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Abstract

In this note, we revisit the fundamental question of the strong law of large numbers
and central limit theorem for processes in continuous time with conditional stationary
and independent increments. For convenience, we refer to them as Markov additive
processes, or MAPs for short. Historically used in the setting of queuing theory, MAPs
have often been written about when the underlying modulating process is an ergodic
Markov chain on a finite state space, cf. (Asmussen in Applied probability and queues,
Springer-Verlag, New York, 2003; Asmussen and Albrecher in Ruin probabilities,
Hackensack, 2010), not to mention the classical contributions of Pacheco and Prabhu
(Markov additive processes of arrivals, CRC, Boca Raton, 1995), Prabhu (Stochastic
storage processes, Springer-Verlag, New York, 1998). Recent works have addressed
the strong law of large numbers when the underlying modulating process is a general
Markov processes; cf. as reported (Kyprianou et al. Entrance laws at the origin of
self-similar Markov processes in high dimensions, 2019; Yaran and Caglar in ALEA
Lat Am J Probab Math Stat 22:991-1010, 2025) . We add to the latter with a different
approach based on an ergodic theorem for additive functionals and on the semimartin-
gale structure of the additive part. This approach also allows us to deal with the setting
that the modulator of the MAP is either positive or null-recurrent. The methodology
additionally inspires a CLT-type result.

Keywords Markov additive processes - Strong law of large numbers - Central limit
theorem

Mathematics Subject Classification 60J80 - 60E10

Dedicated to Narahari Umanath Prabhu

B A. E. Kyprianou
andreas.kyprianou @warwick.ac.uk

V. Rivero
rivero@cimat.mx

1 Department of Statistics, University of Warwick, Coventry CV4 7AL, UK

Centro de Investigacion en Matematicas, A. C. Calle Jalisco s/n, Guanajuato 36240, Mexico

Published online: 19 January 2026 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11134-025-09963-0&domain=pdf
http://orcid.org/0009-0003-8180-0797

8 Page2of23 Queueing Systems (2026) 110:8

1 Introduction

Suppose ((&, ®;),t > 0) is a bivariate coordinate process on R x S, where S is a
Polish space and

((6,0),P) = (&, 0,1 > 0), Foo, (F1, 1 2 0), {Prg : (x,0) € R x S}),

is a (possibly killed) Markov process with Py g (§o = x, ®9 = 6) = 1. Here (F;, ¢t >
0) is the minimal augmented and right continuous admissible filtration, and Fo, =
+00
Fi.
=0/t

Definition 1 The process ((§, ®), P) is called a Markov additive process (MAP) on
R x S if, for any + > 0, given {(&, Oy), s < t}, the process (&s+1 — &, Ogs41)s>0
has the same law as (&;, ®;, s > 0) under Py, with v = ®,. We call ((§, ®),P) a
nondecreasing MAP if £ is a nondecreasing process on R.

For a MAP ((§, ©), P), we call & the ordinate and ® the modulator. By definition
we can see that a MAP is conditionally translation invariant in £ in the sense that
((4,0¢,t>0),P,g)is equal in law to ((§&; + x, ®;,t > 0), Pgg) for all x € R and
0 € S. In words: the ‘conditional’ translation is dependent on the current value of the
modulator. We assume throughout the paper the following path regularity assumptions
for the process (€, ®).

(H1) The process ((&, ®;),t > 0) is a R x S-valued Hunt process.

By a Hunt process, we mean a strong Markov process with right-continuous and quasi-
left continuous paths, see e.g., [38] Definition 47.3. We refer to the classical book by
Blumenthal and Getoor [7] or the more advanced one by Sharpe [38], for the basic
facts on general Markov processes.

MAPs have found a prominent role in, e.g., classical applied probability models for
queues and dams, c.f. [3, 34]. The fundamental connection is to define S = inf < &
and think of § — & , ¢ > 0, as the workload of a queuing system, or the net volume
of inflow minus outflow of a dam. Indeed, for the basic setting that £ is a compound
Poisson process with negative drift, the process & — & corresponds to the workload
of an M/G/1 queue. For the more general case that (é?@) is a MAP in which ® is a
Markov chain and & experiences an almost surely finite number of jumps over each
time horizon, all of which are nonnegative, £ —& presents a natural generalization of the
M/G/1 workload in which the processing of the workload depends on the environment,
which is ruled by the modulator ®.

While there has been a lot of attention for MAPs in the aforementioned setting
that ® is a Markov chain, the case that ® is a general Markov process has received
somewhat less attention. Nonetheless, a core base of literature exists in the general
setting from before the year 2000 thanks to, e.g., [2-4, 8-11, 20, 21, 23, 28-30] and in
the recent century due to their intimate relationship with self-similar Markov processes
and multi-type scaling limits, see e.g., [1, 12, 24, 40] and the reference therein.

Fundamentally the ordinate of a MAP has similar qualitative long-time behavior to
Lévy processes and random walks, and extends that of additive functionals of Markov
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processes, the most simple of which is the strong law of large numbers. That is, the
almost sure existence of the limit lim;_, o, & /2.

The strong law of large numbers also presents a relationship with the aforemen-
tioned generalized modulated workload functional § —&. Indeed, as we will see, under
appropriate assumptions, lim,_, o & /7, converges to a constant. Just as in the classical
setting of the M/G/1 queue, the sign of this constant can be thought of as the traffic
intensity; cf. [3, 4]. While existing queuing theory literature has relied on the strong
law of large numbers for MAPs restricted to the setting that S is a finite set, the setting
we deal with here will allow for more general setting that ® is a general Markov
process on S. Which is suitable for applications where the environment varies having
finite volatility or infinite activity of jumps, among many other possibilities, see for
instance [18], to name but one.

Inaddition to (H1), areasonable assumption in order to derive a law of large numbers
is that the underlying modulator process ® has a recurrent structure. A natural setting
is therefore captured with our second assumption.

(H2) The process (®;, t > 0) is Harris recurrent with a o-finite invariant measure
. We will say that the process is positive recurrent if 7 is a finite measure,
and hence can be normalized to be a probability measure; and we will say it is
zero recurrent if 7 is an infinite measure.

See e.g., [22] for a precise definition on the notion of Harris recurrence. Sufficient
conditions in terms of (¢, ®) for 77 to exist are given in [25]. There, the set S is taken as
a subset of SY~1. Moreover, in place of (H2), it was assumed that there exist a constant
8 > 0, a probability measure p on S and a family of measures {¢ (6, ) : 0 € S} on R
with infges ¢ (0, R) > 0 such that

Poy (& e, @5 A) > g0, T)p(A) VeS8, AeBS), I'e BR). (1)

which is a sufficient condition to assume (H2) holds.

Together with a relatively strong condition on first moments of &, [25] established a
strong law of large numbers (SLLN). More precisely, remembering that S was chosen
as a subset of SY~1, under the assumptions Eo r [sup, (o 17 |&:]] < oo and (1), it is
shown in Proposition 2.15 of [25] that

tl_l)lgoi—t =Eox[&1]
The proof of this SLLN in [25] is based around the representation of the invariant
measure 77 as an occupation measure over regeneration cycles. Related results con-
cerning the long term behavior of the limsup and liminf of £ were recently shown in
[43] and [15].

In this article we prove a version of the SLLN under conditions which are based
on the characteristics of the process as well as accommodating for the setting that
has infinite mass (the case that ® is null-recurrent). Our approach uses known results
concerning the ergodic behavior of additive functionals for Harris recurrent Markov
processes as well as the semimartingale representation of the ordinator process in
combination with known SLLN-type results for semimartingales.
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The method we used for the SLLN inspires further results concerning functional
Central Limit Theorem (CLT) type results, again the same two ingredients being key.
The nature of the CLT we will present here for MAPs will be to find an additive process
A and a function % such that

1
\/ﬁ Gnt — Anr) (2)

converges on the Skorokhod space as n — oo to an anomalous diffusion.

In the setting that the centering process A = 0, the observation that the running
infimum of £ is continuous with respect to the Skorokhod topology, cf. [41, 42], allows
us conclude that (&, — g m) /~/h(n) also converges to a reflected anomalous diffusion
when (1) holds. The reader will note from the same references that continuity of several
other functionals, such as first passage time and the running maximum, allow us to
conclude from our functional CLT that the functionals of the scaled process converges
to the corresponding objects for the limiting anomalous diffusion.

In general, our functional limit theorem gives information on how net volume of
inflow gets away from the expected volume of inflow given the whole environment,
determined by ®. As in the previous paragraph, continuous functionals of this process
will converge to the corresponding object for the anomalous diffusion.

Earlier results of this type have arisen in the queueing literature, typically under
the assumption that the modulator is a positive recurrent Markov chain, [3, 27, 32, 37,
39]. Here we allow the modulator to be any Harris recurrent Markov processes, null
or positive recurrent. This level of generality is achieved by exploiting existing results
from the vast literature on functional CLT for semimartingales and additive functionals
of Markov processes. One may wonder whether other asymptotic results such as
functional strong laws of large numbers, Berry-Essen’s estimates, large deviations,
laws of iterated logarithm, and many others, can be established in a similar general
setting. As each of these topics requires special techniques to be tackled we postpone
its study to future work.

In order to state our main results, we need to first recall some facts concerning
the semimartingale structure of MAPs as laid out in [8—10]. We refer to [19] for the
definition of semimartigale and more advances facts on this topic.

2 MAP as semimartingales

In a series of seminal papers, Cinlar laid the foundations for using stochastic calculus
to describe the ordinator of a MAP as a functional of the modulator. We will sum-
marize some of his results below. By identifying MAPs as processes with conditional
independent increments (C-PII), this will also allow us to extract some results from
Section 2.6 in [19], where general C-PII processes are studied.

We denote by G = (G;, t > 0) the natural o -field and filtration, respectively, gener-
ated by ®, completed with respect to the family fe cs M(dO)Pg ¢ (+) for 11 a (probability)
measure on S. Proposition 2.20 in part IT of [9] establishes the existence of a regular ver-
sion of the conditional law of & given G. We will denote it by (Q%, w € D([0, 00), S)) ;
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where as usual D ([0, 00), S) denotes the set of S-valued cadlag paths with a lifetime.
For any bounded paths functionals F and H on D([0, c0), S) and D([0, c0), R),
respectively, with the obvious meaning for D([0, co), R), we have

Eo9 [F(©;,t > 0)H(&,t > 0)]
=Eo9 [F(Or,t =0Q”[H (.1 = 0)]|v=(o,.i20)], VOES.

When conditioning with respect to G we will systematically work with the aforemen-
tioned regular version.

Theorem 2.22 in part II of [9] establishes that for any given w € ([0, 00), S),
& has independent increments under Q®. Otherwise said, conditionally on ®, & has
independent increments. Theorem 2.23 of the same reference, proves that there exist
stochastic processes Sf ,E€and E" , which are conditionally independent given G, and
an additive functional of ®, say x, which does not necessarily have finite variation
over finite intervals, such that

E=x+E+& +£1 >0 3)

Moreover, these processes are such that:

e £ = (&f,t > 0) is a continuous process, (§¢, ®) is a MAP and conditionally on
g, E°is a Gaussian process;

o £/ = (El/, t > 0) is a pure jump process, (§/, ®) is a MAP, and if  is jump time
of & T then 7 is G-measurable, that is, the discontinuities of éf are determined by
0;

o &4 = (&7t > 0), is such that (¢¢, ®) is a MAP, and, conditionally on G, £¢ is a
stochastically continuous process with independent increments.

This decomposition is reminiscent of the Lévy-Itd description of additive processes,
see e.g., [36] Section 19. We can think of sd as an additive Cox process, i.e., con-
ditionally on ®, this process is constructed as in the proof of Theorem 19.2 in [36]
using a time inhomogeneous Poisson process whose characteristics depend on ®. The
process x plays the role of a drift, but its paths are allowed to be rather irregular.
Analogously, £¢ is morally a stochastic integral of a predictable process of ® with
respect to a Brownian motion.

In addition to this, we also note the following observations concerning other decom-
positions that have been noted in the literature. On the one hand, from the conditional
version of Theorem 5.1 in Chapter Il in [19], page 114, we know that £ can be written
as E+ &’ where &’ is a process with conditional independent increments and is a semi-
martingale; and ('5,, t > 0), is a cadlag process issued from zero and adapted to the
filtration of ®. On the other hand, in addition to the decomposition (3), Theorem 6.5
in Chapter II in [19], shows that & is a semimartingale if and only if for each A € R
the process

t>E [e%wg] . 120,
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admits a version that is cadlag with finite variation over bounded intervals. Corollary
5.11 in Chapter II of [19] also implies that, conditionally on ®, £ is a semimartingale
if and only if x + £/ is a process with finite variation over finite intervals.

We thus conclude these observations by arguing that there is no major loss of
generality in assuming that

(H3) £ is a semimartingale.

In [9], Cinlar also gave a description of the characteristic function of £ conditionally
on G, and hence described the characteristics of & as a semimartingale. To recall that
description, we quote first another result due to Cinlar that describes the jump structure
of (®, &). Indeed, in [10] it is proved that there exists a continuous increasing additive
functional t — H; of ® and a transition kernel IT from S to S x R satisfying that,
for every nonnegative predictable process Z and nonnegative measurable function
g2:S xR xS xR — RT, we have the compensation formula

Eo,0 |:Z 25805, &, O, &) je,_#0, or $S¢§S}:|

s<t

t
=Eoo [/ dH; Zs / (O, dv,dy)g(Os, &, v, & + y)} 4
0 SxR

forall 6 € S and r > 0. The pair (H, IT) is said to be a Lévy system for ((§, ®), P).
See e.g., [38] Section 73, page 342 for background on the existence of Lévy systems.

(H4) We will assume that H; =t A ¢, t > 0.

This assumption is indeed satisfied in many explicit examples that appear in the lit-
erature. When it is not satisfied, (H4) can be fulfilled by applying the time change
t— Hl_1 to the original MAP. As such, (H4) is not a major restriction.

As mentioned before, there are some jumps of & that are induced by ®, which
means that when we condition on the path of ®, some fixed discontinuities appear in
the path of £, through £/ and .

Furthermore, Cinlar proved the following properties on the jump kernel I1

(i) I1(0, {0},{0}) =0, forall o € S;
(i) [0 T1C6, {6, dy)(1 A ly|?) < oo, foralld € S;
(iii) there exists a kernel K, from S into S, and a sub-probability kernel v, from S2
into R, such that

I1(0,dB, dy) g0y = K(0,dB)Lipxpve.p(dy),0,B €S, y eR;

moreover, (H, K) is a Lévy system for ©.

For notational convenience, we define a random measure on [0, c0) x R \ {0} by

L(ds, dx) = I1(O;, {Oy}, dx)ds + Z Lo, £0,-10:(ds)ve,_ e, )(dx). (5)

u>0
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Corollary 2.25 in part II of [9], Lemma 2.24 in [10] and an application of the
conditional version of the identity (4.16) and Theorem 5.2, both from Chapter II in
[19] (see also Theorem 6.6 in Chapter II in [19] for the semimartingale case), imply
that

Q” [explir(& — &)}]
)\'2
= exp {i/\(Bz(w) — Bs(w)) — ?(Cz(w) — Cy(w))

t
+/ du/ (e"“—1—Axﬂuxku)H(w(u),{w(u>},dx>}} ©
K R\{0}

X 1_[ ¢ M ABu(®) (1 + Lww—)#ow) / (e — 1)V(a)(u—),a)(u))(dx)> ;
R

S<u<t

and

Q¥ [A% € dy] = V(w(—),w@) @M L0} + (I = Viw@—),wi@y)®) Sody), >0

where C = (Cy, t > 0) is a positive valued continuous additive functional of ®. This
corresponds to the quadratic variation of £¢ given G, so it is such that

EH*—C,,  1=0,

is a local martingale under Q. Furthermore, B is the compensator of £ = (Stl ,t>0),
the process which is obtained from & by removing the jumps of magnitude larger than
unity.

In order to prove the SLLN, we will require that for each r > 0, Q®[|&|] < oo,
which happens if and only if

t
/du/ e Lo 1 T @), {0 (@)}, dx)
o Jryo
™
+ Z /R|y|V(w(s—),w(s))(dy)]l{y7&0} < 00.

O<s<t

In what follows, we will assume that (7) is satisfied, however, as we will see, in our
main result, it will be implied by a stronger assumption, to be introduced in (H7). In
which case,

t
Qlel =5~ Y. aB+ [au [ xlpiT@. ww).
0 R\{0}

O<s<t

+ ) /R YV (@) L(yz0) < 00.

O<s<t

®)
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Additionally, when (7) holds, Proposition 2.29 in Chapter II in [19] implies that & is
a semimartingale under Q“ and its canonical decomposition takes the form

& =&+N+B, >0, )

where N is a locally square integrable martingale and B is such that

- t
Q4] =BZ=B,C+/ du/ Loy TH@ @), @), dx)
0 R\ {0}

(10)
+ ) / YW (s—).06) (@) Liyzo),
O<s<t R
with B the process defined by
Bf :=B,— Y AB, t=0. (1)

O<s<t

Proposition 2.9 in Chapter II in [19] allows us to ensure that the processes B¢, and C
are absolutely continuous with respect to H . Hence, there exists predictable processes
b and c such that

1 t
B/ :/ beds,  C; =/ cds,  1=0.
0 0

Taking expectations in the left hand side of (7) and using that (H, K) is a Lévy system
for ®, we have that

t
Eo 0 /du/ [l 1> (O, (O}, dx) + Y /IY|V(<~)(s—),(~>(s))(dy)]l{y;ﬁO}
o Jr\o oot R

t
— Eog U du/ 1L et IOy, (), )
0 R\{0}
1
4 / ds f K(©.dp) / |Y|V(®A-,ﬂ)(d)’)]1[y#0}:|
0 S R

t
=Eop [/ du/ [x] x> 13 TT(Oy, S, dx)
0 R\{0}

t
+/ du/ |x|]1[|x\51}1—1(®u,5\{@)u},dx)]~
0 R\{0}

(12)

We will use below that £ has a finite mean, this will be implied by the assumption
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(HS) Forevery t > 0,
t t
Foo [f Ibylds +/ du/ 611 g1y TT(O,, S, d)
0 0 R\{0}
t
+ / du/ |x|1{\x|§1}n(®u, S\ {04}, dx):| < Q.
0 R\{0}

In that case, we will use the notation:

;,Ld(e) ::/ x1{|x‘>1}l'l(9,$,dx)+/ XLy <3110, S\ {0}, dx), 0eS.
R\{0} R\{0}
(13)

We will denote by A the additive functional defined by
t
A, = Bf +f nd(©y)ds, t=>0. (14)
0

Notice that arguing as in (12) it is proved that process A is the predictable compensator
of the process (E, = Q®[$,], t > 0), which is described in (10).

To state our next assumption, we recall that the Revuz measure v, of an additive
functional & = (o, t > 0), of ®, is defined via the formula

.1 !
Ve (f) = lim —Eq |:/ f(®s)das] s
t—0 1 0
for f : S +— RT. We will denote its total variation by ||vy]||. See e.g., [35] Section

X.2 or [38] Section 75 for background.

(H6) The total variation ||vc|| of the Revuz measure of C is finite, and
/ 7(do) 10, {0}, dx)x? < .
S lx|=<1
(H7) The total variation ||vgc|| of the Revuz measure of B¢ is finite and

f 7)) < .
S

In that case, we will write
my = ||vge|| +/Sn(d9m"<9>.
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(H8) There is a p > 0 such that

/ n(de)/ @, S, dx)lx|" P L1y < oo.
S xeR

Observe that (H7) implies (HS), and that similar computations to the ones above (H5)
allow us to prove, using (8), that

my = Eo z[&1].

Finally we note that under the assumptions (H1-5) we have that

& =&—A, 120,
is a centered MAP; that is, (5, ®) is a MAP with zero mean
E.0l§1=0, >0, xeR0eS.

More so, appealing to the property of conditional stationary and independent incre-
ments,

Ey olé 15| Fl =& + Ex’,&’[és]x’:é,,@’:@, =&, s1t>0.

This tells us that although (5,, t > 0) is not a Markov process, it is a martingale, which
is the first claim of the following Lemma; the remaining claims are easy to verify from

(6).

Lemma 1 Under the assumptions (HI-5), & — A is a martingale. If moreover (HS) is
satisfied with p = 1, we have that ¢ — A is a F-square integrable martingale under
P, and its quadratic variation is the additive functional of ®

t
<g—A>,:C,+/ ds/ X0y, S,dx), >0.
0 JR\(0)

3 Main results

Having discussed various aspects of the semimartingale representation of (¢, ®), we
can now state our main results.

Theorem 1 (Strong law of large numbers for MAP) Suppose 7 is an infinite measure,
that is, © is null-recurrent, then under the assumptions (HI-4), and (H6-8), we have
that

. Ar as
S s 1 and =L 2> (15)
A; t—oo t >
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if my # 0 and otherwise if m; = 0 then

' A !
a0 gy A8 (16)
{ t—oo t t—o0

When 1 is a probability measure, that is when ® is positive recurrent, then under the
assumptions (HI1-4) and (H7), we have that

S Boale] and St Bl (7
t t—>o t t—>o

There are a number of remarks we can make about the above SLLN. First, the main
contribution is the setting that i is an infinite measure. Indeed, as we will see from the
proof, it is relatively straightforward to deduce the second part of the theorem from
what is already known in Proposition 2.15 of [25].

Second, the assumption (H7) is the natural extension of the usual assumption for
Lévy processes for the SLLN to hold. In the Lévy setting, the assumption (H6) is
automatically satisfied. In the setting of MAPs some control of the volatility and
linear terms is required in the long run, and this involves the stationary regime of the
modulator. In essence, the conditions ensure that there are no states of the modulator
that would lead to an extreme variation in the ordinator, causing the SLLN not to hold.

Following the SLLN it is natural to ask whether a central limit theorem holds. To
answer this question positively, we need to recall the definition of a Mittag-Leffler
process.

For a € (0, 1), let o® be an a-stable subordinator, normalized so to have

(o)
logE[e™ " ]1=1.
()

For o = 1 we take the pure drift processo, ' = ¢, > 0. Forany « € (0, 1], we define
the process of the first passage time of o ®) by taking its right-continuous inverse

W =inf{s >0:0@ >1}, >0

We will refer to this process as a Mittage-Leffler process of index « € (0, 1]. We now
have all the elements required to state our CLT.

Theorem 2 Suppose that (H1-4) and (H6-8) hold with p = 1. Moreover, we assume
the so-called Lindenberg condition that, for all € > 0,

1 f 2 a.s.
Z L(du,dx)x“1 0. (s)
T J(0,11xR\{0} {(xI>evt} TSog

In addition, we assume that there is a regularly varying function h : (0, co0) +— (0, 00)
at infinity, with some index o € (0, 1], such that for every measurable function g :
S +— RT such that 0 < w(g) < oo,

Eo,0 [/ es/’g((@s)dS] ~h()m(g), 1 — 00
0
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for mw-almost all 6 € S;
With all these assumptions in place, we have that, under Py g, there is the following
convergence in the sense of Skorohod’s topology

1
< /_h(n_) Ene —Apr), t > 0) — ((])@))1/2 EW;M’ ¢ > 0>;

where A is defined in (14), Xy« is the anomalous diffusion obtained by the subordina-
tion of ¥, a standard Brownian motion, subordinated by an independent Mittag-Leffler
process of parameter o, W®)

Lindenberg’s condition is commonly required when establishing CLT outside the i.i.d.
case, see e.g., [33]. Fundamentally, MAPs support two main sources of randomness,
that is £ and ®. To control either, one needs some moment conditions, such as (HS),
and the recurrence structure of ®. We have allowed ® to be either positive recurrent or
null-recurrent. This determines the time it takes for ® to reach stability and complete
a recurrence epoch. Such recurrent epochs are intimately connected to the increments
of £ and we need to have a good understanding of them. The condition on the regular
variation of the resolvent of ® is a version of the Darling-Kac condition, introduced
in [17] extending [13], that allows one to ensure that the sum of recurrence epochs is
in the domain of attraction of a stable subordinator. The Mittag-Leffler clock appears
from estimating the rate of increase of the number of recurrence epochs completed as
time goes to infinity. Different behavior arises in the positive recurrent case and the
null recurrent case.

When the process is positive recurrent, 7 is finite, the assumptions in the latter
Theorem are satisfied with h(z) = ¢, for all + > 0, and hence @ = 1, see e.g., [17]
Theorem 3.1 and the discussion following it. This can be easily seen by decomposing
into excursions, but for brevity we omit the details. Thus, the assumption in the previous
theorem is only required when the process is null-recurrent, in that case, one might
have or not the existence of the norming function /, in general it will be related to
the intensity rate at which long recurrence epochs appear. For background on the
Darling-Kac theory we refer to [5, 6, 13, 17].

The proof of Theorem 2 relies on the additive structure of £ using semimartingale
techniques. In the proof, the contribution from the different sources of randomness
will be made apparent, and this will explain the appearance of the constant v g).

The remainder of the paper is devoted to prove our two main results.

4 Proof of theorem 1
We will assume that m := ||vge]|| + fS n(d@)ud (6) # 0, and without loss of gener-

ality that m; > 0. Later we will explain how to modify the proof when m; = 0. Let
us assume that 7 is an infinite measure.
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The Ergodic Theorem of X.3.12 of [35], in the positive and null recurrent cases,
implies also that if m; > 0, then

Cr + [y du Jixj<1 (O, S, dox? o lvell + [y7(do) [ <, T, S, dx)x?
Ay 1—00 lvpell + [s 7 (dO)ud (6)

(19)
The latter is finite whenever (H6) holds.

Recall that §t =& — A;,t > 0, where A was defined in (14). Next, the main result
in [26] will allow us to prove that

& as
-_—

At t—00

0. (20)
To that end, we need to introduce the quantity

t
1 -
M; = dé&, t > 0.
t /01+A35‘ >

We notice that this is a local martingale, whose quadratic variation, ((M);,t > 0),
satisfies

t 1 ~
(M), =/0 md@)s, t>0.

In particular, appealing to the semimartingale decomposition of &, the continuous part
of (M), denoted by (M€), satisfies

t
1
MS; = ——dC,, t>0.
(M), /o<1+As)2 S

Finally, we define the quantity

(AM)?
t>0.
+21+IAM| -

Theorem 1 of [26] now tells us that if the predlctable compensator of (G, t > 0),
written (G,,t > 0), is such that GOo = lim;— oo G, < oo almost surely, then (20)
holds.

In order to verify this we use that the point process of jumps of m,

(AM,,t > 0)

coincides with |
— A&, >0,
((1 Ayt )

@ Springer



8 Page140f23 Queueing Systems (2026) 110:8

see e.g., page 329 in [14]. This implies that

A 1
_ ey 4 Y 8 e
[+ A, 0+ A + 1A

S<t

which tells us that its predictable compensator is given by

~ ! 1 x? 1
G dc, + [ ds [ e, s.d 21
T /0(1+A)2 +/ s/ ©; x)1+A1+A T GV

Now, to study these integrals we split the second integral on the right-hand side of (21)
according to whether the jumps are smaller than or greater than unity in magnitude.
We begin with the former, for that we use the convergence in (19) to ensure that for
any € > 0, there is a large T such that

Ci+ fo du [ THOy, S, dx)x? ~ivell + [, 7(d0) [, 11O, S. dx)x>
Ay [lvpell + [g m(dO)ud(O)

<e,

for all + > T. We apply this in the following estimate, for ¢+ > T, we have that there
is a constant K1 € (0, 00), such that

2

! 1 ! X 1
———dcC +/ ds‘/HG),S,dx _ 1
/T(1+As)2 R A S ey gy e A

2

t t
S/T ﬁdcﬁrfr ds/Sn(@s,s, dx)(lfiA)zll(MS])
[t d(Co+ [y du [¢TH(O,, S, dx)x?) (1 +(Cs + f3 du [¢ TI(O,, S, d)x?)
_/T (14 (Cs + [{ du [ T1(O,. S, dv)x?)’ (1+4y)?
llvell + [, 7(d0) [, <, 1O, S, dx)x*
[lvell + [ 7 (dO)ud (6)

5 —1 t
( <l+(CS+/ du/ H(@u,S,dx)x2> )
0 S

T

=K X

When ¢ — oo, the rightmost term converges a.s. to

T -1
<<1+(Cr+f du/ oe,, S, dx)) ) .
0 S

We estimate next the term related to the integral over the jumps of magnitude larger
than 1. The argument we will use mimics the previous one, so we will skip some steps.
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By the assumption of having a 1 + p-finite moment, (H8), we obtain the upper bound

4 x2 1
ds | TI(®,S,dx)1
/0 /S ® ) DA T A, + (1

“as [ @, 5. d01 Ll L
< .
_/(; S\/:S‘ ( NER ) x) {‘x|>]}(l+As)1+p (1+AS+|X|)1_p

td (e, S,dx)1 | |1 ’
< ) S S—
_/(; S/ ( KE) ) {\x|>]}(1 s)l P

Denoting by R(”, the additive functional

S
R§”>=f duT1(©y, 8, d0)|x [P L1 <prjco). 520
0

we have by a further application of the Ergodic Theorem of X.3.12 of [35] that

R? oy [s7(@d0) [, 5 11O, S, dx)|x|"HP L1 <) <o0)

A; t—oo mq

As before, we have that there is 7 and constant K, € (0, o) such that forr > T,

, 1
Hp -
deS/SH(@wS, dx) L1 <ix| <oo) x| ((1+As)‘+">

< K / R ] - £
T (1+RS(P))1+[7 t— 00 p(1+R;P))p

Putting the pieces together, we conclude that éoo < 00, a.s. and hence that (20)
holds, from which the first claim in (15) follows.

For the second claim in (15), note from Theorem of X.3.12 of [35], since A is an
additive functional, we have

a.s. mp

(SR Ty (22

which equals zero as 7 (1) = oo.

Now suppose we are still in the setting that & is infinite, but m; = 0. We can
artificially add a linear drift with rate k > 0 to &. Write 5,('() =& +«t,t > 0. We will
similarly index other quantities such as A“) accordingly for the process & ). Note
that A;k) = Kkt + A;. The invariant measure for ® remains the same.

According to what we have proved above, we have almost surely

®
t

= lim o — gim 2% b + lim ,

100 g0 T 1m00 Ay ket =00 1((Ar/1) + k) =00 ((A/tk) + 1)

(23)
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where the first limit on the right-hand side is justified if the second limit on the right-
hand side is justified. However, this is the case, thanks to (22). Back in (23), we can
now see that

almost surely.

Finally we turn to the setting that (1) = 1. Technically, we may repeat the argu-
ments above, noting that in (22) the limit is precisely m; = Eo »[£1]. However, we
can do better by revisiting Proposition 2.15 of [25].

Indeed, recalling that (H7) implies (HS), we can write

& =& - Q%]
=&-B— ) /Ryv(@x_,&)(dy)ﬂ{y;ém

O<s<t

t
—/ du/ XL > 11Oy, {©y},dx), >0,
0 R\{0}

(24)

is such that (’5, ®) is a MAP. Moreover, conditionally on ® it has independent incre-
ments. Doob’s Theorem 5.1 in page 363 in [16] can be applied to it to show that, under

Q(U
Q“[ sup [&1] < 8Q°[[&ll, >0,

0<s<t
which implies that

Eool sup (&1 <8Eogll&ll, ¢>0.

0<s<t

If (H5) is satisfied, the triangle inequality implies that the rightmost term above is finite.
This should be useful in proving the moment condition for the process £. Indeed, we
have by the triangle inequality that for any > 0

Eosl sup |&l] < Eogl sup [&l]+Eoel sup QO[]

0<s<t 0<s<t 0<s<t

O<u<t

t
+Eop |:/ du/ [x] L=y 1Oy, S, dX):|
0 R\ {0}

t
+Eo,e[/ du/ |x|1uxSl}n(®u,8\{®u},dx)}. 25)
0 R\{0}

< 8Eo [|&1] + Eo. [ sup |B§|}

Noting thatEg [supofufl |B,§'|] <Eop [fot |bs |ds], the right-hand side above is finite
thanks to the assumption (H7), which implies (HS). O
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5 Proof of theorem 2

Our proof will predominantly use the main results from [17]. We assume that (H3),
(H4) and (H6) hold, as well as (H8) with p = 1. The latter and Proposition 2.29 in [19]
imply that £ is a square integrable semimartingale and also that the bracket process

t
<s>t=ct+f ds[ (©,.8.dy)y’. 120,
0 R\ {0}

is an additive functional of ®, and hence it is ® measurable. To prove the Theo-
rem we will follow the usual path determining the limit through finite dimensional
convergence, and then we will prove tightness.

For finite dimensional convergence, since we have a process with conditionally
independent increments, it will actually be enough to study the one dimensional dis-
tributions. This will be our first task.

As before, by the Ergodic Theorem of X.3.12 of [35] we have that

€ as ||VC||Jrfzsﬁ(d@)fxeﬂ%\w}H(Q’S’dx)x2 26
Tt o (1) ' (26)

Recall the decomposition in (9), and the notation in (10). We will consider the char-
acteristic function of

b —Aw _ G = Bu  Bu—Au
Vhm VR VRm) T

That is,

. But — Ant | 0 Ent — Bt
Fos [exp{’k NaD) H E”[exp{m NaD) }Q [exp{’k NAD) m

Using Equation (6) and some algebra, we obtain the expression

ey Ent — Bur 22
o® [ow fir 2 [ = v (- 510
X
d "(" —1—ix IMNO,, {6,},d
/ M/R\{O}( lx/h(n)> (O 1Ou] x))}

iAy
X 1—[ eXp{_/1;\/T(T)V(QS,,G)S)(dy)]L{y#O}}

O<s<nt

i
: (1 + L{o,_#6,) R(em - 1)V(@.Y_,®Av)(dX)) :
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Then, some elementary manipulations allow us to write

exp {l)\ Ent - Ant } Q® [exp {l)LSnt - Ent }:|
v h(n) Vh(n)

= Mt(l) x M@ x Mt(3),

27)

where
2
1 A
MI( ) = eXp{(— T(n)cm
—I—/mdu/ (eikﬁ—l—ik il )n(@ (O} dx))}
0 R\ (0} Vhn) o
[y — X
X exp / V@, .0, (dx)(e VR — 1 — A ) , t>0;
{gt myop Vhin)
M[(Z) = l_[ <l +f <6W — 1) U(@Si’@S)(dx)>
O<s<nt R
ixh
X 1_[ exp (—/ (em — 1) v(@x_’gs)(dx)> , >0 (28)
O<s<nt R
and
M = exp {LZ} >0, (29)
Jh(n)
where

nt
Znt = Z/ V@, @S)(dx)xf/ du/ (O, S\{O4},do)x, 1>0.
R\{0} ’ 0 R\{0}

s<nt

(30)

We point out that Z = B — A.
For M and M@, we recall that there are a, a» € C, such that |a;(-)| < 1,
laa(-)] < 1 and

, 2 ' L \2 3
ely—l—iyzal(y)y?, e'y—l—iy—%zaz(y)%, forany, y € R;

and
=00H), y>1;

eV —1—iy
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see e.g., Lemma 8.6 in [36]. Recall the random measure L defined in (5). Using this
notation, and the above facts, we write M (D as

r22C i irx

1) nt

M, =exp {— +/ L(ds, dx) (e«/ll(n) —-1- —)} . (31
! h(n) (0,n1]x R\ {0} h(n)

In order to deal with M@ and M®, we must first make some additional observa-
tions. First, by the Ergodic Theorem of X.3.12 of [35], and a calculation similar to the
one in (12), we obtain that for any € > 0

! <A2C +/ L(d d)<fh% | ’“)1 )
- S, ax e n) — R — <
(&)t " (0,nt]1xR\ {0} Jh(ny )~ H=evR@)
100 (—,\zcm — 27 [l L(ds, dX)x? 15, W)}> s A
t

(Edne —o0 2

(32)

Second, due to the Lindenberg condition (18), we also have

1 _idx ilx
L(ds,d Vi) — ] — —— | 1 o
h(nt) </(0,m]xR\{0} (ds, 0 (e vh(n)> hel=e h(n)})

(33)

N —? f((),nt]L(ds’dx)x21{|kx|>e«/h(n)} s

h(n) t—>00

Third, the process Z defined in (30) is a square integrable martingale, whose angle
bracket (Z) and square bracket [Z] processes are additive functionals of ®. (Recall
that [Z] is the compensator of Z2 and (Z) is the predictable compensator of [Z].)
Indeed, we can use the compensation formula for Lévy systems, Jensen’s inequality,
and (HS8), to write

2
(Zl =) (/R\{O} V(@)J,@S)(dx)x) . 120

s<t

t 2
(), = / ds / K(©,.dp) ( / V(G)S,ﬂ)(dx)x> . i=0
0 S R
o i
Eo.0 [1Z],] = Eo. / ds / K(©,.dp) ( / v(@s,,s)(dx)x”
L 0 S R

r t
<Eos / ds / K (O, dp) / v@s,ﬂ)(dx)xz}
LJO S R

r t
=Eoo / ds/ H(@s,S\{®S},dx)x2] < 0.
LJO R

and
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Theorem 3.16 in [17] implies that we have the joint convergence in the sense of
Skorohod’s topology

1 1 Law 1/2 (o) .
((Wztm m(zﬁz), t > 0) —< ((J BWtw)’ JW, >7 t > 0),
(34)

where J is given by

2
J :=/n(d9)[ K(@,dp) (/ ve,ﬂ(dx)x> < Q. (3%5)
S S R

Also, by the Ergodic Theorem of X.3.12 of [35] and Slutsky’s Theorem we have that
we can extend the above joint convergence to

1 1 (&) ns
((Wz’”’ ny 2 m)’ ’2°>

- ((Lz Lz, B Eln ) (> o) (36)
v/ h(n) h(n) h(n) (Z)n -
Law ((ll/zz(l)(w JWz(a)a 7 x [l ] Wl(a))7 ‘> 0)_
n—00 W, J

Where =D is an independent standard Brownian motion.

Now, to determine the limit of M, we use (32) and the third component of the
limit in (36), together with (33).

To determine the limit of M we recall that Taylor’s representation of the logarithm

allows to write 5

Z
log(1—2) +2=~—+ o(zl»), Izl <L

Hence, arguing as in (32) and (33), appealing to the second element of (36), we can
see that

iAx
P R S

s<nt

L= o o]

2

(Z)ns (—2D) i \ ! inx

~ - — evhn)
exp{ 2h(n) (Z)nt s;:t |:/l‘£ ( h(n)) (1 e )XV(®S,®SY)(dX)i| }

A2
LN exp { Wt(a) }

2
Finally, to determine the limit of M ), we can use the first element of (36).
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Assembling the pieces we derive the limit

lim Egg |:exp {sz”
n—oo /h(n)

e . 2
= Eox [GXP {—7 (vl = 7) W + zu“zzivly) H
t

. 1/2 1 . 2
— Eo. |:exp {zk (vl =)' =0, + z)\Jl/ZE:}V)(a)}];
t t

where £ and ©® are two independent standard Brownian motions, which are
independent of the Mittag-Leffler process W ¥ . In obtaining the last equality we used
the fact that ||v)|| — J = 0, which is due to the fact that

vl = J = Box [ (&1 = B1)*| = 0:
which in turns follows from Lemma 1 and that

Eo » I:(El - Al)z] =Eor [Zz] =J;
because

v | = Eox [(51 - Al)z] =Ko,z [(51 - §1)2] + Eo [(El — Al)z] .

The identification of the limit follows from the display (37), by conditioning on W
and adding the variances of the two Gaussian processes.

Tightness follows from Theorem 4.13 in Chapter VI Section 4 in [19]. Indeed,
according to that result, it is enough to prove that the quadratic variation process of
the martingale

1
T — - A B 14 Z 05
m(&m nt)
is C-tight. That is, every convergent subsequence converges to an a.s. continuous
process. But this is a direct consequence of the convergence in (34), since the Mittag-
Lefler process W® is nondecreasing and continuous almost surely. O
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