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Cumulative broadband network traffic is often thought to be well
modeled by fractional Brownian motion (FBM). However, some traffic
measurements do not show an agreement with the Gaussian marginal
distribution assumption. We show that if connection rates are modest
relative to heavy tailed connection length distribution tails, then stable Lévy
motion is a sensible approximation to cumulative traffic over a time period.
If connection rates are large relative to heavy tailed connection length
distribution tails, then FBM is the appropriate approximation. The results are
framed as limit theorems for a sequence of cumulative input processes whose
connection rates are varying in such a way as to remove or induce long range
dependence.

1. Introduction. Recent analysis of broadband measurements shows that the
data sets exhibit three characteristic properties: heavy tails, self-similarity and
long range dependence (LRD). Traditional traffic models using independent inter-
arrival times of jobs with distribution tails of job sizes which are exponentially
bounded imply short range dependence in the traffic and hence are not appropriate
for describing high-speed network traffic. Empirical evidence on the existence
of self-similarity and LRD in traffic measurements can be found in [9, 11, 26].
A common explanation for observed LRD and self-similarity of network traffic is
heavy tailed transmission times. Sometimes, this is due to file lengths being heavy
tailed [2, 8, 10-13] and sometimes due to heavy tailed burst lengths, where a burst
is a period where packet arrivals are not separated by more than some threshold
value [15, 32, 50]. Analysts are largely in agreement about the self-similar nature
of aggregate traffic, at least at time scales above a certain threshold. Empirical [2,
50] and theoretical [17-19, 45] evidence supports the heavy tailed explanation of
the self-similarity.
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The goal of this paper is to mathematically demonstrate that with heavy tailed
connection lengths and constant transmission rates, cumulative traffic at large time
scales can look either heavy tailed or Gaussian depending on whether the rate at
which transmissions are initiated (crudely referred to as the connection rate) is
moderate or quite large.

Various theoretical studies exist which point out that the distribution of
cumulative traffic at large scales can be approximated by a stable law ([15, 24, 37])
or by a normal law ([27, 45, 25]). Empirical conventional wisdom is that traffic
at a heavily loaded link, when sufficiently aggregated, should look Gaussian.
Physical reasons for appearance of the Gaussian marginals include the relatively
low bandwidth of network links and the effect of control mechanisms such as
TCP whose control window limits rates at which packets are sent by different
connections. In practice, however, statistical fitting of either a normal or stable
law to cumulative traffic can be problematic. For example, all estimated marginal
distributions of the traffic traces studies in [15] are far from normal. Using
Nolan’s [31] maximum likelihood method, stable laws were fit to a trace called
UCB 10s but estimates of «, the shape parameter of the fitted stable law, could
not be reproduced by other estimation methods. Thus, there is room for doubt that
either stable or normal is an appropriate fit for these data. Furthermore, in [15],
when analyzing another UCB trace, it was only when a synthetic trace was created
from the UCB trace by artificially making transfer rates constant and equal to
unity, that fractional Brownian motion became an acceptable model for cumulative
traffic.

There are two related models which frame the mathematical discussion:

MODEL (1). the superposition of M ON/OFF sources (see, e.g., [17-19, 26,
45, 50, 44, 28])

and

MODEL (2). the infinite source Poisson model, sometimes called the M/G/oco
input model (see [1, 19-21, 29, 35, 41, 25, 23]).

In Model (1), traffic is generated by a large number of independent ON/OFF
sources such as workstations in a big computer lab. An ON/OFF source transmits
data at a constant rate to a server if it is ON and remains silent if it is OFF.
Every individual ON/OFF source generates an ON/OFF process consisting of
independent alternating ON- and OFF-periods. The lengths of the ON-periods
are identically distributed and so are the lengths of OFF-periods. Support for this
model in the form of statistical analysis of Ethernet Local Area Network traffic of
individual sources was provided in [50]; the conclusions of this study are that the
lengths of the ON- and OFF-periods are heavy tailed and in fact Pareto-like with
tail parameter between 1 and 2. In particular, the lengths of the ON- and OFF-
periods have finite means but infinite variances. Further evidence is in [10, 11, 26]
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which present evidence of Pareto-like tails in file lengths, transfer times and idle
times in World Wide Web traffic.

Model (2), the infinite source Poisson model, assumes transmission initiations
or connections by sources at times of a rate A Poisson process. The transmission
durations are iid random variables independent of the times of connection
initiation. The transmission lengths have finite mean, infinite variance and heavy
tails. During a transmission, a source transmits at unit rate.

For both models, the process we study is A(z), the cumulative input in [0, ¢] by
all sources. Because both models assume unit rate transmissions, we may write

A(t):/(jN(s)ds, t >0,

where N(s) is the number of active sources at time s. For large T, we think of
(A(Tt),t = 0) as the process on large time scales. Our results for both models
show that if the connection rate is allowed to depend on T in such a way that it has
a growth rate in T which is moderate (in a manner to be made precise), then A(T-)
looks like an «-stable Leévy motion, while if the connection rate grows faster than
a critical value, A(T-) looks like a fractional Brownian motion.

Section 2 defines the models formally and Section 3 precisely defines slow and
fast growth for the connection rate. Slow growth dissipates correlation in the input
rate process while fast growth preserves it. Subsequent sections show that for our
models, slow growth implies that camulative input can be approximated by a stable
Lévy motion while fast growth means cumulative input should be approximated
by fractional Brownian motion. Since precise dichotomous conditions are given
for both types of asymptotic behaviors, some guidance is provided about when
to expect each approximation to be applicable in current and future networking
architectures. Such guidance should, of course, be tempered by the realization that
both Models (1) and (2) are simplifications of reality.

2. Model formulation. We now define our two related models and give basic
discussion.

2.1. The ON/OFF model. Consider first a single ON/OFF source such as a
workstation as described in [18]. During an ON-period, the source generates traffic
at a constant rate 1, for example, 1 byte per time unit. During an OFF-period,
the source remains silent and the input rate is 0. Let X, X1, X2, ... be iid non-
negative random variables representing the lengths of ON-periods and Yosr, Y1,
Y>, ... be iid non-negative random variables representing the lengths of OFF-
periods. We also write

Zi =X, +Y;, i>0.
The X- and Y-sequences are assumed independent. For any distribution function

F we write F = 1 — F for the right tail. By Fyn/Foir we denote the common
distribution of ON/OFF-periods.
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In what follows, we assume that
2.1 Fon(x) =x"%"Lon(x) and foff(x) =x" % Logr(x), x>0,

where oy, dofr € (1,2) and Loy, Logr are slowly varying at infinity. Hence, both
distributions Fy,, and Fyf have finite means won and g but their variances are
infinite. Notice that the tail parameters oo, and oof may be different, hence the
extremes of the ON- and OFF-periods can differ significantly. For the purposes of
this paper, we always assume that

(2.2) O 1= Qop < Uoff-

Assuming (2.2) makes the results for Model (1) and Model (2) almost identical.
The case of general oo, and aoff can be treated in a similar way; see [30].

Consider the renewal sequence generated by the alternating ON- and OFF-
periods (cf. [18]). Renewals happen at the beginnings of the ON-periods, the inter-
arrival distribution is Fyp * Foff and the mean inter-arrival time

w=EZy= pton + Hoff-

In order to make the renewal sequence stationary (see [39, page 224]), a delay
random variable Ty is introduced which is independent of the X;’s and the Y;’s.
A stationary version of the renewal sequence (7},) is then given by

n
(2.3) To, Th=To+) Z, n>1.
i=1

One way to construct the delay variable Ty (see [18]) is as follows. Let B, X(()?,)

and ch?f) be independent random variables, independent of {Yosr, (X,), (¥,)}, such
that B is Bernoulli with

P(B=1)=pon/w=1-P(B=0)

and
1 [x_
PXO <x)=— [ Fonls)ds = FO(x),
Mon JO
PO <x)= / " For(s)ds = FO ().
Moff JO
Define

To = B(XQ + Yor) + (1 — B)YS.

The renewal sequence (2.3) is then stationary.
The ON/OFF process of one source is now defined as the indicator process

o0
(2.4) Wi=B1, vo,) + Y g naxun@®, =0
n=0
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The ON/OFF process W is a binary process with W; =1 if ¢ is in an ON-period
and W, =0 if ¢ is in an OFF-period. The stationarity of the renewal sequence (2.3)
implies strict stationarity of the process W with mean

EW,=P(W;=1) = pon/1.

The precise rate of decay for yw (h), the covariance function of the stationary
process W, under the assumptions (2.1) and oo < otofr is givenin [18]. As & — oo,

2
2.5) yw (h) ~ Lo p=@=D L (k) = (const) A Fon(h).
(¢ — Dpd
The process W exhibits LRD (see [3]) in the sense that
(2.6) D lyw k)] = oo,
k

Now consider a superposition of M iid ON/OFF sources (Wt(m), m=1,...,M;
t > 0) feeding a server. The number of active sources at time ¢ is

M
N®O=Ny@®)=Y W™,  t>0.

m=1

Note that N (¢) is the input rate to the server at time ¢ and can be referred to as the
workload process. Since the sources are iid, (2.5) implies that N exhibits LRD in
the spirit of (2.6), since the stationary version of N satisfies

M
yn(h) =y (h) = (const) MAF on (h).

i=1

The cumulative input of work to the server or rotal accumulated work by time ¢ is
1
2.7 A(t)=AM(t)=/ N(s)ds, t>0.
0

The behavior of the cumulative input process A(z) for the superposition of a large
number of iid ON/OFF sources has been studied in [50, 45] where it was found
that the cumulative input process (properly normalized) of an increasing number
of iid ON/OFF sources converges to fractional Brownian motion in the sense
of convergence of the finite dimensional distributions. Their result is formulated
as a double limit: first, the number M of sources goes to infinity and then the
time-scaling parameter T converges to infinity. This order of taking limits is
crucial for obtaining fractional Brownian motion as limit. When limits are taken
in reversed order, the limits of the finite dimensional distributions are those of
infinite variance stable Lévy motion. The increment process of fractional Brownian
motion, fractional Gaussian noise, exhibits LRD reflecting the LRD in the original
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workload process. This is in contrast to stable Lévy motion, which while self-
similar, has increments which are independent.

In [50, 45] a double limit is involved and the limit regime is sequential. This
sequential procedure is unsatisfactory both theoretically and in practice. (Similar
remarks are made in [22].) The limiting behavior of the cumulative input process
depends on the relative sizes of the number of sources M, the time-scaling
parameter T and the tail probabilities of the transmission lengths. We study
simultaneous limit regimes, in which both M and T go to infinity at the same
time. We assume that M = Mt goes to infinity as 7 — oco. The ON/OFF models
change as T — oo, and we will refer to the T'th model. The number of sources
M = Mt plays the role of the connection rate.

2.2. The infinite source Poisson model. Let (I'y, —00 < k < 00) be the points
of a rate A homogeneous Poisson process on R, labeled so that I'g < 0 <
I'1 and hence {—T'o, "1, (Tk+1 — 'k, k 5% 0)} are iid exponentially distributed
random variables with parameter A. The random measure which counts the
points is denoted by Y22 er, and is a Poisson random measure (PRM) with
mean measure AL, where I stands for Lebesgue measure. We imagine that a
communication system has an infinite number of nodes or sources, and at time
[y a connection is made and some node begins a transmission at constant rate to
the server. As a normalization, this constant rate is taken to be unity. The lengths
of transmissions are random variables X;. We assume X,, X1, X», ... are iid and
independent of (I'y) and

(2.8) P(Xop>x)= Fon(x) =x"*L(x), x>0, 1<a<?2,

where L is a slowly varying function. Since « € (1, 2), the variance of X, is
infinite and its mean pop is finite. We will need the quantile function

2.9) b() = (1 /Fon)e @), >0

which is regularly varying with index 1/«. Here and in what follows, for a given
non-decreasing function g we define the left-continuous generalized inverse of g
as

gT (y)=inf{x:g(x)>y}.
‘We note that

o0

(2.10) V=) Er.xo»
k=—00
the counting function on R x [0, co] corresponding to the points {(I'x, Xx)}, is a

two dimensional Poisson process on R x [0, co] with mean measure AL x Fop;
cf. [38].
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The first quantity of interest is N (¢), the number of active sources at time ¢,
which has representation

o0
NO=Nr@®)= Y lry<i<ri+xi
k=—00

2.11)
=v({(s,y) eRx (0,00}:5s <t <s+y}).

The notation N7 refers to the fact that we will consider a family of Poisson pro-
cesses indexed by the scaling parameter 7' > 0 such that the intensity A = A(T)
goes to infinity as T — oo. For a fixed T, we will refer to the Tth model and
A = A(T) will be referred to as the connection rate.

The second expression in (2.11) makes it clear that for each ¢, N(¢) is a Poisson
random variable with parameter

AL x For({(s,y) e R x (0,00] :5s <t < s+ y})

t 00
(212) = l:—oo /;;:t—s )\,]L(dS) X Fon(dy)

A
:A,/ Fon(t—s)dS:A.Mon.
—0o0

During a transmission, the transmitting node is sending data to the server at unit
rate. The total cumulative input in [0, t] for the T'th model is

2.13) At) = Ar(t) = /OZN(s)ds.

Analogous to (2.5), we find that heavy tailed transmission times Xy induce LRD
in N. By means of a point process argument dating to Cox [7] we can show that

Cov(N(t), N(t +h)) = A /hoo Fon(v)dv ~ (const) h Fon(h)

(2.14)
= (const) A~ @D L(n),

as h — oo. High variability in transmission times causes LRD in the rate at which
work is offered.

3. The critical input rate. Recall the measures of dependence given by (2.5)
and (2.14). We will find that cumulative input is well approximated by stable Lévy
motion, a process with independent increments, when the connection rate is slow,
or equivalently when dependence in the 7'th model disappears as T — oo, while
fractional Brownian motion is the appropriate approximation when the connection
rate is fast or dependence in the T'th model remains strong as T — oco. In what
follows, we make precise what a “fast” or “slow” connection rate means in both
the infinite source Poisson model and the superposition of ON/OFF processes. The
definitions for the two models are virtually identical apart from obvious changes
in notation.
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3.1. The infinite source Poisson model. Recall that A = A(T) is the parameter
governing the connection rate in the 7th model and suppose A = A(T") is a non-
decreasing function of 7. We phrase our condition first in terms of the quantile
function b defined in (2.9). The asymptotic behavior of A7(-) depends on whether

b(AT
Slow Growth Condition 1: Tlim (—) =0
—> 00
or
b(\T
Fast Growth Condition 2:  lim g =
Tooo T

holds. Notice that b(-) is regularly varying with index 1/a.
The next lemma provides an alternate way to express the conditions.

LEMMA 1. Assume Foy satisfies (2.8). Consider the stationary version of the
input rate Nt (-).
1. The slow growth condition 1 is equivalent to any of the two conditions

lim AT Fou(T)=0 or lim Cov(N7(0), N7(T)) =0.
T—o0 T—o0

2. The fast growth condition 2 is equivalent to any of the two conditions

lim AT Fou(T) =00 or lim Cov(N7(0), Nr(T)) = oo.
T—o0 T—00

REMARK. The interpretation of the two conditions in terms of the LRD is
nicely observed in [46].

PROOF OF LEMMA 1. In the case of Condition 1, there exists a function
0 < &(T) — 0 such that Te(T) — oo and b(AT) = Te(T). Thus, by using the
fact that b is regularly varying with exponent 1/« and Theorem 1.5.12 in [5], we
obtain

3.1) AT~fl ((_1 )*(M)>:f1 (b(AT))zfl (Te(T)).

on on on on

Therefore, Condition 1 and Proposition 0.8(iii) in [38] imply
(3.2) AT Fon(T) ~ Fon(T)/Fon(Te(T)) — 0.
Conversely, if 8§(T) := AT Fon(T) — 0, then using b (T) ~ 1/F on(T), we get
bO.T)  bGML(T)
T b(b<(T)) ’
and so Condition 1 and (3.2) are equivalent. Similarly, Condition 2 is the same as

(3.3) AT Fon(T) = oo0.
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To get the equivalence in terms of the covariances, use (2.14) and
w — pu—
/ Fon(s)ds ~ (const) T Fon(T),
T

which follows from Karamata’s theorem for regularly varying functions; see [5].
O

We will see that if the rate of increase of A satisfies Condition 1, then A(T')
is asymptotically a stable random variable while in the alternate case, it is
asymptotically normal.

Proofs in subsequent sections are expedited by the following fact.

LEMMA 2. If Condition 1 holds, then

i AT%Fon(T) 0
im —————— =0,
T—oo b(AT)
and if Condition 2 holds, this limit is infinite.

3.4

PROOF. Assume that Condition 1 holds. As with (3.1), sete(T) =b(AT)/T —
0 so that e(T)T — oo. Denoting the ratio in (3.4) by r(T'), we see that
Fon(T)
&(T)Fon(Te(T))’

and using the Karamata representation of a regularly varying function (see [5]), we
obtain

r(T)~

T

3.5) F(T) ~ [6(T)] ™ exp {— /

Te(T)

u_la(u)du}

for some function (1) — «, as u — 00. Since 1 < « < 2, we may pick § so small
that « — & > 1 and since Te(T) — oo, we have for T sufficiently large, that the
right-hand side in (3.5) is bounded from above by

[E(T)]_l exp {—(ot —9) log(]/g(T))} — [8(T)]°‘_8_1,
and the right-hand side converges to zero as 7' — oo. The proof of an infinite limit

under Condition 2 is similar. [J

3.2. The ON/OFF model. Recall the ON/OFF model from Section 2.1. In
analogy with the infinite source Poisson model, it is possible to introduce a slow
and a fast growth condition in terms of the number M = M(T) of ON/OFF
processes. Assume that M = M(T) is some integer-valued function such that

M (T) is non-decreasing in 7" and lim7_, oo M(T') = 00.

For ease of presentation we usually suppress the dependence of M on T'.
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The role of the Poisson intensity A = A(T') — oo is now played by the number
M = M(T) — oo of ON/OFF sources. As in the former case we introduce growth
conditions on M = M(T). For the slow growth condition we again use the quantile
function b of Fy, introduced in (2.9). The asymptotic behavior of the cumulative
workload A = Ay of M iid sources will depend on whether

b(MT
Slow Growth Condition 1: lim ( ) =0
T—00 T
or
T
Fast Growth Condition 2:  lim bMT) =
T—00 T

holds. These conditions are directly comparable to the critical connection rate for
the infinite source Poisson model. For later use, observe that Lemmas 1 and 2 hold
provided M is substituted for A.

The next two sections discuss why «-stable Lévy motion is the appropriate limit
under slow growth. We begin by studying this result in the slightly simpler context
of the infinite source Poisson model.

4. a-stable approximations for the infinite source Poisson model under
slow growth. In this section we assume Condition 1 holds and show why A is
asymptotically an «-stable Lévy motion.

Recall, for example, from [42], that a continuous in probability process
(Xa,0,8(t),t = 0) with stationary, independent increments and cadlag sam-
ple paths is called a-stable Lévy motion if Xy 5 () ~ Sq(ot/®, B, 0). Here
S« (o, B, u) denotes the «-stable distribution which is characterized by the index of
stability o € (0, 2], the scale parameter ¢ > 0, the skewness parameter 8 € [—1, 1]
and the shift parameter u € R. If X ~ S, (0, B, ), then its characteristic function
is given by

exp{—o®|0]* (1 —iB sign(0) tan (ra/2)) +iub}, ifa#l,
Ee'"* = 2 . .
exp{—o l«9|(1+zﬁ; sign(6) ln|0l)—|—m9}, ifa=1.

The case o = 2 corresponds to the Gaussian distribution. Notice that X» 4 g is
Brownian motion, whereas o < 2 implies that X, ¢, g has infinite variance marginal
distributions. In contrast to Brownian motion which has continuous sample paths
with probability 1, infinite variance stable Lévy motion has discontinuous sample
paths with probability 1.

4.1. The main result. The following theorem is our main result under the slow
growth condition.
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THEOREM 1. If Condition 1 holds, then the process (A(T't),t > 0) describing
the cumulative input in [0, Tt], t > 0, satisfies the limit relation

A(T-) — TApon() fi;’i X O
b(AT) o LI

fidi o . N
Here "— denotes convergence of the finite dimensional distributions.

REMARK. The convergence can be strengthened to M-convergence by fol-
lowing the proof in [37] or the techniques of Whitt [48, 49, 47]. The convergence
cannot be extended to J; convergence in the Skorokhod space D [4, 24].

In the rest of this section we give the proof of Theorem 1.

4.2. The basic decomposition. We start by giving a decomposition of the
random variable A(7"). We frequently suppress the dependence on T in the
notation.

Let
Ry :=={(s,):0<s<T,y>0,s+y<T},
Ry:={(s,y):0<s<T, T <s5+y},
4.1
Ry :={(s,y):s<0,0<s+y<T},

Ry:={(s,y):5<0, T <s+y},

and rewrite (2.13) as
A(T) =) Xilire xper] + O (T = T 1wy, xpers]
k k

+ Y Xk + T Ly, x)eRrs]
4.2) t

+ ) Tlyrxpers)
k

=1 A1+ Ay + Az + Ay

Recall the definition of the PRM v from (2.10) with mean measure AL x Fy,. Note
that A; is a function of the points of v in region R;, and since the R;’s are disjoint,
A;,i =1,...,4, are mutually independent. Calculations as in (2.12) and use of
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Karamata’s theorem give that as T — oo
T
Amp:=Ev(R)=A / Fon(T —5)ds ~ AT,
0
T T__
Ay = Ev(Ry) = A / Fon(T —s)ds :A/ Fon(2)dz
0 0

w_
N/(; Fon(z)dz =X ton,

4.3)
0 —s+T
wmsi= EvR) = [ [ Fon(dy)ds ~ Apton
s=—00 Jy=—s
0 00 oo
Amg = Ev(Ry) :A/ f Fon(dy)ds=A/ Fon(u)du
§==00 —s+T T
~ATFon(T) /(e — 1) = 0.
So the mean measure Ev(-) restricted to R; is finite fori = 1, ..., 4, which implies

that the points of v| g, can be represented as a Poisson number of iid random
vectors:

Pi
d .
v’Ri:ZS(tk,i’jk,i)’ i=1,...,4,
k=1

where P; is a Poisson random variable with mean Am;, which is independent of
the iid pairs (¢ ;, jk,i), kK > 1, with common distribution

AlL(ds) Fon(dy) _ LL(ds) Fon(dy)
)&m,- R; m; Ri,

(4.4)

fori =1,...,4. Notice that the distributions of ((#,i, jk,;)) do not depend on A,
which only enters into the specification of the mean of P;,i =1, ..., 4. This means
that for fixed T, we can represent the A;’s as sums of a Poisson number of iid
random variables,

4 Py 4 Py
A= E Jk,15 A2=§ (T — tx,2),
@.5) k=1 k=1

P; Py
Al D Gks+is), Ag £ dT.
k=1 k=1

4.3. Moments of the summands. In what follows, we will need information
about the moments of the summands in (4.5). All the variables are bounded by T
so all moments exist, but we need to know the asymptotic form of the moments as
T — oo. Let (¢;, j;) be random variables with the same distribution as (f;, jk,i),
fori=1,...,4.
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From (4.3) and (4.4), observe that for [ > 1,

g [}y LT T

mi

S
== f ( ylFon<dy>)ds.
s=0\Jy=0

For I =1, since [ y Fon(dy) = fion, We have
4.7) Eji — ton.

For [ > «, we have, using first a change of variables and then Karamata’s theorem
in the form given in [14], page 579, that

EJ1 i Fon(Td)’)
T!'Fon(T) —/ —/ Fon(T)
~ [, —l— _ o
/ofoyay Dds = i —at D)’

For later reference we note that (4.7) and (4.8) imply

(4.6)

4.8)

Var(j1) /I/S . g 2
4.9 _~ o dyds = ——  =—:0
@ mEm T hYY PTG e
and
Elj1 — Ejl? 4(Ej; + (Ej1)®)

= const.

4.10) limsup —————— < limsu —
T—>oop T3F0n(T) T—>oop T3Fon(T)

Similar calculations for T — 1, give that, for [ > 1,

LS L(ds) Fon(d
E(T_Q)l:f—o/y—T—s(T_s)l S

my

Mon _/s_o./ —_T_ S(T —S) Fon(dy)ds

1 T =
= u Fon(u)du,
Mon JO

and therefore, for [ > 1, as T — oo, from Karamata’s theorem,
E(T — 1)} 1 ! Fon(Tx)
Tl_— ~ _/ X -:—dx
THIFon(T) Mon YO Fon(T)

Mon JO Mon(l — o + 1).
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This implies that

Var(T — ¢, 1
@.11) al’ —n) .
T3Fon(T) Mon(3 — )
and
E|IT —t— E(T —n))?
(4.12) lim sup | 2 ( 2l < const.

T—00 T4Fon(T)
Finally, for [ > 1,

0 T—s L(ds) Fon(d
Blati = [ [ ey e

=—s

uon/_ f __s<y +5) Fon(dy) ds,

and thus

E(j3 +13)’ 1 Fon(Tdy)
THIF o (T) uonfs —oof _—s( ) Fon(T) Fou)

4.13)
/ / (y+ ) ay 1" dyds.
/Jvon s=—o00 Jy=—s

It follows that

Var(jzs +13)
TSFon(T) Mon Js=

/ (y+s)2ozy_1_°‘dyds =:G32
=—s

and

Eljs—t3 — E(jz —t3)]>
lim sup 13 S (3 = 15)] < const.
T—o0 T4Fon(T)

To compute 032, observe that

1+s

/ / (y — ) 2ay " ldyds
,U/on s=0Jy=

/ ay %~ 1[/ (y—s)zds]dy
Mon y=0

1 o —a—1 Y 2
(4.14) + f oy [ / (y—1s) ds]dy
Mon Jy=1 s=y—1

1 ! 3 1 [ 1
— ozy_o‘_1 . dy + —/ ay™@! [—] dy
,U«on 3 Mon Jy=1 3

_ 1[ o +1]_;
" kon L3B—a) 3] pon(B—a)
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4.4. wo-stable limits: one dimensional convergence. We are now in position to
show that if Condition 1 holds, then A(T') is asymptotically an «-stable random
variable. The plan is to show A{(T) = A1 is asymptotically stable and A;(T) =
Aj, 1 =2,3,4, are asymptotically negligible.

It is relatively easy to see that

(4.15) AT B0, i=2,3,4.

We restrict ourselves to the case i = 2; a similar argument works for i = 3,4.
By (4.11), Lemma 2 and Condition 1,

EAy=EP,E(T —tp) =[Amy] E(T — t5) ~ (const) AT?Fon(T) = o(b(AT)).
Thus it remains to consider A. Recall the representation of A given in (4.5).
We start with the following decomposition:

Py
Ay —aponT =Y (i1 — Ej1) + Eji [P — EP] + [EA; — MptonT ]
k=1

=A11+ A+ A,

By (4.7), Eji ~ ton- Since P; is Poisson with mean Am| — oo, it satisfies the
central limit theorem, that is,

(4.16) Dot 172 [P — amy] % N(O, 1).
We conclude that
(4.17) A= 0p(IAT1Y?) =0p(b(AT)),
since

VT i si2

lim ——— = lim =0,
T—o0o b(AT) 5= b(s)

due to s'/2b(s) being regularly varying with index % - é <0,when 1 <o <2.
By (4.5) and (4.16), Aj; is a sum of approximately Am; ~ AT iid summands.
Under Condition 1, b(AT)/T — 0, so that for any x > 0 fixed, we eventually have
T — b(AT)x > 0. Therefore, from (4.4) and since b = (1/Fon) <,

ds Fon(d
ATP(ji > b(.T)x) = AT /f oy BEoldy)
0<s+y<T mi
y>b(AT)x
T—b(\T)x T—s F..(d
:AT/ ds_/ M
s=0 y=b(AT)x mi

- ;lfon(b(xT)x)(T — b(\T)x)
1



38 MIKOSCH, RESNICK, ROOTZEN AND STEGEMAN

AT T-bOT)xx _
0

mj

b(AT)x —
(1— T )ATFon(b(AT)x)

b(AT T/b(AT)
— % AT Fon(b(AT)s)ds
X

~x7¢,

Following a standard argument using point processes ([38], Exercise 4.4.2.8,
page 222, [35]), we get for t > 0,

[AT?]
@.18) XD (1) := (b)) ™" X Gt — Eji) > Xa1.1()  in D[0, 00),
k=1

where the limit is a totally skewed a-stable Lévy random motion. In fact, by
independence, we may couple (4.16) and (4.18) to get joint convergence
@y P14 :
X (')’ ﬁ - (X(x,l,l(')a 1) m D[()’ OO) X R'

Using composition and the continuous mapping theorem, one obtains

(bOT)) A1 = XD (P /(AT))
(4.19) P
=AD" S Uit — Ej) S Xa11(D).

i=1

It remains to consider A;3. By (4.6) and Karamata’s theorem,

(4.20) A3 =E(A1) —AtonT = Ej1 EPy — AT pion
T K
= [ [ 3 Fontan - uon] ds
0 0
T proo
=i [ [ yFundyds
0 s
4.21) ~ —(const) AT Fon(T) = o(b(.T)).

The last limit relation follows from Lemma 2. Combining the limit relations (4.15),
(4.17), (4.19) and (4.20), we conclude that A(T") has the desired «-stable limit.
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4.5. a-stable limits: finite dimensional convergence. We restrict ourselves to
showing the convergence of the 2-dimensional distributions; the general case is
completely analogous. Note that for ¢ > 0,

A(Tt) —AponTt  A(Tt) —AponTt b(ATY)
b(AT) B b(AT?) b(AT)
Suppose #; < t. The same arguments as for the one dimensional convergence

show that it suffices to consider the joint convergence of b0 Y AL(TY) —
ATt ton), I = 1,2. We can write

Al(Th) = AT+ Y. Xilingrxe<ron + Y Xilirn <t xi<7n)

Th<Ik<Tty 0<I <TH

d
= Xo 1.1 (V" £ X0 11).

=:A1(Tt1) + A (T (1 — 1)) + A2,
Observe that A1(T't;) and A2 (T (f, — 1)) are independent and that A, (T (t2 —
1)) 4 A1(T (t; — t1)). Hence the proof of the 2-dimensional distributions follows

from the 1-dimensional convergence if one can show that [b(AT)]~! A £ 0.
However,

EA22=E<// uv(ds,du))
0<s<Tt,Tt;<s+u<Tt

=X ff uds Fon(du)
0<s<Tt;,Tti<s+u<Tt
Tt Ttry—s
=1 ([ ) ds
s=0 \Ju=Tt|—s
= ho s Fon(Td
— AT?Fon(T) / (/ u_gL”_)) ds
0 u=t|—s Fon(T)
__ 131
~ )"TzFon(T) I:/ _* ((tl _ s)—(ot—l) —(ty — s)—(ot—l)) ds:l
0 a—1

=o(b(AT)),
by Lemma 2. This concludes the proof of Theorem 1. [

5. a-stable approximations for the superposition of ON/OFF processes
under slow growth. Recall the ON/OFF model from Section 2.1 and the slow
and fast growth conditions on M = M7 from Section 3.2.

5.1. The main result for a = aon < ogr. In this section we show that the
cumulative input process (A(Tt),t > 0) as introduced in (2.7) has a limiting
a-stable Lévy motion provided the slow growth Condition 1 holds, that is,
b(MT)=0o(T).
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The following theorem is our main result on the weak convergence of the pro-
cess A. To formulate it, we will need the following notation:

¢:=pofr/pw! TV and o :=C; Y,

where
l—«a

(5.1) Co = FQ2—a)cos(ra/2)

THEOREM 2.  If Slow Growth Condition 1 holds, then the process (A(Tt),
t > 0) describing the cumulative input in [0, Tt],t > 0, satisfies the limit relation

A(T) = TMp™" pon() T X 0
b(MT) «,0,1

idi . . . .o .
where f——> denotes convergence of the finite dimensional distributions and X 4,1
is an a-stable Lévy motion as described at the beginning of Section 4.

REMARK 1. Theorems 1 and 2 have some striking similarities. Both results
yield a-stable Lévy motions in the limit under slow growth conditions which are
also directly comparable in terms of the quantile function of F,,. Moreover, the
normalizations in both results were defined in a similar way. Although we feel that
it might be possible, we were not able to treat the convergence in the two models
in a unified way.

REMARK 2. As for the infinite source Poisson model, the convergence cannot
be extended to functional convergence in (D[0, co), J1) (although it has been
claimed in the literature) since the J;-limiting process of a sequence of processes
with a.s. continuous sample paths should have a.s. continuous sample paths. An
alternative proof of the impossibility of Ji-convergence, using an extreme value
argument, was given in [43].

REMARK 3. The case of general oo, doff € (1,2) is treated in [30]. The
results are qualitatively the same, yielding a limiting min(aon, dofr)-stable Lévy
motion. Moreover, the skewness parameter of the limit process may vary between
—1 and +1, depending on the right tails of Fon and Fofy.

In the rest of this section we give the proof of our main result. It will be
convenient to split the proof into different parts.

5.2. The basic decomposition. As for the proof of Theorem 1, we give a
decomposition of the cumulative input process. In what follows, we will adapt
the notation of Section 2.1 for the mth source. Whenever we consider only one
source we will suppress the dependence on m in the notation.



STABLE MOTION OR FBM? 41

Recall the construction of a stationary version of the renewal sequence (7},)

given in (2.3). We consider the renewal sequence (T,,(m)) corresponding to the mth
source and define the corresponding renewal counting process

o0
&}m) = Z 110,71(T,"™) with mean ur = E?,-‘}m) =T/u.
n=0
For convenience, we also write

zZM=x"4y™ izl

We have the following basic decomposition of A(7) for M iid sources
[cf. 2.4)]:

M E

M
AT) = 32 B min(T, X)™) + Y- Y X"
i m=1k=1

M
_ (m) (m) _
mEZImax(O, Ts}’”)—l + Xé}”') T>1[§}’”)21]

=1 A1+ Ay + As.

REMARK. The above decomposition of A(T') is similar to the infinite source
Poisson model; see (4.2). The crucial difference is that, for every m, the counting
process 5}'") is heavily dependent on the sequence (X,((m)) which appears in
the random sum representation of A;. This fact makes the proof below more
complicated. The basic idea of the proof consists of replacing the counting
processes S}m) in A, simultaneously by their identical means 7. After the
replacement, the resulting process is a sum of iid random variables and so classical
limit theory for sums of iid random variables comes in. The replacement described
above is provided by a large deviation result given in the Appendix.

5.3. Ai and Ajz are asymptotically negligible. 'We show under the slow growth
condition on M that the terms A; and A3 vanish in the limit. The case A; is
relatively easy.

LEMMA 3. As T — oo,
[bMT)]" (A — EA}) 5 0.

PROOF. We have

[b(MT)] " EA; < M [b(MT)]™" E min(T, X)
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Using Karamata’s theorem, we obtain

T
- 0
52) M [b(MT)] 1/0 Px© > x)dx
< (const) M [b(MT)]™! T?~% Loy (T) — 0.
In the last step we used Lemma 2. [J
In the rest of the section we show that A3 is asymptotically negligible. By virtue

of the slow growth condition b(MT) = o(T), we can find a function e — 0 such
that

(5.3) b(MT)=o0(erT) and 1/log(T)=o(eT) as T — oo.
For example, we could let

_(b(MT) 172 1
TETT ) JogT

LEMMA 4. Assume that et satisfies (5.3). Then the relation

M P(lér — url >erpur)=o(l)  asT — o0
holds.
PROOF. First we treat the case & > (1 + er)ur. Since Z; = X; + Y; has

a regularly varying right tail there exist iid mean-zero random variables E;
concentrated on [—E Z;, 00) and a positive number xg such that for some 8 > 0

P(Z,—EZ| >x)>P(E; >x)
forx >—FEZjand P(E| > x) =e Pr & > xg.
Then a stochastic domination argument shows that with m7 = [(1 +e7) 7],

Pér > +erur)=P(To+Z 1+ +Zp; <T)
<P(Zi+ 4 Zn,—mru =T —mrp)
<P(E1+ -+ Eu, =T —mrp)

= P((ny Var(E))~V2(Ey + -+ Eny) < —ar) = p(D),
where

ar = (my Var(E)))~™'? (mrp — T).
Since wr = T/, we have for some |67| < 1, that
erT +0r

VT

ar ~ (const) ~ (const)sTTl/ 2,
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and hence for all large T
ar > T/,

since erTY?% > (log T) 127Y2 > TV6 The classical Cramér result on large
deviations for sums of iid random variables with moment generating function
existing in a neighborhood of the origin (see [33], Theorem 3, Chapter VIII) gives
for large T,

p(T) < P((my Var(E) ™V 2(Ey + - + Epy) < —T9)
< (const) ®(~T"/%) < (constye =T/,

where @ is the standard normal distribution function. Finally, since the slow
growth condition on M holds we have using Lemma 1 that

(5.4) MPEr > +epur) <Me T4 =o(1).

Next we treat the case &7 < (1 —e7)ur. Choose B, =n —[(1 —&,)unlit ~ exn
with e7 obeying (5.3). Notice that as T — oo,

BN (Zi+ -+ Zi—epyur) — (L~ ep)pir1u) > 0.
An application of Corollary 1 in Appendix A shows that
Pér <A —ep)ur)=P(To+2Z1+ -+ Zig—epyur) > T)
~P(Z1+ -+ Zig—epyur — A — eIl > Br)
~[(A —er)url P(Z > Br)

~ur P(Z>erT)= (const) T P(Z > erT)

MP(Z> b(MT))>_1 .

~ (consh) ( P(Z>erT)

due to the function 1/P[Z > x] being regularly varying with index «, and (5.3).
(See [38], Proposition 0.8 (iii), page 23.) [

We need another auxiliary result.

LEMMA 5. Forall § > 0,

Mb(MT)] ™ EXep 1xg, »soumy ligr=11 > 0 as T — oo.
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PROOF. Choose e — 0 such that (5.3) holds. Using Karamata’s theorem, we
have for large T,

0
MIb(MT)]™! f P(Xe, > x, |67 — ur| < erpr, &7 = 1) dx
Sb(MT)

o0
< M[b(MT)]™! f ( max X; > x) dx
Sb(MT) Nzl |i—purl<erur

m —_
< (const) M [b(MT)] ™ erpur f Fon(x) dx
Sb(MT)

< (const) 8! "% ez — 0.

Choose cr — oo such that b(MT) = o(cy leT T). It follows from the proof of
Lemma 4 that

(5.5 M P(lér — pr| > erur) = o(cr®).
Let K > 0 be a constant so large that TX > ¢7b(MT) for large T. The following

bound is straightforward:

o0
P(Xe 1 > X, — > € dx
/WMT) (Xer ligp>17 &7 — mr| > erur)

ctb(MT)
< / P(l&r — pur| > erpr) dx
Sb(MT)

o0
+f P(Xg >x, 1<&r < (1 —ep)ur)dx
crb(MT)

TX o
+/ PEr>(+e dx +/ P(Xe lig,>1) > x)dx
crb(MT) (67> TIKT) TK ( §rtlér=1] )

=hL+hLh+BI+1.
Obviously, by (5.5),
M[b(MT)]™' Iy = (c7 — 8) M P(|r — pr| > eppur) = o(1).

Moreover, by Karamata’s theorem,

o0
M[b(MT)] "I, < M[b(MT)]™! / P ( max  X; > x) dx
cTb(MT) 1<i<(l—er)ur

< (const) MIBM DI ur | Y Foa)dx

cTb(MT)

~ (const) c17® Lon(erb(MT)) _ (const) ¢ w
T “Lon(b(MT)) T Fonb(MT))
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Using the right-hand inequality in Proposition 2 in Appendix B, with x = cr,
t =b(MT) and e = — 1 — § > 0 for some small § > 0, gives that there is a
fixed £y such that for x > 1 and ¢ > 1y,

Fon(crb(MT)) <(@—8) s+
Fon(b(MT)) ~ T

This shows that M[b(MT)]~' I, — 0.
As for the proof of Lemma 4 [see (5.4)] we conclude that
TK
MIB(MT)]" Iy < M[b(MT)]~! f e T Adx—o(l) asT — oo
crb(MT)
since the slow growth condition on M holds. Using Markov’s inequality and [16],
(8.12) in Theorem 1.8.1, we have for ¢ € (0, — 1) and K sufficiently large,

00
Iy < EX?T_‘EI[;:TEH ./TK xT9TE dx

= (const) EX¢ “ljgpoy) T~ K@
— O(T_K(a_l_g)—i_l).

The slow growth condition on M implies that M = o(T®~1+¢). Therefore,
MIb(MT)] ™ Iy = o(T~K@71=aFarey — o(1),

provided K is chosen so large that K > (o + ¢)/(a¢ — 1 — ¢). Combining all the
estimates above, we finally proved the statement of the lemma. [J

Now we are ready to deal with As.

LEMMA 6. As T — o0,

[b(MT)]"'[A3 — EAs] 5 0.

PROOF. Fix § > 0. Define the iid random variables

vim) . (m) (m)
X" = max (0, T, + X T)l[‘g}m)zu

and their truncated versions

Fm) _ 5 (m)
X = X1 Tz spnr)

By virtue of Lemma 5, it suffices to show that

M
MY (X - EXp) S 0.

m=1
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The variance of the sum on the left-hand side is given by
MIb(MT)) "2 Var(X7) < M[b(MT)) 2 EX?%,

and so it suffices to show that the right-hand side converges to zero. Assume
er — 0 satisfies (5.3). Then we have

EX3 < 82 b(MT)1? P(|er — ur| > e7 1)

8HbMT)?
+f0 P(Xg, > +/x, [Er — prl < erpr)dx
=1L+ Db
By Lemma 4 we have
M[b(MT)]™*1; = o(1).

An application of Karamata’s theorem yields that

82[b(MT)]?
M[b(MT) 21, < M[b(MT)] ™2 fo P(Ii max  X; > ﬁ) dx

—ur|<erur

UMD _
< (const) M[b(MT)] 2erur f Fon(v/xX) dx
0

~ (const)e7 8 M T F on(8b(MT)) ~ (const) 82~% ez = o(1).
This completes the proof. [

5.4. «a-stable limits: one dimensional convergence. In this section we show
that the random variables A, = A (T) weakly converge to a stable distribution
as T — oo. This fact and the results of the previous section, together with a
Slutsky argument, prove the convergence of the one dimensional distributions in

Theorem 2.
Introduce the iid mean zero random variables

I = X — 1o Z™ = ron X" — ro¥"
= ron(X{" = pton) = ror (Y™ — o),
where
Fon := Moff/t and  Foff := ton/H-
The tails of the J;’s are regularly varying: as x — oo

O Lon(x rE Lo (x
p(Jk>x)NM£_) and p(]ks_x),\,o’ff;off().
x“ X off
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Write

(m)
T

§
Stomi= Y I
k=1

The following decomposition will be useful:

M M M
_ (m) (m)
Ay = E ST.m + Fott E Tg;nl)l{€;n1)21}—roff E Ty l{g}"’)zl}
m=1 m=1

m=1

=: Ay + A + Ags.

In what follows, we show that A,; has an «-stable limit whereas Ay and A3
are asymptotically negligible. By Lemma 3 it follows that [b(M )] 'EAy; — 0.
Following the argument for Theorem 5.3 in Chapter I of [16] or [39], page 47, we
obtain

§r
(5.6)  E(Tg lgr=1) = E(Z Zi+To 1{stl}) =T+ E(To Ligr=1p)-

i=1
By virtue of Lemma 2, we have for large T

T?Fon(T)

M
E(Ty 1{§T21}) < (const) T(]WT — 0,

b(MT) Ely =1 = b(MT)

since T2Fon(T) ~ T *L(T), as T — o0o. Hence,

M
(b(MT)]™ (A — EAz) = roslb(MT)I™ YOUTLG) = T) = E(Tey — 1] Lo,
m=1 T

Again using the argument for Theorem 5.3 in Chapter I of [16], we obtain
EAy=MEErEJ; =0.

In the remainder of this section we prove that Ap; has an «-stable limit. In
[33, Theorem 8 in Chapter IV] one can find the following necessary and sufficient
conditions for the sums of row-wise iid random variables Sz ,,, m =1,..., M, to
converge weakly to an a-stable distribution Sy (c Co l * 1,0) where C, is defined

in (5.1):as T — o0,
(A) M P(S7,1>xb(MT)) — c¢*x™% for all x > 0,
(B)M P(S7,1 <—xb(MT)) — 0 for all x > 0,
© LiJIB limsup M [b(MT)]_2 Var(S7,1 1{s;. |<ebm1)}) = 0.

T—o00

See also [35, 38] for point process interpretations of these conditions.
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We have St = SO(Ty — S@(T), where

&r &r
SOT) =ron Y (Xk — pon) and  SP(T) =ror Y (Y — Lhoft)-

k=1 k=1
Define
n n n
Se=> Ji. SV =ron > (Xi—pon), S22 =ror Y (Y — thoft)-
k=1 k=1 k=1

The proof of (A), (B) and (C) is now presented via a series of lemmas.

LEMMA 7. Forall x > 0,

M P(—S[(:L)T] >xb(MT))=o0(1)  asT — 0.

PROOF. Let D := Dr be a positive function such that D — O and as T — oo,
5.7 DM —>oo and Db(MT)— oc.

Introduce the random variables

n
X := Xilx,<pbmr)) and Sr(tl) = Z(Xk — EX),
k=1

and assume without loss of generality that o = 1. We have

p(T) = P(=S{}) > xb(MT)) < P(=5];) | > xb(MT) — pr E(X — X)).

Using Karamata’s theorem and noticing that E(X — X) = [ pomr) Fon(x) dx, we
have
urEX - X) D'~ Lon(Db(MT))
———— ~(const)

b(MT) M Lon(b(MT))

D Fon(Db(MT))

= (const) — ————.

M Fon(b(MT))

Using the left-hand inequality of Proposition 2 in Appendix B, with x = 1/D,
t = Db(MT) and ¢ = 2 — « gives that there is a fixed #y such that for x > 1 and
t > 1p the right-hand side of (5.8) is bounded by

(const) 1

a—1 DM’
which is o(1) by (5.7). So we may bound the probability p(T) for large T from
above by

(5.8)

p(T) < P (~NVar(pr)28() | > ar(x))

xb(MT)/2

h =———
MR AT = Nar Ry 1172
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Using a non-uniform Berry—Esséen estimate in the central limit theorem (see [34,
Theorem 5.16]), the right-hand side is bounded by

_ EIX]?
(5.9) ®(ar (x)) + (const) —7 = .
pg [Var(X)13/2 (1 4 ar (x))
where ® denotes the right tail of the standard normal distribution. Notice that
M Lon(b(MT)) )‘/2
D% Lon(Db(MT))
M Fon(b(MT)) )‘/2
D? Fon(Db(MT))/)

As above we apply the left-hand inequality of Proposition 2 in Appendix B, to
obtain that for large T

ar(x) ~ (const) (

= (const) (

ar(x) > (const) (@ — 1) M/?,

so the first term in (5.9) decreases at an exponential (in M) rate and, hence, is
o(M™"). The second term behaves asymptotically as

[Db(MT)1P~%Lon(Db(MT))
[xb(MT)]?

_3 D Fon(Db(MT))
M Fon(b(MT))

Using the left-hand inequality of Proposition 2 in Appendix B, as before, gives
that the right-hand side of (5.10) is bounded from above by

(const) T

(5.10)

~ (const) x

t D
w,ﬂ i o(M_l).
o—1 M
This completes the proof. [
Let e7 — 0 and define the event
(5.11) Or :={l§r — url < erpr}.

LEMMA 8. Forall x > 0,
M P(St,1 — Stur1l > xb(MT), ©7) = o(1) as T — oo.

PROOF. Using [34], Theorem 2.3, we have

P(IS7.1 = Siur1| > xb(MT), ©7) < P max |8} = Sjuy1 > xb(MT))

|j—ur|Zerpr

< (const) P(|Sieppryl > xb(MT)/2).
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Applying the same result, we also see that

P(Sterur1l > Xb(MT)/2) = P(S{L) 0y = (o) ] > Xb(MT)/2)

2
< (const) Z P (S @ s

[eTur] - [eTur] > xb(MT)/4) s

i=1

where S and @ are independent copies of S and §@. Using Corollary 1 in
Appendix A, we see that the two probabilities on the right-hand side multiplied by
M are asymptotic to

(const) M ez pur [[xb(MT)]™ Lon(b(MT)) + [xb(MT)] ™" Logr(b(MT)) |
~ (const) x “er — 0.

This completes the proof. [

LEMMA 9. Forall x >0,

M P(Sjuy < —xb(MT)) =o0(1)  as T — oo.

PROOF. We have

P(Siuy) < —xb(MT)) < P (=S{p) ) > xb(MT)/2) + P (S{2)) > xb(MT)/2).
The first probability is o(M ~!) by Lemma 7. The second probability can be treated
as follows. Let § > 0 such that o + § < ao. Using Markov’s inequality and
a bound for the («¢ + §)th moment of sums of independent mean-zero random
variables (see [33], page 60), we obtain

M P(S{) > xb(MT)/2) < (const) Mxb(MT)| " E|S{) | [**?
Mpr  E[Y]**

= (const) [b(MT)]O""‘S xo+s

which is o(1) since T/(b(T))**? is regularly varying with index —8/c. [J

In the following lemma we finally conclude that A; converges to an a-stable
limit.

LEMMA 10. Let ¢ and o be as in Theorem 2. Then

(bMT)] Az S ¢ Xao1(1)  asT — oo.
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PROOF. We prove (A), (B) and (C); see the beginning of this section.
Proof of (A). We have to show that for all x > 0,

M P(St,1 > xb(MT)) — c*x~* as T — oo.

Recall the definition of the event ©7 from (5.11). By virtue of Lemma 4 it suffices
to consider the probability P(St,1 > xb(MT), ©). For é € (0, 1) we have

P(St,1>xb(MT), ©1) < P(ST,1 — Stur] > 8xb(MT), O1)
+ P(Stup) > (1 —=8)xb(MT)).
The first probability is o(M~') by Lemma 8. Using Corollary 1 in Appendix A
and noticing that Sp,1/b(MT) £ 0, we obtain

M P(Siuy) > (1= 8)xb(MT)) ~ M g P(J; > (1 — 8)xb(MT))

5.12
6-12) ~r¢ (1= 8)Tex e,

A lower bound is given by
P(St,1>xb(MT), O7)
> P(ST.1 — Stup] > —6xb(MT), Sjup > (1+8)xb(MT), Or)
> P(Stup1 > (1 +8)xb(MT)) — P(St,1 — S[ps)
< —8xb(MT), ©) — P(O%).

The second and third probabilities are o(M ~!) by Lemmas 8 and 4. Then, using
Corollary 1 in Appendix A [as in (5.12)], gives

(5.13) M P(Spuyy > (14 8)xb(MT)) ~ r& ™ (14 8)™x ™,

The proof of (A) is complete by letting § — 0 in (5.12) and (5.13).
Proof of (B). We prove that for all x > 0,

M P(S71<—xb(MT))— 0.
For é € (0, 1) we have
P(St1 < —xb(MT), ©1) < P(S7,1 — Sjpy) < —xb(MT), Or)
+ P(Sjuy) < —(1 — 8)xb(MT)).

The first probability is o(M ~!) by Lemma 8 and so is the second one by virtue of
Lemma 9. This completes the proof of (B).
Proof of (C). We show that

lim lim sup

——— Var(S7 11 B —0.
el0 7o [D(MT)]? ar(St,11{isy 1 1<sb(MT)))
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We have

/sz[b(m)]z

Var(S7,1 157 |1 <ebmT)}) < A P(S7,1 > /x)dx

e2b(MT)1?
+f P(Sr,1 < —+/x)dx.
0

In our proof we will only consider the first integral. The second one can be treated
analogously. Obviously,

M e [b(MT)T?
GTE fo P(St.1 > v/3) dx

5 M 2[b(MT)]?
<e +————/
[b(MT))? Je

= 82+p(T, €).

P(St.1 > +/x)dx
2bMDR/M

By virtue of Lemma 4 it suffices to replace in p(T,¢) the event {S7,| > /x}
with {S7,1 > +/x, ©r}. Combining the upper bound in the proof of (A) with the
argument in the proof of Lemma 8, we obtain the following bound for p(T, ¢):

M &2[b(MT)]?
I

[b(MT)]? [(ConSt)P (Sterpr1l > V/x/4) + P(Spupy > v/x /2)] dx.

2b(MT)?/M
As in the proof of Lemma 8§, we can use a symmetrization inequality and
Corollary 1 in Appendix A to show that the first term is o(1) as T — oo. Another
application of Corollary 1 in Appendix A yields

M

e2[b(MT))?
o7 P (Stury > Ve/2)dx

~ (const) M TP ™ Lon(b(MT))

M
— (e
[b(MT)P?
~ (const) 7%,

Now let & go to zero to obtain the desired relation (C).
This completes the proof that the one dimensional distributions converge to a
stable law. [J

5.5. «-stable limits: finite dimensional convergence. In this section we com-
plete the proof of Theorem 2 by showing that the finite dimensional distributions
of Ay; = A21(T) converge to those of «-stable Lévy motion. We will only show
convergence of the 2-dimensional distributions since the general case is analogous.
The following lemma is the key to this convergence.
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LEMMA 11. Let by, by €R, tr > t; > 0. Define

KT KTy
ZW=b Y U™ ana z¥=p, Y I
k=1 k=p11, +1

Then we have, as T — 00, for all x > 0,
MP(ZP + 7P > xb(MT)) ~ M P(Z > xb(MT))

+M P(Z$ > xb(MT))
o

r _
~ ﬁ" (S Ip, 0121 + DG I1p,=01(t2 — 1)1 x %,

PROOF. For § € (0,0.5), we have
P(Z > (1 +8)xb(MT)) P(|ZP| < 5xb(MT))
+ P(Z2 > (1 +8)xb(MT)) P(|Z3"| < 5xb(MT))
<Pz + 7z > xb(MT))

2
<Y P(z{ > (1 - §)xb(MT))
i=1

+ P(ZY) > 8xb(MT))P(2 > sxb(MT)).
Now the result follows from Corollary 1 in Appendix A by first letting 7 — 00
and then § - 0. [

The next lemma establishes convergence of the 2-dimensional finite dimen-

sional distributions of (A(Tt),t > 0) by virtue of the results in Section 5.3 in
combination with a Slutsky argument.

LEMMA 12. Letbi,by e Randty >t; > 0. Then,as T — oo,
b1A2(Tt)) + b2 (A21(T1r) — A21(T1y))

d
—b1c Xy 6,1(t1) +b2(c Xg,0,1(12) — ¢ Xo,0,1(21))-

PROOF. Define

(m) (m)
ET[ 1 é-Tt2

St =bi MDY I 4 b b)Y .
k=1 k={7)+1
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According to Petrov [33], Theorem 8 in Chapter IV, we have to show that as
T — o0,

AYMP(ST1>x)—> c“[b‘f‘l[b1>0]t1 + bgl[b2>0](t2 —)]x” for all x >0,
(@) lig)llim sup M Var(S7,11ys71<e}) = 0.

€ T—o00

We will only give the proof of (A). The proof of (C) follows in the same way as in
the proof of Lemma 10. Let e — 0 satisfy (5.3). Since we know from Lemma 4
that as T — oo,

M P(&ry — ury| > erpry) =o(),  j=1,2,
it suffices to consider in (A) the intersection of the event {S7 1 > x} with
Or ={l&7¢; — | <erprey, j=1,2}
For § € (0, 1) we have

éTtl KTy
P(S7,1>x, ©r) < P<b1 [Z Je= > Jk] > 8xb(MT)/2, @T)
k=1 k=1

§Tr2 KTty
+P<b2[ Yo o= D Jk] > 8xb(MT)/2, ®T>

k:STtl'i'l k=l‘LTt1+1

HTH MTty
+P<blka +by Y, Jk>(1—8)xb(MT)).
k=1 k=pry +1

The first and second probabilities are o(M~!) by Lemma 8. By Lemma 11,
M times the third probability is asymptotic to

KTty
MP (b1 D Tk>(1—8)x b(MT))

k=1
KTy —MTH
+MP (b2 Yoo kk>(1- 8)xb(MT)>
k=1

r¢ _
~ % (6§ I1p, 0111 + b5 Iipy=01(f2 — t1)1x 7.

A lower bound for M P(St,; > x, ©7) can be found in the same way as in the
proof of Lemma 10. This completes the proof. [

We finally established that the finite dimensional distributions of the processes
(A(Tt),t > 0) converge to those of the «-stable Lévy motion. This concludes the
proof of Theorem 2.
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6. FBM approximations for the infinite source Poisson model under fast
growth. The next two sections relate fast connection rates associated with strong
correlations of Nt (-) and fractional Brownian motion limits. Section 6 studies
the infinite source Poisson model and the subsequent Section 7 considers the
superposition of ON/OFF sources.

Recall that a mean-zero Gaussian process (By (), ¢ > 0) with a.s. continuous
sample paths is called fractional Brownian motion if it has covariance structure

2
(e
Cov(By (1), Br(s)) = =t (P + 15 — 1t ")
for some oy >0, H € (0, 1).

The case H = 1/2 corresponds to Brownian motion and, if H € (1/2, 1), the
autocovariance function of the increment process (Bg (t) — By (t —1))s=1,2,..., SO-
called fractional Gaussian noise, satisfies relation (2.6), that is, it exhibits LRD. If
oy = 1 we call By standard fractional Brownian motion. For more properties of
fractional Brownian motion we refer to the monograph [42].

6.1. The main result. The following theorem is our main result under the fast
growth condition.

THEOREM 3.  If Condition 2 holds, then the process (A(Tt),t > 0) describ-
ing the total accumulated input in [0, Tt], t > 0, satisfies the limit relation
A(T) = MtonT () 4
o sz~ BrO),
[AT°Fon(T)o ] /

Here i denotes weak convergence in (D[0, 00), J1), By is standard fractional
Brownian motion, H = (3 — ) /2 and o?is given by (6.6) below.

REMARK. Notice that H = (3 — «)/2 € (0.5, 1). Hence the corresponding
fractional Gaussian noise sequence of By exhibits LRD in the sense of (2.6). This
is in contrast to Theorem 1 where the limiting process, «-stable Lévy motion, has
independent increments.

In the rest of this section we provide the proof of Theorem 3. As for Theorem 1,
the decomposition of Section 4.2 will be the key for deriving the Gaussian limit.
As in Section 4 we give the proof in several steps. We use the same notation as in
that section.

6.2. FBM limits: one dimensional convergence. We show that when A(T)
grows faster, so that Condition 2 holds and b(AT)/T — oo, (A(T) — AuonT)/
or (1) is asymptotically normal, where we define

(6.1) o2 (1) = MT)(T)* Fou(T).
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For this, consider the decomposition and representation (4.2) and (4.5), which in
particular gives that
AtonT = EA(T)=EA1+ EAy+ EA3 + E Ay,
so that
A(T) — AonT = (A1 — PLEj1) + (A2 — PE(T — 1))
+ (A3 — P3E(j3z +13)) + (A4 — P4T)
+(P1—EP)Eji +(P,— EP)E(T — 1)
+(P3— EP3)E(j3+13) + (P4 — EP)T.

Here, since P, — EP; = Op(J/EP;), i =1, 2,3, by the central limit theorem and
the fact that Var(P4) = E(P4) — 0, it follows from (4.3), (4.7), (4.11) and (4.13),
and straightforward calculation that
A(T) = ApuonT = (A1 — PLEj1) + (A2 — RE(T — 1))
(6.2) + (A3 — P3E(j3 +13))
+ (A4 — P4T)) +op(or(1)).
We explain the op-term above with the following sample explanation: Define

nt = (P1 — Amy)/~/AT so that {nr} is a family of asymptotically normal random
variables and therefore

— Amq }\,ml / l
/)»T3F0n(T }\TTzFon(T) TzFon(T)

The first three terms in (6.2) will be shown to be asymptotically normal and the
fourth is of smaller order. We start by considering

Py
. d . .
Ay = PLEji £ (jra — Ef1)

where P; is Poisson with mean Am;. To see why A is asymptotically normal,
observe there are approximately A7 iid summands. We check Lyapunov’s
condition ([14], page 286, [40], page 319) for asymptotic normality of the sums

n
Sn=> (k1 —Ej).
k=1
From (4.9), (4.10) we have with 012 =a/(2Q—a)(3—a)):
Var(Spry) ~ AT T Fon(T) 0 = o2 (1)o?,

[AT]
L =Y Elji — Ejt® < (const) AT T3F o (T).
k=1
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Therefore using (3.3) we have for Lyapunov’s ratio

3) -
L AT T3 Foo(T 1

JT_3(1) ()»T3Fon(T))3/2 - VAT Fon(T)

as T — oo. Since Lyapunov’s condition implies asymptotic normality, we get by
the invariance principle for triangular arrays of iid random variables that

Br():=07'(1)Spr1-> B()oy  inD[0, 00),

where B(-) is a standard Brownian motion. We still have (4.16) at our disposal, so
joint convergence holds:

P
(BT(-), #) 4 (61B(),1)  inD[0, 00) x R.
We get after composing that

(6.3) (A1 — PLEj1)/or(1) % N0, 0D)
It follows in a completely analogous way that
(As— PLE(T — jo)/or(1) > N(0,52),
(6:4) (A3 — PE(3 — j3)/or(1) 5 N(0,0D),
(A — PaT)/or (1) 5 0.
Together, (6.2)—(6.4) show that

6.5) (A(T) = AgonT) Jor (1) % N(0, 02),
where

o . 2
(2_05)(3 —a) lLon(?’_a)

. 1 [a +2]
T 3—al2—a  pond’

6.3. FBM limits: finite dimensional convergence and tightness. For conve-
nience we write G for the quantity in Theorem 3, that is,

A(Tt) — AponT't
[AT3Fon(T)o2]1/2
It follows by the method of proof of (6.5), that the one dimensional distributions of

G converge to those of By . Suppose now that the finite dimensional distributions
of G were proved to be asymptotically jointly normal. Let {G(¢),¢ > 0} be a

02=012—|—a22+032=
(6.6)

Gr(t) =
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Gaussian process whose finite dimensional distributions match the weak limits of

the finite dimensional distributions of G7(-). We know that for each ¢, G (¢) 4
G (t). We also know that for any 4 > 0,

T
{Gr(t+h) —Gr(h),t =0} = {/0 t(N(S +Th) —)»/«Lon)dS,tZO} /or (1)

d

T
= {/0 t(N(S) — AMhon) ds, t ZO} /or(1)

={Gr@®),t =0},

since N (-) is stationary. So for each T, {Gr(¢),t > 0} has stationary increments
and hence so does {G(t), t > 0}. Therefore

Var(G(t)) = Var(G(t + h) — G(h))
=EG*(t+h) + EG*(h) —2EG(h)G(t + h)
so that
Cov(G(h), G(t + ) = 3(EG*(t + h) + EG () — Var(G(1)))

and thus the covariance, and hence the finite dimensional distributions of G(-),
are determined by the one dimensional marginal distributions of G(-). This means
G() < Bu(),

This argument shows it is enough to prove that the finite dimensional
distributions of G7(-) are asymptotically normal. To show this, it is sufficient to
show that the increments of Gr(-) are jointly asympotically normal. The proof
uses the same methods as for one dimensional convergence and we hence only
give a brief sketch.

Consider, for example, the joint distribution of G (1) and G1(u# + v) — G (1)
for u,v > 0. By decomposing as in (4.1), both for T replaced by uT and by
(u 4+ v)T, and considering all intersections of the sets in the two decompositions,
the problem is reduced to proving asymptotic joint normality of functions of the
Poisson points in a number of disjoint sets. Since the sets are disjoint, and the
functions hence independent, the sets may be considered separately. A typical such
set is given by

R={(,y):0<s<ul,uT —s<y<u+v)T —s}

which contributes

P
d
Ay =) (Tu =TIy, x0er]
k=1
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to Gr(u) and

P
d
Ay = Xil(r xeR]
k=1

to Gr(u +v) — G (u), where P is a Poisson random variable with mean Am :=
AL x Fon(R). However, here the upper summation limits P may be replaced by
Am using the same method as in Section 6.2, and asymptotic joint normality with
non-random summation limits is straightforward. It follows that A, and A, are
jointly asymptotically normal. Similar arguments for the other sets complete the
proof of finite dimensional convergence of G7 to By.

To prove tightness of G7 in D[0, K], for K fixed, we rewrite (4.2), with T
replaced by U = uT (and hence with {A;, P;} defined from U instead of from T')
and0<u <K,as

4
(6.7) AU) = MionU = A(U) — EAU) = ) (A; — EA)),
i=1
with the aim to bound the fourth moments of the increments of Gr. Let ¢ be
a generic constant whose value may change from appearance to appearance. We
first show that

(6.8) E(A1— EAD*/og(1) < cu?.
Now, with notation as in (4.5),
(6.9) A1 —EA=A— PIEji + PLEji — EP1E],

and
4

Py
E(A|— PIEj)* = E(Z(jk,l - Ejl))
k=1

Py 4
(6.10) =E(E{(Z(jk,1 _Ejl)) |P1})
k=1

<6E(PX(E(ji — Ej)))* + PLE(j1 — Eji)*)
< c{EPXEjH? + EPLEj).

The first inequality in the previous display results from the following reasoning.
Suppose {&,,n > 1} are iid, E&, =0, E£¥ < co. Then

E (égi)4 = E( > &sjékéz)

i,j,k,l
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where i, j, k,[ range in {1, ..., p}. Because E&, = 0, this expectation becomes
Y=+ Y% where
= 2 4 4
> = ) E&=pEg,
l=i=j=k=I

and Z’é is the sum over (i, j, k, [) where not all indices are equal and no one index
is different from all the rest. Consequently there must be two pairs of equal indices.
Returning to (6.10), and recalling (4.3) and that £ P; = Am [cf. also the derivation
of (4.9)], we get

EPHEjD)? /o7 (1)
< {Gmi+ DEj} /op (D)
1\ UFon(U = ud
~{<1+ ) _on( )/ / 2 Fon( Y)ds} .
Amy) T3Fon(T) Fon(U)
The left-hand inequality in Proposition 2 in Appendix B, with x = 1/u,t =U

gives that there is a fixed ug > 0 with Fo,(U)/F on(T) bounded by a constant
times (U/T)"*¢ fore =2 — o and U > uy, so that then

(6.11)

U3Fon(U U
———:—OL2 < (const) — =u.
T3F0n(T) T

On the other hand, for 0 < U < uy,

U3F0n(U) ud U
= <cu.
T3Fon(T) ~ T2Fon(T) T

Since the double integral in (6.11) is bounded by a constant by Karamata’s
theorem, we obtain that for the case when Amq > 1,

(6.12) EPHEjH?of < cu®.
Similarly, also using (3.3),

USF on(U 1 USFon(U
6.13) EPEj /ot <2 Lo ) ¢ ol _ 2,
ATOFon(T)? = AT Fon(T) TSFon(T)

and, still assuming Am| > 1, by (4.7),

E((P1 — EP)Ej)*/o} = B(EP)* + EP)(Eji)*/of

( ) < c(kml)z/aﬁ <c——— < cu?
TOFon(T)?

Together, (6.9)—(6.14) show that (6.8) holds for Am > 1.
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If instead E P; = Am; < 1 then also EP14 < c and using that 0 < j; < U we

obtain

. 1 U\*
(6.15) E(A; — EP\E(j1)*/of <cU*/o7 < T (T) <cu’.

Thus, (6.8) holds also in this case, and thus generally.

Calculations along the same lines give the same bounds as in (6.8) for E(A; —
E A,-)4 /0’;5 for i =2,...,4. Since Ar has stationary increments, it then follows
from (6.7) that

E(Gr(t+u) — Gr®))* = EGrw)* < cu?,

forO<u<K,0<t+u < K.By [4], Theorem 12.3, {Gr} then is tight in the J;
topology on D[0, K]. Since K > 0 is arbitrary and since we already have shown
finite dimensional convergence, this proves Theorem 3.

7. FBM approximations for the superposition of ON/OFF processes under
fast growth. In this section we assume that the fast growth Condition 2 holds.
Define

dr = [T> *Lo(T)M]"?.

By Lemma 1, Condition 2 is equivalent to o(dr) =T, since

d _
%¥4MTFMUHW.

The sequence (d7) will serve as the normalization in the central limit theorem for

the total accumulated input A(T') in [0, T']. This is intuitively clear from the fact
that A(T) is the sum of the M iid cumulative workload processes

T
G(T’”):/ W — EW™Ydu, m=1,..., M,
0

each of which has variance (cf. [50])
(7.1) Var(Gr) ~ 04 T3 “Lon(T)  as T — oo,

where

2. 2rel@—a)/(@—1)
S NCRE)
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7.1. The main result. Under the fast growth condition, the processes (A(T't),
t > 0) have a fractional Brownian motion as limit.

THEOREM 4. If Condition 2 holds, then the processes (A(Tt),t > 0)
describing the cumulative input in [0, Tt], t > 0, satisfy the limit relation
A(T) = TMp ' pion()

(7.2) i — 00 Bu ().

Here 4 denotes weak convergence in C[0,00) and By is standard fractional
Brownian motion with H = (3 —a) /2.

7.2. Proofs. One dimensional convergence is established in the following
lemma.

LEMMA 13. Foreveryt >0,

M
(7.3) d7' 3 G S N©, 08 L ooBu (D).

m=1

PROOF. In [34], Theorem 4.2, we find the following necessary and sufficient
conditions for (7.3): as T — o0

(A)MP(|Gps| =edr)—>0 for all ¢ > 0,
(B) MalT_2 Var(G1; (|G, 1<t dr]) —> o§t3_°‘ for some 7 > 0,
(C) Md;" E(Gri 1Gpy)<zay) — 0 for some t > 0.

(A) and (C) follow from the fact that P(|Gr| > edr) = 0 for large T, since
T =o(dr) and |G7| < T a.s. The proof of (B) follows from the same observation
in combination with (7.1). [

Now, it is only a small step to prove convergence of the finite dimensional
distributions of A. We only consider 2-dimensional convergence, since the general
case is completely analogous. We have to show that, for b1, b, € Rand f, > #; > 0,

M
_ d
dr ! Z [bngfrtll) + bng’]:Z)] — b1ogBy (1)) + baog By (7).
m=1
Again using [34], Theorem 4.2, one has to show the statements corresponding to
(A)—(C) above. The proofs of (A) and (C) follow in the same way as in Lemma 13.
For (B) we have to show that for 1y <, as T — oo,

2
— (¢f
a4y Mdi®Cov(Gry, Gro) > 2 37+ 35 — &y — 1"

= Cov(ogBu(t1),00BH(%2)).



STABLE MOTION OR FBM? 63

But this follows from
Cov(Gryy, Grry) = % [Var(Gry,) + Var(Gry,) — Var(Gry, — G11y)]

the fact that G has stationary increments and (7.1). Therefore, the finite dimen-
sional distributions of A converge to those of fractional Brownian motion.

It remains to show that the family of stochastic processes in (7.2) is tight in
C[0, K] for any fixed K > 0. We will show that for small # > 0 and T > T*,

2

E < (const) u'*?,

1 a (m)
— m
dT ZGTu

m=1

for some small ¢ > 0. Then Theorem 12.3 in Billingsley [4] gives the result.
According to (7.1) we have for T large enough

2
M

_d%

EG%"u <9 2 EG%"u
UO 5
EG2

E <
T3_aLon(T)

2
EGT, =

M
-1 (m)
;' ) Gr,
m=1

By (7.1) we know that the function E G% is regularly varying with index 3 — «.
Using the left-hand inequality of Proposition 2 in Appendix B, with x = 1/u,
t = Tu and some small ¢ > 0 such that 3 — o — 2¢ > 1, gives that there is a
fixed o such that foru <1 and Tu > 1y,

2
EGr, _ 1
EG2T 1—¢

u3—oz—s‘

For Tu < ty we have for large enough T

EGY, _ _ (Tw? _(aw'e ty "
T3=%Lon(T) = T3 %Lon(T) ~ T3 %Lon(T)
Tl—(3—ot—8)

1—e  14e¢ 1—e  1+e
=4 u <1 u
0 = .
Lon(T) 0

Since 3 — o — & > 1 4+ ¢ we have for T large enoughand u < 1

2

E <max(20d/(1 —¢), 15~ u' =,

M
-1 (m)
dr' ) Gr,
m=1

This completes the proof. [
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APPENDIX A

A. Large deviations of heavy-tailed sums. We present a large deviation
result which is frequently used in the proof of Theorem 2. Let (Zx,k > 1) be
iid random variables with distribution F such that

(A1) Fx)=x"*Li(x), x > 0, for some a1 > 0 and L slowly varying,
and denote by
Sn:ZI+"'+Zn, n217

the corresponding partial sums. Define

o (x) =x"2 / u2dF(u).

[ul<x

The following large deviation result was proved in [6].

PROPOSITION 1.  Let B, — o0 such that S,/ Bn £o. Suppose By, C [Br, 00).
If the condition

(A.2) Tim_ sup ‘n 112(x) ln(nF(x))\ —0
holds, then
P(S
(A.3) lim sup M—l\:&
n=>,ep, | nF(x)

REMARK. Writing M, = maxy=1,..,n Zr for the partial maxima of the Z-
sequence, we see that we can replace nF (x) in (A.3) by P(M, > x). This means
that the large deviation {S, > x} is essentially due to the event {M, > x}.

A consequence is the following result.

COROLLARY 1. In addition to (A.1) assume that EZ = 0 and either
F(—x) =x"%“Ly(x), x > 0, for some ay > ay,
a1 € (1,2) and Ly slowly varying,
or
F(—x)=0 for x > xq, some xqg > 0.

Then (A.3) holds with B, = anhn_ and B, = [B,,, 00) where (hy,) is any sequence
with h, 1 oo and (a,) satisfies nF (a,) ~ 1.
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PROOF.  Since (a,; 1S,) weakly converges to an a1-stable distribution relation
B, IS, £ 0 is immediate. Moreover, by Karamata’s theorem,
U2(x) < (const) P(|Z| > x), x>0,
and so (A.2) is satisfied since
nu2(x) In(n P(Z > B,)) < (const)yn P(|Z| > B,) In(n P(|Z| > B,)) — 0.

This concludes the proof. [
APPENDIX B

B. Bounds for regularly varying functions. Let U (x) be a regularly varying
function with index p € R, that is, for x > 0,
U(tx)
im =
t—o00 U (1)

p .
The following result can be found in [38], Proposition 0.8 (ii).

PROPOSITION 2. Take ¢ > Q. Then there is a fixed ty such that for x > 1 and
t =1,

Ul(tx)

p+e
0 <(1+e&)xTe.

1-8)x"% <

These bounds are called the Potter bounds in [5].
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