sets are ‘petite’. Moreover, with v1 = 51 /a1,

I'(z) = y12 and

which can be tuned into a probability density if v; < 1. This also implies that
Assumption 2 is satisfied such that s can be used to define a Lyapunov function.

The associated process X is positive recurrent if y; < 1, null-recurrent if v; = 1.

5. The embedded chain

In this section, we illustrate some of the previously established theoretical results
by simulations of the embedded chain that we are going to define now. Defining

T, =51,T, =S, — Sp_1,n > 2, the successive inter-jump waiting times, we have

P (T, € dt,Xs, €dy| Xs, , =a) = dtf(x;(x))e Jo P@@s K (4, (z), dy)

dtf (z; (z)) e e YOCK (2 (2), dy) .
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The embedded chain is then defined through Z,, := Xg, ,n > 0. If 0 is not absorbing,
forall z > 0

P (Zn € dy | Zp—1 = .Z') = / dtﬂ (‘Tt ($>) e fjﬁ(w) ’Y(Z)dZK (xt (.’13) 7dy)
0
xT
e_F(I)/ dzvy (2) " A K (2, dy),
0

where the last line is valid for x > 0 only, and only if ¢g(x) = co. This implies that Z,
is a time-homogeneous discrete-time Markov chain on [0, c0).

Remark 13. (S,,Z,),~, is also a discrete-time Markov chain on R% with transition
probabilities given by

P (S, €dt| Zn_y =2, 801 =s) = dtB (11— (x)) e~ Jo " Ala@)ds’ 4> o

and

z

P(Zn €dy| Zn-1 = 2,801 = s) = / dtf (z (z)) e e O (2, () , dy)
0
independent of s. Note
P(T, € dr | Zn_1 = ) = d7f3 (z, (x)) e~ Jo Alz(@)ds - > ¢

Coming back to the marginal Z,, and assuming I" (0) = —o0, the arguments of Sections
2.5 and 2.6 in [15] imply that

P(Z,>y| Zn1=2)= e_r(””)/ dzv (2) eF(z)/ K (z,dy")
0 Y

TAY
=1 - @W-T@ 4 ~T@) / dzy (2) PP K (z,y). (24)
0

To obtain the last line, we have used that K (z,y) = 1 for all y < z and, whenever
z < y, we have split the second integral in the first line into the two parts corresponding
to(z<y<zand z<z<y).

To simulate the embedded chain, we have to decide first if, given Z,, 1 = =z, the
forthcoming move is down or up.

- A move up occurs with probability given by

P(Z,>x|Zp_1=2)= e_F(m)/ dzy (2) PP K (z,2).
0
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- A move down occurs with complementary probability.
As soon as the type of move is fixed (down or up), to decide where the process goes
precisely, we must use the inverse of the corresponding distribution function (24) (with

y < x or y > x), conditioned on the type of move.
Remark 14. If state 0 is absorbing, Eq. (24) is valid only when z > 0, and the
boundary condition P(Z, =0 | Z,,—1 = 0) = 1 should be added.

In the following simulations, as before, we work in the separable case K (z,y) = :E‘z; ,

where we choose k(x) = e~% in the first simulation and k(x) = 1/(1+22) in the second.
Moreover, we take a(z) = aj2® and B(r) = B2 with oy = 1, a = 2, f; = 1 and
b = 1. In these cases, there is no finite time extinction of the process x(x); that is, in

both cases, state 0 is not accessible.

Z_n with k(x)=exp(-x) Z_n with k(x)=1/(1+x*2)

10
|

n

20 40 60 &0 100
|

0
1

I I I [ T T T T T
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 S000

n n

FIGURE 1: Notice that in accordance with the fact that k(z) = 1/(1+2?) has slower decaying

tails than k(z) = e, the process with jump distribution k() = 1/(1+22) has higher maxima

T

than the process with k(z) = e~

The graphs above do not provide any information about the jump times. In what
follows we take this additional information into account and simulate the values Z,, of
the embedded process as a function of the jump times S,,. To do so we must calculate

the distribution P (Sn <t|Xs, ,=x,5-1= 5) . Using Remark 13 we have

t ,75 !
P(S,<t|Xs, ,=2,5 -1=s)= / dt'B (zy_s (7)) e Jo 7 Blayr(w))ds

t—
- / " dup (2 (x)) e~ Ji B @NAS _ o= J3™" Bl @)ds’ _ o= ID(@) T (s @),
0



Decay/Surge 29

The simulation of the jump times S, then goes through a simple inversion of the
conditional distribution function P (Sn <t|Xs, ,=x,5,-1= s) . In the following

simulations we use the same parameters as in the previous simulations.

Z_n as function of S5_n, k(x)=exp(-x) Z_n asfunction of S_n, k(x)=1/(1+x2)

2 4 g
! . M 5 5]
NH 2 ¢
L L

&~ &

& o 4k .,LluLJ-JMLL “

1000 2000 3000 4000 |; 500 : 1500 5 :
Sn Sn

FI1GURE 2: The above graphs give the positions Z, as a function of the jump times S,,. The
waiting times between successive jumps are longer in the first process than in the second one.
Since we use the same jump rate function in both processes and since this rate is an increasing
function of the positions, this is due to the fact that jumps lead to higher values in the second

process than in the first such that jumps occur more frequently.

6. The extremal record chain

Of interest are the upper record times and values sequences of Z,,, namely
R, = inf (r >1:r>Ru1,2, > Zan)

Zr = Zg.

Unless X (and so Z,,) goes extinct, Z* is a strictly increasing sequence tending to co.
Following [1], with (Ry =0,Z5 = ), (Ry, Z};),,> clearly is a Markov chain with

transition probabilities for y > x

P (k,a,y) == P(Ro=r+kZ.>y|Ro1 =02 =21
= P( ) ifk=1
z k=2

/ HP zl,dxl_,_l) (Ik 1,Y ) 1fk22,
0
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T_n with k(x)=exp(-x) T_n with k(x)=1/(1+x*2)

_n
1
_n

0 20 40 &0 80
1

0 20 40 &0 80
I

T T T T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000

FI1GURE 3: These graphs represent the sequence T, = S, — Sp—1 of the inter jump waiting
times for the two processes showing once more that these waiting times are indeed longer in

the first process than in the second.

where P (z,dy) =P(Z, €dy | Zn_1 =), P(2,y) =P(Z, >y | Zp_1 =) and 29 =
x.

Clearly the marginal sequence (Z}), -, is Markov with transition matrix

P (z,y)=P(Z,>y|Zi_, = ):ZP* (k,x,y),
E>1

but the record times marginal sequence (Ry,),,~, is non-Markov. However
P(Rn = T+k | Rnfl = T,Z:;,l = -’1/') :ﬁ* (k,.’l,‘,.’l?),

showing that the law of 4,, := R,, — R,,—1 (the age of the n-th record) is independent
of R,,—1 (although not of Z*_):

P(A,=k|Z;  =2)=P (kz,z), k>1.

Of particular interest is (R1, Zy = Zg,), the first upper record time and value
because Sg, is the first time (X}): exceeds the threshold z, and Zg, the corresponding

overshoot at y > x. Its joint distribution is simply (y > x)

P*(k,z,dy) =P(Ry =k, Z{ €dy | Ry =0, 25 = )
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= P(x,dy) ifk=1
o k=2

/ / H P (x;,dzi41) P (xp—1,dy) if k> 2.

If y. > x is a critical threshold above which one wishes to evaluate the joint probability

of (Ry,Z; = Zg,), then P* (k,z,dy) /P (k,x,y.) for y > y, is its right expression.

Note that P(Ry = k | Ry = 0, Z; = 2) = P~ (k,2, ) and also that

P (z,dy) =P (Z €dy| Z; =x) =Y _ P*(k,x,dy).
k>1

Of interest is also the number of records in the set {0,..., N} :

Ry =#{n>0:Ry <N} =Y 1ip <ny.
n>0

FIGURE 4: The following graphs represent the records of the two processes as a function of
the ranks of the records, the one at the left with k(z) = e™® and the one at the right with
k(z) = 1/(1 + 2?). We can notice that there are more records in the first graph than in the
second. Records occur more frequently in the first graph than in the second. On the other

hand, the heights of the records are much lower in the first graph than in the second.

Z_{R_n} with k(x)=exp(-x) Z_{R_n} with k(x)=1/(1+x"2)

Z_{R_n}

a8 10
| |
20 40 60 80 100
! |

Z_{R_n}

2

|
0
|
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F1GURE 5: The following graphs give Zg,, as a function of R,,. We remark that the gap between
two consecutive records decreases over the time whereas the time between two consecutive
records becomes longer. In other words, the higher is a record, the longer it takes to surpass

it statistically.

Z_{R_n} with k(x)=exp(-x) Z_{R_n} with k(x)=1/(1+x"2)
= T = |
8 -
— ® - .
CI c‘ 8 -
L A—— €
NI Ni g =
+ o |
o~
o~ o -

T T T T T 1 T T T T 1 T
0 1000 2000 3000 4000 5000 0 50 100 150 200 250

R_n R_n

FIGURE 6: The following graphs give A, = R, — R,—1 as a function of n. The differences
between two consecutive records are much greater in the first graph than in the second. It
is also noted that the maximum time gap is reached between the penultimate record and the

last record.

A_n with k(x)=exp(-x) A_n with k(x)=1/(1#xA2)

=4 o
&
< | < —
<
< s
o -
(=
=] o _|
=
o P [ [
I T T T T T T I T T T I I |
2 4 6 8 10 12 1 2 3 4 5 6 T 8
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F1GURE 7: The following graphs give the obtained records from the simulation of the two
processes, as a function of time. We can remark that the curve is slowly increasing with the
time. In fact, to reach the 12th record, the first simulated process has needed 5500 units of

time and analogously, the second simulated process has needed 1500 units of time to reach its

8th record.
Record with k(x)=exp(-x) Record with k(x)=1/(1+x"2)
- o
= ,—!
f a3
T @ 2
Q (=]
o
E © $ e
o =}
Z = - =2
o~
-
o - o -
I I I I T I I | I 1 1 1
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Time Time

7. Decay-Surge processes and the relation with Hawkes and Shot-noise

processes

7.1. Hawkes processes

In the section we study the particular case 8 (z) = fiz, f1 > 0 (the surge rate
increases linearly with ), « (z) = a1z, ay > 0 (exponentially declining population)
and k (y) = e~ Y. In this case, with v1 = f1/aq, T (z) = 712.

In this case, we remark I'(0) = 0 > —oo. Therefore there is a strictly positive
probability that the process will never jump (in which case it is attracted to 0). However
we have to(x) = 00, so the process never hits 0 in finite time. Finally, 8(0) = 0 implies
that state 0 is natural (absorbing and inaccessible).

Note that for this model,

1
— (vi—Dy
s = (&
(y) P

and we may take a version of the scale function given by
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Clearly, Assumption 2 is satisfied if and only if 73 < 1. We call the case 71 < 1
subcritical, the case v; > 1 supercritical and the case v; = 1 critical.

Supercritical case. It can be shown that the process does not explode almost
surely, such that it is transient in this case (see Proposition 5). The speed density is
neither integrable at 0 nor at co.

Critical and subcritical case. If y; < 1, then 7 is integrable at +o0, and we find

60 (@) =~ TG~ [ s dy+ —og

where (with Ei the exponential integral function)
[ sy = ——[in(%) = Bi( - 1)) + B (01 - Da)].
a a1 (1—m) a

In the critical case v = 1 the hitting time of @ will be finite without having finite
expectation.

In both critical and subcritical cases, that is, when v; < 1, the process X; converges
to 0 as ¢ — co as we shall show now.

Due to the additive structure of the underlying deterministic flow and the exponen-
tial jump kernel, we have the explicit representation

X, =e Mg 4 Z e~ (t=S)y (25)
n>1:8,<t

where the (Y;,),,>1 are i.i.d. exponentially distributed random variables with mean 1,
such that for all n, Y,, is independent of S,k < n, and of Yy, k < n. Finally, in (25),
the process X; jumps at rate 81 X;_.

The above system is a linear Hawkes process without immigration, with kernel
function h(t) = e~** and with random jump heights (Y,),>1 (see [22], see also [5]).
Such a Hawkes process can be interpreted as inhomogeneous Poisson process with

branching. Indeed, the additive structure in (25) suggests the following construction.

e At time 0, we start with a Poisson process having time-dependent rate $;e~“ttz.

e At each jump time S of this process, a new (time inhomogeneous) Poisson
process is born and added to the existing one. This new process has intensity
Bre~ =5y, where Y is exponentially distributed with parameter 1, indepen-
dent of what has happened before. We call the jumps of this newborn Poisson

process jumps of generation 1.
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e At each jump time of generation 1, another time inhomogeneous Poisson process
is born, of the same type, independently of anything else that has happened

before. This gives rise to jumps of generation 2.

e The above procedure is iterated until it eventually stops since the remaining

Poisson processes do not jump any more.

The total number of jumps of any of the offspring Poisson processes is given by

oo

61E(Y)/ e_al(t_s)dt =7.
S

So we see that whenever 71 < 1, we are considering a subcritical or critical Galton-
Watson process which goes extinct almost surely, after a finite number of reproduction
events. This extinction event is equivalent to the fact that the total number of jumps
in the system is finite almost surely, such that after the last jump, X; just converges
to 0 (without, however, ever reaching it). Notice that in the subcritical case y1 < 1,
the speed density is integrable at oo, while it is not at 0 corresponding to absorption
in 0.

An interesting feature of this model is that it can exhibit a phase transition when
~1 crosses the value 1.

Finally, in the case of a linear Hawkes process with immigration we have S(z) =

w~+ Prx, with g > 0. In this case,

7T(y) = ie(’Yl—l)yy/L/al—l
a1

which is always integrable in 0 and which can be tuned into a probability in the

subcritical case y; < 1 corresponding to positive recurrence.

Remark 15. An interpretation of the decay-surge process in terms of Hawkes pro-
cesses is only possible in case of affine jump rate functions 3, additive drift o and

exponential kernels k as considered above.

7.2. Shot-noise processes

Let h(t), t > 0, with h(0) = 1 be a causal non-negative non-increasing response
function translating the way shocks will attenuate as time passes by in a shot-noise

process. We assume h (t) — 0 as t — oo and

/00 h(s)ds < . (26)
0
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With Xy =z > 0, consider then the linear shot-noise process
t
thx—i—/ / yh (t — s) p(ds, dy), (27)
0 JRy

where, with (S,;n > 1) the points of a homogeneous Poisson point process with in-
tensity 8, p(ds,dy) = 3_, 5, 9s, (ds)da, (dy) (translating independence of the shots’
heights A,, and occurrence times S, ). Note that, with dN, = 2721 A,ds, (ds), so with
Ny = Zn21 Aplys, <) representing a time-homogeneous compound Poisson process

with jumps’ amplitudes A,
t
Xt:er/ h(t—s)dNs (28)
0

is a linearly filtered compound Poisson process. Under this form, it is clear that X;

cannot be Markov unless h (t) = e™*, o > 0. We define

v(dt,dy) = P(S, €dt,A, € dy for some n > 1)
= JBdt-P(A edy).
In the sequel, we shall assume without much loss of generality that x = 0.

The linear shot-noise process X; has two alternative equivalent representations,

emphasising its superposition characteristics:

(1) X, = Z Anh (t — Sn) 1{SnSt}

P,
(2) Xe = Y Ah(t=5,(t),

where Py, = Zn21 1¢s, <t}

Both show that X, is the size at ¢ of the whole decay-surge population, summing
up all the declining contributions of the sub-families which appeared in the past at
jump times (a shot-noise or filtered Poisson process model appearing also in Physics
and Queuing theory, [32], [28]). The contributions Aph (t — S, (t)), p = 1,...P;, of the

P, families to X; are stochastically ordered in decreasing sizes.

In the Markov case, h(t) = e~ % ¢ >0, a > 0, we have

t
X; = e_o‘t/ e**dNy, (29)
0
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so that
dXt = —OéXtdt + dNt,

showing that X; is a time-homogeneous Markov process driven by N;, known as the
classical linear shot-noise. This is clearly the only choice of the response function that

makes X; Markov. In that case, by Campbell’s formula (see [28]),

8X () : = EemtX =PI (-6a (a0 ))as
— e )i A du where e”*° = u,

with

B 1 1-9¢a(aw)
T a f(] u du

O (q) = ®X (9) =e as t — oo.

The simplest explicit case is when ¢ (¢) = 1/ (1 + q/0) (else A ~Exp(6)) so that,
with v = 8/a,
% (9) = (1+4q/0)"

the Laplace-Stieltjes-Transform of a Gamma(y,#) distributed random variable X,
with density
o
— " te 0 > 0.
I'(y)

This time-homogeneous linear shot-noise with exponential attenuation function and

exponentially distributed jumps is a decay-surge Markov process with triple
(a(2) = —az; B(z) =B; k(z) =e"").

Shot-noise processes being generically non-Markov, there is no systematic relation-
ship of decay-surge Markov processes with shot-noise processes. In [14], it is pointed
out that decay-surge Markov processes could be related to the maximal process of

nonlinear shot noise; see Eliazar and Klafter (2007 and 2009).
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