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Abstract

In a recent paper [5] it was shown that under suitable conditions stationary distributions of
the (scaled) queue lengths process for a generalized Jackson network converge to the stationary
distribution of the associated reflected Brownian motion in the heavy traffic limit. The proof
relied on certain exponential integrability assumptions on the primitives of the network. In this
note we show that the above result holds under much weaker integrability conditions. We provide
an alternative proof of this result assuming (in addition to natural heavy traffic and stability
assumptions) only standard independence and square integrability conditions on the network
primitives that are commonly used in heavy traffic analysis. Furthermore, under additional
integrability conditions we establish convergence of moments of stationary distributions.

Keywords: invariant measures, generalized Jackson network, reflected Brownian motion, heavy
traffic analysis.
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1 Introduction

In a recent paper [5], the authors have shown that under appropriate conditions the stationary
distributions of suitably scaled queue length processes for generalized Jackson networks (GJN)
converge to the stationary distribution of the associated reflected Brownian motion (RBM) in the
heavy traffic limit. One of the key assumptions made in the analysis is that the inter-arrival and
service times have finite moment generating functions (m.g.f.) in the neighborhood of origin (the
precise assumption is a bit stronger and formulated in terms of residual service times and arrival
times at time zero). The proof is based on strong approximation techniques and detailed uniform (in
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the scaling parameter) estimates on certain exponential moments of the state process. Finiteness
of the m.g.f. of the primitive processes is a critical ingredient in these estimates. Indeed, it is
suggested in [5] that for primitives with certain Pareto like distributions, steady state of RBM
may be a poor approximation for the corresponding physical network. In this note we provide
an elementary proof of the above result in [5] under much weaker integrability conditions. We
make standard independence and second moment assumptions on inter-arrival and service times;
see (A1) - (A4) in Section 2. These assumptions are typically used in heavy traffic analysis for
invoking a functional central limit theorem [6]. In addition, similar to [5], we assume the heavy
traffic condition (A5), a natural stability condition, (A6) and a nondegeneracy condition (A7).

Our proof is based on uniform stability estimates on a family of certain deterministic dynamical
systems obtained from a fluid limit analysis of the underlying queueing networks. Using Lipschitz
property of the associated Skorohod map, these estimates yield uniform (in the scaling parameter)
moment bounds as in Theorem 3.3 for the scaled state processes of the GJN. We then use Lyapunov
function methods of [10] and [4] developed in the study of time uniform moment bounds for Markov
processes. By suitably adapting the proof of Proposition 5.3 of [4], we obtain, in Theorem 3.4,
estimates on moments of the state process that are uniform in both time and the scaling parameter.
From these estimates, moment bounds for the stationary distributions of the GJN, uniform in the
scaling parameter, follow readily yielding tightness of the collection of these distributions. Our
main result on convergence of invariant distributions is then immediate on combining this tightness
property with the functional central limit result of [11]. We also show that by suitably strengthening
moment conditions on the underlying renewal processes (see (A8.p) in Section 3) one can obtain
convergence of moments of stationary distributions as well.

The paper is organized as follows. In Section 2.1.1 we recall the formulation of a GJN and
introduce basic assumptions on the inter-arrival and service time distributions. A description of
the dynamics of the queue length process in terms of a Skorohod map is presented in Section 2.1.2.
Diffusion scaling and appropriate heavy traffic conditions are introduced in Section 2.2.1. We also
recall in this section the basic heavy traffic limit result of [6]. In Section 2.2.2 our main stability
assumption is introduced and the well known results of [4] and [7] on existence of steady state
distributions for GJN and RBM, respectively, are recalled. Section 3 presents our main result
(Theorem 3.1) that establishes weak convergence of the stationary queue length distributions for
the diffusion scaled GJN networks to the unique stationary distribution of the RBM.

The following notation will be used. For a metric space X, let B(X) be the Borel o-field on X
and ZP(X) the collection of all probability measures on X. The set of positive integers is denoted
by IN, the set of real numbers by IR and non-negative real numbers by IR,. Let IR? be the d-
dimensional Euclidean space and for x € IR? the L norm of z, i.e., Z‘ij:l |z;|, will be denoted by
|z|. For a given matrix M denote by M’ its transpose and by M? the " row of M. Let I = Ik
denote the identity matrix for given K. When clear from the context, we will omit the subscript.
For a,b € IR, let a V b = max{a,b}, a A b = min{a,b} and a™ = max{0,a}. The convergence in
distribution of random variables (with values in some Polish space) ®,, to ® will be denoted as
®,, = ®. With an abuse of notation weak convergence of probability measures (on some Polish
space) vp, to v will also be denoted as v, = v. For a Polish space Y let D([0,00),Y") denote the
class of right continuous functions with left limits defined from [0, c0) to Y with the usual Skorohod
topology. For m € 7P(Y') and an m-integrable function f, we will denote [y, f(z)dm(x) by (m, f).



Inequalities for vectors are interpreted componentwise.

2 Problem Formulation

Let (2, F, IP) be a probability space. Unless specified otherwise, all the random variables considered
in this work are assumed to be defined on this probability space.

2.1 Generalized Jackson network

Network structure. We start by describing a network with K service stations, denoting the i*"
station by P;, i € IK = {1,...,K}. We assume that each station has an infinite capacity buffer.
We consider a single class network, that is, all customers at a station are homogeneous in terms of
service requirement and routing decision. Arrivals of jobs can be from outside the system and/or
from internal routing. Upon completion of service at station P; a customer is routed to other service
stations (or exits the system) according to a probabilistic routing matrix P. At every station the
jobs are assumed to be processed by First-In-First-Out discipline. We assume that the network is
open, that is, any customer entering the network eventually leaves it. (See below (2.2) for a precise
formulation.) This network was considered by Jackson in [8] with exponential inter-arrival/service
time distributions and is referred to as Jackson network in this Markovian setting. We allow general
inter-arrival and service time distributions. Hereafter, this single class network will be referred to
as a generalized Jackson network (GJN).

2.1.1 Stochastic primitives and assumptions

For k € IN, let n;(k), A,(k) denote the k™ inter-arrival time and k™ service time, respectively, at
station P;, since time 0. (We only consider exogenous arrivals here.) We assume:

(A1) For £,i € IK, {n,(k) : k> 1}, {A;(k) : k > 1} are i.i.d. sequences with values in [0, co].

Additional independence conditions on these sequences of random variables will be specified below
in this section (see (A3)). A station P; is said to have non-null exogenous arrivals if IP[n;(1) <
oo] > 0. Let £ denote the set of indices of stations with non-null exogenous arrivals. Whenever

external arrivals are under discussion, we consider only the non-null exogenous arrivals. Our second
assumption on the network is the following:

(A2) For £ € € and i € IK, [E[n,(1)2] =~ < 0o and E[A;(1)?] =42 < oco.

Denote for i € &€, a; = 1/IE[n,;(1)] the external arrival rate into station P; and for i & &, we set a;,7;'

equal to 0. Then oo = (v, ..., k)’ is the vector of external arrival rates. Let m; = IE[A,(1)] denote
the mean service time at station P; and p; = 1/m; the service rate at P;. Set = (u1,. .., puk)" and
M to be the diagonal matrix with m1,..., mg as diagonal entries. We assume pu; and oy are finite



for i € IK and £ € £. Denote by 4" the vector (77, ---~%)". The vector v2 is defined similarly. Let
7= 0"

Fori € IK, let U, ; and V; ; be random variables representing the residual inter-arrival time and
service time at time 0, at ;. Here we adopt the convention UZ-’0 = oo for i € £. Requirements on
independence of these random variables from other network primitives will be specified below (see

(A3)). Define for t > 0,
A;(t) = max{r>1:n,0)+n1)+ - +n(r—1)<t}, ielK, (2.1)

where 7,(0) = U, , and we follow the convention that max over an empty set is 0. Thus A;(t)
represents the total number of arrivals at P; by time ¢. Denote by D;(t) the total number of
service completions at P; by time ¢ and let Dji(t) be the number of those jobs that are routed to
P; immediately upon completion at station P;. Denote by Q,(t) the queue length at time t, i.e.,
number of customers that are in queue or currently in service at P;. Then, for i € IK,

K
Qi(t) = Q;(0) + A;(t) — D;(t) + Z Dj;(1). (2:2)
j=1

The routing decisions at each station are to be of Bernoulli type. More precisely, we consider
a K x K sub-stochastic matrix P = (pj;);icnm, where the entry p;; is the probability of the event
that upon completion at P; the job is routed to station F;. The spectral radius of the transition
matrix P is assumed to be strictly less than unity, which ensures that all customers eventually
leave the network. For i € IK and each k € IV, let ¢*(k) be the routing (column) vector for the k™
customer at station P; upon finishing service. Then ¢‘(k) is a K-dimensional “Bernoulli random
vector” with parameter (P?)’, where P* denotes the i*" row of P. By this we mean that, ¢'(k) = e;
with probability p;; and ¢’(k) = 0 with probability 1 — Zszl pij- Here e; is the K-dimensional j**
coordinate vector. We assume

(A3) The random variables {n;(k), A;(k), #'(k) : i € IK,k > 1} are independent. Also, this collec-
tion of random variables is independent of {U; o, Vi, Q:(0) : i € IK}.

Define L
Rik) = ¢'(),
=1

which measures aggregated routing decisions up to k™ service completion at station P;. In partic-
ular, R;(k‘) will denote the j* component of R'(k), representing total number of routings from P;
to P; among the first k services completed.

Let E;(t) be the total number of service completions at the station P; in ¢ units of service time
since time 0. Note that F; in general will be different from D; due to service idleness. lL.e.,

E;(t) =max{r >1: ;00 +A,(1)+---+A,(r—1) <t}, (2.3)

where A;(0) =V, , and as before, max over an empty set is 0. Also let T;(¢) be the cumulative

amount of service time that the station P; has spent on customers by time t. Let I,(t) =t — T;(t)



denote the amount of time that the station P; has been idle by time ¢. We assume the network
is non-idling, that is, a service station is idle only when there are no customers at that station
requiring service. Then

Dj(t) = E;(Ty(t), Djilt) = R](E;(T;(1))-
Henceforth, we will refer to «, i,y and P as the parameters of the GJN. We define traffic intensity

vector p = (p1,...,px)" of this GIN as p; = ([I — P']"1a);/pi, i € IK. Initial condition of the
network is specified by random variables (Q;(0), Ui, Vio : ¢ € IK).

2.1.2 System dynamics and Skorohod mapping

The evolution of the state of the system satisfies the following equations: For i € IK,
K .
Qi(t) = Qi(0) + Ay(t) — E(T;(1)) + D RI(E;(Ty (1)), (2.4)

oo
| awar o (25)
0
We note that these processes satisfy,
Q;(t) >0, T, and I; are non-decreasing and 7;(0) = I;(0) =0, i€ IK. (2.6)

Equations (2.4), (2.5) and (2.6) describe the system dynamics. Next consider the “centered” process
Q = (Q,;(t) : t > 0,i € IK), where

Qi) = Qu0) + (4(t) — agt) — (B(T(8) — w Ty (1) + > (BI(E,(T3(8) — psiBy (T (1)) )
JjeIK
T Z pji (B — pyTy(t ) + | i+ Z HiPji = Mg | T (2.7)
JjeIK JjeIK

Denote Y; = u,I;. Set Q = (Qq,...,Qx) and analogously define T', I, E, and Y. The dynamics
n (2.4) - (2.6) can now be represented in the following succinct vector forms:

Q) =QM) +[I-PNY(t), teRy (2.8)

| awavi =0, ier. (2.9)
0

Q(t) >0, Y is non-decreasing. (2.10)

The above dynamics can equivalently be stated in terms of a Skorohod map as we describe below.

Definition 2.1. Let ) € D([0,00), IRX) be given with 1(0) € S = IRE. Then (¢,n) € D([0,00), RX)x
D([0,00), IR solves the Skorohod problem for 1 with respect to S and [I — P'] if and only if the
following hold:



(i) o(t) =o(t)+ [I—P'nt) € S, for all t > 0;

(ii) n satisfies, fori € IK, (a) n;(0) = 0, (b) n; is nondecreasing, and (c) n; can increase only when
¢ is on the i face of S, that is, [;° Ligi(s)201dni(s) = 0.

Let Dg([0,00), RY) = {3 € D(]0, ), IRX) : ¢(0) € S}. On the domain D C Dg([0,00), IRX) on
which there is a unique solution to the Skorohod problem (SP) we define the Skorohod map (SM)
I as ['(¢) = &, if (¢, [I — P']~'¢ — 1)) is the unique solution of the SP posed by 1. The following
result (see [6]) gives the regularity of the Skorohod map defined by the data (S, [I — P']).

Proposition 2.2. The Skorohod map is well defined on all of Dg([0,00), IRY), that is, D =
Dg([0,00), IRK), and the SM is Lipschitz continuous in the following sense. There exists a constant
R € (1,00) such that for all ¢1,ps € Dg([0,00), R¥):

sup [[(¢1)(t) = T(¢2)(t)] < R sup [§1(t) — ¢2(t)]- (2.11)

0<t<oo 0<t<oo

Equivalent form of dynamics (2.8) - (2.10) in terms of the SM can now be written as follows:

Q=01Q), Q-Q=[I-PI. (2.12)

2.2 GJN in heavy traffic
2.2.1 Heavy traffic approximations

Under appropriate heavy traffic conditions, the queue lengths of suitably scaled GJN can be ap-
proximated by a diffusion with constant coefficients, constrained to take values in S = Rff . More
precisely, consider a sequence of GJN networks indexed by n € IN with parameters (o™, u", P). As-
sumptions (A1) through (A3) are assumed to hold for each fixed n. Processes Q", QY™ M™, T"
are defined in a manner analogous to Section 2.1.2. In particular, (2.8) - (2.10) and (2.12) hold
with (Q, @, Y') replaced by (Q™, Qn, Y™). The following uniform integrability condition, which is
standard in the study of central limit theorems for triangular arrays, will be used.

(A4) The family {(n]*(1))%, (A(1))%,1 € &,i € K,n € N} is uniformly integrable.
Finally, the heavy traffic assumption we make is as follows:

(A5) 7" =7, a'=a——=, T =7, u"—ﬂ_\ﬁ/v? BT =B, I-Pa=p

Here oz,,u,f)”,B", o, 3 € R and v € R x IRX. Also u™, i are strictly positive and a”, o > 0 (ay,
a' are strictly positive when ¢ € £ and 0 when 7 ¢ £). Note that the traffic intensity vector p" of
the n'™™ GJN can be written as

([I—P)tom); — Br
i NGO ’




and as n — oo, p"* — 1.

To state the precise heavy traffic limit result, we begin with the following Markovian state
description for GJN. Recall the initial residual times, U; o, V;o introduced in Section 2.1.1. We
denote the analogous quantities for the n** GJN by U{f0 and VZ‘, respectively. For ¢ > 0, and
i € IK, let U(t) and V;"(t) denote the remaining time, at instant ¢, before the next exogenous
arrival and next service completion, respectively, at station P;, for the n** GJN. They can be
explicitly written as follows:

A7 (1) Di(1)
UM =UM0) + D (k) —t, V() = V;"(0) + Y Af(k) = T7'(¢).
k=1 k=1

Define the state of the system at time ¢ at P; by
X™(t) = (QF (1), Ur (), Vi"(t) i € IK, L € E).

Let X™ = (X"(t) : t > 0). Note that the process (Q"(t) : t > 0) alone is not Markovian due to the
residual inter-arrival/service times, but one can check that the augmented process (X™(¢) : ¢ > 0)

is indeed a strong Markov process with state space X = ZRf X ]le‘ X lRff . See [3] for details. Define
the diffusion scaled processes:

Sy = X100 fpngy = @100 gy L I

i v 0=

We next recall the definition of a reflected Brownian motion.

Definition 2.3. Let {;} be a filtration on (Q,F, IP). For pg € IP(IRY), b € R and a positive
definite K x K matrix X2, a reflected Brownian motion (RBM) associated with the data (b, %) with
initial distribution po, is a continuous {F;}-adapted K -dimensional process Z such that

(1) Z=T(Z(0)+ B+b), IP-a.s. Here:[0,00) — [0,00) is the identity map.

(13) B is a K-dimensional {F;}-Brownian motion with covariance ¥, mean 0 and B(0) = 0.

(13i) Z(0) is distributed according to py.
We will write £(t) = Z(t) — Z(0) — B(t) — bt, t > 0 and refer to Z as a (b, ¥)-RBM.

It is well known that Z is a strong Markov process. The following result follows upon slightly
modifying the arguments in [11]. We remark that [11] considers a single collection of primitives
(inter-arrival and service times) which is then suitably scaled for heavy traffic analysis. For the
setting of a sequence of collections satisfying (A4), (A5) as considered here, the proofs are analogous
to [11].

Recall that Q™(t) = %



Theorem 2.4. Assume that the sequence of measures IP o [)A(”(O)]_l converges weakly to some
v € IP(X). Then the process (@”,W”,Mn_lf”) converges in distribution in D(]0,00), R¥)®3 to
(Z,B + b,&) as in Definition 2.3 with py given as po(A) = v(A X ]le‘ x RY), for A € B(RY);
b=1[I—- 73’]5 — ?; and some non-negative definite matriz 2.

The matrix ¥ can be written explicitly in terms of the limit parameters (a, i, 7y, P).

2.2.2 Stability

We now introduce our main stability condition on the sequence of GJN that will be used in this
work.

(A6) There exists § € IRK, § > 0, such that, for all n € IN,

My —[1—P) '5" < —6.

Note that (A6) is equivalent to the requirement that for some 6y € (0, c0),

supmax y/n(pl' — 1) < —fy < 0. (2.13)

n €K

In particular we have that for each fixed n, max; p}* < 1. This traffic intensity property implies the
stability of GJN for each fixed n as summarized in the following result from [12]. (See also [9] and

[4]-)

Theorem 2.5. Under assumptions of Section 2.2.1 and (A6), there exists a stationary probability
distribution for the Markov process X™.

We remark that, in general uniqueness of invariant measures for Xn may not hold unless additional
conditions are imposed. In what follows, if the initial condition of the Markov process X™ is x for
some z € X i.e., (Q"(0),U™(0),V™(0)) = (¢q,u,v) = x, we will write the process as X.

Next we consider stability of RBM. We will impose the following nondegeneracy condition:
(A7) ¥ is positive definite.
The following theorem from [7] gives a necessary and sufficient condition for positive recurrence of
a (b,X)-RBM.
Theorem 2.6. Under assumptions of Theorem 2.5 and (A7), the RBM with data (b,X) has a

unique stationary probability distribution m if and only if [I — P’]_lb < 0.

Note that (A6) in particular implies that 3 —[I — P'] "'% < 0 and so from Theorem 2.6, under (A6),
a (b, X)-RBM has a unique stationary probability distribution, where b and 3 are as in Theorem
2.4. Recall that we denote this probability measure on Rf by .



3 Convergence of invariant measures

All the assumptions of Section 2 will hold throughout this section and explicit reference to them
in statement of our results will be omitted. The following additional condition will be used for
proving convergence of moments of stationary distributions. Define A7, and E}; by (2.1), (2.3)
with Uy and V] there replaced by 0. Let p € [2,00).

(A8.p) For some ¢, € (0, 00):

(i) Foralli,j e Kin>1and t >0

E sup (479(s) — ol + |Elo(s) = isl? + [RNEo(5)) ~ piiBjo(o)l”) < ep(14177%)

(if) Foralli € &,j € K,n>1 B(ANLP + [ (1)) < c,.

From standard estimates for renewal processes (see e.g., [2] Lemma 3.5), we see that under
assumptions of Section 2, (A8.p) holds for p = 2. More generally, we refer the reader to [13] for
sufficient conditions on the primitives of renewal processes under which (A8.p) is satisfied.

The following is the main result of this paper. Recall that from Theorem 2.5, for each n € IV,
the Markov process X" admits a stationary probability measure m,. Denote by 70 the marginal

distribution of 7, on the first coordinate of X, i.e., 70(A) = 7, (A4 x ZRE' x RY), A € B(REY).

n

Theorem 3.1. The sequence {7} of probability measures on (IRY,B(IRY)) converges weakly to
the unique invariant probability measure, 7, of the (b,X)-RBM, where b and ¥ are as in Theorem
2.4. For allm € [0,1),

(70, |z|™) — (m, |z|™), as n — oco. (3.1)

Suppose additionally that (A8.p) holds for some p € (2,00). Then (3.1) holds for allm € [0,p—1).

The main step in proving Theorem 3.1 is the following tightness result.

Theorem 3.2. sup,,cn(mp, |2|) < 00, consequently the sequence {my, }ncv is a tight family of proba-
bility measures on X. If in addition (A8.p) holds for some p € (2,00), then sup,en{mn, [2|P~1) < co.

Theorem 3.1 follows from Theorem 3.2 using standard arguments. Indeed, from Theorem 3.2 we
have that every subsequence of {m,} admits a convergent subsequence. Denoting a typical limit
point by 7 we see from Theorem 2.4 that the process (@", W”, Mn_lfn), with X" (0) distributed as
Tn, converges in distribution to (Z, B, &) as in Definition 2.3 with pg = 7°, and b, ¥ as in Theorem
2.4, where 7%(A) = 7(A x lR'_fl x RY), A € B(RY). Stationarity of Q" implies that #° is an
invariant measure for the (b, X)-RBM. Theorem 2.6 then gives that #° = 7. Thus Theorem 3.1
follows.

Rest of the section is devoted to the proof of Theorem 3.2. We begin with the following moment
stability estimate on X' that is uniform in n.



Theorem 3.3. Suppose that (A8.p) holds for some p € [2,00). Then, there exists a tg € (0, 00)

such that for all t > tgy,
lim sup —ZE‘ (|X”(t|x\)|p> = 0.
o0 n |T[P

Proof. We first show that for some ¢y € (0,00) and all t > ¢,

lim_sup 1 |,, E (|Q2(ta)l") =0.

|z[—o0 n

(3.2)

Fix z = (¢,u,v) € X. Recall that Q" is given by the representation (2.7) and (2.12) with all
processes there written with a superscript n. We will now write a slightly modified dynamical

description for Q™ that makes explicit the dependence on initial residual times (u,v).

u; = oo for i ¢ £. We suppress z from the notation unless needed and rewrite @)} as

Q1) = a+ (Al —ault = Vi) ) = (BUT(®) — @) - ) ")

We set

3w (BT ) = w5 (T3 (8) = Vi) ") + > (RUELT;0) - pi By (T3(2) )

jEK jEK
+ [Oéi(t — V)" + Z piite (t — v/nv;) " — it — \/ﬁvi)—i_}

jelK

+ ) Pk ( = nwy)" - ) > piity (t (= Vi) )

JjeK jeIK

(= (= V) ) = (T(t) = (Ti(t) = Vi) )]

Thus @Z(t) =T (¢g+ N"+b")(t), where N"(t) = NJ*(t) + N3(t) + N3 (t) and for i € IK,

N = = (Adn) — ot — Vi) ).

(3.3)

N3t = jﬁ[zpﬂ (B5(@n0)) = i (Ty(nt) = Viwy) ") = (Bi(Tant) = i (Ti(nt) = vw) ') |,

Nyi(t) = fZ(RJ T (nt))) = pjiBy(Ty(nt) )

jeIK

bt = Vafal(t— /v S pd e — vy /VR) T = (- o /vR) ]

JEK

[Z pjiky ( nt) — /nv;) " — t)) + ) pil (nt — (nt — \/ﬁvj)+)

jeK jeK
(ot = (nt = wi) ) = (Ti(at) = (Ti(nt) — vVaw) D] .

Define
Z;}(t) = F(q + bn)(t), t > 0.

10



Using the Lipschitz property of the Skorohod map (see Proposition 2.2), we have

Q3(t) = Z2 ()| < R sup [N"(s)]. (3.5)
0<s<t

Let ¢ = |z| and set 2" = Z(¢). Observing that ¢ > maxiey{{:}%, f/’%} and T;(t) =t for t € [0, /nv;],
i€ K, n>1, we get B
Zht) =TE"+b")(t—1t), t>t, (3.6)

where ¢ : [0, 00) — [0,00) is the identity map and b" = y/n[a” — (I — P")u"] = /n[(I—P")G" — "]

Next note that

2" = (g +b")(j2)| < R|lal + sup [6"(1)]]. (3.7)
0<t<|x|

Define co = sup; ,{of + 33 jcpe pjitt] +pi) - 1t < 12l we see that 1b2(t)] < co|z| for all n > 1

vn
and i € IK. On the other hand, if ¢ > '%

B < [Vala” — (TPt + Keolal.

Combining the above observation with (3.7) and the heavy traffic condition (A5), we see that one
can find Ly € (0,00) such that

5" < Lolal. (3.8)

Next, denoting by C = {v € IRK : [T — P']7'v < 0}, we see that from (A5) and (A6) that there
exists a 6 > 0 such that
inf dist(b,,, dC) > 4. (3.9)

Let Cs = {v € C : dist(v,0C) > 0} and for go € IR, let A(qp) be the collection of all trajectories
Y :[0,00) — IRf of the form
() =T (qo + o) (t), >0, (3.10)

where v ranges over all of Cs5. Define the “hitting time to the origin” function

T(qo) = sup inf{t € [0,00):9(t) =0}.
peA(qo)

Lemma 3.1 of [1] shows that

4 2
T(qo) < %|q0], and for all ¢ € A(qo), ¥(t) =0 for all t > T'(qo). (3.11)

Combining this with (3.6), (3.9) and (3.8) we now have that Z7(t) = 0, for all ¢ > L|z|, where
L=[1+ %LO]. Using this in (3.5) we now see that
Qr(tlz))| < R sup |N"(s)], (3.12)

0<s<t|z|
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for all ¢t > L and for all initial conditions z. Next we obtain an estimate on the p™ moment of the
right side of (3.12). Note that

AR(8) = AZo((t = Vua) ") + 1m0 (8 EP (1) = Efo((t = Viv) ") + 1 o) (8): - (3.13)
From (A8.p), for some kg € (0,00) (depending on p) and all n > 1

o s (|4%(ns) —nal'sl + | Efo(ns) — nulsl? + |R}(E]o(ns)) — pjiBo(ns)") < wo(1+1),
_S_

for all i € £, j € IK. Using these estimates in (3.3), recalling (3.13), and noting that for all ¢ > 0,
[T3(nt) — /nv;] " < nt, we obtain for some k1 € (0, 00),

E sup [|[N7(s)[” + N3 (s)|P + NG (s)[P] < w1 (1+tP/2). (3.14)
0<s<t

Applying this estimate in (3.12) we now have that for all t > L, z € X and for some k2 € (0, 00),
E\Q(ta)P < ra(1+ t*[a]P/?). (3.15)
Choosing t9 = L the result (3.2) now follows.

It remains to show that for all ¢ > ¢

‘xllgnoosgp\ v E (|02 te)) ") =0, |1|gnoosgp| ; E (|V2(te)) =o. (3.16)
Recall ‘/}Zn(tm) = ﬁvln(nﬂ:d) and thus
. 1 | EHI(tal) )
VR tla)P < | AT (BRI (ntla) | < kz AFRIP < — kz AL (k)PP

where the second inequality above uses the fact that Ej'(T*(nt|z|)) > 1 since V] = /nv; < niolz|
and the last inequality follows on T*(t) <t for all ¢ > 0.

Using Wald’s identity we have for some k3 € (0,00), and all x € X, t > ¢

B (07 )IP) < 1B (Blg(nla]) + 1) BIAPOP < ry(1+ tha]). (3.17)
This proves the second statement in (3.16). The first statement is shown similarly. |

Remark 3.1. Proof of Theorem 8.3 makes use of the Lipschitz property of the Skorohod map.
There is a rich collection of multiclass queuing networks for which the corresponding diffusion limit
is not given in terms of such a well behaved Skorohod map. Proofs in the current paper (or of [5])
cannot be easily extended to cover such settings.

For § € (0,00), define the return time to a compact set C C X by 72%(d) = inf{t > ¢ : Xn(t) € C}.
The proof of the following result is adapted from that of Proposition 5.3 of [4]. Estimates similar
o0 (3.18), for each fixed n, were established in [4] and then used to obtain bounds for the moments
of the stationary distribution 7, for fixed n. The key idea in the current work is to use the uniform
in n estimate in (3.18) to obtain moment bounds for m,, that are uniform in n.
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Theorem 3.4. Suppose that (A8.p) holds for some p € [2,00). Then, for some constants c,d €
(0,00), and a compact set C C X,

n@
sup IE /C (1+ X" Ydt| <c(l+|zP), zeX (3.18)
n 0

Proof. By Theorem 3.3, there exists a L € (0,00) such that with C = {z € X : |z| < L},
s 1
sup IE| X (to|z|)|P < i\x]p, Ve Cf, (3.19)
n

where tg is as in Theorem 3.3. Let § = toL and set 72(8) = 7" = inf{t > 4 : |)?;l(t)| < L}. Define
a sequence of stopping times oy, as

00 =0, Om=0m1+to]| X (om-1)| VL, melN.

Note that the dependence of these stopping times on n has been suppressed in notation. Also, let
m? = min{m > 1: | X™(o)| < L}. Define V,( [fo 1+ | X7 )|P—1)dt}, z € X. Then

?n(x)gE[/ogmg(l+|X” |p1dt] ZJE[/

Let F; = o{X"(s) : 0 < s < t} (we suppress n and z in the notation). We claim that for some
constant ¢y € (0,00), and for all n,k € IN, x € X,

Ok+1

(1+ \)?g(t)yp—l)dﬂkmd . (3.20)

Ok+1 ~ e
B U (1+ |X;‘(t)\p1)dt’.7-}k] Toemg < o (14 X200 ) Licm- (3.21)

k

The claim is proved below (3.24). Assuming that the claim holds and using this estimate in (3.20)
we get by suitable conditioning

mg—1
sup Vo(z) < coswp BB | S (1+]X2(00)1") | (3.22)
" " k=0

Next note that {)?g(ak)}kzl is a Markov chain with the one step transition kernel
Pz, A) = PoWVD (2 4), zeX, AeB(X),

where P}, is the transition probability kernel for the Markov process X,,. Using (3.15), (3.17) and
(3.19) one has for some constant b € (1, 00),

o 1 ~
sup [ Pufedn)lyl’ < Jal” = 3ol + b1y, 1) (329)

Using Theorem 14.2.2 of [10] we have that

mg—1 mg—1
sup B [L+ X2 ()] < 3[\I|P+2sup1E 3 be X“(ak))} =3 [|x\p+2b1m(|x|) (3.24)
" k=0 k=0
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where the second equality follows from the fact that whenever 1 < k < mg — 1, y)?;g (o) > L (we
assume without loss of generality L > 2). The inequality (3.18) now follows on using the above
estimate in (3.22).

Thus it only remains to prove the claim in (3.21). By an application of strong Markov property
this is equivalent to showing for some ¢y € (0,00) and all n, z

" X7 ()Pt c z|?
JE[/O (111X >dt}s o (14 |af?) (3.25)

Since | X7(t)| = |Q™(t)| 4 |U™(t)| + [V(t)], let us first consider IE [ L1+ Q)P Y)dt| . From
definition of o1, we see that

o1 < 61(1 + ’1") (3.26)
for some constant ¢; € (0,00). Note that
sup sup E|QM#)[P~' = sup sup ET(q+N"+b,)(t) — Z7(t) + Z"(t)|P~"
n 0<t<o n 0<t<o
< supRIE sup |[N"(t)[P™' +sup sup IE|Z2(t)[P~L. (3.27)
n 0<t<o; n 0<t<o;

Following steps analogous to those leading to (3.8) we see that for some ¢z € (0, 00)

sup E|ZPH)|P! < eo(1 + |zP7Y), VzeX
0<t<oq

Using this estimate along with (3.14) and (3.26) in (3.27) we now have for some c3 € (0,00) and
r€X,

r [/01(1 +1QE@)P1dt| < ea(l +[af?). (3.28)
0

Noting that |[71"(t) P~ < |zP~t + W Z?ﬂnt) [n?(k)[P~1, an argument similar to that leading
to (3.17) shows that for some ¢4 € (0,00), and all ¢ > 0, z € X, E|U"()[P! < cs[l + |z|P~L +t).

Thus, for some c5 € (0, 00),

o1
E/ T P-1dt < es[1+ af?).
0

In a similar manner, one sees for some ¢g € (0,00), IE [ [V (t)P~1dt < g1 + |z[P]. The estimate
in (3.25) now follows on combining the above inequalities with (3.28) and (3.26). This proves (3.21)
and the result follows. [ |

Theorem 3.5. Let f : X — IRy, and define for 6 € (0,00), and a compact set C C X

, zeX

T&(8)
m(@&m[/o F(R(t))dt

If sup,, V,, is everywhere finite and uniformly bounded on C, then there exists k € (0,00) such that
forallne IN,t >0,z € X

%E[Vn()?g(t))] + 1/0 E[f(X}(s)))ds < %Vn(a:) + . (3.29)
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The proof of Theorem 3.5 follows from that of Proposition 5.4 in [4]. For the sake of completeness
we provide a sketch in the Appendix.

Proof of Theorem 3.2. Suppose that (A8.p) holds for some p € [2,00). We apply Theorem 3.5
with f(x) = 1+ |2[P~! for = € X and 6, C as in Theorem 3.4. To prove the result it suffices to
show that for all n € IN, (m,, f fx x)mp(dz) < K. Since m, is an invariant measure, for any
non-negative, real measurable functlon ® on X,

| B0 (do) = (7, ). (3.30)
Fix k € IN and let V,F(x) = V,,(z) A k. Let
Wh(r) = SVH@) — L BVHEI0)]

From (3.30), we have that [, W¥(z)m,(dz) = 0. Let ¥, (z) = 1V, (z) — %E[Vn()?g(t))] Monotone

—t
convergence theorem yields that ¥F(x) — W, (x) as k — oo. Next we will show that ¥F(x) is
bounded from below for all x € X. If V,,(x) <k,

! V,(x) — SV, (X2(1)] > —#

Wh(2) = SVE) - S BIVEEI0)] 2

~ | =

where the last inequality follows from (3.29). On the other hand, if V,,(z) > k
k R
W) = 3k~ SEVER0) > 0, (331)

where the second inequality follows on noting that V¥ < k. Hence Wk (z) > —& for all x € X. By
an application of Fatou’s Lemma we conclude that

/ W, (2)m, (dz) < liminf / Uk (), (dz) = 0. (3.32)
X X

k—o0

From (3.29), ¥, (z) > %f(f]E[f(X”(s))]ds — k. Combining this with (3.32) we have

02/111( Jn(dz) > //IE X” )] (dz)ds — k.
X

Using (3.30) once more we now have that (m,, f) < k. This completes the proof. [ |

Appendix

Proof of Theorem 3.5. The proof is adapted from Proposition 5.4 of [4]. We begin by showing
that: ~
T&(md)

Forallme N, E [/ f()?;‘(t))dt < Vp(z) + bymd, =z €X, (A1)
0
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where by = sup,, sup,cc Vn(2)/8. The proof is by induction. For m = 1, the inequality in (A1)
holds trivially. Suppose now that (A1) holds for m = k € IN. In what follows, instead of indicating
the dependence on the initial condition as a subscript to X " we will indicate it in the expectation
operation. For example, E[f()?g(t))] will be written as IE,[f(X"(t))], etc. Using the strong
Markov property of X" we have that

E e X"@#)dt| < FE e X"(#)dt| + F, | F e X"(t))dt
a O A A [ S T R I F R S )
T&(k8)
< Vn(:c)—ksup]Ex/ f(X"(t))dt]
zeC 0
< Vp(x) + supsup Vi, () + b1ké, (A2)

n zeC

where the last inequality follows from the induction hypothesis. Proof of (A1) now follows on
noting that the right side of (A2) coincides with V;,(x) + b1(k + 1)d. Using the monotonicity in m
of the expression on the left side of (A1) we now have that for all ¢ > ¢,

o)
F, [ / F(R7(5))ds | < V() + 2brt. (A3)
0

Note that (A3) is trivially satisfied for all ¢ < 6. Thus (A3) holds for all ¢ > 0. Using the strong
Markov property once again, we have (see proof of Proposition 5.4 of [4] for analogous arguments)

o)
Fg. [ / f(X”(S))dSH
70(5) 0

t - o)
< Val(z) —/0 E, _f(X”(S))dS} + sup sup I, [/0 f(X"(S))] ds

EVa (X)) < Vi) — /O B, [[(X"(s))] ds + B,

n xeC

t
< Vplz) — /0 FE, f()/f"(s))] ds + sup sgg V() + 2b1t, (A4)

where the last inequality follows from (A3). We obtain (3.29) from dividing both sides in (A4) by
t and putting & = (% + 1) sup,, Sup,cc Va(z). [ |
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