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Abstract

Shot-noise processes are used in applied probability to model a variety of physical systems
in, for example, teletraffic theory, insurance and risk theory, and in the engineering
sciences. In this paper we prove a large deviation principle for the sample-paths
of a general class of multidimensional state-dependent Poisson shot-noise processes.
The result covers previously known large deviation results for one-dimensional state-
independent shot-noise processes with light tails. We use the weak convergence approach
to large deviations, which reduces the proof to establishing the appropriate convergence
of certain controlled versions of the original processes together with relevant results on
existence and uniqueness.
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1. Introduction

The goal of this paper is to study large deviation results for a general family of multidimen-
sional state-dependent shot-noise processes. Shot-noise processes provide a natural class of
models for systems in which (some aspect of) the state of the system is determined by the arrival
of shocks. A typical application is in the context of queueing systems, in which the arrival of
customers can be interpreted as shocks and one is interested in, say, the current workload or
cost incurred — due to performed work — by current and former customers. Another common
area of application is insurance, the shocks being claims that arrive according to an underlying
point process.

Due to their usefulness in describing various physical systems, shot-noise processes have
been studied extensively, both theoretically as well as from the perspective of applications. For
some general treatments of this class of processes and their properties, see [5], [7], [17], [18].
Vvarious asymptotic properties of shot-noise are found in [13] and [15], with [12], [16], and
[19] dealing with heavy-tailed phenomena. An example of shot-noise processes in the queueing
context is provided in [9], whereas [11] and [12] consider applications to insurance and risk
theory. Another type of application is to storage processes, see, €.g. [2] and [14].

In this paper we are concerned with Poisson shot-noise processes, i.e. the underlying point
process governing the arrivals of the shocks is a Poisson process. Large deviations for a family of
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Poisson shot-noise processes have been studied in [8] and the precise result therein is as follows.
Let N be ahomogeneous Poisson process with unit intensity and let Z1, Z5, . . ., be independent
and identically distributed X-valued random variables, each with distribution v and independent
of N. Here X is some locally compact Polish space. For a function H: Ry xX — R, referred
to as the shot shape, consider the Poisson shot-noise process {X (¢); ¢ € [0, T]}, defined as

N(1)

X(t) =) H(t =Ty, Zy), (1.1)

n=1
where T;, T, . .. are jump instants of N. Suppose that
t — H(t, z) is nondecreasing, cadlag, and H(0,z) =0 foreachz € X. (1.2)

Let A(z) = lim;_, o, H (¢, z). The function # is referred to as the shot value for the shot-noise
process X. Suppose that k satisfies the following condition:

/ e?"@y(dz) < 00 for every 9 € R. (1.3)
X

For ¢ > 0, let X¢(t) = eX (¢~ '), ¢ € [0, T]. Paper [8] shows that {X¢},.¢ satisfies a large
deviation principle (LDP) in D([0, T']: R;) ase — 0, where D([0, T]: R ) denotes the space
of cadlag functions from [0, T] to R, which is equipped with the usual Skorohod topology.

The goal of this paper is to study large deviation properties of general state-dependent
multidimensional shot-noise processes. Such processes are natural models for systems where
the impact of a shot depends on the current state of the system. In order to prove large deviation
results, we use the fact that a Poisson shot-noise process can be represented as an integral with
respect to a Poisson random measure. Using such representations, our work builds on certain
variational formulae for functionals of a Poisson random measure [4] and their application to
large deviations [3]. Rather than traditional large deviation techniques such as those used in [§8],
we use the weak convergence approach to large deviations. With the results of [3] and [4], this
amounts to proving the appropriate convergence of certain controlled versions of the original
process together with the necessary existence and uniqueness results. The main advantage of
the weak convergence approach is that it avoids the discretization/approximation arguments and
exponential estimates typically encountered in a large deviation analysis; see, e.g. [6]. Such
approximation methods are used extensively in [8] and in general are difficult to implement for
complex settings such as the state-dependent shot-noise processes considered here.

Large deviation results such as those considered in this paper can be used to determine
the most likely path to rare events. In applications of shot-noise processes these results can
thus be used to try and prevent unwanted behavior of the system in question. Moreover, large
deviation results can be used to design efficient Monte Carlo algorithms. For an example of
such simulations in the context of shot-noise processes, see [20]. Applications of our results to
rare-event simulation problems will be studied in our future work.

We now introduce the multidimensional state-dependent shot-noise processes that will be
studied in this paper. Let foreache > 0, H.: R} x X x R‘j_ - R‘j_ be a measurable function

and consider the stochastic process X given as the solution of the equation:

N(t)
Xe() = ) He(t = Tn, Zo, X*(Ti-)). 120, (1.4)

n=1

https://doi.org/10.1239/jap/1450802755 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1450802755

Large deviations for Poisson shot-noise processes 1099

Let X&(z) = eX¢(¢~ ). We will give a sufficient condition on the collection of maps { H,}¢~0
under which {X®}..¢ satisfies an LDP in D([0, T]: R‘_{). It will be convenient to work with
the following, equivalent in law, representation for X¢. Let n. be a Poisson random measure
(PRM) on X7 = [0, T'] x X with intensity e~ lvr = e~ 1A ®v, where A is the Lebesgue measure
on [0, T]. Let X¢ solve

xf(t)=ef Ho(e7 (¢t — 5), z, e~ X (s—))n. (ds dz), t €0, T], (1.5)
X,

where X; = [0, t] x X for¢ € [0, T]. Itis easy to check that X¢ defined in (1.5) and eXe(e 1),
where X¢ is as in (1.4), have the same distribution. We will in fact consider a more general
setting in that we will study the collection {X*}..¢ given as the solution of (1.5), where the
measure v describing the intensity of n. is a general o-finite measure on (X, B8(X)). This
allows for a nonintegrable number of shocks on a bounded time interval. One can formulate
general sufficient conditions under which (1.5) has a unique pathwise solution. We will instead
take unique solvability of the equation as one of our basic assumptions (see Condition 2.1). In
Section 2.1 we introduce our assumptions (Conditions 2.1 and 2.2) on H,. Our main resuit
(Theorem 2.2) shows that under these conditions, X given as the solution of the stochastic
integral equation (2.1) satisfies an LDP in D([0, T]: Ri) as ¢ — 0. The LDP established
in [8] is an immediate consequence of Theorem 2.2.

The rest of the paper is organized as follows. Section 3 contains the proof of well-posedness
of an ordinary differential equation (ODE) associated with the asymptotics of controlled ana-
logues of (1.5) (Theorem 2.1). In Section 4 we recall a result from [4] that gives a general
sufficient condition (Condition 4.1) for an LDP to hold for measurable functionals of a PRM.
Theorem 2.2 is proved by verifying this sufficient condition. Condition 4.1(a) is verified in
Section 5.1 while Condition 4.1(b) is considered in Section 5.2.

The following notation will be used. The space of probability measures on a Polish space
S, equipped with the topology of weak convergence, will be denoted by #(S). For a function
f:[0, T] — R, set | fllx,r = supg<s<; I f (), 2 € [0, T]. For ¥ € £(S) and a ¥ -integrable
f on S, we denote fS f(x)v(dx) as ( f, 9). The Borel o-field on a Polish space S will be
denoted as B(S). The space of functions that are right-continuous with left limits from [0, 0o)
(respectively [0, T']) to S will be denoted as D([0, 00): S) (respectively D([0, T]: S)) and are
equipped with the usual Skorohod topology. For a bounded function f from S to R, we denote
I flloo = sup,eg | f(x)]. Convergence of a sequence {X,} of S-valued random variables in
distribution to X will be written as X, — X.

For a o -finite measure v on a Polish space S, .,Cp (S, v) will denote the space of p-integrable
functions with respect to v, from S to R, When k = 1, we will merely write L7 (S, v) or £P(v).
We will usually denote by «, «1, k2, . . ., the constants that appear in various estimates within
a proof. The values of these constants may change from one proof to another.

2. Main result

Our basic collection of stochastic processes { X*}.-.¢ is given in terms of PRMs {n.},~o. We
would like all these PRMs to be defined on a common probability space. For this, the following
construction will be useful. Let Y = X x [0, 00) and Y7 = [0, T'] x Y. For a locally compact
Polish space Z, let Mpc(Z) be the space of all measures v on (Z, B(Z)) such that v(K) < oo
for every compact K in Z. This space is equipped with the usual topology of vague convergence.
LetM = Mgc(Y7) and let P be the unique probability measure on M, 8 (M)) under which the

https://doi.org/10.1239/jap/1450802755 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1450802755

1100 A. BUDHIRAJA AND P. NYQUIST

canonical map, N: M — M, N(m) = m, is a PRM with intensity measure 7 = A ® v ® Aso,
where Ao is the Lebesgue measure on [0, co). The corresponding expectation operator will
be denoted by E. Let £ = o{N((0,s] x A): 0 <s <t,A € B(Y)}, and let F: denote the
completion under P. We denote by & the predictable o-field on [0, T] x M with the filtration
{£;:0 <t < T}on (M, B(M)).

Fore > 0,1et N ¢ bea counting process on Xr defined as

Ne-l((o, tIxU) = /(0 UR 1[0,5_1](r)1\7(ds dx dr), te[0,T], U e BX).
,H XU X +

Clearly N ™! has the same distribution as ng,ie.itisaPRMon X7 = [0, T'] x X with intensity
e ®v.
Next we introduce our assumptions and present the main result.

2.1. Assumptions
Our first assumption is on the unique solvability of (1.5). Note that N ¢ is a M-valued
random variable, where M = Mpc(X7).

Condition 2.1. For each & > 0, there is a measurable map $¢: M — D([0, T]: Ri) such
that for any probability space (Q, £, P) on which is given a PRM i on Xt with intensity
measure £ 'vy, X& = §°(en;) is a F, = o{fiz(B x [0,5]),s <t, B € B(X), v(B) < o0}
adapted cadlag process that is the unique solution of the stochastic integral equation (1.5).

Condition 2.1 is satisfied quite generally. For example, if v is a finite measure, the unique
solvability is immediate from a recursive construction of a solution of (1.5) from one jump to
the next. For more general v, Condition 2.1 will hold under suitable Lipschitz and growth
assumptions on H; (cf. [10, Theorem I11.2.3.2]). The condition, in particular, says that
X =g%(eN s') is the unique solution of

xf(t)=ef Ho(e~'(t —5), 2, 6 ' X5 (s—))N® ' (ds dz), tel0,T] (2.1
X

on (M, B(M), P). For the rest of this paper X°® will denote the solution of (2.1).

Next we introduce our second main assumption on the family { H;}.-0. We denote by Lexp
the family of all measurable functions r: X — R such that whenever A € 8(X) is such that
v(A) < oo,

/ e?"@ydz) < 0o forall ¥ € R.
A

Note that if v is a probability measure, this condition merely says that r(Z) has an everywhere
finite moment generating function, where Z is a random variable with probability distribution v.

Condition 2.2. There are measurable functions H and R, from R x X x R‘i to Ri and R¢,
respectively; ¢, ¢ from X to Ry; and h from X x R_d,_ to R‘_{_ such that the following hold.

(@) Fore >0and (t,z,x) e Ry x X x ]R‘_{_,
He(t,z,x) = H(t, z, ex) + R:(t, 2, £x).
(b) Fore > 0and (z,x) € X x R4,
sup || Re(, z, X)|| < se(2) (x|l + D).

t>0
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©) 66 =6, 6 € LexpN L1(v) and for v almost everywhere (a.e.) z € X, ¢:(z) = 0
ase —> 0.

(d) For(z,x) € XxR4, ¢t H(,z, x)is cadlag and nondecreasing (coordinatewise) and
H@©,z,x)=0.

(e) Foreveryz € Xandm > 0, supy,<m |H(t,z,x) — h(z, x)]| > Oast — oo.
(f) Forsome Lp € Lexp N L),
Az, x) = h(z, x| < La@)llx — x'|| forallx, x' € R%, z € X.
(g) For some My € Lexp N L),
Az, X)| < Mp(2)(1 + |ix]) forallx eRY, z e X.
The setting considered in [8] corresponds to the case where H,(t, z, x) is independent of &

and x; in particular R; = 0. Conditions 2.1 and 2.2 will be standing assumptions for this paper
and will not be explicitly mentioned in the statements of results.

2.2. Controlled ODEs

In this section we will consider an ODE that arises in the asymptotic analysis of the controlled
analogues of (2.1). Define /: [0, c0) — [0, o0) by

I(ry=rlogr —r+1, r € [0, 00).

For g: X7 — [0, 00), let

Lr(g) = [x 1(g(t, 2))vr(dr d2),
T
§" ={g: Xr > [0,00): LT(g) <n}. 2.2

A function g € S” can be identified with a measure v% € M defined by
vE(A) = / &(s, x)vr(ds dx), A € B(XT).
A

This identification induces a topology on S under which S” is a compact space; see [3] for a
proof. Let S = (> $". For g € S consider the integral equation

E@) = /); h(z,&(s))g(s, 2)v(dz) ds, te[0,T]. 2.3)

The following result says that the above integral equation has a unique solution forevery g € S;
a proof is given in Section 3.

Theorem 2.1. For every g € S there is a unique § € C([0, T]: Rf"_) that solves (2.3).
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2.3. The LDP

We are now ready to present our main result. Given g € S denote by £8 the unique solution
of (2.3). Define I': D([0, T]: R%) — [0, 00] as

= i 24

1(¢) geslgigg{l‘r(g)}, (2.4)

where infimum over an empty set is taken to be co. In particular, this says that /(¢) = oo for
allg € D([0,T]: R‘j_) \C(0,T]: R‘j_). The following is our main result.

Theorem 2.2. It holds that I is a rate function and the collection {X¢}¢~q satisfies an LDP in
D([0, T1: RY) with rate function I as ¢ — O.

Remark 2.1. The LDP for the scalar state-independent case established in [8, Proposition 3.1]
is an immediate consequence of Theorem 2.2. To see this, note that when d = 1 and
H.(t,z,x) = H(,z7), where H is as introduced in (1.1), Condition 2.1 holds trivially.
Furthermore, under the assumptions made in [8] (specifically, (1.2)), Conditions 2.2(a)—(f)
are immediate and 4 (z, x) = h(z). Finally, the requirement in (1.3), and since v is a probability
measure, implies that Condition 2.2(g) holds as well in this state-independent case.

3. Proof of Theorem 2.1

In this section we prove Theorem 2.1. We start with the following two lemmas which will
be used several times in this paper. The proof of the first lemma is standard and is omitted.

Lemma 3.1. (a) Fora,b € (0,00) and o € [1, 00), ab < e’? + (1/0)I(b).

(b) For every B8 > 0, there exist 01(B), 02(B) € (0, 00) such that p1(B), 02(B) — Oas B — oo,
and

x =1 =a®ix) forix—11=26,x20, x=<B)x) forx=p>1

Lemma 3.2. Let ? € Lexp N £LY(v). Forevery > 0andn € N, there exists c(8,n,9) €
(0, 00) such that for all ¥ : X — R such that ¥ < ¥, all measurable maps f: [0, T] - Ry
and0 <s<t<T,

sup / f(u)ﬁ(z)g(u, 2)v(dz) du
gesSn J(s,t11xX

t
sc(a,n,a)</x{9(z)v(dz)) (/ f(u)du) + 81 f s (3.1)

Proof. Let f:[0,T] - R4, g € ", and z~9, ¥ be as in the statement of the lemma. Then,
foreachm > 0,

f( L fw)d(z)g(u, 2)v(dz) du = Ty (m) + To(m),
S, %

where
Ti(m) = / fw)d(2)gu, 2)v(dz) du
(s,t]1x{¥<m}

and
Ty(m) = / F)B @), 2)v(dz) du.
(s,t]1x{¥>m}
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Using Lemma 3.1(a), we can estimate T>(m), for each k > 1, as

To(m) < lfl*,,(T f e @y(dz) + f).
(9>m) k

For each 8 > 1, define the sets E(m, 8) and E,(m, B) by

Ey(m, B) ={(u,2) € (s,1] x X: ¥(z) <mand g(s, 2) < B},
Ex(m,B)={(u,z) € (s,t] x X: %(z2) <mand g(s, z) > B}.

Then T} (m) can be estimated as

Ty(m) < T3(m, B) + Ty(m, B),
where

Ty(m, ) = f FP @, v(dz) du,
Ey(m,B)

Ta(m, B) = f F)P g, Dv(dz) du.

E3(m,B)

Using Lemma 3.1(b),

t
I3(m, B) + Ta(m, B) < ﬂ(/x ﬁ(z)v(dz)) (/ f(u) du) + e2(B)mn| fls.s-

Combining the estimates for T (m) and T, (m), the left-hand side of (3.1) can be bounded by

t
ﬁ(/x 5(2)v(dz)> (/ fu) du) + 1 fler (Qz(ﬂ)mn + T/; k0@ (dy) + %)
’ ¥>m}

Now, given § > 0, choose k > 1 such that n/k < §/3. Next, since & € Lexp N L), it is
possible to choose m > 0 such that T f 9>m) ek?@y(dz) < 8/3. Finally, using Lemma 3.1(b),
choose 8 > 1 such that p2(B)mn < /3. The result now follows on taking c(§, n, ) = B.

Proof of Theorem 2.1. We will use Banach’s fixed point theorem. Fix n € Nand g € §".
Define forr > 0, T": C([0, r]: ]R‘fr) — C([0,r]: R‘_f_) as

T"($)(1) = ¢(0) +f h(z, ¢(5))g(s, 2)v(dz) ds, tel0,r], ¢ € C([0, 7]: RY).

1

Note that the right-hand side indeed defines an element of C ([0, r]: R‘_f_) since by Lemma 3.2,
for§ >0and0<s <t <r,

f 1z, ) llg (s, w)v(dz) du
(s,11xX

< (A + 11@llx.r)(c@, n, Mp)(t —S)/XMh(Z)V(dz)+5)-
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We will now argue that for r small enough T is a contraction. Note that for ¢, é € C([0, r]:
R4), with ¢ (0) = $(0),

IT7 @) = T @)ller < fx 1z, $()) — h(z, $(s)lg(s, Dv(dz) ds
<116 = Bllur /X Ln(2)g(s, 2)v(dz) ds.

Using Lemma 3.2 again and our assumption on L;, we have fx Ly(2)g(s, 2)v(dz)ds < oo.
Thus, for sufficiently small r, fx Ly(2)g(s,z)v(dz)ds < 1 and consequently T' is a contrac-
tion and so by Banach’s fixed point theorem has a unique fixed point. This shows that there is
a unique solution to (2.3) for all ¢ € [0, r]. The result now follows by a recursive argument.

4. A general sufficient condition for the LDP

We now present a result from [4] which will be a key ingredient in our proofs. We
begin with some notation. Let A be the class of all (£ @ B(X)) /B[0, co)-measurable maps
¢: Xr x M - [0, 00); as is common, we frequently suppress in the notation the dependence
of ¢ on elements in (the probability space) M. For ¢ € 4, define a counting process N¥ on
Xr by

N?((0,1] x U) = / 10.06.0))N(dsdzdr),  t€[0,T], U e B(X).
0,1]xU xRy

The counting process N¥ can be interpreted as a controlled random measure, with ¢ playing
the role of the control which selects the intensity for the points at location x and time s in a
possibly random but nonanticipating way. Let

={peA:(s,2) > ¢(s,2,0) € ", Pae. w}.

Elements of U™ will be regarded as S"-valued random variables where the topology on the latter
space is as introduced below (2.2). Let {K,, C X, m = 1,2, ...} be an increasing sequence
of compact sets such that | ,_, K,» = X. For each m, let

_ - - 1
Abm = [(pe.A»: forall (t,w) € [0, T] x M, m > ¢(t, x, w) > ;ifx € K,
and p(t,x,w) = lifx € K,ﬁ,}

and let A = (| Ap . Define U = U" N Ap.
Let U be a Polish space. The following condition is a slight modification of a condition
introduced in [4, Section 4] to establish a large deviation result; see [3, Section 2.2].

Condition 4.1. There exist measurable maps §°, §¢, ¢ > 0, fromM to U such that the following
hold.

(a) Forn € N, let g,, g € S" be such that g,, — g asm — oo. Then

§o0Em) — §°(v).
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(b) Forn €N, let g¢, ¢ € U" be such that g, converges in distribution to ¢ as ¢ — 0. Then
G5 (eN° ) B g00®).
For ¢ € U, define Sy = {g € S: ¢ = §°(v5)}. Let I: U — [0, 00] be defined by

1(¢) = inf {LT(g)}, ¢ eU. 4.1
gES¢

By convention, I (¢) = 00 if Sy = O.
The following theorem is a slight extension of [4, Theorem 4.2]. For a proof, we refer the
reader to [3, Appendix].

Theorem 4.1. Fore > 0, let Z¢ be defined by Z¢ = §¢(eN et ). If Condition 4.1 holds then I
defined as in (4.1) is a rate function on U and the family {Z*}...o satisfies an LDP with rate
function 1.

5. Proof of Theorem 2.2

In order to prove Theorem 2.2 we will apply Theorem 4.1 with U = D([0, T']: ]Rf’,_), G°¢ as
introduced in Condition 2.1, and 90 M- C(0,T1]: ]R‘f,',) defined as follows. Let 9,0 (m) = &8
ifm= v‘; for some g € S, where &8 is as introduced above (2.4). For all other m € M we
set §0(m) = 0. It suffices to show that Condition 4.1 is satisfied with this choice of §° and §°.
In Section 5.1 we will verify Condition 4.1(a) and Section 5.2 is devoted to the verification of
Condition 4.1(b).

5.1. Verification of Condition 4.1(a)

The following is the main result of this section.

Proposition 5.1. Letn € Nand gi, g € S", k > 1 be such that g, — g. Then £8k — £8 in
C([0,T]: RY).

The following lemma will be useful in proving the proposition.

Lemma 5.1. Let fi, f € D([0,T]: IR‘_’,_), k > 1, be such that || fx — fllsx,1 = 0ask — oo.
Also letn € Nand g, g € S™ be such that gy — g. Then letting

ﬁc(t)=‘/;(h(Zyfk(S))gk(SyZ)V(dZ)dS, f(t)=f h(z, f(s))g(s, z2)v(dz) ds,

fc@®) = f@t) ask — oo foreveryt € [0, T].

Proof. Note that

f h(z, fi(s))gk(s, 2)v(dz) ds —/X h(z, f(s))g(s, 2)v(dz)ds = le(t) + Tgk(t), (5.1
where

T (1) = /x (A (z, fi(s)) — h(z, f(s))]gk(s, 2)v(dz) ds

and

() = fx h(z, £(s))gx(s, 2) — g(s. )v(dz) ds.
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Noting that

N s < I fe = fllar f Ln(2)g(s, v(dz) ds

Xr

and sup;, er Ly(2)gk(s, 2)v(dz) ds < oo from Lemma 3.2, we see that || le l«,7 = Oask —
0o. Consider now T2". We first claim that for every £ > O there is a compact K C X such that

sup f Mp(D)Y (s, 2)v(dz)ds < e. 5.2)
vest J[0,TIxK¢

To see the claim, let {K, }f'EN be a sequence of compact subsets of X such that K, 1 X
asy — oo. Since My € L' (

My(z)v(dz) > 0 asy — oo.
Ky

Also, from Lemma 3.2, with f(u) = 1, 3@ = IK; (2)My(z), and ¥ (z) = Mp(z), we have,
for every 6 > 0,

sup / My ()Y (s, 2)v(dz)ds < c(8,n, Mp)T / My (2)v(dz) + 6.
vesn J[0.TIxKS K

The claim now follows on combining the above two displayed equations. Using (5.2), for a
fixed ¢ > 0 choose a compact K C X such that

TS (1) = /x h(z, )1k (2)[gk(s, 2) — g(s., 2)Iv(dz) ds + Tf (¢)
1
and sup; IIT3" ll«,r < &. Next, for p > 0 write

/x h(z, SNk R)ge(s, 2) — (s, DIv(dz) ds = T (1) + T5 (1),

where
T (1) = fm e SO inzlai(s, 9 6. Do (d) ds
LEIX

and
TS, () = /;0 K h(z, £ () My (2)>p 8k (s, 2) — &(s, 2)Jv(dz) ds.
,H1X

From Lemma 3.2, for every § > 0,
sup ITS ey < (14 Ilfll*,T)(2C(3,n, Mh)TLMh(Z)l{Mh(z)>p}V(dZ) + 25)-

Choose § > 0 and p > O such that the right-hand side of the above expression is bounded
by €. A minor modification of [1, Lemma 2.8] shows (see [3, Appendix A.6]) that for every
p >0, T4 (t) = 0 as k — oo. Combining the above estimates, we have for every ¢ € [0, T'],
lim sup;_, o |l T2 (1]l < 2¢. Since ¢ > Ois arbitrary, the above implies that forevery ¢t € [0, T'],
T2 (t) > 0 as k — oo. Thus, we have shown that the expression on the left-hand side of (5.1)
converges to 0 as k — 0o, which proves the result.
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Proof of Proposition 5.1. Let § = &8, & = £8. We first argue that {£;}> is precompact
in C([0, T]: R%). Note that

&I < /x (1 + 1€ () D Mn(2) 8k (s, 2)v(dz) ds, t€[0,T]
From Lemma 3.2 it follows that, for any § > 0,

sup My ()Y (s, )v(dz) ds < ¢(8, n, M;,)Tf My (2)v(dz) + 6. (5.3)
vest JXr X

An application of Gronwall’s lemma now shows that

sup(l + [|&ll«, 1) = x1 < oo. (5.4)
k>1
Next,forO0<s <t <Tandé > 0,

16k (2) — Ex ()l S[ 7 (z, &k ()8 (u, 2)v(dz) du

(s,11xX

< Kl/ My (2) gk (u, 2)v(dz) du
(s,t]xX
<k <C(8, n, Mp)(t — S)/ Mp(2)v(dz) + 5).
X

This shows that {§c}k>1 is equicontinuous which together with (5.4) proves the desired
precompactness. Suppose that & converges along a subsequence to £&. From Lemma 5.1,
along this subsequence for every ¢t € [0, T] as k — o0,

/Xh(z,ék(S))gk(s,z)v(dz)ds—>[xh(z,g(s))g(s,z)v(dz)ds‘

Combining this with the fact that & solves
&) = /X' h(z, §k(s))gk(s, 2)v(dz)ds, €0, T],
for every k > 1, and that & converges along the chosen subsequence to £, we have
Et) = /;; h(z,£(s))g(s, )v(dz)ds,  t€[0,T).

By the unique solvability of the above equation and the definition of &, we now see that £ = &.
5.2. Verification of Condition 4.1(b)

The following is the main result of this section.

Proposition 5.2. Let n € N and let ¢;, ¢ € U™ be such that @, converges in distribution to ¢
ase — 0. Let {$°}e>0 ?e as in Condition 2.1 and 90 be as introduced at the beginning of
Section 5. Then G (eN¢™ #¢) > 90(v¥).
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Proof. Let ¢ = 1/¢,, and recall that ¢, € U" means that ¢, = 1 for some compact set
in X and bounded above and below away from 0 on the compact set. Then it is easy to check
(see [10, Theorem II1.3.24] and also [4, Lemma 2.3]) that

& = exp[/ log(¢:) dN + f (=@ + 1) dDT]
0,1]1xXx[0,6~ 1] 0,t1xXx[0,67 1]

is an {#,}-martingale and, consequently,
£(G) = / 85(¢)dP for G € B(M)

G
defines a probability measure on M. Funhermore Pand Q7% are mutually absolutely continuous
and it can be verified that under Q¢ ,eN £7'0¢ has the same law as that of e N®~ under P. Thus,
from Condition 2.1 it follows that X¢ = §¢(eN®~ “’E) is Qf almost surely (a.s.) (and hence P
a.s.) the unique solution of

Xf()=¢ f He(e™\(t — 5), 2,67 X5 (s—))N® % (dsdz),  te[0,TI.
X

Also note that X0 = §°(v¥) solves the integral equation

X°0) = .[x h(z, X(s))p(s. 2)v(dz)ds,  te[0,T). (5.5)

In order to prove the result we need to show that X* converges in distribution to X0, We start
by showing that {X?},..¢ is tight. Note that, for ¢ € [0, T,

E|X|l.; <E fx IHE e —5), z, X)) lpe (s, )v(dz) ds
+E /X IR:(e™ (2 — 5), 2, X (5))llpe (5, 2)v(dz) ds

=T7 () + T; ().
Using the monotonicity of H, we see that
T <E [ e, KDl v ds < B ) IR Mg, v ds.
Using Lemma 3.2 we now have, for every § > 0,
TE@) < c(8.m, Mh)( [ M) | U BIE ) ds + 81+ BIE ).
Another application of Lemma 3.2 shows that, for each fixed § > 0,
T;(t) < E/ 6e @ (1 + E[[ X[l s)ee (s, 2)v(dz) ds

t

t - - - -
<c@.n, <) fx G (@V(d2) fo (1 + B Ns) ds + 81 + B X lu).
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Combining the above estimates on T and T; and choosing § sufficiently small, we have, by
an application of Gronwall’s lemma,

supE||X®|l4.7 = k1 < 00. (5.6)

>0

In order to prove the tightness of {X%}e>0 we will first establish the tightness of the following
closely related collection {X¢};~0 of C([0, T]: R9)-valued random variables:

Xe(t) = f h(z, X5(5))@e(s, 2)v(dz)ds, t€[0,T], &>0. (5.7)
X
We first observe that

1Xelr < 1+ II)—('EII*,T)/x My (2)9s (s, 2)v(dz) ds.
T

Combining the above estimate with (5.3) and (5.6), we see that sup,.,q Ellf( €ll4,7 < 00. Also,
forO<s<t<Tandé >0,

1X@) — XE(s)|| < f Ik (z, X° (u))llge (u, 2)v(dz) du

(s,1]xX
< A+ XN 7)(c(8, n, Mp)(t — S)/XMh(Z)v(dZ) +4).
Let k2(8) = c(8, n, M) fx Mp(z)v(dz) and consider

Ag={x € C(0,T1: RY): |xll7 < @,
and forevery § > O, ||x(t) — x(s)]| < a(k2(8)(t —s) + 5)}.

It is easy to check that for every a > 0, A, is a compact subset of C ([0, T]: R9). Also, from
the above estimates, sup, P(X® € AS) — 0 as @ — oo. This proves the tightness of {X}¢~o.
Next, let for e > 0,

Yé() =¢ / h(z, X&(s=))N® "% (ds dz), t €0, T].
X;
Then, for ¢t € [0, T,

YE(t) — XE(t) =« f (h(z, X8(s=)) — HE™\(t — ), 2, X5 (s=))IN® % (ds dz) + RE(),
X

(5.8)
where

IRl <& sup | [Re(e™(t —5), 2, X5 (s=)) NS~ # (ds d2)
te[0, T /X,

=< 6/ Se(@UIXE (=) + l)NE—I""(ds dz).
Xr
Thus, for every § > 0,

E|lRS|ls7 < I’E((nf{eu*_r +1) /x Se(2)gs (s, 7)v(d2) ds)
T

< EIX®lle,7 + l)[C(&n, g)T‘/);s‘e(z)V(dz)+3]-
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Since fx Ge(2)v(dz) converges to 0 as ¢ — 0, we have
{ converges to 0 in probability in D([0, T1: RY). 5.9
Next, denoting the first term on the right-hand side of (5.8) as &5 (¢), we have, for 19 € [0, T],
E8fllx.so < 6E / lh(z, X5 (s—)IN®" % (ds dz)
1o

< ]E(("XSH*,T + 1)/X M} (2)@e (s, 2)v(dz) dS>
)

< ENX)uT + 1)[c<a, n, Mp)to fx My (2)v(dz) +8].

Thus, for some «; € (0, 00), we have, for every § > 0,

sup E[| 85 ll+.qp < x1(t0c(8, 1, Mp) + 8). (5.10)

>0

Now we consider the interval (fp, T']. Note that, for any v € (0, ),

sup 18O < sup 187t — )+ sup 185, (DI, (.11

te(to,T) te(1,T] te(to,T]

where

8.0 =¢ f A Xe(s—=)) — H(e™\(t = 5), 2, X*(s=))IN®™ % (ds d2).
(t—v,t]x

Using the monotonicity of H again, we have, for o > 0,

sup [[85¢t —v)ll<e / Iz, X5 (s=)) — H(e™ v, 2, XE(s—))|IN® ¥ (ds dz)
te(to,T) Xr

= ﬁi,a + mg,a, (5.12)
where

RS, = elge / Ih(z, XE(s—)) — H(e"v, 2, XE(s=)IN® % (ds dz),
Xr
R3 o = El(Be)e f lh(z, X5(s—)) — H(e ", 2, XE(s—)IN® ¢ (ds d2),
Xr

and Bf = {w: ||)-(€||*,T <a}. Fora > 0,let wy: Ry x X — R, be defined as

we(r,2) = sup ||h(z,x) — H(r, z, x)], (r2) e Ry x X.

lIxl<e

Then, from Condition 2.2(e), for all («, z) € Ry x X, wy(r,z) — 0asr — oo. Also, since
wy(r,z) < Mp(z)(1 +a) and My € £1(v), we have fX wy(r, 2)v(dz) - 0asr — oco. Now,
for every § > 0,

Eﬁi,a <E / D67, 2)@e (s, 2)v(dz) ds
Xr

< Tc(a,n,M,,)/ wo (e v, Dv(dz) + 8(1 + ).
X

Thus, Rg’a — Qase — Oforeverya > 0.
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Next, from Markov’s inequality and (5.6), for n > 0,

sup P(RS , > ) < supP((BE)") < sup BIX" o7 > o) < . (5.13)
>0

e>0 >0

Using the above two observations in (5.12), we have for every f € (0, T) and v € (0, 1),

sup (|85t —v)| >0 ase— 0, (5.14)
te(ty,T]

P, . - . . ..
where ‘—’ denotes convergence in probability. We now consider 45 . Using monotonicity

of H,
sup [|85 , (DI < sup 8/ h(z, ?-fe(s—))Ne_l""(dsdz) (5.15)
teto, T e, T] (t—v,11xX
< sup e/ h(z, X5 (s—))N®™'% (ds dz)
te(t,T] (t—v,t]xX
+ sup / h(z, X (s=))@e (s, 2)v(dz) ds
te(ty, TN/ (1—v,t]xX
= Rj(t0, v) + RE (10, V), (5.16)

whe{e Ne'ee (dsdz) = N (ds dz) — e Vg (s, 2)vr(ds dz), the compensated version of
N& ¢ Fornp>O0anda > 0,

P(RE (10, v) > ) < P(RE(t0, v) > n; BE) + P((BE)).
Also,

Rs(to, v)1pe < (1+a) sup / My ()@ (s, Z)v(dz) ds
te(ty,T]J (t—v,t]1xX

< +a)[u0(6,n, Mh)/ My (2)v(dz) +8]~
X

Combining the above two estimates and using (5.13) once again, we have for every #p € (0, T)
and n > 0,

sup P(RE(to, v) > ) = 0 asv — 0. (5.17)
>0

We now consider R (o, v). We have

R (10, v) < 2¢ sup
0<t<T

_ .

f h(z, X&(s—)N® "% (ds dz)
X

Let tf = inf{t € [0, T]: | X2 ()|l > a}, where the infimum is taken to be T if the set is empty.
Let

RE o = 2¢ sup
0<t<T

Then, from (5.13), forn > 0,

f h(z, X (s=)N*"'% (ds dz)
0,tntg]xX

P(R§(t0, v) > n) < P(R§ > n) <P(RE, > n) + PU(BE)) < P(R§, > n) + % (5.18)
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For r > 0, write R , = .R;; + R;:;, where

£

Ry =2€ sup

/ h(z, Xe(s—))l{Mh(z)sr}Ne—l% (dsdz)
0<t<T 1) 0.t Aze]xx

Rg" =2¢ sup
’ 0<t<T

- ~ —1

/ h(z R (=D N (ds d2)
0,tAtE]xX

By standard martingale inequalities, for some «3 € (0, 00) (independent of ¢, ¢, r),

E(R51)? < kor(1+ a?)eE f My(2)@s (s, 2)v(dz) ds

Xr
< kyr(l +a2)8(c(8, n, M;,)/ My (2)v(dz) + 8)‘
X
Thus, foreachr > 0and ¢ > 0, ﬁi; X 0ase — 0. Also, for every § > 0,
E(Rrgr) < 8(1 +ot)1EfX Mp(2) 1My (2)>r}@e (s, 2)v(dz) ds
T
<381 +Ot)(C(5. n, Mh)/xMh(Z)l{M;,(z)>r}V(dZ) + 3).

Since My, € £'(v), we have for each @ > 0, sup,.o ]E(R;z;) converges to 0 as r — ©00.
Combining the above estimates, for each o > 0,

RE, >0 ase— 0.
Using this observation in (5.18), we have for each 79 € (0, T) and v € (0, 1),
R (10, v) and RS 20 ase— 0. (5.19)
Combining this with (5.11), (5.14), (5.16), and (5.17), we see that, for every ty € (0, T'),

sup [[85()l 50 ase— 0.
te(t,T)

Thus, from (5.10),

sup [|85()| >0 ase — 0.
tef0,T]

Combining this with (5.9) and (5.8), we see that

72— x50 inD(0, T]: RY).
Also, since ||¥¢ — X’SII*,T = %ﬁﬁ from (5.19), we have

76— X* 50 in D((0, T]: RY).

The above two displays together with the tightness of {X*)s>0 established earlier show that
{X%}es0 is tight. Suppose that (X¢, ¢;) converges weakly along a subsequence to (X0, ).
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Note that ¢ and ¢ must have the same distribution. Without loss of generality we can assume
that convergence is almost sure and it holds along the full sequence. In fact we can assume that
(X®, X¢, @) converges a.s. to (X9, x9°, ¢). Then, from Lemma 5.1, for all ¢ € [0, T,

/ h(z, X (5))@e(s, 2)v(dz) ds — f h(z, X°(s))@(s, 2)v(dz)ds  a.s.
X, X,
This, along with (5.7) shows that X 0 solves
X°() = / h(z, X2(s)@(s, Iv(dz)ds, 1 € [0, T, as.
X,

Since the above equation has a unique solution and ¢ and ¢ have the same distribution, it
follows that X° agd X0 have the same distributiqn, where X0 was defined in (5.5). Thus, we
have shown that X converges in distribution to X°. The result follows.

5.3. Completing the Proof of Theorem 2.2

In view of Theorem 4.1 it suffices to check that {§¢, ¢ > 0} introduced in Condition 2.1
and 40 introduced at the beginning of Section 5 satisfy Condition 4.1. Condition 4.1(a) is
immediate from Proposition 5.1, while Condition 4.1(b) is a consequence of Proposition 5.2.
These observations complete the proof.
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