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Conditional limit theorems for queues with Gaussian
input, a weak convergence approach

ABSTRACT

We consider a buffered queueing system that is fed by a Gaussian source and drained at a
constant rate. The fluid offered to the system in a time interval (0, ¢] is given by a separable
continuous Gaussian process Y with stationary increments. The variance function o2 : t
VarY; of Y is assumed to be regularly varying with index 2H, for some 0 < H < 1.

By proving conditional limit theorems, we investigate how a high buffer level is typically
achieved. The underlying large deviation analysis also enables us to establish the logarithmic
asymptotics for the probability that the buffer content exceeds w as u — oo. In addition,
we study how a busy period longer than T typically occurs as T' — oo, and we find the
logarithmic asymptotics for the probability of such a long busy period.

The study relies on the weak convergence in an appropriate space of {Y,:/o(a) : t € R}
to a fractional Brownian motion with Hurst parameter H as o — oco. We prove this weak
convergence under a fairly general condition on o2, sharpening recent results of Kozachenko
et al. [20]. The core of the proof consists of a new type of uniform convergence theorem for
regularly varying functions with positive index.
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Keywords and Phrases: overflow probability, busy period, weak convergence, large deviations, Gaussian processes,
metric entropy, regular variation
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1. INTRODUCTION
When studying a buffered queueing system, one is often interested in the following two
questions:

Q1: How is a high buffer level achieved?

Q2: If the buffer is nonempty for a long time, how does this event occur?



This paper considers these questions for a single server queue fed by a Gaussian process with
stationary increments. The buffer is drained at a constant rate.

There are good reasons to investigate the above questions in a Gaussian framework.
Firstly, Gaussian processes can model both short-range dependence (as in, e.g., an Ornstein-
Uhlenbeck process) and long-range dependence (as in, e.g., a fractional Brownian motion
with Hurst parameter exceeding 1/2). Moreover, in several situations (e.g., [23, 31]) the
normality assumption is motivated by a central limit-type result. From a theoretical point
of view, Gaussian processes are easier to analyze due to the vast body of literature on these
processes.

The behavior of a queue conditioned on the occurrence of a rare event has been studied
in different contexts. Hooghiemstra [21] studies the behavior of the waiting times if a long
busy period occurs, and obtains in the (weak) limit a Brownian excursion. A different type of
limit theorem is found by Anantharam [4]. He studies how a queue must have evolved when
the waiting time has become large. By underlying independence assumptions, this occurs by
‘staying close’ to a piecewise linear path. We also mention Bertoin and Doney [7], who focus
on the initial behavior of a random walk conditioned to stay nonnegative.

The typical behavior of a queue has also been studied in connection to the first question
Q1. Due to the close relationship between queueing processes and risk processes (see, e.g.,
[6, Ch. II.3]), it is equivalent to ask how ruin occurs in the corresponding risk model. In a
compound Poisson setting, this is addressed in Chapter IV.7 of [6] (see also Asmussen [5]). It
turns out that the path is linear. However, as a result of possible correlations in the system
input, this need not be the case in the Gaussian setting.

Although the second question Q2 has not been investigated explicitly in the literature, there
is some related work. In queueing language, the question deals with the length of the steady-
state busy period. Norros [28] considers a queue with fractional Brownian motion input, and
studies the probability that the length of the busy period exceeds T as T — oco. He formulates
a variational problem for which the solution determines the logarithmic asymptotics. This
result is generalized by Kozachenko et al. [22], who also allow for other Gaussian input
processes. In the present paper, we considerably widen the class of Gaussian processes for
which the logarithmic asymptotics hold.

As answers to the above questions, we provide two conditional limit theorems. As for Q1,
we identify a path z* such that, under a certain condition, the (scaled) distribution of the
Gaussian process Y given that the buffer reaches a high level u converges (in a sense that
will be made precise) to a Dirac mass d,+ at z*. That is, for every regular set of paths A, as
U — 00,

1
P({—Yut:teR}eA
u

A similar conditional limit theorem is given for the busy-period problem.

1 if z* € A
Y, —t> ’
Stgg t—t= u) - { 0 otherwise.

A weak convergence approach
In order to precisely explain the contributions of our work, we need to formalize our frame-
work.

Let Y denote a centered separable Gaussian process with stationary increments. The
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central assumption is that the variance function o2 : t € R — VarY; € [0, 00) is continuous
and regularly varying with index 2H for some 0 < H < 1, i.e.,

o) _ o (1.1)

lim
a0 02(a)
Notice that the function o2 characterizes the finite-dimensional distributions of Y.
Interestingly, by a powerful theorem of Chevet [11], the proofs of the conditional limit
theorems rely only on a (sufficiently strong) type of weak convergence of the processes V¢ as
a — 00, with

Y& = . (1.2)

We now precisely describe the type of weak convergence that we show; it is explained in
Section 3.4 that other types of weak convergence are not strong enough to provide satisfactory
answers to the above questions. For v > 0, set

t
27 : =<z :R — R such that = continuous, z(0) =0, lim z(t) =0;,
t—too 1 + ‘t|7

and equip €27 with the topology generated by the norm

()]
Z||qr 1= sup ,
Il 3= S0 T e

(1.3)

under which 7 is a separable Banach space. Endow Q7 with the Borel o-field induced
by this topology, denoted by B(£27). As pointed out in Section 4.2, under the condition
lim; o o%(t)|log |t||**€ < oo for some € > 0, Y takes almost surely values in Q7 for v > H
and the law of Y in (Q7,B(Q7)) exists; it is denoted by vq. Hence, it is legitimate to ask
whether vJ has a weak limit for & — oo.

By considering the finite-dimensional distributions, it is readily seen that the only candidate
weak limit is the law £(By) in Q7 of a fractional Brownian motion By with Hurst parameter
H. Recall that a fractional Brownian motion By is a continuous centered Gaussian process
with stationary increments and variance function VarBy (t) = |t|?"; for H = 1/2, it reduces
to ordinary Brownian motion. We write Y* = By and v = L(Bpy) for convergence in
distribution and weak convergence respectively; when this notation is used, we also specify
the space (and topology) in which this convergence takes place.

Comparison with previous results
Conditions for the weak convergence of Y® in 2! have been derived by Kozachenko et al. [22].
Their conditions are based on the majorizing variance

o?(as)

72(t) = sup sup (1.4)

0<s<ta>1 o?(a)
Unfortunately, apart from some special cases, 72(t) is difficult to bound or compute.

By taking a different approach than Kozachenko et al. [22], we show that Y® converges
weakly to By in Q7 for v > H under the same condition that we use to guarantee the



4

existence of vg: limy_oo%(t)|log|t||!T¢ < oo for some ¢ > 0. This not only relaxes the
condition in Proposition 2.9 of [22], but is also easier to check. As in [22], we rely on metric
entropy techniques. However, we exploit the regular variation of the variance function before
applying these techniques. Specifically, we present a new type of uniform convergence theorem
for regularly varying functions with positive index.

To illustrate the advantage of the condition developed in this paper, consider the situa-
tion that the process Y is the superposition of a finite number m of independent Gaussian
process with stationary increments. The variance functions of the m individual Gaussian

processes are denoted by o%,...,02, and o; is assumed to be regularly varying with index

yYmo

H; € (0,1). The variance function 0 = Y, 02 of Y is then regularly varying with index
2max; H;, but it is in general impossible to compute the majorizing variance (1.4). In con-
trast, lim;_oo2(t)|log|t||**¢ < oo for some € > 0 if and only if the same is true for the

individual variance functions 0%, ..., 02,

The outline of the paper is as follows. In Section 2, we introduce the two queueing prob-
lems in more detail, and we state the theorems that provides answers to the above questions.
Section 3 provides background material on notions that are crucial in the proofs of these the-
orems, including the new uniform convergence result for regularly varying functions (proven
in Section 6). The convergence in distribution of Y'* to a fractional Brownian motion is the
subject of Section 4; we present both a necessary and a sufficient condition. With these
weak convergence results at our disposal, the proofs of the claims in Section 2 are given in
Section 5.

2. QUEUEING RESULTS

In this section, we present the two conditional limit theorems that serve as answers to the
two questions raised in the Introduction. As indicated there, a key role in the proofs of the
results is played by the convergence in distribution of Y* to By in 7. Since this convergence
is the subject of Section 4, we defer all proofs for the present section to Section 5.

2.1 Conditional limit theorem for high buffer level
Before presenting the announced conditional limit theorem, it is insightful to first have a
closer look at the probability

P (squt —ctf > u> (2.1)
>0

for # > H and ¢ > 0, as u — oo. In case = 1, this probability equals the steady-state

probability that the buffer content exceeds u when the input is Y the drain rate is ¢; this

situation is described in the Introduction. Since we allow 3 > H, we analyze the problem

in slightly more generality. We note that studying v — oo is known as considering the large

buffer asymptotic regime.

There exists a vast body of literature that deals with the logarithmic asymptotics of (2.1),
under different levels of generality (Duffield and O’Connell [19], Debicki et al. [14], and
Kozachenko et al. [22]). An important contribution in this setting was made by Debicki
[13], who establishes the logarithmic asymptotics for # = 1 under the technical requirement
that limy, .o P(sup;so Y: — €t > u) = 0 for € > 0. However, this condition is automatically
satisfied in case Y has stationary increments, since Y;/t — 0 almost surely (see Lemma 3).
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In [13] it is also assumed that o2 increases, but this assumption can be avoided by invoking
the Uniform Convergence Theorem for regularly varying functions (Theorem 1.5.2 of [9]) in
Lemma 3.1. Hence, only assuming continuity of the sample paths of Y and regular variation
of the variance function suffices to establish the logarithmic asymptotics of (2.1).

We remark that the ezact asymptotics of (2.1) have been studied extensively in the past
few years. Quite general expressions have recently been found [18], and we refer to that
article for background and references.

We now turn to logarithmic asymptotics again. It was already noted that these are known
to hold under the the condition that Y has continuous sample paths. However, the proof
given in this paper relies on the weak convergence of the processes Y%, and we therefore
require the (stronger) condition lim . 0(t)|log [t||!T¢ < oo for some € > 0; see Section 5.

Proposition 1 If lim;_ o(t)|log |t||'*"¢ < oo for some € > 0, then for 3 > H,

UQ(UI/B) 1 H —2H/3 3 2
lim ——log P Vi—ctl >u) = —=c2H/B [ S
Jim e (s -2 u) = (27 ) (50

One of the advantages of using the weak convergence approach is that one can analyze
the large deviations on a path level. This large deviation study yields a path z* that can be
interpreted as the ‘most probable’ path. We believe that it is impossible to do such a large
deviation analysis in case one only requires continuity of Y instead of the stronger assumption
lim; o o%(t)|log [t||**€ < co. In the setting of this subsection, the path is given by

*\ 3
S0 = s CovBu(t), Bult")
ﬁ 2H ¢ 2H
e (”r* L ) (22)

for t € R, where t* = (H/[8 — H])'/?. We formalize the intuition that z* (suitably scaled) is
the ‘most likely’ trajectory of Y when Y; — ct? reaches u.

Theorem 1 If lim;_oo?(t)|log |t||!T¢ < 0o for some € > 0, then for any 3 > H, the law of

0([U/C}l/ﬁ) y (u/e)t/?
u

supY; — ctf >u
t>0

converges weakly in QP to the Dirac measure 05+ at * as u — co.

Notice that the weak convergence stated in the theorem implies, for instance, that for any
n>0,0>H,

ly — 2*(cM/ Byt
lim P(sup ‘u ul/Bg — X (C )| >

U— 00 teR 1+ C’t|'8

squ}—ctﬁ >u | =0.
>0

For 8 = 1, the most likely time epoch for Y; — ct to hit w is ut* and hence linear in wu.

U([U/C]l/ﬁ) Y(u/c)l/ﬁ

Interestingly, according to Theorem 1, if ¥; — ct? reaches w, is typically



‘close’ to x*, which is only a straight line when H = 1/2. See Addie et al. [1] for ‘most likely
paths’ in the many sources asymptotic regime.

Recently, there has been some interest in the probability (2.1) where the supremum is taken
over [0,77] instead of the entire positive halfline [15, 20]. It is legitimate to ask whether the
weak convergence approach can also be taken in this setting to obtain logarithmic asymptotics
and a conditional limit theorem. This is not the case; the probability then equals

1
ly
Pl sup Vi—ctP>u|=P sup %21 ,
tefo,7) tefo,u/d-1/eT) L+t

so that knowledge of the large deviations of %Y[u Je|1/By 18 useless due to the presence of u in
the interval. Of course, this is readily solved if Y is self-similar, and in that case we can indeed
obtain logarithmic asymptotics and a conditional limit theorem. However, for a self-similar
process Y, weak convergence in the scaling (1.2) is trivial and the large deviations are given
by Schilder’s theorem; see Section 3.3.

2.2 Conditional limit theorem for the length of a busy period
In this subsection, we gain some insights in the steady-state distribution of the length of a
so-called busy period. We refer to Norros [28] for an introduction to the problem; here, we
only review the notation.
For z € Q' define the function s : Q' — RR by
s(z)(t) == sglz(x(t) —z(s) — (t—s)). (2.3)
s<

While z(t) (—z(—t)) represents the amount of work arriving in the interval [0, ¢] ([—¢,0]) for
t > 0, s(x)(t) can be thought of as the amount of work in the buffer at time ¢ when the
system ‘input’ is z. We set

t_(x) :=sup{t <0:s(x)(t) =0}, ti(z):=inf{t>0:s(x)(t) =0},

ie., t_(x) (t4+(z)) is the last (first) time s(z) hits zero before (after) zero. We say that zero is
contained in a busy period, since an imaginary server is constantly draining the buffer during
the time interval [t_(z),t4(z)].

The set of paths in Q! for which the busy period containing zero is strictly longer than 7'
is denoted by K, i.e.,

Kr={zcQ' :t_ (z)<0<ty(x),ti(x) —t_(x)>T}.

It is our aim to find the logarithmic asymptotics of P(Y € Kr) as T — .

Norros [28] considers this setting for Y = By, and his results are generalized by Kozachenko
et al. [22] to allow for more general input processes. The next proposition generalizes their
findings. A key role in the result is played by a separable Hilbert space Hp: the Cameron-
Martin space associated with the law of By. More details on this space can be found in [28].
The norm induced by the inner product on Hy is denoted by || - [|#-

Proposition 2 If lim; .o o?(t)|log |t||*T¢ < oo for some € > 0, then

o%(T) 1
li loc P(Y € K7) = —= inf 2. 2.4
P, e s P e Kr) ==t Il (24)
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Let us stress the fact that Hy is the Cameron-Martin space associated with the law of Bp;
the right hand side of (2.4) does not depend on the specific form of ¢, but only on its index
of variation.

Proposition 2 can also be used to derive the logarithmic asymptotics in case ¢(t — s) is
substracted from z(t) — z(s) in the definition of s(x) in (2.3). Equation (2.3) shows that
we essentially replace the distribution of Y by the distribution of ¥ = Y/c. Evidently, the
variance function 52 of Y then equals 2 = ¢ /c?. We conclude that the following logarithmic
asymptotics apply:

2 2
. o(T) ~ c . 9
lim log P(Y €¢ K1) = —— f .
i, T2 08 (Y € Kr) 2 xeé?mHH 117

The constant inf,ec kA1, Ha:H%{H is generally difficult to identify, except for the case H =
1/2; in that case, it equals 1. An expression for the path T € K 1NH g with inf,c i, n2¢;, HLL'H,%_[H =
||EH${H in the complementary case H # 1/2 has been found recently [27]. Even without this
knowledge, it is possible to formulate the analog of Theorem 1.

Theorem 2 If lim;_ 0?(t)| log |t||1T¢ < co for some € > 0, then the law of

T
#YT Y € Kp

converges for v > H weakly in Q7 to the Dirac measure 6z at T as T — oo

As in the preceding subsection, this theorem implies for instance that for any n,{ > 0,

1 —

=Y — T(t

lim P Sup‘TTt—H(H >
T—o00 teR 1 + |t‘ +¢

YGKT>:O.

3. BACKGROUND
In this section, we discuss some background on three concepts that we use extensively in the
remainder of the paper: regular variation, metric entropy and large deviations. Moreover, we
address some topological issues that we raised in the Introduction.

Before we start, we introduce the notation

C([-T,T]) :={x : [-T,T] — R such that z continuous, z(0) = 0},

and equip C([—T,T]) with the topology of uniform convergence, i.e., the topology generated
by the norm |[z|l7 := sup,c_p . [2(t)]. Note that C([-T),T]) equipped with this topology
is a separable Banach space. We write B(C([—T,T1])) for the Borel o-field on C(|-T,T7)
generated by the topology of uniform convergence.

3.1 Regular variation
We first give the definition of regular variation, cf. Equation (1.1).

Definition 1 A nonnegative measurable function f on [0,00) is said to be regularly varying
at infinity with index p € R if for allt > 0,

lim £ _ o

atoo fla)




Unless otherwise stated, we only consider regular variation at infinity. For more details and
extensions of regular variation, the reader is referred to Bingham, Goldie and Teugels [9].

We now present a property of regularly varying functions that is crucial in this paper,
particularly in Section 4. Define L, : R — [0, 00) by

_{ Jogll[*e if 1t < 1/e;
Le(t) = { 1 otherwise. (3.1)

Proposition 3 Let f be regularly varying with index p > 0. If fL. is bounded on each
interval (0, -] for some € > 0, then we have

lim I(at)
a—co f(a)

uniformly in t on each (0, -].

L. (t) = tpLe(t)a

Proof. The proof is given in Section 6.1. a

Notice that the requirement that fL. be bounded on intervals of the form (0, -] is equivalent
to local boundedness of f and limsupy o f(t)] logt|!T¢ < co. Alternatively, one can replace
the L. by other continuous positive functions with the following two properties: on compact
subsets of (0,00), it is bounded away from zero and bounded from above, and near zero it is
equivalent to L.. An example of such a function is (log(1 + 1/t))!*.

3.2 Metric entropy

Metric entropy is an important tool in studying continuity and boundedness of trajectories of
Gaussian processes. In order to introduce the main ideas of the concept, let Z be a centered
Gaussian process on a set T C R and define the semimetric

d(s,t) == VE|Zs — Z;]2, s,t €T.

For simplicity, we suppose that d is continuous on T x T; in the context of the present paper,
this is guaranteed by the fact that o2 is continuous. We say that S C T is a ¥-net in T with
respect to the semimetric d, if for any ¢t € T there exists an s € S such that d(s,t) < 9.

Definition 2 The metric entropy Hy(T, ) is defined aslog Ny(T, ), where Ng(T, ) denotes
the minimal number of points in a 9-net in T with respect to d.
The quantity fooo Hy(T,9)d9 is called the Dudley integral.

Obviously, if T is completely bounded with respect to d, Hy(T, ) = 0 for 9 large enough, so
that the convergence of the Dudley integral is equivalent to its convergence at zero.

A useful fact is that Z has an almost surely continuous modification if the Dudley integral
converges, see, e.g., Lemma 2.1.1 and Theorem 2.1.5 of Adler and Taylor [3], or Corollary 4.15
of Adler [2]. A simple sufficient condition for this is given in the next lemma; it is satisfied
by many processes.
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Lemma 1 Let T = [-T,T] for some T' > 0. If there ezist ¢,x,C > 0 such that for any
s, t € T with |s —t| < k,
C
E|Zs — Zi)* < —— 3.2
| s t| — LE(S_t)7 ( )

then there exists a probability measure v on (C([-T,T)),B(C([-T,T]))) such that for any
finite sequence {t1,...,t,} C [-T,T] and sets A; € B(R),

P(Zy € Av,..., 2, € Ay) =v(x e C([-T,T)) : x(t1) € A1,...,z(tn) € Ay) .

Proof. We adopt the (mostly standard) terminology on stochastic processes (see, e.g., Revuz
and Yor [30]). Without loss of generality, we may suppose that Y'¢ is the coordinate mapping
on the canonical probability space (RITT B(R)ETT1 P), where B(R) denotes the usual
Borel o-field on R, and the superscripts indicate that we deal with product spaces and
product o-fields. We refer to Section 1.3 of [30] for more details.

Since the metric entropy Hy([—T,T1], 1) is upper bounded by 001971%6 for some constant
Co > 0 and for ¥ > 0 small, the Dudley integral converges and there exists a continuous
modification of Z. One can now construct a probability space (C([-T,T]), B(R)=TT1 n
C([-T,T)),v) with the required property. The claim follows by noting that B(R)[=""T1 N
C([-T,T1)) = B(C([-T,T])) (see, e.g., Theorem VII.2.1 of Parthasarathy [29]). 0

In Section 4.1, we establish tightness of a sequence of probability measures on C([—T,T1)
in a similar way. However, instead of using the finiteness of the Dudley integral, we then
carefully derive upper bounds in order to obtain the desired uniformity. A key tool in this
analysis is Proposition 3.

3.8 Large deviations on separable Banach spaces

In this subsection, we present some background on large deviations. After discussing some
standard notions of large deviation theory, we give some useful facts on large deviations for
Gaussian measures. We then relate these to weak convergence.

Let X denote a separable Banach space, and endow X with the topology induced by the
norm on X. The Borel o-field generated by this topology is called B. A function I : X —
[0, 00] is said to be a rate function if it is lower semicontinuous, i.e., {v € X : I(x) <~} is a
closed subset of X' for any v € [0,00). A rate function is good if {x € X : I(x) < v} is also
compact in X. For B C X, we denote the interior and closure of B by B° and B respectively.

The central notion in large deviation theory is known as the large deviation principle. More
background on large deviation techniques can be found in the book by Dembo and Zeitouni
[16].

Definition 3 We say that a family of probability measures {uy, : n € N} on (X, B) satisfies
a large deviation principle (LDP) with rate function I : X — [0,00] and scale sequence
{An :n €N} if for all B € B,

liminf%logun(B) > — inf I(z),

n—00 n reB°

1
limsup)\— log pn(B) < —inf I(z).

n—00 n z€B
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Of particular interest is the case that the u, are centered Gaussian measures, i.e., the
image of u, under any continuous linear map £ : X — R is a centered Gaussian distribution.
The most well-known theorem in this framework is Schilder’s theorem, which states that the
large deviation principle holds for the empirical mean of i.i.d. copies of a Gaussian measure .
Let H,, denote the Cameron-Martin space associated with p. Given a sequence {a,} tending
to oo, Schilder’s theorem states that the family {u(ay-)} satisfies an LDP with scale sequence
{a2} and good rate function

Hz|2, if € Hy;
I(x) =< 2"""Hu o 3.3
(=) { 00 otherwise. (33)
We refer the reader to Deuschel and Stroock [17] or Lifshits [25] for more details.

Schilder’s theorem is a special case of the following theorem, which is Theorem 2 of Chevet
[11].

Theorem 3 Let p, iy, be centered Gaussian measures on X, and let {an} be a sequence of
positive real numbers tending to co. If py = p in X, then {uy(an-)} satisfies an LDP with
scale sequence {a2} and good rate function I, where I is the good rate function associated
with Schilder’s theorem for {p(an-)}.

Informally, Theorem 3 states that the families {u(a,)} and {p,(an,-)} have the same large
deviation behavior if u, converges weakly to pu.

3.4 Topological issues
In this subsection, we motivate the choice for the space 27 and its topology. As pointed
out in the introduction, convergence in distribution of Y% to By in €7 is only useful in
applications if the topology on €7 is strong enough. For explanatory reasons, we suppose in
this subsection that Y has continuous sample paths.

The most natural path space to work with is the space C'(R) of continuous functions on R;
it is usually equipped with the topology induced by the metric

oo
Gy, y) =327 sup min([z(t) - y(t)],1). (3.4)
nel te[—n,n]
This (product) topology is also referred to as the topology of uniform convergence on com-
pacts. Note that convergence of a sequence in (C(R), d,) is equivalent to uniform convergence
in C([-T,T)) for any T' > 0. A similar statement holds for weak convergence of measures
on C(R): a sequence of measures converges weakly in (C(R),d,) if and only if the image
measure under the projection map pr : C(R) — C([—T,T]) converges in C([—T,T]) for any
T > 0.

For many applications, however, the product topology is not strong enough; the weaker
the topology, the less information is contained by stating that measures converge weakly.
In fact, the topology of uniform convergence on compacts cannot be used in either of the
applications studied in Section 2. To illustrate this, we introduce a set A? that is used in the
first application. For g > 0, we set

AP = {reCMR):supx(t) —t° >1}, (3.5)
>0
AP = {reCM):supz(t)—tP > 1} (3.6)

t>0
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Suppose we have an LDP in the space (C(R), dp,). As this provides an upper bound for closed
sets, it is desirable that AP is closed in (C(R),d,). However, this is not the case; construct a
sequence {z,,} C AP as follows:

1+n)(t—n+1) tec[n—1,n]
() =< -1 +nP)t-n—-1) te(n,n+1]
0 otherwise.

It is readily seen that x,, converges in (C(R),d,) to zero, but 0 ¢ A”.

This example indicates that the tail of the sample paths in (C(R), d,) may cause problems.
In 7, however, the topology is sufficiently strong to make A® closed, as the following lemma
shows. The lemma is used in the proof of Proposition 1 and Theorem 1.

Lemma 2 For 8 > v, APNQ is closed in (7, |- ||on), and A NQY is open in (00, |- ||an)-

Proof. To prove the first claim, we consider an arbitrary sequence {z,,} C A°NQY converging
in Q7 to some = € Q7; we show that z € A% N QY. We derive a contradiction by supposing
that this is not the case. Notice that A% can be written as

B _ _ z()
A {$€C(R)'§§§1+tﬂl .

tggm(lt)—i——_t;;(m <n/2. (3.8)

We combine (3.7) with (3.8) to see that

Tn(t) Tn(t) — x(t) (t)
sup —=L < sup 2 L qup L < /241 -7 < 1,
T S T i < K
implying x, & A%; a contradiction.
A similar argument can be given to see that APnQris open in 7. O

4. WEAK CONVERGENCE RESULTS
This section is devoted to necessary and sufficient conditions for the convergence in distribu-
tion of Y% to a fractional Brownian motion. For background on weak convergence, we refer
to Billingsley [8]. After dealing with weak convergence on compact intervals (Section 4.1),
we extend the results to weak convergence in Q7 for v > H (Section 4.2).

Throughout, o2 denotes the variance function of Y%, i.e.,

0'2 (6%
2(8) = 0;(03).

It is no coindidence that the candidate weak limit is self-similar (i.e., the finite-dimensional
distributions of a’ By () equal those of By (a-)); see Lamperti [24].
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4.1 Weak convergence on compacts

Fix some time horizon T' > 0 throughout this subsection and consider the compact interval
[T, T]. We slightly abuse notation by restricting Y'* to [—T,7T] while keeping the notation
Y. Under the condition that lim;_.q 02(¢)|log |t||!T€ < oo for some € > 0, Lemma 1 implies
that the distribution of Y'¢ is equivalent to a probability measure v, on the measurable space
(C(-T, 7)), BC([-T. T]))).

To get some feeling for the necessity of this condition, we note that continuity of the sample
paths of Y imply that lim; .o 0?(t)|log|t|| < co under an extremely weak condition on o.
Indeed, the following theorem, based on Sudakov’s inequality, provides a simple necessary
condition for continuity of the sample paths. We omit a proof, since one can repeat the
arguments in van der Vaart and van Zanten [32, Corollary 2.7].

Theorem 4 (necessity) Suppose that o is strictly increasing on some neighborhood of zero.
If Y has continuous sample paths, then limy o o?(t)|log|t|| < .

We now turn to a sufficient condition for the weak convergence of Y'*. Since C'([-T,T]) is a
separable and complete metric space (i.e., a Polish space), by Prohorov’s theorem [8, Th. 5.1
and 5.2], weak convergence in C([—T,T7]) is equivalent to convergence of finite-dimensional
distributions and tightness of {vq}.

It is easy to see that the finite-dimensional distributions of Y* converge in distribution to
By, since

Cov(Ys, Vi) = % [02(s) + 02(t) — 02(|s — t])]

and o2 is regularly varying. Therefore, weak convergence of Y* in C([-T,T)) is equivalent
to tightness of {v,} in C([-T,T]). By Theorem 7.3 of [8], this is in turn equivalent to

lim lim sup P sup Yo=Y >C| =0, (4.1)
6=0 a—oo |s—t|<6
s,te[=T,T]

for any ¢ > 0. For notational convenience, we leave out the requirement s,t € [-T,T]
explicitly in the remainder.

Theorem 5 (sufficiency) If lim;_.o0?(t)|log[t||'T¢ < oo for some € > 0, then Y* = By
in C([-T,T)).
Proof. Our objective is to prove (4.1). Since o2 is assumed to be continuous, the condition
in the theorem implies the boundedness of o?L, on intervals of the form (0,:] (recall the
definition of L. in (3.1)). Therefore, as a consequence of Proposition 3, we have for any
§ > 0, and « large enough, uniformly in t € [—§,]\{0} (obviously, 02(0) = 0):

Le(9)

o2(t) < 261 0" (4.2)
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Use the fact that L. is non-increasing and (4.2) to see that, for any ¢ > 0 and « sufficiently
large,

(o712

|s—t/<6

p sup Yo=Y =¢
{(5:4):202H L (5) / Le(s—t)<262H}

p sup Y=Y =¢
02 (|s—t])<252H

1
< -E sup Yo =Yol .
¢ \o2(js—t)<262H

Define H, (T, -) as the metric entropy of T C R under the semimetric induced by o2; see Sub-
section 3.2 for definitions. Motivated by the proof of Lemma 1, we set H(T, ) = Co—2/(1+e)
for some constant Cy depending on the Lebesgue measure of T; it can be regarded as the
metric entropy under the semimetric induced by L., being only valid for small ¥ > 0.

We use Corollary 2.1.4 of [3] to see that there exists a constant C' > 0 such that

IN

252H
E sup Y2 -Y ) <C VH.([-T,T],9)dv.
o (ls—t[)<202H 0
Another application of (4.2) shows that for ¢ > 0,
9
Ho([-7,T),9) <H | [-T.T], ——7m—s= | »
V2021 L,.(6)
so that
262H 2628 /4 /262H L. (6)
VH([-T,T],9)dy < \/252HL6(5)/ VH([-T,T],9)d?.
0 0

To summarize, we have

/952H 57 /\/Le(5)/2
lim sup P ( sup |[YX—-Y* > C) < M/ VH([-T,T],9)d?.
0

a—oo  \[s—i|<s

As [ /H([-T,T),9)d¥ < co, we obtain (4.1) by letting § — 0. O

The remainder of this subsection is devoted to easy corollaries of the sufficient condition
in Theorem 5. We first show the relation with Lemma 4.2 of [12].

Corollary 1 Suppose that o? is reqularly varying at zero with index A € (0,2], and that o
is continuous. Then we have Y* = By in C([-T,T)).

Proof. Since o2 is regularly varying at zero with index A, t — o2(1/t) is regularly varying

at infinity with index —\. Apply Proposition 1.5.1 of [9] to conclude that o?(1/t)[t|? — 0
as t — oo. Equivalently, o2(t)|t|~*/2? — 0 as t — 0, implying the condition in Theorem 5. O

Similarly, one proves the following Kolmogorov-type criterion for tightness.

Corollary 2 If limy_o o?(t)|t|™ < oo for some X € (0,2] and o2 is continuous, then Y =
By in C([-T,T)).
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4.2 Weak convergence on Q7
In this subsection, we focus on the weak convergence of Y* to By in Q7 for v > H. Obviously,
this convergence can only take place when the laws vg of Y in Q7 exist.

Lemma 3 If lim; o 0?(t)|log |t||1T€ < oo for some € > 0, then the probability measures vq

on (7, B(Q)) exist for v > H.

Proof. We first note that, by the assumption on 02L., Y has almost surely continuous
trajectories as detailed in the proof of Lemma 1. Therefore, in order to show that Y¢ € Y
almost surely, it suffices to prove that lim;_ 1+ ¥;*/t7 = 0 almost surely. We use the reasoning
of Addie et al. [1], to which we add an essential argument.

Since o2 is supposed to be regularly varying with index 2H, we have o2(t)/t7*7 — 0,
which can be exploited to see that for e > 0, >, P(Y;/kY > €) < co. By the Borel-Cantelli
lemma, Yy /k7 — 0 almost surely. Note that, for Zy := supsep pr1] Vs — Yal,

Vil <Yyl + 21y,

so that it suffices to show that Z;/kY — 0 almost surely. For this, we first remark that
Eexp(aZ,%) = Eexp(aZ?) < oo for a > 0 small enough, as a consequence of Borell’s inequal-
ity [3, Thm. 2.3.1]. Notice that we used the continuity to ensure that this inequality can be
applied. By Chernoff’s bound, we have for any € > 0,

ZP(Zk/m >€) < ZP (Z,z > erQ'Y) < Zexp(—ae2k27)Eexp(aZ12) < 00.
k k k

Another application of the Borel-Cantelli lemma now proves that Z;/kY — 0 and therefore
Y,®/t7 — 0 almost surely.

The measure v, can now be constructed as in Lemma 1; it only remains to show that
B(R)® N QY = B(Q). It is easy to see that this holds for v = 0, and 7 is isometrically

isomorphic to V. |

We now investigate the probabilistic meaning of weak convergence in 27. While the weak
convergence in the uniform topology on compacts is obtained by an application of Theorem 5,
the convergence in Q7 is substantially stronger (see Section 3.4). Therefore, an additional
condition is needed to strengthen the convergence. Such a condition is given in Lemma 3 of
Buldygin and Zaiats [10, cited according to [22]]. Lemma 4 below is closely related to this
key result; only ‘sup’ has been replaced by ‘limsup’. See also Majewski [26] for a related
result in a large deviation setting.

Lemma 4 Let a family of probability measures {un} on Q7 be given. Suppose that the image

of {un} under the projection map pr : Q7 — C([-T,T)) is tight in C([-T,T]) for all T > 0.
Then {un} is tight in Q7 if and only if for any ¢ > 0,

t
lim limsup pup, <ac € Q7 sup ()] > () =0. (4.3)

T—00 n—oo [t|>T 1+ ‘t"y o
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Proof. To prove necessity, let {u,} be tight in Q7 and fix ¢ > 0. Given n > 0, choose an
Q7-compact set K such that p,(K) > 1 —n for all n. We denote an 27-ball centered at z
with radius ¢ by B¢(z), so that {B¢/s(x) : # € K} is an 7-open cover of K. Since K is
()7-compact, one can select m < oo and w1, ..., Tm such that {B¢jy(x;) i =1,...,m} also
covers K. Let T; be such that supj, >y, |i(t)|/(1 + [t]7) < (/2, and set

Acr = {x e Q7 : sup ()] < C} )

=7 1+ [t

Note that for T' := max; T;, K C A¢ 7. We have now shown that for any 1 > 0 one can find
T > 0 such that

sup pn(A¢ ) < 1. (4.4)

n>1

Obviously, this implies (4.3).

For sufficiency, instead of supposing (4.3), we may suppose without loss of generality that
for any n > 0 there exists a T > 0 such that (4.4) holds. Indeed, since Q7 is separable
and complete, any probability measure on 7 is tight. In particular, the above reasoning
used to prove necessity implies that for any n > 0 and n > 1, one can find 7;, > 0 such
that pn (A7, ) < n. As a consequence of (4.3), there exists a 7 > 0 and ng such that
SUDPp > Mn(AE 1) < 1. Hence we have (4.4) for T' := max (7", maxn<pn, I7)-

Suppose the image of {u,} under the projection map is tight in C([-7,7T1]) for all T' > 0.
We can then choose a set K that is compact in the topology of uniform convergence on
compact intervals such that sup,, p,(K¢) < n/2. For brevity, we call K U-compact. Using
(4.4), we can select for any m € N a T;,, > 0 such that sup,>; Mn(Ai/m,Tm) < p/2mtl
Set K’ := K N (\,en A1/m,1,, and note that inf,>1 p,(K’) > 1 —n. Therefore, we have
established the claim once we have shown that the Q7-closure of K’ is Q7-compact. For
this, let {z;} be a sequence in K’', and let § > 0 be arbitrary. Since K is U-compact,
we can find a subsequence {z,, } of {z,} that converges uniformly on compact intervals,
say, to x. Moreover, {z4,} C (\eny A1/m,1,, implies that we can find a 7" > 0 such that
SUPy>1 Supy >t |2, ()|/(1 + [t]) < §/2. As x € Q7, we can also choose 7" > 0 such that
supy > [z()|/(1 + [t[7) < 6/2. From the convergence of zy, to x on compacts we deduce
that supjy<max(r,77) [Te, (t) — 2(#)]/(1 +[¢[7) < 6. We now readily infer that ||z, — z[jo <,
ie., K’ is Q7-compact. O

Having a characterization of weak convergence in 27 at our disposal, we now specialize
to the framework of the present paper. The main result of this section is that the family
{vd} is tight in Q7 under the conditions of Theorem 5. It may seem rather surprising that
it is possible to establish this tightness in Q7 without an additional condition on large time
scale behavior. Apparently, the fact that the variance function varies regularly with an index
2H < 27 and the Gaussian nature suffice to control the process over large time scales.

Theorem 6 (sufficiency) If lim; .o o2(t)|log|t||'t¢ < oo for some € > 0, then Y* = By
in Q7 for any v > H.
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Proof. Having Lemma 4 at our disposal, we need to establish (4.3) for the family {va}, or,
equivalently, for any ¢ > 0,

—00  a—o00 t>T 1+t —

YOC
lim limsup P (sup btal > ) =0. (4.5)

An upper bound for the probability in the preceding display is based on Markov’s inequality:

for ( >0, a,k > 1,
Y > Y
2P | sup > < QZ P sup >
t>ek 117 ioh \teled et 1+ ﬂ

o
/-~
vz
%o
—_
n ‘
Q
S |—=
v
~
AN

Ebupte el ,edt1] Yo

< -Z e . (4.6)

As in the proof of Theorem 5, we use metric entropy techniques to find a further upper
bound. Recall the notation H, (T, -) and H(T, -) that we used in the proof of Theorem 5. By
Theorem 14.1 of Lifshits [25], there exists a constant C' > 0 such that Esup,c(es cit1] ;" <
C [ /Ha([e?, ei 1], 9)dd.

We now derive a bound on [ /Hg([e¥, eF+1],9)dv for k large, uniformly in a. The first
step is to bound the variance o2. As a consequence of Proposition 3, we have for a — oo,

sup o2(t)L(t) — sup t*7L.(t) =e 21,
tI<1/e lt|<1/e

Moreover, by the Uniform Convergence Theorem (Theorem 1.5.2 of [9]), for large «, we have
o2 (t) < 2e7HtH+ for all |t| > 1/e. Therefore, the function M, given by

2e 2 /L (t) if |t| < 1/e;
Me(t) '_{ 27 HH+Y  gtherwise.

majorizes o2 uniformly in (large) o. It is important to notice that M, is continuous and

strictly increasing for ¢t € R..
Using the stationarity of the increments and the fact that the inverse of 1/1/Lc(-) is given
by 9 — exp (—19*2/(1“)) for ¥ € [0,v/2e~ ], we see that for large 7,

. .
—H e/(e—1)
V2e /O log (26Xp Cozma) + 1)dv

, 1
< e Hlogled(e—1)] +1+ =,
€

IN

implying

00 2e”
H, (e, eit1], §)dv
lim E fo \/ (e, e )

1-|—e]'y

=0,

k—oo 4
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so that it remains to show a similar statement for the integration interval [v/2e ™, c0). For
this, observe that, for some constant C > 0,

H(j+1)
o0 A ef(e—1)
+1
/ - \/Ha([ef,eﬂ J,9)dd < / - %0% 21 L/(H+7) o(H )/(H+7)192/(H+7)>+1d79

CeJ
< (eH(]+1) —\/56 )\/lOg((26_2H)1/(H-‘r’7)>7

from which the claim is readily obtained. O

We now relate Theorem 6 to Proposition 2.9 of Kozachenko et al. [22]. The criterion given
in Proposition 2.9 of [22] states that

ts&{p 72 (t)(log(1 4+ 1/t))1¢ < 00 (4.7)

for some ¢ € (0,1) (recall the definition of 2 in (1.4)). Since we already noted that
limyjo(log(1 + 1/t))17¢/Lc(t) = 1, this condition implies that lim; o o?(¢)|log [t||'T¢ < oo
for some € > 0. Although the continuity of o is not stated explicitly in [22], it is necessary
to obtain continuity of the sample paths of Y. Indeed, if Y has continuous sample paths and
o2 is locally bounded (as implied by (4.7)), then the dominated convergence theorem implies
the continuity of o2.

In conclusion, the condition in Theorem 6 improves this result of [22] in two ways: the
condition is easier to check and weaker.

We get the following important corollary by combining Theorem 6 with Chevet’s Theo-
rem 3.

Corollary 3 Let {a,} be a sequence of positive real numbers tending to infinity as a — oo.
Iflimy_g 0 (t)| log [t||}T€ < oo for some € > 0, then the distributions in Q7 (v > H) of Y% /a,
satisfy an LDP in Q7 with scale sequence {a2} and rate function I given by (3.3), where Hy
1s the Cameron-Martin space associated with fractional Brownian motion on 7.

5. PROOFS FOR SECTION 2
5.1 Proof of Proposition 1
For AP be given by (3.5), we note

P (squt —ct? > u> = P <sup Yiusey/oe — ut? > u)
>0

t>0

1
= P <sup =Y 01/ — B > 1>
t>0 U

o (T 1)
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Since A N QP is closed in 8 by Lemma 2, we have by Corollary 3,

2(y1/8
lim sup &2) log P <Sup Y — ct? > u)
U—00 U t>0

2 /8
= limsup CQH/ﬁMQC]) log P (squt —ct? > u>
u

U—00 t>0
< =AHB inf I(2),
ze APNQS

where [ is given by (3.3). It remains to calculate the quantity inf ¢ 45n0s I(2), or equivalently
infy>oinfrenp.00)—18>13 L(@). It is left to the reader to repeat the argument in Addie et al. [1]
to see that, also for 8 # 1, 2inf; cqs.54)—s8>1) (7)) = (1+t%)2/t2H . Straightforward calculus
shows that the (unique) infimum over ¢ is attained at t = (H/[3 — H])'/%. The analysis in
[1] also shows that the minimizing argument z* of inf ¢ 4508 I(x) is indeed given by (2.2).

For the lower bound, note that A% > A{f, and that AS N QP is Q8-open by Lemma 2.
Therefore,

2(ul/P)

liminf 2~ logP (supY; —ct® >u | > =c2/8 inf  I(x).
U—0o0 2
- U >0 reAPNQS

An elementary argument shows that inf I(z) = inf ¢ ysnas I(x), so that the claim is

e ABnQs
proven.

5.2 Proof of Theorem 1
By the Portmanteau Theorem (e.g., Billingsley [8, Theorem 2.1]), it suffices to show that for
all Q°-closed sets F,

) 1
lim sup P <5Y(u/c)1/ﬁ. erF

U—00

supY; — ct’ > u) < 0+ (F). (5.1)
>0

Since this assertion is trivial if z* € F', we suppose that z* € F. Denote the probability on
the left hand side of (5.1) by p,, so that

— loe _ U (48 —log 1° Y APnQf
lngu—logu(u/C)l/ﬁ <0([u/c]1/5) (A ﬂF)) logu(u/c)l/g <U([u/c]1/ﬂ)A neQ >

and by Corollary 3, as both F and A% N Q° are closed,

o (u'/?) 2H 2H
lim sup 5— logp, < —c /B inf I(z)+ P if I(x). (5.2)
U— 00 u rEABNF xeAgﬂQﬁ

We proceed by showing that

inf I(x)> inf I(x). 5.3
xelAI}@ﬂF @) a:ej}%mszﬁ (@) (5:3)

For this, we suppose that we have equality, so that we can find a sequence {z,} C APNF
with I(zy) < I(z*) + 1/n. Without loss of generality, we may suppose that z, is (1 +
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tg)/(Qt%H)(COV(BH(-), B (ty)) for some t, > 0, since the minimizer of the rate function over
the set {x : x(t,) — > 1} has this form, cf. (2.2). Moreover, by uniqueness of t*, we
must have ¢, — t* in order to ensure that (1 + tﬁ)Q/(%%H) = I(x,) < I(z*) 4+ 1/n. An easy
calculation shows that then z,, converges in Q° to 2* ¢ F, which contradicts the fact that F
is closed.

The claim follows by combining Equation (5.2) with Equation (5.3) and the observation
that inf__ 5 I(z) =1inf c gsnqp I(2).

5.8 Proof of Proposition 2

Corollary 3 implies that Y.rr/T satisfies a large deviation principle in Q! with rate function I
and scale sequence (1) /T?. Having observed this, the remainder of the proof is a combina-
tion of the arguments contained in Kozachenko et al. [22] and Norros [28]; we do not repeat
them. The idea is to use P(Y € K1) = P(Y.r/T € K;), and then justify the limit in (2.4)
by showing that K is open and that inf,er, I(z) = inf 7 I(2).

5.4 Proof of Theorem 2
We first show the existence and uniqueness of . For this, note that the large deviation prin-
ciple for Y.p/T is governed by a strictly convex rate function. Both existence and uniqueness
follow from Proposition 4.4 of [28], since inf .z~ I(x) can be written as an infimum of the rate
function over a convex set. Notice that Proposition 4.3 and Proposition 4.4 of [28] together
imply that inf ek, I(x) = I(Z).

By a similar reasoning as in the proof of Theorem 1 and the fact that K is open [28], the
claim follows after showing that for €27-closed sets F' with T & F,

inf I(x)> inf I(z)=1(T),
z€KINF TeK)

cf. (5.3). Suppose we have equality in the preceding display. For every n € N, one can then
select an x,, € K1 N F such that I(z,) < I(Z) + 1/n. Now define the sets

M, ={zeQ:I(z) <I(T)+1/n}.

By the goodness of the rate function, these sets are 7-compact. Since {z,} C Mj, one can
select a subsequence of {x,} that converges (in 7) to some z. As the M,, decrease, one then
has that x € M, for every n € N, implying that I(z) = I(Z). By construction we also have
x € K1 N F as the latter set is closed in Q7. Uniqueness yields Z = z, contradicting z € F.

6. PROOFS FOR SECTION 3

6.1 Proof of Proposition 3

The proof is modeled after the proof of Theorem 1.5.2 in [9]. We start with some notation.
Let n > 0 be arbitrary and let 7 = 7 (n) < 1 be such that

1
sup tPL(t) < =n. (6.1)
t€[0,7] 9

Since f is regularly varying with index p > 0, we can find A; so that for o« > Aj,

f(a)
Fa/T) < 277 (6.2)
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Define

Mi= sup f(a)Lea),
0<a<A;

which is finite by assumption. Using Proposition 1.5.1 of [9], we pick As so that for o > Ag,
(log A))'** + (loga)'™ _ 7

. 6.3
(o) = oma (03
Without loss of generality, we may suppose that A2 > eA; and A; > e.
The outline of the proof is as follows. In the first step, we show
t
sup  sup f(a )Le(t) - tpLe(t)‘ <mn, (6.4)
te(0,T) a> A/t fla)
and then we show that
t
sup sup fla )Le(t) - tpLE(t)’ <. (6.5)
tE(O,Al/AQ] AgﬁaﬁAl/t f<a>

In the third and last step, we use (6.4) and (6.5) to establish the claim.

Step 1: Proof of (6.4) Apply Theorem 1.5.4 of [9] to the regularly varying function f(a)a™"
to see that

f(a) = c(a)a?p(a),
where c(a) — 1 as @ — o0, and ¢ is non-decreasing. Without loss of generality, we may
assume that A; is such that 1/2 < ¢(«) < 2 for a« > A;. For fixed ¢t € (0,7], we have t < 1
(since 7 < 1), so that
f(at)
a>A1/t f(Oé)

7o)
S Fagny e

= sup C) tP/2 Lo (t)

azA; c(a/t)ar?¢(a/t)

f(a) 2
< 2 sup —————tP2L(t).
o 04215)1 aP/QQﬁ(a/t) ( )
Since both t?/2L(t) and (for any a) f(a)a=?/%/¢(a/t) are non-decreasing in t on (0,7, we
conclude with (6.2) that
flat) fla) /2
sup sup ——=L(t) < 2sup —=———TP°L(T
St s P = 23R Gorgtay T AT

Le(t)

f(a) /2
S A GaDarkaat L D)
/(o)
Lo Syt ?)
TP L.(T)
8 sup t°Lc(t).
t€[0,7]

<
<

Inequality (6.4) is an easy consequence of combining this with (6.1).
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Step 2: Proof of (6.5) Note that, since t € [0, 00) ~— |t|1T€ is convex, we have for t/a < 1/e

Lit/a) = |loge/al ™ < ([l +loge)'** < 27 (Jllog 4+ J(oga) )
= 2%(|logt|**¢ + (log )'T).
Observe that t/a < 1/e for t € [0, A;] and o > Ay, so that
f(at) flat)

sup sup (t) = sup sup L(t
t€(0,A1 /As] As<a<d,t f(a) Q a>As te(0,4, /o] f(Q) Q
f(@)
= sup sup ——<L(t/a
a>As te(0,41] f(a) (t/a)
€ f(t) 1+e€ 1+€
< 2°sup sup = (|logt[" + (loga)' ).

a>As te(0,A1] f(Oé)
Since A1 > e, we can bound f(t)|logt|'* as follows on (0, A;]:

sup f(t)|logt|'"™ < max | sup f(t)Le(t), sup f(t)|log Ap|'F€
te(0,A1] te(0,1/e] te(1l/e,Aq]

< max(M, M(log A;)'T9)
= M(log Ay)*e.
By combining the two preceding displays, we obtain

1+e€ 1+e€
sup sup f(at)Lg(t) < 2°M sup (log A1) ™ + (log a)
t€(0,A1 /As] Ag<a<A,jt 1) a>As f()

<1
> 2777
where the last inequality is (6.3). Inequality (6.5) readily follows by using (6.1).

Step 3: Proof of the claim 1t is readily checked that the first two steps imply that for any
(small) n > 0 we can find a (small) x and (large) Ay such that

flat)
fla)

In this last step, we establish the uniform convergence on each interval (0, -].
Let T' > 0 be arbitrary, and set M’ := sup,¢(g 11 t"Le(t) < 0o. By Theorem 1.2.1 of [9], it
is possible to select As so that for aw > Ag, uniformly in ¢ € [, T],

sup sup
a>Az te(0,k]

Le(t) — tPL(t)| < 1. (6.6)

\J{&{, _1’ <3

M.
Now, for oo > Ag, we have
f(at) ’ f(at)
sup L (t) —t°L(t)| = sup t°PL(t -1l <n.
tel1) | f() Q Q telr,T] Q fla)tr

Combining this with (6.6) yields the claim.
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