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Abstract

A p-jump process is a piecewise deterministic Markov process with multiplicative jumps by a factor
of p. We prove a limit theorem for such processes on the unit interval. Via duality with respect
to probability generating functions, we deduce limiting results for the survival probabilities of time-
homogeneous branching processes with arbitrary offspring distributions, underlying binomial disasters.
Extending this method, we obtain corresponding results for time-inhomogeneous birth—death processes
underlying time-dependent binomial disasters and continuous state branching processes with p-jumps.
© 2019 Elsevier B.V. Allrights reserved.
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1. Introduction

Consider a population evolving according to a branching process Z’. In addition to
reproduction events, global events called disasters occur at some random times (independent
of Z’) that kill off every individual alive with probability 1 — p € (0, 1), independently of each
other. The resulting process of population sizes Z will be called a branching process subject
to binomial disasters with survival probability p. Provided no information regarding fitness of
the individuals in terms of resistance against disasters, this binomial approach appears intuitive,
since the survival events of single individuals are iid. Applications span from natural disasters
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as floods and droughts to effects of radiation treatment or chemotherapy on cancer cells as well
as antibiotics on populations of bacteria. Also, Bernoulli sampling comes into mind as in the
Lenski’s long-term evolutionary experiment (LTEE; cf. [21], and [14]).

In the general setting of Bellman—Harris processes with non-lattice lifetime-distribution
subject to binomial disasters, Kaplan et al. [17] and Athreya and Kaplan [1] have studied the
almost sure asymptotic behaviour as well as asymptotics of the expectation of the population
size and showed that such processes almost surely either go extinct or explode, giving necessary
and sufficient conditions for extinction. They also computed the limit of the age-distribution
on the set of explosion. In the special case of homogeneous birth—death processes with
binomial disasters, Biihler and Puri [8] obtained more explicit results regarding asymptotics
and normalised limit distributions as well as the distribution of the extinction probability
conditioned on the disaster times. Bartoszynski et al. [4] added the analysis of extinction
probabilities in a multi-type setting. Furthermore, Peng et al. [25], Thilaka et al. [28] and Kumar
et al. [19] studied single-type and multi-type population models underlying binomial disasters
with survival probabilities depending on the time the last disaster occurred. These models reflect
disasters like earthquakes where pressure builds up over time and increases severity. A more
general disaster mechanism in a birth—death-scenario has been discussed by Brockwell et al. [7],
Brockwell [6], Pakes [22] and Pakes and Pollett [23], where the absolute population decline
after a catastrophe follows geometric, uniform or even an arbitrary distribution independent
of the population size. Additionally, the rate of catastrophes is linear in the population size.
For continuous state branching processes with disasters according to some intensity measure
v, Bansaye et al. [3] have studied the probability of extinction.

We will add to this literature of branching processes with disasters precise results for the
asymptotic extinction probability at late times. As Theorem 2 shows, if extinction occurs, the
survival probability decays exponentially at a rate which has a phase transition. We will also
be dealing with the time-inhomogeneous case (see Theorem 3), and extinction probabilities for
continuous state branching processes (CSBP) with binomial disasters (see Theorem 4).

The main technique we are going to use in our study is duality. Recall that duality of
branching systems to a solution of a differential equation has particularly proven useful for
continuous state branching processes and measure-valued processes. (See [11] for an overview
and the beginning of Section 4 for a brief introduction to this notion of duality.) Bringing
this notion back to a branching process in continuous time (without disasters) Z, where every
individual branches at rate A and has offspring distribution with probability generating function
(pgf) h, the distribution at time ¢ can be computed via the duality relation

E[x”|Zy = z] = X7,
where Xo = x and X, solves
X = —x(X — h(X)) (1.1)

(cf. [2], Chapter II1.3). We will generalise this equation in order to include binomial disasters.
Here, the dual process will be a piecewise deterministic Markov process (PDMP) X on [0, 1],
where 1 — & evolves according to (1.1) and jumps by a factor of p at the rate of the disasters.
Such processes will be called p-jump processes below. In Theorem 1 we will give general
limit results for these processes, which become more precise and concise under concavity
conditions shown in Corollary 2.4. These findings will then translate into limit and asymptotics
results for survival and extinction probabilities of branching processes with binomial disasters
in Theorem 2.
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The results of Theorem 2 will be expanded in two directions. First, we are dealing with the
time-inhomogeneous case in Theorem 3, i.e. branching rate, pgf and disaster rate may depend
on time. Here — using results of Kendall [18] for the case without disasters — we are able to
derive the pgf of a binary branching process subject to binomial disasters, conditioned on the
times of disasters — similar to the approach of Biihler and Puri [8] for the homogeneous case.
In this case, we also give in Proposition 4.11 some limits of pgfs. Second, we apply the duality
technique to continuous state branching processes (CSBP) with binomial disasters. Here, we
derive in Theorem 4 limit results for the extinction probabilities.

The manuscript is organised as follows. In Section 2, we give our main results on p-jump
processes with Theorem | and Corollary 2.4. The results on (time-homogeneous) branching
processes with disasters are collected in Theorem 2. The case of a birth—death process,
i.e. a binary branching process, is given in Corollary 2.7 and extended further to the time-
inhomogeneous case in Theorem 3. The CSBP with disasters is treated in Theorem 4. In
Section 3, we will prove Theorem 1 and Corollary 2.4. The duality of branching processes
with disasters and p-jump PDMP will be established in Section 4, where we will also prove
Theorem 2. For the time-inhomogeneous case, we first need in Section 4.2 some results on
regularly varying functions, as collected in Theorem 4.6, which might be of interest in their
own right. The proof of Theorem 3 is then given in Section 4.3.

2. Results

2.1. p-jump processes
Let us begin by clarifying the notion of p-jump processes.

Definition 2.1. Let /] = [0,v] for v > 0 or I = R* := [0, 00). Then, let « : I — R,
p €10,1] and & be a right-continuous Markov process on /, that performs unit-rate jumps
from a state x to px and between jumps fulfils X, = «(X,). Such a process has generator

Gxf(x) = f(px) — f(x) + alx) f'(x) 2.0

for f € C'(I) and is called a p-jump process on I with drift a.

The drift « is called proper, if either «(0) > 0 and the initial value problem f' = a(f),
f(0) = X, has a unique solution for every Xy € I, or «(0) = 0 and f' = a(f), f(0) = X,
has a unique solution for each Xy € I \ {0}. A p-jump process is called proper if its drift is
proper and if either «(0) > O or O is an absorbing state.

Remark 2.2.

1. Due to its multiplicative jumps, if p € (0, 1) a p-jump process repeatedly contracts by
a factor of p and can thus only have 0 as an absorbing state.

2. 1-jump processes are deterministic, since their jumps have no effect, while O-jump
processes always jump to 0. These two special cases will be left aside in Theorem 1 but
considered in Corollary 2.4 for concave o, where a more concise conclusion is possible.

3. Note that properness of « in the above definition implies existence and uniqueness of a
proper p-jump process with drift o in the following sense: If « : I — R with «(0) > 0
is proper, there exists a unique p-jump process X with drift . On the other hand, if
a : I — R with «(0) = 0 is proper, there exists a unique p-jump process X with
drift o, which has 0 as an absorbing state. The requirement that O is an absorbing state
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is important since initial value problems may have infinitely many solutions, such as
f' = 2J/F with f(0) = 0 solved by f(x) = 0 for x < x¢ and f(x) = (x — x0)?
for x > xp, for any xo > 0. However, f = 0 is the only solution which has 0 as an
absorbing state. This will be discussed in more detail in Lemma 3.1.2.

4. The Picard-Lindelof Theorem implies that « is proper whenever it is Lipschitz-
continuous. In the later applications however, we will need a less restrictive criterion,
allowing «’(0) = co. Lemma 3.1.1 provides sufficient conditions for properness of « in
that case.

At first, we present our most general limit results for p-jump processes.

Theorem 1 (Convergence of p-jump-processes). Let p € (0,1) and X be a proper p-jump
process with drift « : I — R and denote o) = lim,_,g )lca(x) and & = sup,.p o }Ca(x).
Furthermore, if I = RY, assume that s, = sup{x : a(x) > 0} < oo. Then, the following
statements hold:

1. If & < log %, then P(X, = 0) = 1. Additionally, for the kth moment of X,, k > 1,
the following estimates hold:

(Uy) In general (i.e. even for all & € R),

limsup%logE[Xﬁ‘] < —(1—p* —ak).

—>00

(U) If & > p*log % letting A .= élog %, we obtain the stronger bound

limsup L log E[X}] < —(1 — (1 + logA)).

11— 00
(Ly) If there are § € R and ¥ > 0 such that a(x) > 8x — 9x? for all x € I, such that
8 < pFlog %, then
liminf ! log E[X}] > —(1 — p* — 8k).
1—00

(Ly) If 6 in (L) can be chosen positive, letting y = %log %, we obtain

NS k 1
htfgclgf; log E[X}] > —(1 — (1 +log ).
which is a stronger bound than (L), if § > p*log %

2. Ifoy € (log%, o0o], let x4, = min{x € I \ {0} : a(x) = 0}. Then, X converges weakly
and its limit X 5, satisfies P(Xoo € (0, x,]) = 1, ]E[Xo_ola(Xoo)] = log% and for every
k>1

E[X* ] = E[X T a(X o).

1 — pk
Also, the distribution of X is the unique stationary distribution and for every bounded
and measurable function f : 1 — R almost surely

o1
lim —
t—o00 t

/0 f(Xods = E[f (Xo0)].
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oY
n{) = log =
oo 1. X — 0 a.s. 3. X converges weakly
Oy : Tlog E[X{] —=1— %(l +log~)
for all £ > k - 2. 7 logBIX{] = 0
1 for all k&
1 0] t—o0 ¢ /
and ;log E[X{] —— 1 — p"—Lag af =plog L
foralll < /< k af = p?log L
aé = p®log i

1
1 p

1
R
For case 1., different limits arise for different exponents, depending on ¢ and p.

Fig. 1. The different cases in Corollary 2.4. Within «( > log -, we are in case 3. and obtain weak convergence.

Remark 2.3.

1. Note that in Theorem 1./ « is finite, since o < a. Hence, «(0) has to be 0 and it
holds &, = ’(0). Therefore the similar notation. Case 2. accounts for both possibilities
«(0) = 0 with o/(0) = oo as well as «(0) > 0.

2. Although the theorem shows existence of a p-jump process on R*, it is notable that
such a process will only assume values in [0, max{Xy, s,}], since by definition it can
never grow beyond sup({Xo} U {x : a(x) > 0}).

In the case where « is concave, the bounds (U;) and (L;) align and the continuity conditions
(C;) become evident such that we can give a much more concise result. Here, we will also
include the cases p = 0 and p = 1. Fig. | illustrates the various parameter regimes.
Furthermore, we obtain existence and uniqueness if O is absorbing.

Corollary 2.4. Let I C R and o : I — R concave with a(0) = 0 such that a”(0) € [—o0, 0]
exists and either

— 1 =[0,v], a(v) <0 and a’'(v) > —0 or
— I =R™* and there is an x > 0 such that a(x) = 0.

Then, for all p € [0, 1] and Xy € I there is a unique proper p-jump process X with drift o
that, letting oy = lim,_,¢ %a(x), holds:

1 Ifo < log% or p =0, then X, %0 almost surely. Also, for k > 1

1 4+ max{0, —kay} if p=0,
tl_i)nolo—}logE[Xf]z 1 — p* — k) ifoc(’)gpklog%,
1— %(1 +logy) otherwise,

where y = log(i)/a(’).
11— 00

2. If ay = log i, then %logE[Xf‘] —— 0 and limsup, X; < m, = sup{x € [0, x,] :
a(x) = xap} almost surely. In particular, if o is strictly concave on an interval (0, ¢),
then X, — my = 0 almost surely.
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3. If af > log %, then x, = supf{x : a(x) > 0} € (0, 00), X converges weakly and its limit
X satisfies P(Xo € (0, x]) = 1, E[X;olot(Xoo)] = log% and for every k > 1

E[X* ] = E[X (X o).

1 — pk
Also, the distribution of X is the unique stationary distribution and for every bounded
and measurable function f : Rt — R almost surely

o1
lim —
t—o00 t

/0 f(Xods = E[f (Xo0)].

2.2. Branching processes with binomial disasters

Applying Corollary 2.4 to a p-jump process, via duality with respect to probability
generating functions in Theorem 2 we obtain immediate limit results for the following class of
branching processes with binomial disasters.

Definition 2.5. Let A > 0, ¢ = (qi)i>0 a distribution on Ny, k > 0 and p € [0, 1]. A Markov
process Z on Ny with generator

Gzf@=22) a(fe—14+k—fQ@)+Kx ) (,i)p"(l - k) = F(2)

Zz
k>0 k=0

for f € B(Np), the set of real-valued, bounded functions on N, is called a homogeneous
branching process with death-rate ) and offspring distribution (qi), subject to binomial
disasters at rate k with survival probability p and will be denoted by fo’(;"',(, p*

Such a process describes the size of a population that behaves in the following way: Every
individual dies with rate A and leaves behind a random number of offsprings distributed
according to (gx). Independent of this growth mechanism, with rate x global events occur that
kill off every individual alive at that time with probability 1 — p independently of each other.

Theorem 2. Let . > 0, ¢ = (qi)=0 a distribution on Ny with expectation p = Y, kqx,
k>0 pel0,1)and Zyo =29 > 0. Then, if p =0, Z = Z{‘Z’,’K’p goes extinct almost surely
with

lim —1logP(Z, > 0) = k + max{ir(1 — p), 0}.
Otherwise, letting v .= AM(u — 1)/(x log %), Z satisfies
1. if v < p, Z goes extinct almost surely and
tlir})lo—% logP(Z, > 0) = (1 — p)k — A( — 1).
2. if p<v <1, Z goes extinct almost surely and

lim —1logP(Z, > 0) = k(1 — v — viog(1)).
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3. if v > 1, then Z survives with positive probability, where

20

20
0 < IP’(tlim Z, =00)=1 —]P’(tlim Z,=0)= Z <k
—00 —00

)(—1)"1E[X"] <1 —x%,
k=1

(2.2)

where h(x) = Y, x%qy is the pgf of q, X« is the smallest fixed point of h and X is a
random variable on (0, 1 — x,] satisfying E[X~'(1 —h(1 = X)) =1+ ﬁlog% and

E[X*] = A—k]E[X"‘l(l —h(1 = X))] (2.3)
A+ k(1 — pk) ' '

Remark 2.6.
1. Rearranging the inequalities in terms of wu, we obtain
1 if < 1+%1og§, 2.if 1+%log% <u< 1+§1og%, 3.0 > 1+§1og%.

This gives insight into how supercritical the underlying branching process has to be in
order to survive the disasters.

Also, this formulation illustrates the continuity of the theorem in p = 1: Classical results
for such processes without disasters (cf. [15, Theorem 11.1, p.109]) show that Z goes
extinct almost surely if u < 1 with —} loglP(Z, > 0) - A(1 — ) as t — oo, which
aligns with 1., while for u > 1, P(Z, — 00) = 1 — P(Z; — 0) = 1 — x;°, which is the
upper bound for the survival probability in (2.2) for p < 1.

2. While [17] have already shown the almost sure extinction in /. and 2. as well as the fact
in 3. that Z almost surely either goes extinct or explodes, we offer an alternative proof
via our duality results plus rates of convergence for the survival probability including
the case u = o0o. Also, making use of (2.3), our result offers a way to compute the exact
extinction probability in 3. Since the recursion in (2.3) depends on the offspring pgf £,
in general this formula can be difficult to compute. Corollary 2.7, however, shows that
in the example of homogeneous birth—death-processes it is feasible.

The following corollary applies Theorem 2 to birth—death-processes with disasters. This does
not only provide a nice transition to the next theorem, but offers an example where (using the
relation (2.3)) we can explicitly compute the survival probability.

Corollary 2.7. Let Z := (Z,); be a homogeneous birth—death-process with respective rates
b > 0 and d > 0 that underlies binomial disasters at a rate of k > 0 with survival probability
p€(0,1)and let Zy = zo > 0.

1. Ifb—d <«kplog % Z goes extinct almost surely and

1
t

i
— 00

m —1logP(Z, > 0) = (1 — p)k — (b — d).

t

2. If kp log% <b—d <«klog %, Z goes extinct almost surely and

) | b—d /clog%
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3. Ifb—d>lclog%, then P(limy_ o0 Z;, = 0) + Plim, o Z; = 00) = 1 and
d +xlog+ z S dm 41— p
: _ _ _ P 0 -1
P(lim 70 = 00) = (1 - — == )Z( I M0-=5")

Proof. First note that Z is a Z/’\";m,( -process with A = b +d, g0 = d/(b + d) and
g =b/(b+d)=1—¢qy. Thus, A(n—1) = (b+d)(g2—qo) =b—d and v = (b —d)/(k log %),
already providing /. and 2. by insertion in Theorem 2. For 3. we derive 1 — h(l — x) =

1 —qo—q2(1 —x)> = g2x(2 —x), yielding a simple recursion in (2.3) concluding the proof. [J

In Section 4.3 we will develop tools for the analysis of inhomogeneous birth—death processes
with time-dependent disasters, generalising the setting of Corollary 2.7. For this, mind the
following definition, where the birth, death and disaster rates b, d, k as well as the survival
probability p are now given as functions of ¢.

Definition 2.8. Let b,d,x : RT™ — R" and p : Rt — [0, 1], where we abbreviate
by = b(s),d; = d(s),ks = k(s) and p; = p(s). A Markov process Z on Ny with
time-dependent generator (see Section 4.7A of Ethier and Kurtz [12])

Gz f(@D=bz(f@+ 1) — fQ)+diz(fz =1 — f(2))

Z
b4 _
oy <k>pf<1 — ) (k) — f(2))
k=0
for t > 0 and f € B(Ny), is called an inhomogeneous birth—death-process with birth-rate b
and death-rate d, subject to binomial disasters with survival probability p occurring at rate k
and will be denoted by Z}", . .

Key to our approach is Lemma 4.9, which computes the conditioned pgf delivering some
kind of stronger duality, enabling us with Proposition 4.11 to easily give pgf limit results
in terms of that dual process. While these tools offer room for further generalisation (cf.
Remark 4.12), we give the following theorem as an example of application, where we also
make use of Theorem 4.6.

Theorem 3. Let b, d, k be non-negative right-continuous functions on R™ with left limits and
p : Rt — [0, 1] left-continuous with right limits such that p, = 0 only if k, = 0 and, letting
A;l(t) = inf{s > 0 : fg ksds > t}, such that the map — log(p(/l;l(~))) is regularly varying.
Furthermore, let j : Rt — R* continuous and non-decreasing with lim,_, o t =% j(t) = oo for
some o > 0, as well as t € {—1, 1} such that

J(t)/ — K log(lj?»ds =3

Then, Z = Z;;;LKY » satisfies

1. if 1 = 1 and for some ¢ > 0 holds fooo e 1=9i0p ds < oo, then P(Z, == 0) < 1.
2. if t = —1 or for some ¢ > 0 holds fooo e~ H0IOp ds = oo, then P(Z, = 0)=1.
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Remark 2.9.

1. Letting j(tr) = t and b, d, k, p constant functions, this result aligns with the homoge-
neous case (cf. Corollary 2.7).

2. The regular variation condition on p and « is equivalent to the existence of § € R
and some slowly varying function £, such that p(t) = exp(— A, (¢)?)€(A,(t)). We need
t7%j(t) — oo for some @ > 0 to handle the case 8 = —1 in which Theorem 4.6 is
inconclusive. If § # —1, one may choose « = 0.

3. The condition that k = 0 whenever p = 0 ensures that no ferminal disasters occur,
i.e. disasters that render Z extinct with probability 1. Dropping this, fol ks log(1/ps)ds
might no longer be finite. However, letting «;” = &, - 8 p, and «;" = k, — &, it is
possible to apply Theorem 3 to the process Z = ZI’Z’ dictp without the terminal disasters

and separately compute the probability .., that at least one terminal disaster occurs,

which for a unit-rate Poisson process (P;) satisfies

Tierm = P(Pfoo%,‘dt >0)=1-— exp(—/ Ky dt).

t: p(1)=0

Since the sets {k* > 0} and {k~ > 0} are disjoint, the respective counts of disasters

on these sets are independent. This implies that the terminal disasters only affect the
positivity of the survival probability, if ft:p(t):() k; dt = o0.

4. The cases where a normalisation function j as in Theorem 3 does not exist, are discussed

in Remark 4.13.1. Rates of convergence for the survival probability in case 2. will briefly

be discussed in Remark 4.13.2.

2.3. Continuous state branching processes with binomial disasters

The application of p-jump processes is not limited to branching processes with discrete
states. We will now discuss survival and extinction for continuous state branching processes
(see e.g. [20] for an overview) with binomial disasters. A similar model is studied in [3], where
multiplicative jumps occur for any factor according to some intensity measure. Their Theorem 1
shows existence and uniqueness of the process we now define.

Definition 2.10. Let N a measure on R, with fooo min(y, y>)N(dy) < o0, b € R, ¢,k € Rt
and p € (0, 1). Then, the R*-valued Markov process with generator

Gz f(2) = bzf' (@) +czf"(2) +k(f(p2) — f(2)) +/0 (fe+y)— f@) —yf'(2)zN(dy),

for f € C}(R,) (the space of bounded, twice continuously differentiable functions) is called

the continuous state branching process with p-disasters and will be denoted by Z;*, o

Viewing a continuous state branching process as a scaling limit of a discrete branching
process, by the law of large numbers the equivalent of a binomial disaster would be a p-jump
of the population size, represented by the term «(f(pz) — f(z)) in Gz. The next theorem is
similar to but less precise than Corollary 6 of Bansaye et al. [3], using weaker assumptions.
(see Remark 2.11 for a more detailed comparison)
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Theorem 4. Let Z = Z;° \ . » be a continuous state branching process with p-disasters as
in Definition 2.10 and let

o0
a: Rt > R, x — bx — cx? —/ (e™ =1+ xy)N(dy)
0

satisfy limsup, _, . x~"*a(x) < 0 for some & > 0.

1. If b < klog %, Z; 2% 0 almost surely and

(1—px—b if b <kplog 1,

lim —1logP(Z, > 0) = . ,
1—00 K — ;(1 +logy) otherwise,

where y =k log(é)/b.
2. If b > klog %, lim;_, oo P(Z, = 0|Z¢ = 2) € (e7%, 1), where & denotes the largest root

of a.

We will only give an outline of the proof, since its structure is illustrative for the proofs to
come and it differs only in details.
Sketch of proof. For (Z,) = Z;°. . , it holds (Z,) < Z;jk,c'/K,N/K.l,p and lim % logP(Z,; >
0) = lim f logP(Z, > 0). This rescaling illustrates that we just need to show the case of k = 1.
Setting H(x, z) := e ** and applying the generator to the function z — H(x, z) for x fixed
gives

GzH(x, )0) = (bx = cx’ - /0 (€7 = 1+xy)N(y)) Z—f(x, 2+ H(xp.2)— H(x, 2).

In other words (cf. (D’) at the beginning of Section 4), Z is dual to the p-jump process with
drift o. Now, note that § = X, < oo, since limsup, _, ., x~*9a(x) < 0 and thus, a(x) — —o0
as x — oo. Hence, either ¢ > 0 or N((0, o0)) > 0. In any case, for all x > 0

a’(x) = —2¢ —/ x?e ™ N(dy) <0
0

and « is strictly concave. Hence, Corollary 2.4 applies with o, = o’/(0) = b.

Since limsup, , ., x~1*®a(x) < 0, X comes down from infinity in the sense that X is
well-defined in the limit of Xy — oo. This can be verified in the following way: By a restart
argument it suffices to consider + > 0 small enough, such that a(x) < —sx'** for some
s € (0, —limsup,_,, x "9 (x)) and for all x > X,. Using that u(t) = (X, + est)~"/¢ is
the only solution to ' = —su'*™® with u(0) = X, and the monotonicity of the jumps of X we

Xo—
see that X, < u(t) 27 (est)~Y% < co. Hence, letting (X*),cr be p-jump processes with

drift o jumping simultaneously with X;j = x for all x, we can define X* via X := sup, X;.
It follows

P(Z, = 0|Zy = z) = lim E[e "% |Zy = z] = E[e X7 ]. (2.4)
X—>00

Considering x — % < 1 —e* < x for all x > 0 to estimate the rates of convergence,
Corollary 2.4 concludes the proof. (The almost sure convergence in /. follows from the fact that
e~*X7 is bounded, which shows that Z, — 0 in probability implying almost sure convergence
of a sub-sequence. It remains to note that O is absorbing.) [
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Remark 2.11 (Connection to Bansaye et al. [3]). For the critical and subcritical cases,
Corollary 6 in [3] uses the stronger assumptions that ¢ > 0 and fooc y2N(dy) < oo. However,
they consider a more general setting, where the jump factor p is not constant but random and
possibly even larger than one. Under the second moment condition E[log(p)?] < oo they obtain
more precise asymptotics for the survival probability, not only g1v1ng the exponential rates of
decay of Theorem 4, but also polynomial factors t°, t~ =2 and 12 in the strong, intermediate
and weak subcritical cases respectively.

In the supercritical case, i.e. b > «log %, Corollary 2.ii) in [3] shows positivity of
the survival probability while their Corollary 3 shows a central limit theorem conditional on
survival. Our results add to that bounds on the survival probability in Theorem 4.2 as well as
an approach to compute the survival probability:

In (2.4) we have seen that

P(Z, = 0|Zy = z) == Ele™***] = L(2),

the Laplace transform of the limit of X'. Using stationarity it follows from E[Gy f(X )] =0
for f(x) = e, that L has to satisfy the functional equation

k(L(pz) — L(z)) — bzL'(2) + czL"(z) + z / (Lz+y) = L(2) + yL'(2)) N(dy) =
0
which for appropriate N might deliver a more precise result than Theorem 4.2.

3. Piecewise deterministic Markov processes

In this section, we start by providing an existence and uniqueness result for proper p-jump
processes.

Lemma 3.1 (Properness, Existence and Uniqueness).

I. Let I = [0,vlor I =R and o : I — R with a(0) = 0, &’(0) € (—o0, 0o] and
a(v) <0, if I = [0, v]. Also, let one of the following conditions hold:

(C1) « is Lipschitz-continuous on I N [¢g, 00) for every ¢ > (.
(Cy) « is Lipschitz-continuous on I N|[e, E’l]for every ¢ > 0 and there is K > 0 such
that a(x) <0 for all x > K.

Then, o is proper.

2. Let (Py);>0 a unit-rate Poisson process and a a proper drift. Then, for p € [0, 1] and
Xo € I there is a unique proper p-jump process X with drift a that jumps simultaneously
with (P,) and starts in X,.

Proof. If o/(0) < oo, « is Lipschitz-continuous either on I by (C;) or on I N[0, max{K, Xo}]
by (C3), where a(max{K, Xo}) < 0, and hence is proper by the Picard—Lindel6f Theorem.
Otherwise, if a/(0) = oo and X > 0, we find ¢ > 0 such that a(x) > 0 for all 0 < x < &.
Then, « is Lipschitz-continuous either on I’ := I N [min{X, ¢}, 00) by (Cy) or on I’ =
I N[min{Xy, ¢}, max{K, Xo}] by (C3), such that Picard—Lindel6f either way implies existence
of a unique solution of f" = a(f) and f(0) = X, for o : I’ — R. Since a(min{Xy, €}) > 0,
the properness of « follows.

Now, 2. follows by iteratively constructing the path of X, considering the deterministic
pieces between jumps as solutions of suitable initial value problems and letting X be absorbed
at 0if ¢(0)=0. O
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Remark 3.2.

1. Note that (C;) and (C;) are equivalent if [ is bounded, since then we assume «(v) < 0.

2. The above lemma does not consider the case «(0) > 0. This is due to the fact that then,
one needs to make additional arguments if «’(0) = oo for existence and uniqueness and,
that the p-jump processes we will use in our applications all hold «(0) = 0. However,
Theorem 1 also includes that case.

In the following subsection we prove Theorem 1, mainly by applying large deviation results
for Poisson processes, given in the Appendix, and the work of Bladt and Nielsen [5] regarding
regenerative processes. Using this, we prove Corollary 2.4 in Section 3.2 for concave « offering
a more concise result including continuities for p € {0, 1}.

3.1. Proof of Theorem 1

Proof. At the very beginning, suppose that the theorem already holds for p-jump processes
on [0, 1], let @ be as in the assumptions, s := max{Xj, s} and consider a : [0, 1] - RT, x —
a(sx)/s. It is straightforward to show that a satisfies the conditions of Definition 2.1 as well
as the ones of Theorem 1 such that there is a p-jump process X = (X,) with drift @ on [0, 1]
starting in sXo for which the assertions of the theorem hold, where a(’J = a{), a = & and
Xg = SXq. Also, a(x) > 8x — ¥x? for all x € [0, 1] iff a(x) > Sx — l:%x2 for all x € [0, s].
Considering that  — X, := s, X, also performs p-multiplicative jumps at rate 1 and in between
satisfies X, = s - a(X,) = «a(X,), we obtain that the theorem holds. Hence, without loss of
generality, we assume for the rest of the proof that I = [0, 1].

Note that by definition oy, < &, and hence «’(0) = oo can only hold in case 2. Moreover,
o, < oo only if «(0) = 0, in which case o = &'(0).

1. Let B(y) .= e’a(e™) and Y, := —log X, € RT. Then, the process ) := (¥;);=0 has the
generator

Gyg(y) = (Ga(g o (—log))(e™)
= g(—log(pe™)) — g(y) +ale™) - (—1g'(—logx))| _,-,
= g(y +1log ;) — g(") — BE' ().

The assertion implies that S(y) < & < log L for all y € R*. Letting (P,) be the unit-rate
Poisson process jumping simultaneously with ), it follows that

P, ~logi —ta <Y, 3.1

for all ¢, since the jumps are identical, the left side always starts in O and has point-wise

inferior drift. The law of large numbers, giving us lim;_ ., P;/t = 1 and thus almost surely

liminf,(Y;/t) > log% —a > 0, shows that —log X, = ¥, —>; . 00 with probability 1.
(Uy) Using the generator of X on f(x) = x*, we obtain

LRI = E[(gx(-)k)(x,)] = E[p* X5 — X* +a(X kX 1] < E[X¥)(pk —1+ka). (3.2)

Considering Gronwall’s inequality, (U;) follows (even for arbitrary &).
(Us) For the (stronger) upper bound in the case of @ > pf log% we reuse (3.1) to compute

E[X{]=E[e™"]
< u(t) = E[e *Prloe/p=i®) 1 ) 3.3)
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4
P( > ) I eMaon/p, r
l(Um 2

£261/(log(1/p))

t 1
= IP’(P, < —) +e_’('_ "‘k)IE”(P Ky > —pkt> .
A b pEA
&‘f_—/
=up(r) =, (1)

First, using (A.2) of Lemma A.1 with x = % < 1, we compute

1 =00 1 1 1
——logul(t)—>1—x+ log—_l——(1+logk)
For the second term, u,, we see that p"k < 1 and thus, by (A.1) of Lemma A.1,

1 1 (t) t—00 1 k Sk + (1 1 + 1 lo 1 )
——1lo — 1 - — - —
p g Uy p o V4 k)“ og —/— k)\‘

=1-ak 1(1 1 ! k1 1>_A
=1—-ak——(1-log—-—klog—)=A,.
ak = g5 gp by

Combining these two results, we obtain lim,_, » % log u(t) = —A;, which equates to the desired
bound.

To recognise that the bound in (U,) is in fact stronger than the one of (U;), we need to
verify that 1 — pk —ak < Ay, if pkk < 1. In this case, the function & : x > x + %log%
is strictly decreasing on [p*, A7'], since h'(x) = 1 — ﬁ Thus, inserting & = %log é, the
difference satisfies

P .1 11
Ay, —(—=p"—ak)=p +—10g—k——(1+logk)
A p A
=h(p") —h(x"H > 0.

(L)) and (Ly): Let w : [0, 1] — R, x > 8x — ®x>. Then, X is bounded below by a process
W = (W,), with generator

Gw f(x) = f(px) = f(x) + wx) f'(x),

if X and W have equal initial values and are coupled in such a way that they jump
simultaneously at the jump times of a Poisson process (P;). Now, we will show that the
moments of ¥V have the desired asymptotic properties, using that VW can be represented
explicitly via

pPred

W, = . (3.4)
! Xy 4+ [y pPedsds

This can be verified either from [24, Proposition 4] in a more general setting, or by the
following computation: Surely, W starts in X and has the desired jumps at the times of P,
since W,/p™ is continuous. To verify the desired deterministic growth, let n(r) == X; 'y
2 fot ppfe‘ssds, the denominator of W,, and assume that P does not jump in an interval
(t —e,t +¢). Then,

pP’Se‘Stn(t) _ preatn/(t) sn(t) — ﬁpP,eer

)2 =W, 00 =W, —9W,) = w(W,).

d _
aWi=
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Next, we consider the process W that arises from W by exchanging for every ¢ the path
. . . — . ==t .
(Py)o<s<: with its time-reversal (P )o<s<; via P, := P; — P,_,, given by

—t
. pP[ eél 1

W = — =
t Xo_l + ﬂfot pP.tve‘”ds Xo—lp—P,e—at + ﬁfot pPi-se=31=9dg
t -1
(Xglp_P’e_& + 19/ p_PSe_‘Ssds) .
0

Now, since (Py)o<s<; is equally distributed as (FH_)OSf, for every + > 0, where FH =
lim, | P, denotes the right-side limit, we also have that W, 4 W, for all ¢ and in particular
E[Wlk] = E[Wf]. Also note that, in contrast to W,, W, decreases if the path of (P;) increases
pointwise. Now, using this and (A.3) of Lemma A.l, we obtain for (L,) (even for arbitrary
8 > 0), considering that § < & and thus y > élog% > 1 as well as § = %log %,

1 1 —
~logEIX/] = ?logE[W];]
1 ’ ¥
= log]E[<X0_1p*P’e*‘” + 19/ p’Pfe"ssds) ]
0 By
> logE[(XO’lp_P’e_‘” + 15‘/ p_PSe_‘s“ds) , Py < % for all s < t]
0

1

t

11 -1 (llogl—B)t
" og X, er=r

=

p —k
+19f e<%10g%—5>sds) P(P, < % forall s < t))
0

1—>00

— —k-0—(1— (1 +logy)) = A,.

For the case § < p¥log %, we deduce analogously
1 1 ! Co\k
?logE[Xf] > ?log]E[(Xglp_P’e_‘s’ + z?/ p_Pfe_‘”ds) ]

0
1 Klog L
= thg (( ;(616('9 o =X

t . —k
+19/ e(pk log 5=8s ¢ ) P(P, < pXs for all s < t))
0

—= —k(p*log L —8) — (1 — p* + p!log(p")) = sk — (1 — p").

With the same argument as at the end of the proof of (U,), one can recognise that the bound
in (L) is stronger than A, if § < pFlog %

2. Recalling that Y; := —log X, and letting 7, := inf{t > 0 : ¥, = z}, we show that (i) there
is z > 0 such that E[T,|Yy = z] < oo and (ii) P(T, < oo|Yp =y) =1 for all y > O:

Since o, > log %, there have to be & > 0 and ¢ > 0 such that a(x)/x > (1 + ¢) log% for
all x € (0, &]. Setting z = —log& < oo, we see that S(y) > (1 + ¢) log% =:¢ forall y > z.
We define

S = Se zlog(1/py = 1nf{t 1 z < Y; < z +log(1/p)}.
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Then, E[S|Yy = y] < oo for all y < z. Indeed, the probability for at least z/log(1/p) jumps
in some small time interval of length ¢’ > 0 is positive. After the first such time interval
we can be sure that S has occurred. By finiteness of first moments of geometric distributions,
E[S|Yy = y] < oo follows. By a restart argument, we have to show that E[T;|Yy = y] < o0
for all z < y < z + log(1/p), which will be done by using a comparison argument. For this,
let R = (R;);>0 be a process with generator

Gre(y) = g(y +1log(1/p) — g(y) — 28’ ().

If z < Ry = Yy < z+ log(l/p), then — using the same Poisson processes for )} and R —
we have that 7, < TZR = inf{t > 0: R, = z} since B(y) > ¢ for y > z. Analogously to
the argument following (3.1), we see that R, - —oo as t — oo almost surely, which implies
that TZR < o00. Since (R; — Ry + t(¢ — log(1/p))):>0 is a martingale, we have by optional
stopping that E[Ry — R;r] = Ry —z = ({ — log(l/p))IE[TzR] = slog(l/p)E[TZR], hence
]E[TZR|Y0 =Ro] <1/e < 00. It is now straightforward to obtain the properties (i) and (ii).

Now, by (i) and homogeneity, ) is a positively recurrent delayed regenerative process in
the sense of Definition 7.1.1 in [5, p. 387] with regeneration cycles starting at the state z
(and so is X with cycles starting in £). By (ii), the delay is almost surely finite. Hence,
Theorem 7.1.4 in [5, p. 388] gives us weak convergence of ) to a finite random variable
Yo and thus, also X has a weak limit X,, = e '* > 0. Furthermore, recalling that
xe = min{x € (0,1] : a(x) = 0}, this is well-defined since « is positive on (0, §) and
Lipschitz-continuous on [£, 1], oy > 0 and «(1) < 0. This implies that the hitting time of
[0, xo) of X is almost surely finite. After that, X will never hit [x,, 1] again, since it will
always jump before it can reach x,. Thus, P(X € (0, xy)) = 1.

If f:[0,1] — R is measurable and bounded, Theorem 7.1.6 of Bladt and Nielsen [5, p.
391] as well as the weak convergence give us that almost surely

lim % / f(X,)ds = lim % / E[f(X,)lds = E[ f(Xs0)]. (3.5)
0 r—00 0

—>00

Since for > 0 and a continuous and bounded function f the distribution u of X, satisfies
E.[f(X0] = E[Ex, [f(X)]] = lim E[Ex,[f(X)]] = lim E[f(X;+)] = ELf(Xo0)l,

W is a stationary distribution. Letting v be a stationary distribution of A we obtain from (3.5)
that for all ¢

1 !
E[f(X)] = 1 / E,[f(X,)lds = E[f(Xoo)],
0

by which the stationary distribution must be unique. In particular, by stationarity
E[Gx f(Xo)] = 0 holds. Hence, choosing f(x) = log(p + x) for p > 0, we obtain

. o+ pXoo a(Xoo) p—>0 1 —1
0= E[log( e ) o XOO] log(1) + E[X L o(Xoo)]

by monotone convergence, since Xo, > 0 almost surely. (Note here, that this argument works
for both cases (C;) and (C,).) On the other hand, choosing f(x) = x*, it follows

0 =E[(pXoo)' — X + a(Xo)k XA,
which implies E[XX ] = l_ka1E[x’;gloz(xm)]. O
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Remark 3.3.

1. For o, < log L < &, Theorem 1 is inconclusive. The weak estimates using & in (3.1)
and (3.2) offer room for improvement. Also note here that for the application of (L)
and (L,) for «(0) = 0, one can often choose § = o’(0) = «).

2. Using the notion of strong large deviations (e.g. [9, Theorem 3.5, p.1868]) one can
compute exact asymptotics:

(@) If x > 1, then P(P, > xr) ~ 5 . 0200,

1 o—1(1—x+xlogx)

A=0vx "~ Vmr
where ~ denotes asymptotic equivalence, i.e. f ~ g & f(¢)/g(t) —> 1 ast — oo.
Applying these to u#; and u; in (3.3) would provide more precise upper bounds in (U;)
and (U,). For similar stronger bounds in (L) and (L) however, one would need strong
large deviation results for Poisson processes.

3. Dropping the boundedness of the state space of X, i.e. considering s, = 00, (3.1) holds
letting & = sup, g+ %a(x) and so does 1. as well as (U;). Also, (L) and (L) still apply,
starting WV at Wy := min{l, Xo}. But we need boundedness from below of ) to prove
(3.3) and the finiteness of E[S|Yy = y] and thus lose (U,) as well as the limit results of
2.

4. Whenever (X,) is a p-jump process with drift o, the process of the kth powers, (X¥),

(b) If 0 < x < 1, then P(P, < xt) ~

is a p*-jump process with drift o : x > kxl_%a(x%) holding @, = k& as well as
(ax)y = kay. Hence, it would suffice to prove (U;) and (U,) for k = 1. For (L) and
(L) however, the lower bound on « only implies that o (x) > kéx — kz?x““%, such that
for k > 1 we cannot use the process W in (3.4) as a lower bound process and the proof
fails.

3.2. Proof of Corollary 2.4

Proof. The concavity of « implies that x,, equates to x,, and s, from Theorem 1. Noting that, if
I = R* and s = max{xy, Xo}, @'(s) > —00, by the same scaling argument as in the beginning
of the proof of Theorem 1 we can assume that / = [0, 1].

We start with p € (0, 1): Since « is concave, x > %‘;(‘) decreases on (y, 1] and

y %ﬁ’(” decreases on (0, x). Thus, by the assertions, |%‘;(”| is bounded on each

interval [, 1]. Hence, Lemma 3.1./ shows properness of o and Lemma 3.1.2 implies existence
and uniqueness of X'. Thus, Theorem 1 applies and 3 immediately follows by Theorem 1.2.

Recall that o« = &'(0), if oy < 00. Now, for /. we want to apply (L) and (L,) of Theorem I
using § = o = &/(0). Let us first assume that o”(0) > —oo. Then, there is ¥ > 0 such that
o' (0)x—9x2 < a(x) for all x € [0, 1]. (The Taylor expansion delivers the existence of a ¥ such
that o’(0)x — ¥9x? < a(x) holds for x in some interval [0, ). The boundedness of « ensures
that we can choose ©; such that o’(0)x — 9, x2 < a(x) holds for x > ¢. Let ¥ = max{dy, }.)

On the other hand, if @”(0) = —oo, « has no parabolic lower bound as we need for (L)
and (L,) (e.g. for a(x) := ax — bx3/> with b > a > 0). We solve this by a coupling argument:
Therefore, let p be fixed and for all n define

@, (x) = minfa(x), xa(;)},

the minimum of « and the secant of ¢ intersecting at 0 and }l Surely, the «, satisfy the
conditions of Theorem 1, &, /' & point-wise, «”’(0) = 0 > —o0 and «,(0) = 0 such that
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(%)6 = a,(0). Let X ™ n>1,be p-jump processes with respective drifts «,,, each started in
Xo, coupled in such a way that they jump simultaneously with X. Then, X f") < X, for all n
and ¢ and thus

liminf ! log E[X¥] > supliminf ! log E[(X{")"].
1—00 N 1—00

From the previous case, we obtain for every n
—(1 = p*—al(0k) if a/(0) < p* log%

liminf L log E[(X™)¥] >
mint 5 gE[(X;7)"] = —(1—#(1+log)/n)) ifpklog%<a;(0)<10g%,

where y, = log /e, (0). Since ,(0) = a(;)/(;) / &'(0) and the bounds in either case
increase in o/ (0), we obtain “<” in I. Since « is concave, it satisfies «’(0) = & and thus, (U;)
and (U,) of Theorem | provide “>" and [. follows.

For the case o = log% consider a family (XP),c,1) of processes with respective
generators as in (2.1) with « fixed and p +— X(()p ) constant, coupled in such a way that the
processes jump simultaneously. Then, for every ¢ the map p — X,(p ) s increasing. Since
pF 1og% < aj for p near p* := e~“, we conclude from /. and the boundedness of the X7’
that

0> lim L log E[(X"")*] > sup lim L log E[(X{")!]
t—00 p<p* —00

- _(1_ %0 (1 - 1og( )))_o
= sup 1 e/ =
* logp logp

Since x )l(a(x) = }C(a(x) —a(0)) + %a(O) is decreasing, Theorem 1.2 implies

"
X
a{)zE[liminfa : )]

t—00 X; )

(r)
a(X
> sup E[liminf ( (') )] = sup log L = q;
p>p* =00 ti p>p* P
and hence almost surely

X)) e
lim inf TR 1 o = %
t—00 Xr —>00 X[

Since x — a(x)/x is decreasing, lim sup, X,(p*) has to be bounded by m, := sup{x € [0, 1] :
a(x) = xag}. Finally, if « is strictly concave near 0, a(x)/x strictly decreases near 0 and thus
m, = 0, which concludes the proof for p € (0, 1).

Considering p = 1, we can ignore the jumps and X becomes deterministic, i.e. the solution
of X, = a(X,). Then, it holds if & < 0 = log(%) that

1

L og(X,) = log(Xo)) = ~ tﬁd__ 0.0)
tog 1) — log O_I/(;Xss_t,/o

X ds <aj <0.

Hence, X, — 0, a(X,)/X, — o and %log(Xf) — kaj, which aligns with /. However,
if ) = 0, since « is concave it is non-positive. Then, X" is constant, if «(Xy) = 0, and
it converges monotonically to m, = sup{x € [0,1] : a(x) = 0} if X9 > mgy. Thus,
lim;_, o T log(X;) = lim,—0o a(X,)/X, = 0 giving us 2. Lastly, in the case of &, > 0, X
will either grow towards x, if started below, i.e. Xy € (0, x,), or fall towards it if started
above. Either way, X; — x,, o(X;) — 0 and we obtain 3.
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Choosing p = 0, X would jump to O after an exponentially distributed time 7 with mean 1
and stay there indefinitely. Thus, we can write X, =Y, - 1{7~,, where (Y;) is the deterministic
process arising for p = 1 discussed above. Then, X will always converge to 0 almost surely
and

=00

1 1 k
- log(E[X*]) = - log (T >t) — " log(Y;) —> 1 + max{0, —keypy}. O

4. Branching processes with binomial disasters

In the following subsections, we borrow ideas from the notion of duality of Markov
processes; see Chapter 4.4 in [12].

Recall that two Markov processes Z = (Z;);>0 and X = (X,),>o with state spaces E and
E’ are called dual with respect to the function H : E x E' — R if

E[H(Z;, x)|Zy = z] = E[H(z, X,)|Xo = x] D)

for all z € E,x € E’. When one is interested in the process Z, this relationship is most
helpful if the process X is easier to analyse than the process Z. Moreover, frequently, the set
of functions {H (-, x) : x € E'} is separating on E such that the left hand side of (D) determines
the distribution of Z,. In this case, the distribution of the simpler process X determines via (D)
the distribution of Z, so analysing Z becomes feasible.

There is no straightforward way how to find dual processes, but they arise frequently in
the literature; see [16] for a survey. Examples span reflected and absorbed Brownian motion,
interacting particle models such as the voter model and the contact process, as well as branching
processes.

A simple way to verify (D) for homogeneous Z and X, is to show that

SE[H(Z, x)|Zo = z]|,_y = % E[H(z, X)| X0 = x]| _, (D)

for all z and x, since then both sides of (D) follow the same evolution.

4.1. Proof of Theorem 2

In this section we will discuss branching processes of the form of Definition 2.5. Hence,
let Z2 .= qu”;’fk’ » where A € (0, oo) is the death-rate, g = (gx)x>0 the offspring distribution on
No, p € (0, 1) the survival probability of the disasters that occur at the jump times of (D;),>0,
a Poisson process with rate k > 0. Moreover, let 4 : [0,1] — [0, 1],x +— Zk>0 qix* be
the probability generating function of the offspring distribution. We start with establishing a

suitable duality for k = 1. The general case will follow by a rescaling argument.

Lemma 4.1. Let p € [0,1], «k = 1 and X = (X;) be a proper p-jump process with drift
x = A(l — x — h(1 — x)). Then, the duality relation

E[(1 — X,)*|Xo = x] = E[(1 — x)*|Zy = 7] 4.1)

holds for every x € [0, 1],z € Ny and t > 0.
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Proof. Recalling the generator of Z from Definition 2.5, we obtain for x € [0, 1], z € Ny and
H(x,z) = (1 — x)* that, recalling (2.1),
(GzH(x, ))&)
=z(l —x)* ! Z gi((1 —x)F = (1 = x))
k=0

+) @ (p(1=x)"(1 = p)™" = (1 —x)
=0

0 2
= (=) A1 =x)— (1 =x)+ (pAd =)+ (1 = p))" = (1 —x)
= (gXH( ) Z))(-x)9
which resembles (D’). Hence, (D) gives us the desired relation. [

Now, we apply Corollary 2.4 to the dual process X, followed by the proof of Theorem 2.

Lemma 4.2. For p € [0, 1], such a process X in Lemma 4.1 exists and satisfies
Lifp=0orh(l)<1+ %log %, X, =5 0 almost surely. Also, for k > 1

1 + max{0, —k(R'(1) = 1)} if p=0,
tlirglo —LogE[X{1={1- p* —kr(h'(1) = 1) ifR(l) <1+ g—k log %
1— %(1 + logy) otherwise,
where y = 1 log é/(h’(l) - .
2.if (1) =1+ }logt, X, == 0 almost surely, while +1og B[X] —=> 0 for all k.
3. ifr() e (1+/—{ log é, o), letting x, be the smallest fixed point of h, X converges weakly
to a random variable X 5, on (0, 1 —x,] that satisfies E[Xgol(l —h(1—Xx))] = 1+% log %
and for k > 1

IR I
1= pr e (1= A = Xeo)). 4.2)

E[X},] =
Proof. Since h is a convex function, o : x — A(l — x — h(l — x)) is concave. Also,
a0) = A1 —h(1) =0, a(l) = —Ago < 0, oy = &’(0) = A(W'(1) — 1) € (=4, 00] and
a'(1) = AK'(0) = 1) = A(g; — 1) > —A > —oo. Hence, considering that ’(0) > p¥ log% iff
M) <1+ % log% for all k > 1, Corollary 2.4 implies /. For 3., noting that «(x) > 0 only

if 0 < x < 1—x, = x4, only (4.2) remains to be shown. Here, Corollary 2.4.3 gives us for
k>1

E[X*]= (—E[XE]+ E[XE (1 — h(1 — X))

1 — pk
and (4.2) follows. Finally, if 4/(1) = 1+ % log% > 1, h is strictly convex and thus, « is strictly
concave, which gives us 2. [

Proof of Theorem 2. First, let the theorem hold for « = 1 and for arbitrary ¥ > O consider

the process Z* = Zf/o,':,'q,Lp- Then, (Z,), = (Z},), defines a Zﬁ',”q”f,(’p—process and we obtain

lim —1logP(Z, > 0) =« - lim —1logP(Z > 0),
t—00 S—>00 h
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which shows /. and 2. Since lim, Z, = lim, Z; almost surely, 3. follows, where we obtain (2.3)
by substitution.

Hence, without loss of generality let x = 1. Then, letting Zy = z and X¢ = 1, Lemma 4.1
implies,

¥4
P(Z, >0)=1-E[0%]=1-E[(l — X,)] = Z (i)(—l)"“]E[Xf]. 4.3)
k=1

Considering that X; € [0, 1], we obtain from Bernoulli’s inequality

E[X,] =1 -E[(1 - X)]1=P(Z > 0) < zE[X/]. 4.4)

Thus, noting that 4'(1) = w and y = 1/v, for p < 1+ %log% (i.e. v < 1) Lemma 4.2.1 and
4.2.2 show that
1 +max{0,1 —AK'(1)} if p=0,
tlirglo—%logP(Zt>0)= l—p—Au—1) if v < p,
1—v(1+1logl) if p<v<l.

Additionally, considering the boundedness and thus the £'-convergence of (X,),, we get from
(4.4) that Z, converges to 0 in probability. Since this implies almost sure convergence of a
subsequence and O is an absorbing state, we have Z, — 0 almost surely.

For 2., noting that P(Z, Z%0 | Z) > ﬁ(l — p)%, i.e. the probability that the next event
after s is a disaster that kills all, we obtain

lim sup P(Z, Z%0 | o(Z;r <s)) > 1+A hrn sup(l —p)hs = yliminfs—oo Zs

§—>00

I-M(1 -

Thus, Lemma 3.1 of Kaplan et al. [17, p. 54] concludes

—00

P(Z, — 0) + P(Z, Iz o) =1.

Furthermore, for jt > 141 5 log 1 Lemma 4.2.3 shows stationarity of the distribution of X, and
hence independence of X,. Thus, using that O is an absorbing state and {Z; = 0} C {Z; = 0}
for s < ¢, we obtain from (4.3) that

P(lim Z, = 0) = P(U{Z, - 0}) = lim P(Z; = 0) = E[(1 - Xo0)']. O

t>0

4.2. Preparation: Regular variation

In this subsection, using results of chapter VIIL.9 of Feller [13] and Seneta [27], we will
arrange the tools regarding regularly varying functions needed for the proof of Theorem 3.
However, we need to establish some additional notation first:

Remark 4.3.

1. We will make use of the Bachmann—Landau notation: For a function g : Rt — [0, 00),
let

o(g) ={f:Rt - Rt | 11m n Sup fé;)) =0},

O(g) ={f:RT - R"| llmsup f((t’)) < 00},

@) ={f:R" >R"|ge O(f)}-
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2. We define the relation of asymprotic equivalence for functions f, g : Rt — R by
% o lim 12 =1,
Often, when the running variable is either obvious or ¢z, we will just write f ~ g.

Definition 4.4. A function f : R™ — R™ is called regularly varying with exponent B € R,
if for every x > 0

f(.xt) —00 B
—_— > X
f@)

holds. A slowly varying function is a regularly varying function with exponent 0.

Lemma 4.5. Let f : R™ — R" regularly varying with exponent B € R and F(t) =
t
fo fx)dx.

1. F is regularly varying with exponent max{f + 1, 0} and for t — oo, if

(a) B> —1, then F(t) ~tf(t)(B + 1)\
(b) B=—1, then F(t) € 2(1) N O®) for all ¢ > 0.
(c) B < —1, then F(t) > ¢ < oo.
2. Let (t,) C RY such that t, =—=> 0o and ttt/ 27 1. Then,
F(ths1) n>oco
F(tn)

1.

. t t
3. There are functions a and ¢ such that a(t) X ce RY, &(r) % 0 and

f@)=tPa(r) exp(/ @dy).
1y
4. For each a > 0, f € O(tP )N NP~

Proof. 3. and 4. follow from [27], Theorem 1.1 on page 2 and Proposition 1° on page 18
respectively, while /. is a consequence of 4. and exercises 2.1, 2.2 and 2.3 on [27, p. 86]. (A
proof of these exercises is given by Theorem 1 in [13, p.281].)

Finally, by I. F is regularly varying with exponent 8’ > 0. Applying 3. we see that there
are functions A and & with lim,_, o, A(t) = ¢ € (0, 00) and lim,_, o, £(¢) = 0 such that

F(tut1) (tn+1 )ﬂ, A(tnt1) (/th W) )

= . - exp ——dy).
F(ty) In A(ty) in y

Now, the first two factors converge to 1, while the integral in the exponent is bounded by

|tn+l - tnl . %SuPyE[tn,an] |5()’)| o0 0. O

The following Theorem is needed in the proof of Theorem 3 to build a bridge between
the asymptotics of the deterministic rate functions and the almost sure asymptotics of the
process (L;) from Lemma 4.9, which is key to the computation of the survival probability
in the inhomogeneous case.

Theorem 4.6. Let (D,);>o be an inhomogeneous Poisson process with right continuous rate-
function k with left limits, A(t) == fot ksds, A7N(t) == inf{s > 0: A(s) > t} and f : Rt — Rt
such that f(A7'(") is regularly varying with exponent B.
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1—>00

1 If A(t) — A(00) < o0 or B < —1, then fo f(s)dDy has an almost surely finite limit.
2. If A(t) R e and B > —1,

/f(S)dDSN/ f($)kds
0 0

holds almost surely and in L.
1
3. If B = —1, for arbitrary o > 0 it holds % € O(t*) N 2@t~*) almost surely.
o f($)ksds
Proof. First note that there is a unit-rate Poisson process, which we denote by (P;) and its
jump times by (oy), such that D, = P, for all #+ > 0 and the jump times of (D;) satisfy
7y = A~ '(0y). Then, supposing that 2. holds for k¥ = 1, the general case follows as

PA(t) A(r)

/ f($)dD; —Zf(rk)— Zf(A H(ow) ~ fA (s)ds = /0 f(s)csds.

Thus, without loss of generality, let «k = 1, (D;) = (P;) and f regularly varying with exponent
B > —1. Letting F(t) = fol f(x)dx, it remains to be shown that

F(t) Z fm) =31

almost surely and in £2. Starting with the £2-convergence, we recall that on the event {D, = n},

the jump times (zy, ..., T,) are equal in distribution to (U(l), U(z), el U(’n)), the order statistic
of n iid variables (U], ..., U}), uniformly distributed on [0, r]. We obtain
D; Dy Dy
E[Y fw] = E[Z E[f(u)\DfH = JE[Z E[fW) H
k=1 k=1 k=1

1 t
= E[fUDI =1~ f f(s)ds = F(1). 4.5)
0

Hence, E[Y,] = 1 and we compute
1 &
1Y = 12 = Var[% Z f(rk)}

_ F(l . (Var[ZlE[f(Uk H +E[2Var[f(Uk)‘D,”>

_ F( PR (Var[D,]E[f(U )]] + ]E[Drvar[f(Ul)]]>

= L ((BLFWUP + Varl f (U
= e (BT + Va7

(ELfUDY _ fy f()dx
F(t)? (Jo fx)dx)®
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Since f? is regularly varying with exponent 28, we obtain from Lemma 4.5. and 4.5.4 for

1 1. (B+D?
o B> —j, that |V, — 1] 2~ 1 S

e 3= —%, some slowly varying function £ and arbitrary ¢ > 0 that

1463
1~ 12 =2 € 0=,

o e (-1, —%), the numerator converges to a constant and the denominator converges to
00.

Either way, the £? convergence follows.

For the almost sure convergence first note that there is a subsequence (), with #,
oo as well as lim,,»Y;, = 1 and hence, liminf; ¥; < 1 < limsup,Y; almost surely.
Noting that (¥;) is a piecewise deterministic process, jumping upwards and between jumps
decreasing continuously, the maximum and minimum on the nth deterministic piece of the
path respectively are given by

1 < 1 d
Y=Y, = (w) and Y, =Y, _—=——" (te)
F(ty) ; U e F(tu11) ; A

and we obtain for every ¢ that YB, <Y, <Y ;{t . Also, we deduce from Lemma 4.5.2 that

YnJr F('L',hL]) n—00
_———
Yy F(ty)

1

almost surely, considering that 7,/7, 7% 1. Since the values of the local extrema of Yy);
are given by Y1 and Y, it follows that

liminf Y, =liminf ¥, = liminf¥, < 1 < limsup Y, = limsup Y,".
n—00 n—00 1—00 PR 00

Hence, it suffices to show that Yn+ 27 1 almost surely. For this, let h(n) := min{/n, /F(n)}
and decompose Y, in the following way:

1 1
;= > f@o+ > fw. (4.6)
Fm) k<h(n) Fm) h(n)<k<n
Considering that A~ := inf,>; % > 0 and A* := sup,.; ™ < oo almost surely, by Lemma 4.5

we obtain for the first part

s 3 s L (2 ([ )

a(t,)

k<h(n) k<h(n) « Y
C /AT\IB nAt k\B
= () e[ ) X (5)"
n A~ 0 y Pl n

where the constant C arises from the boundedness of a. Now, for § > 0 the remaining sum
is bounded above by h(n) < /n, while for —1 < 8 < 0 it holds for some slowly varying
function £ that

Z (f)ﬁ < Z nll < hnn'# = n\,g|+#£(n) _ ”%ﬁ(n).

n
k<h(n) k<h(n)
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Thus, noting that % < 1 and exp( f0° 'S()%)'dy) is slowly varying, it follows that
1 n—o00
— 0
Fo) Z f ()

k<h(n)

almost surely. Hence, since 7, ~ n almost surely and thus F(n) ~ F(t,) and f(tz) ~ f(k) by
Lemma 4.5.2, it follows from (4.6) and Lemma 4.5.1(a)

F 1 +1 k
v o~ (n) Z f(rk)-f(k)'v ﬁn Z Jk)

! F(m) F(n) wonien I E nmakzn 1
L B+l Ky L e 1
SN e ey

h(n)<k<n h(m)/n

and the proof of 2. is done.
. . P (oo . .
For 1. if A(o0) < 00, also lim,_, o fot f@s)dDs = Zk;“l ) f(te) is almost surely finite.
Otherwise, we obtain from (4.5) and Lemma 4.5.7 that

E[ / f5)dD,] = / Flshends < / " Fowyds = / T P s)ds < o0,
0 0 0 0

which also, by monotone convergence, implies the finiteness of fooo f(s)dDy and 1. is done.
Lastly, for 3. we conclude that for a > 0, F(¢) := fot f(s)kyds and Y, == fol f(s)dDy/F(t)

t

0 <17y, s~ f(s)dDy.

1= ==
F(1) Jo

Now, since ¢ +— ¢~ % f(¢) is regularly varying with exponent —1 — @ < —1, /. shows that

the integral almost surely converges to some finite limit and hence, considering that F' is non-

decreasing and non-negative, limsup, ~*Y; < oo almost surely and Y, € O(t*). Similarly,

using 2.

t

a 1 o
Y, > m | s® f(s)d Dy,
which either converges to a positive constant, if A(c0) < oo, or is asymptotically equivalent to
fot sY f(s)kyds N flt 5% f(s$)kyds -
fot f(s)kds fll F($)kds
Either way, it follows that limsup, *Y; > 0 and thus ¥, € 2(:7*). O

Remark 4.7 (More Precise Asymptotics for B = —1). In the case § = —1 it follows from
Lemma 4.5 that F is slowly varying and thus, considering its monotonicity, lies in O (#*)N {2(1)
for all ¢ > 0. As discussed in [26] however, it is not always the case, that a regularly varying
function with exponent —1 is integrable on R™. Supposing that F(co0) = oo, we obtain the
L?-convergence in Theorem 4.6 analogously to the case B € (—1, —%), while the methods we
used to obtain almost sure convergence fail for 8 = —1. Conversely, if F(co) < oo, similarly
to the proof of Theorem 4.6.1 it follows that

tlirgola[/ot f(s)st] < 00

and the integral has a finite almost sure limit. Surely, Polfeldt [26] can be used to specify the
results for this critical case.
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4.3. Proof of Theorem 3

In this section we generalise the findings of Corollary 2.7 to the time-inhomogeneous case.
Recalling Definition 2.8, let Z = Z}I;Tldm » with birth, death and disaster rate functions b, d and
Kk respectively, and p : Rt — [0, 1] the survival probability function. Furthermore, let (D;),
be the inhomogeneous Poisson process with rate « that counts the disasters up to time ¢. In
what follows we will always assume b, d and « to be right continuous with left limits and p
to be left continuous with right limits.

We start by computing the pgf of Z for (1 — p)x = 0, i.e. without disasters, which will be
generalised in Lemma 4.9.

Lemma 4.8. Let v(t) = fot(by —dy)dy and (1 — p)x = 0. Then, for x € [0,1], t > 1, > 0
and k > 0 it holds that

E[(1 — x)%|Z, = k] = (1 — 5(t, x))",

where s(t,0) = 0 for all t and s(t, x)™' = )lce”(’o)’”(’) + eV f[; bye™"Mdy for x > 0.

Proof. Given that Z,, = k, Z; is equal in distribution to a sum of k independent copies started
in 1 at time 7. Thus, E[(1 — x)?|Z,, = k] = E[(1 — x)?'|Z,, = 1]*. Hence, without loss of
generality we assume k = 1. Now, considering [18], where birth- and death-rate are denoted by
A and u respectively and v is denoted by —p (cf. (11)), by (9), (12) and (10b) we can compute
for z € [0, 1] that

1+ 'O [§ bye™®ds — '@ + (e”(’) — e’ [1 bse_“(s)ds>z
1+ [y bye 0 ds — ) bye™®)ds - 2

eV _ QU
1+ fi bee=®ds - (1 - z)’

Substitution of z = 1 — x and reducing the fraction by xe"® concludes the proof for o = 0.
The general case 7y > 0 is obtained considering a process Z* with birth and death rates at time
s given by b*(s) := b;y4s and d* = d, 4, respectively. Then, for t > 7o

E[z%|Zo = 1] = ¢(z, 1) =

* 1
E[(l—x)z’|Zt0 =1]= E[(l—x)z”’0|Z(>'; =1]=1- p— P P 4.7
Te o 4 [T b*(s)e " ds
where
s to+s
v;k = f (b*(y) _ d*(y))dy = / (by - dy)dy =v(ty + s) — v(ty). 4.8)
0 )

Substituting y := s + 1o in (4.7) and using (4.8) concludes the proof.

The following lemma generalises the result above to processes with disasters, i.e. (1 —p)x #
0. It delivers a dual process X with respect to the pgf and thus corresponds to Lemma 4.1 in
the proof of Theorem 2.

Lemma 4.9 (A Stronger Duality). Let log% = —o00, 1/0 = o0 and 1/o0 = 0. Then, for
x €[0,1], k >0 and Dy := 0(Dy; s > 0), it holds that

E[(1 — x)*|Doo, Zo =kl = (1 — X,)f
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for a piecewise deterministic process X = (X,);>o given by

t
X '=leh 4 / e "bds, (4.9)
0
where L, = [, (b, — dy)ds — [, log< )dD
Proof. Let ¢ be fixed, G;(x) := Et[(1 — x)%'|Du], 7o := 0 and 1,, T2, . . . be the jump times of
(Dy), i.e. the disaster times of Z. Note that the binomial disasters provide (with the left-side

limit Z, _ := limgy,, Zy),

E[(1 — x)%™|Z,,- =2]

Z ()P, (= pe) (1 =2

L=
(pfn(l )+ (1= pg) == pgx).

Iterating this and Lemma 4.8, we obtain

G,(x) = E[E[(l — )4 Zey, Dw]‘pm] — E[(1 — 5,)"™ | D]

v(zp,)—v(1) t ‘
= GTD, (SD[) with SB: =+ e”(TD[)/ bse—v(s)ds
X D,
= Grp,—(Prp,Sp,) =+
. eU(I’Dt,I)fU(TDt) ™D,
= tht,l(SD,—l) with sl_),—l = 4 eU(TD,—l)/ bsefv(s)ds
prDtSD, ™D,—1
v(tp, —2)—v(tp,;~1) D1
= GTD,,Z(SDt—Z) with SL_),I—Z = 4 ev(TD,—z)/ bsefv(s)ds
pr,*lsthl ™D,—2
eV(m)—v(Ty) 7
== Gyl(s0) with 59 = + ev(fo)f bsefumds
P81 7
k
= (1 —59)".

Now, solving the recursion,

t
s — o lev(fD,)fv(t) + eU(TD,)/ byefv(y)dy
0 X - )

1 Dy '
. eVt —1)=v(tp,) 4 eU(fDl—l)/ bye_“(-‘)dy> .
p‘L’Dt TD;*I

7]
_ev(fo)—v(t1)+ev(fo)f bye—v(y)dy)

p‘[] 70
1 D Dk Tk 1A
— —1 —1 —u(y
k=1 k=0 ¢=1 Tk

where the empty product equals 1. (Then, for D, = 0 and thus ¢+ < 7, one obtains the
deterministic dual from Lemma 4.8.) Letting B(t) = fol bse '®)ds and considering that
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v(79) = v(0) = 0, the sum equates to

Dk ¢ Ds

Z Hp‘[_gl(ﬁ(rk+l At) — ,B(tk)) = / l_[pf—ll - bye s,
=1

k=0 ¢=1 0
With

Dy !
l_[ Py = exp(z log i ~(Dy — Ds—)) = exp(/ log idD‘)’
k=1 s=t 0

it follows that 59 equals X, from (4.9) and the proof is done. [

Remark 4.10.

1. This Lemma holds for arbitrary counting processes (D;);>0. One might even consider a
process with multiple jumps, e.g. P(t; = 0) > 0 for some k.

2. The process X" here is not of the form required for Corollary 2.4 or Theorem 1, even if
we choose constant b, d, k, p to obtain homogeneity: X, jumps from a state 1/($ + D)
to 1 /(ﬁ + b), which is not a p-jump. However, in the homogeneous case, letting
b=9% >0,d e R",§ =b—d > 0and x = 1, we can see that X, equates to
W,, the time-reversal of W, in (3.4) we used in the proof of Theorem 1. Similarly one
obtains that the (homogeneous) time-reversal X, has the generator, for f e C'([0, 1]),

Gxf(x) =k (f(px) — f(x)) + (bx(1 — x) — dx) f'(x).

3. The relationship between X and Z can be viewed as a stronger duality, since the duality
relation (D), from the beginning of Section 4, here does not only hold in expectation,
but even in conditional expectation. (Taking expectation, (D) follows.)

Although we are not able to use Corollary 2.4 here, from the previous Lemma we
immediately obtain the following

Proposition 4.11. Let L, as in Lemma 4.9 and J, = fot e Lsbyds. Supposing that L, =
L € [—o0, o0] almost surely and letting J = lim,_, o J;, there are 3 possible outcomes for the
limit of Ex[(1 — x)%" | Doo]:
1 ifwe {L=—o0}U{J =00}
lim Ei[(1 — )% | Deol(@) = { (1 = J(w)~ ¥ if we {L=o00}N{J < o0}
[—00

. koo
(1 — —exp(_L(w))+xj(w)) ifwe{lLeRIN{J < o0}

The third case occurs if and only if

f Oo(bs +dyds <oo and || pu()) > 0. (4.10)
0

k>1

Proof. By construction and monotonicity of (J;), these three cases cover all possible outcomes.
The results follow by insertion into Lemma 4.9. In case 3. there is m(w) < oo such that
m(w) > e for all ¢, since (L,(w)), converges in R. Thus, almost surely

o0 o0
/ byds < / me Bbds =mJ < 0.
0 0
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Now, the convergence of (L;(w)) and the non-negativity of d and log% give us that also
Jo” dyds as well as

o0
/ IOg ;Tst(w) = - Z log Pr(w)
0 k=1
have to be finite, which shows that condition (4.10) is necessary for the third case. To see the
sufficiency, from (4.10) the finiteness of L(w) immediately follows analogously. Then, (e~1()),
is bounded and thus by finiteness of fooo byds, also J(w) has to be finite. [

Remark 4.12.

1. The first part of condition (4.10) implies that with probability 1 there is only a finite
number of birth and death events, while the second part offers either the possibility of
lim; D, < oo or p converging to 1 on the support of «, fast enough to compensate for
(D).

2. Only in the third case, the limiting probability generating function depends on x, which
implies that, as soon as b is bounded away from 0, Z either goes extinct or explodes.

3. Since this Proposition provides results depending directly on the paths of (D), b, d and
p, it can easily be applied to random environments in the sense of choosing b, d and/or
p to be stochastic processes.

4. Another possible generalisation could be to drop the assertion that the limit L exists.
Then, we see that the first case still only holds if lim sup, L, = —oo or J = 00. Secondly,
in the case of J < oo we still obtain a limit independent of x, only if liminf; L; = oo.
Hence, only the third case changes, where we obtain bounds on the limit in terms of
liminf; L, and limsup, L,.

Proof of Theorem 3. First note that the assertions and Theorem 4.6 imply that almost surely
t t 1
L = / (bs — d,)ds —/ 10g<—>st ~ (). 4.11)
0 0 Ps
(Since j(t) = 2(t*) for some o > 0, in the case where 8 < —1, fot log(1/ps)d Dy has either
a finite limit or it lies in O(t*/?) C o(t*) such that in either case it does not contribute to the
asymptotics of L,. Otherwise, it is asymptotically equivalent to for log(1/ ps)ksds.)
Now, we can apply Proposition 4.11:

1.:Ift =1, L, 7% . Also, for almost every w there is a T(w) € (0, o) such that
L(w) > (1 —¢&)j(¢) for all t > T(w). Thus,

o0
J=<Jr +/ e 1=9i0p ds < oo.
T

Hence, the second case of Proposition 4.11 concludes that

1—>00

P(Z, =3 0) = llim Ei(1— D#]1=E[1—-J Y] <1.

2.:If « = —1, it is clear, that L, =% o0 and independently of the integral condition of 2.
the first part of Proposition 4.11 concludes

P(Z, =2 0) = By[lim (1 — D%] = 1.
t—00
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Otherwise, i.e. if ¢ = 1 but the integral condition holds, L, 2% 0 and analogously to /. we
find a finite random variable 7’ such that L, < (1 + ¢)j(¢) for all ¢ > T’ almost surely. Thus,

o0 o0 i
J = / e Bbyds > Jp +/ e U+9i0p ds = 0o,
0 /
Then again, the first part of Proposition 4.11 concludes the proof. [J

Remark 4.13 (Normalisation Function, Rates of Convergence).

1. There are two major cases in which a normalisation function j as in Theorem 3 does
not exist:

(a) The integral £(t) = fol (by — dg — Ky log(i))ds converges to a constant. Then,
Z will exhibit only a finite number of birth events almost surely and converge
to a random variable, where the third part of Proposition 4.11 provides a way to
compute the limiting distribution.

(b) The integral ¢ oscillates too strongly — e.g. £(¢) = #(1+sin(¢)). This might happen
in periodic models, which were briefly discussed in [18]. In this case, Lemma 4.9
still holds, while Proposition 4.11 as well as Theorem 4.6 do not apply.

2. In case 2. of Theorem 3, for the convergence rates of the survival probability conditioned
on Dy, the o-algebra of the disaster times, we can estimate for arbitrary k > 1, using
the processes (X,) and (L,) from Lemma 4.9 with X, = 1 and Bernoulli’s inequality

—logP(Z; > 0|Dus, Zo = z) = — log(1 — (1 — X,)%)

t
~ —log(X;) = log(e_L' —i—/ e‘stsds)
0

t
Nmax{—L,, log<[ e’Lfbsds>, 0},
0

where ~ denotes asymptotic equivalence, i.e. f ~ g < f(¢)/g(t) — 1 ast — oo.
Recalling (4.11) it follows

t
— L gz, > 0D, Zo = 2) ~ max[—t, 0, _ilog(/ e_stsds>}. (4.12)
Jj@) J(@® 0

It is possible to use similar integral estimates here as in the proof of Theorem 3,
i.e. considering a finite random variable 7 such that L, is close to ¢j(¢) for all t > T.
With more knowledge on j and b, this approach can be used to compute bounds on the
convergence rates.
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Appendix. Large deviations
In Theorem 1, we make use of large deviations for Poisson processes. These can be e.g.
read from [10], Exercise 5.2.12.

Lemma A.1 (Large Deviations for a Poisson Process). Let P = (P;);>0 be a unit rate Poisson
process.

tlim LlogP(P, > xt) = —(1 — x + x logx) for x > 1, (A.])
— 00
tlim %log P(P, < xt)=—(1 —x +xlogx) for x € (0, 1). (A2)
—> 00

Moreover, for any x € (0, 1)

lim LlogP(P; < xs for all s <t) = —(1 — x + x logx). (A.3)
—> 00

Proof. The first two assertions, (A.1) and (A.2) are a consequence of Cramer’s Theorem [10,
Theorem 2.2.3, p.27]. Moreover, the large deviation result (A.3) is an application of Dembo
and Zeitouni [10], Exercise 5.2.12, by rescaling and choosing ¢(t) = xt. O
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