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Abstract

We study the large deviation behaviors of a stochastic fluid queue with an input being a
generalized Riemann—Liouville (R-L) fractional Brownian motion (FBM), referred to
as GFBM. The GFBM is a continuous mean-zero Gaussian process with non-stationary
increments, extending the standard FBM with stationary increments. We first derive
the large deviation principle for the GFBM by using the weak convergence approach.
We then obtain the large deviation principle for the stochastic fluid queue with the
GFBM as the input process as well as for an associated running maximum process.
Finally, we study the long-time behavior of these two processes; in particular, we show
that a steady-state distribution exists and derives the exact tail asymptotics using the
aforementioned large deviation principle together with some maximal inequality and
modulus of continuity estimates for the GFBM.

Keywords Stochastic fluid queue - Generalized Riemann-Liouville fractional
Brownian motion - (Sample path) large deviation - Running maximum process -
Self-similar process - Long-range dependence - Long-time behavior

1 Introduction

Stochastic fluid queues have been used to model communication networks, in particu-
lar, the flow of data through the network as a “fluid” continuously over time. The input
of such fluid queues is assumed to be an exogenous random process while the output is
a constant rate. The fluid queue, which is often viewed as the fluid workload process,
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is then modeled via the one-dimensional reflection. See, for example, an overview
of the stochastic fluid queues in [33, Chapter 5] (and an overview of scheduling of
stochastic fluid networks in [7, Chapter 12]). Such models are also used to model the
dynamics in storage or dams [30].

Although the input can be of any general continuous-time stochastic process, in the
telecommunication literature, Gaussian processes with self-similarity and long-range
dependence, such as fractional Brownian motion (FBM), are often used to model the
traffic flow into the system [22, 23, 25, 26, 28, 34]. However, the existing studies
using FBM only model stationary inputs that have these self-similarity and long-
range dependent properties. Many Internet and communication input flows exhibit
non-stationarity (see, e.g., [5, 19, 31]). Therefore, it is desirable to use a process to
capture all these characteristics.

Recently, Pang and Taqqu [27] have introduced a generalized fractional Brownian
motion (GFBM) as the scaling limit of power-law shot noise processes extending [29,
Chapter 3.4] and [21]. The GFBM loses the stationary increments property of the
standard FBM, while exhibiting self-similarity and long-range dependence. In this
paper, we use a special case of GFBM, which is the generalized Riemann—Liouville
(R-L) FBM (see Eq. (2.1)), as the input process for fluid queues.

We particularly focus on the large deviation principles (LDPs) of the fluid queues
with the GFBM input. Large deviations of fluid queues have been well studied (see
an overview in [13]). Our paper is of similar flavor as Chang et al. [6], which studies
the large deviations and moderate deviations properties of fluid queues with an input
process that can be regarded as an extension of the R—-L. FBM. Specifically, the Brow-
nian motion in the R-L FBM is replaced by a process of stationary increments that
satisfies a large deviations or a moderate deviations principle. That construction obvi-
ously differs from the GFBM. One distinction is that the mapping in that construction
is continuous from the process of stationary increments to the input process, and thus,
the contraction principle can be applied to establish the LDP for the input process.
However, that is not the case for the GFBM. We explain in detail why the contraction
principle cannot be directly used to establish the LDP for the GBM from that of the
driving BM in Sect.2.2.2.

Therefore, we establish an LDP for the GFBM ({ X}, ¢ as defined in (2.8)) using
a different approach i.e., the weak convergence approach (see Sect.2.2.3 for a brief
description). This approach is commonly used in proving LDPs of processes that can
be expressed as a measurable map of a Brownian motion (X? is clearly an example).
We establish the LDP for {X*}.~¢ by proving Lemmas 3.1, 3.2 and 3.3 (following
the procedure for LDPs according to Theorem 2.1). The advantage of this approach
lies in the fact that the LDP for {X®}..¢ is simply equivalent to tightness of pro-
cesses { XV}, (defined in (3.2)), for an appropriate precompact family of processes
{v®}e~0 and uniqueness of solutions to Eq. (3.2), for an appropriately specified process
v. The aforementioned tightness (which is required to prove Lemma 3.1) is derived
under the assumption that the set of parameters (c, y) for the GFBM in (2.1) satisfying
(2.6) (noting that the Hurst parameter H can take values in (0, 1) in this range unlike
the standard FBM B with H € (1/2, 1) when y = 0). On the other hand, the rate
function obtained using the weak convergence approach is given in the form of an opti-
mization problem (see (3.1)). In fact, even for standard FBM, the rate function using
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the contraction principal in [6] is also implicitly given via the integral mapping. Here
we present an expression of the rate function for the GFBM using Laplace transform
in Lemma 3.4.

‘We then move on to prove the LDP for the workload process V (-) of a stochastic fluid
queue with the GFBM as input and with a constant service rate and the corresponding
running maximum process M (-). See (4.1) and (4.2). It is clear that the sample path
LDP for V(-) and M (-) can be easily obtained by applying the contraction principle
by the continuity of the reflection mapping in the Skorohod topology. However, by
adapting the method in [6, Section 4 & 5], using the LDP result for the GFBM, we
obtain the LDP for V () and M (-) at a fixed time, in which the rate function is explicitly
provided (see Theorem 2.2 and Lemma 4.1).

Finally, we analyze the long-time behavior of these processes in Sect.5. As it is
well known, if the input process as stationary increments, the study of V() and M (¢)
is equivalent (see (4.3)). Since the GFBM has non-stationary increments, the usual
approach with stationary input to derive the steady-state of the queueing process does
not apply (see, e.g, tail asymptotics of fluid queues with the R-L FBM in [9, 10, 12,
14, 15] and the reference therein).

To study the long-time behavior, we first establish that the laws of V (¢) and M (¢)
have a weak limit point as t — oo (in fact, we show that M (¢) converges almost
surely as t — 00). We first derive an alternative representation of the GFBM in
Lemma 5.1 by using Itd product formula for which we have to use an approximation
approach to avoid an ill-defined issue around time zero. We then derive a new maximal
inequality for the scaled GFBM (see Lemma 5.3), in particular, the tail asymptotics for
maxs,<s<¢ {57 X (s)}, for some 8y > 0 and a modulus of continuity type estimates
for X (), when ¢ is around 0. Moreover, by using this new maximal inequality, we can
show that the tail of laws of V (1) and M (¢) at fixed ¢ is sub-exponential (Theorems 5.1
and 5.3), from which we conclude that the laws of V (¢) have a weak limit point as
t — oo. In addition, this sub-exponential tail behavior also implies that expectation of
the M (¢) is uniformly bounded in time, and thus conclude that M (¢) converges almost
surely.

Now that the existence of a steady-state distribution is proved, we next study the
tail asymptotics of these steady-state distributions. Due to the non-stationarity of the
processes, the steady-state distribution of this process is not necessarily equal to the
steady state of the queuing process mentioned above. We derive tail asymptotics for
the steady states in Theorems 5.2 and 5.4. For this purpose, we derive a maximal
inequality (see Lemma 5.3) and a modulus of continuity estimates (see Lemmas 5.2
and 5.4) for the GFBM.

We also provide alternative proofs for certain results in Sects.4 and 5 using well-
known results on the extremes of Gaussian processes. Specifically, we give proofs for
Theorem 4.1 and Lemma 4.1 in Sect. 4.1 using Landau—Marcus—Shepp asymptotics
[24, Equation (1.1)], and discuss how it is used to prove Lemma 5.4 in Remark 5.5.
We also give an alternative proof for Theorem 5.2 in Sect.5.1 using results on the
tail asymptotics for locally stationary self-similar Gaussian processes by Hiisler and
Piterbarg [16]. For this, we show that the GFBM is locally stationary, despite its
non-stationary increments (see Lemma A.2).
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1.1 Notation

Let (2, F, {F:}i=0. P) be the filtered probability space with F; satisfying the usual
conditions. E denotes the expectation with respect to P. For T > 0, let C7 be the space
of continuous real-valued functions f on [0, T'] such that f(0) = 0 and equipped
with the uniform topology (|| - ||co denotes the corresponding norm). When there is
no ambiguity, we write Cz as C. L>([0, T']) denotes the space of square integrable
Lebesgue measurable functions on [0, T']. Pz denotes the law of the random variable
Z.

1.2 Organization of the paper

In Sect. 2, we introduce the GFBM process and give its basic properties. In Sect. 2.2, we
give the definitions and necessary results from the general theory of large deviations.
As mentioned already we use the approach of weak convergence in this work, we
introduce and compare this approach to other well-known approaches proving large
deviation principle. We also state important results used in this approach. In Sect. 3,
we prove that the GFBM process defined in (2.8) satisfies a large deviation principle.
In Sect.4, we establish a large deviation principle for the workload process and the
running maximum process of a stochastic fluid queue with constant service rate and
scaled GFBM as the arrival process. Finally, in Sect. 5 we study the long-time behavior
of the the running maximum process and the queuing process.

2 Preliminaries
2.1 Generalized Riemann-Liouville FBM

The generalized Riemann-Liouville (R-L) FBM {X (¢) : t > 0} is introduced in [27,
Remark 5.1] and further studied in [17, Section 2.2]. The process X (¢) is defined by

t
X(@t) = c/ (t —w)u"""?dBw), t>0, 2.1
0
where B(t) is a standard Brownian motion and ¢ € R,

+

0=

)-

The normalization constant ¢ is such that E[X (£)2] = 2 (it can be explicitly given as
in Lemma 2.1 of [17]). The process X (¢) is a continuous self-similar Gaussian process
with Hurst parameter

| =

e[0,1) e( 1+y
y 9 9 a 2 2’

Hea-Yilecon
T T

@ Springer



Queueing Systems (2023) 105:47-98 51

It has non-stationary increments; in particular, the second moment for its increments
is

t s

E[(X(t) — X(s))z] = czf (t —uw)*u""du + 62/ ((t —w)* — (s — ) *u""du,
s 0

2.2)

for any 0 < s < ¢. It has mean zero and covariance function
N
Cov(X(1), X(5)) =E[X(s)X(1)] = cz/ t—w)*(s —u)*u"Vdu, (2.3)
0

for 0 < s < t. For simplicity, we refer to this process as GFBM.
When y = 0, the process X(¢) becomes the standard R-L. FBM

t
BH(t)zc/ (t —w)*B(du), t>0. (2.4)
0

which has
E[(B" (s) — B"(1))*] = Pt — s,
and the covariance function
Cov(X (1), X(s)) = E[B7 (5)BH (1)] = %cz(IZH + 52— — 5. (25)

It is clear that the GFBM X loses the stationary increment property that the standard
FBM B possess.

Some sample path properties of the GFBM X have been studied. It is shown in [27,
Proposition 5.1] and [17, Theorems 3.1 and 4.1] that X has continuous sample paths
almost surely, and moreover, is Holder continuous with parameter H — ¢ for € > 0;
and the paths of X is non-differentiable if y € (0, 1) and (y — 1)/2 < o < 1/2, and
differentiable if y € (0, 1) and 1/2 < o < (1 + y)/2, almost surely. In [32], the
additional properties of the exact uniform modulus of continuity are studied.

For standard FBM, the Hurst parameter H not only indicates the self-similarity
property, but also dictates the short and long-range dependences, thatis, H € (0, 1/2)
and H € (1/2,1) for short and long-range dependences, respectively. The usual
definition of long-range dependence is through the autocovariance functions, namely,
letting y; = Cov(Z(t), Z(t + s)) be the covariance function of a stationary process
Z(t) (noting that ys is independent of ¢ due to stationary increments), one says the
process has long-range dependence if Zfi_ oo ¥s = 00. However, for processes with
non-stationary increments this definition does not apply. In [18], a concept of long-
range dependence for self-similar processes (not necessarily stationary) is introduced
via the associated Lamperti transform (which turns the non-stationary process into
a stationary one). Specifically, for a self-similar process Z(r) with Hurst parameter
H and Z(0) = 0, the Lamperti transform Z is defined by 4 (t) = e H1Z(e") for
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t € R, which is strictly stationary with covariance function y; = ]E[Z (I)Z t +9)]
for any ¢, s € R. We then say that the process Z has a long-range dependence if
lim;— o0 % log |y:| + H > 0. For standard FBM, it can be checked that this condition
is equivalent to 2H — 1 > 0, thatis, H > 1/2. It is shown in [18, Proposition 6] that
the GFBM has long range dependence in that sense if and only if @ > 0. As a special
case, when y = 0, the FBM B is long range dependent if H = o + 1/2 > 1/2.
Observe that, for the GFBM, when

ye@©,1), 0<a<(+y)/2, (2.6)

the value of the Hurst parameter H = o — y /2 4 1/2 can take any value in (0, 1).
Specifically, for 0 < o < y/2, H € (0,1/2) while for y/2 < « < (1 + y)/2,
H € (1/2, 1). Our results below in the large deviation of the GFBM and the fluid
queue with the GFBM input assume this parameter range in (2.6).

2.2 Large deviation principle for functionals of BM

Suppose (S, B(S)) is a Polish space with B(S) being the Borel o-algebra of S. Con-
sider a family of S-valued random variables {X¢}.- ¢, whose corresponding family of
probability measures is denoted by .

Definition 2.1 The family of S-valued random variables {X*}.-( (or the family of
probability measures {{1°}.~0) is said to satisfy a large deviation principle (LDP), if
there is a lower semicontinuous function / : S — [0, oo] and the following is satisfied:

(1) Forevery A € B(S),

- ing I(x) < limi(r)lfslog,u‘g(A) < limsupelogu®(A) < — inf I(x),
xeA° e—

e—0 X€eA

where A° and A denote the interior and closure of the measurable set A.
(2) Forl =0, {x : I(x) <1} is acompact setin S.

We refer to I as the rate function and ¢ as the rate.

It is well known that an equivalent way of defining the LDP is given by the result
below (see [4, Theorem 1.5 and 1.8]).

Theorem 2.1 A family of probability measures {jif}¢~0 satisfies an LDP with rate
Sfunction I and rate ¢ if and only if for every bounded continuous function ® : § — R,

lim —e log/ exp (—ld>(x)> uf(dx) = inf [I1(x) + ®(x)]. 2.7
K & xes

e—0

and for everyl > 0, {x € S: I(x) <} is compact in B(S).

The following result is used often in the sections that follow [4, Theorem 1.16].
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Theorem 2.2 (Contraction principle) Suppose (S’, B(S)) is another Polish space and
F : (S, B(S)) — (8, B(S")) be a continuous map. If the family {1° } ¢~ satisfies LDP
with rate function I and rate €, then the family {v¢ = u® o F~'},-¢ also satisfies LDP
on S’ with the rate ¢ and the rate function I’ given by

I')= inf  I(x).
xeS:F(y)=x

One of the main goals of this work is to prove that
X® =eX (2.8)

satisfies the LDP with appropriate rate and rate function for the GFBM X in (2.1).
From the existing literature, three common approaches can be used to arrive at the
desired result. We briefly describe these approaches and point out the difficulties or
lack thereof in adopting these approaches to our case.

2.2.1 Using Gartner-Ellis theorem [11, Section 4.5.3]

In this approach, we study the logarithm of moment generating function of finite
dimensional distribution of X* and its limiting behavior as ¢ — 0. It is also required
to prove the exponential tightness (See [11, Page 8]) of the process. In contrast, using
the weak convergence approach described briefly below, we are only required to show
tightness of some appropriate family of processes.

2.2.2 Using LDP of {€B} ¢ and Theorem 2.2

It is well known that the family of C- valued random variables {¢ B}~ satisfies LDP
[11, Theorem 5.2.3] with rate £2 and rate function I : C — [0, 0] given by

% fOT £(s)%ds, whenever & is absolutely continuous and £(0) = 0,
00, otherwise.

Ip(§) i{

Remark 2.1 Fix b(g) such that

ﬁ—)O and b(e) > 0, ase— 0.
b(e)

Suppose an S-valued process A on [0, 7] such that {a‘A(e’1 l}eso satisfies an
LDP with rate function / and rate & and {\/EA(S_I')}5>() is weakly convergent
to a non-trivial distribution. Then it is of interest to study the asymptotic behavior
{b(s)ﬁA(s_l~)}g>0 which is in some sense, in-between the above behaviors. The
process {b(s)ﬁA(s‘l-)}8>0 is said to satisfy a moderate deviations principle if it
satisfies an LDP with some rate function / and rate b(g)2.

Clearly, both the families {s/eB}¢~¢ and {b(¢) B}~ satisfy LDP with same rate
function 7 and rates ¢ and b(¢)2, respectively. But the LDP of {b(¢) B} can be framed
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as the MDP by noting that the laws of {b(e)ﬁB(-e’l)} and {b(¢)B} are equal. In
other words, the rate functions corresponding to LDP and MDP are the same. It is
just the rates that change accordingly. Since GFBM X as defined in (2.1) is a linear
function of Brownian motion B, similar comments can be made for X. Hence, without
loss of generality, we just consider the large deviation behavior as the driving noise in
our case is a Brownian motion.

Suppose a C-valued process defined by Y® = F(eB), for a continuous function
F : C — C. Using Theorem 2.2, we can conclude that {Y ¢}, ¢ satisfies LDP with rate
&2 and rate function Iy : C — [0, 00] given by

1 r,
I = — inf 5)2ds.
=3, it [ g
This approach was used in [6, Theorem 3.1] to prove the LDP of the standard FBM:
! ] 1
Ye(t) = F(eB)(t) = 8/ (t—s)""2dB(s), forH > 3 (2.9)
0

It can be checked that F as defined above is a continuous map from C to C. (In fact, a
more general class of processes are considered in [6] where the Brownian motion B is
replaced by any process with stationary increments satisfying an LDP.) Unfortunately,
we cannot adopt this method to our case as the map defined by

t
GE) (1) = fo (t — $)%s~ 2 dE(s)

fails to be continuous from C to C. This is mainly due to the presence of the term
s~ 2 in the integral and without having strong decaying behavior of £(s) as s — O,
the above integral may not be well-defined. Indeed, we consider the following: Fix
y € (0,1) and choose & € C such that £(s) = s# on [0, §;], with 0 < 8; < ¢ and
0<B< % This choice is sufficient to illustrate the effect of s’%, although & with
a more general form can also be considered. With the above choice of &, we have for
any0 <46 <41 <,

t S
/ (t —s5)*s 2£(ds) > B L — 555 sP1ds
0 )

31
zﬁ(r—al)“/ sTzsP1gs
)

_ ﬁ(ty— 8)” (51—5+ﬂ B aW)
-5 +IB

ro0, as §— 0.

It is easy to see that the set of all functions & € C satisfying the above property form an
open set in C. Therefore, we can conclude that the map G is not well defined on at least
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an open set of C. In other words, we cannot use Theorem 2.2 on the map G. However,
we note that the rate function corresponding to Y¢ is obtained from the rate function
corresponding to X¢ by directly evaluating it as y = 0. Compare [6, Theorem 3.1]
and Theorem 3.1.

2.2.3 Using weak convergence approach [4, Section 3.2]

This approach can be used to study the large deviation behavior of any C-valued family
of random variables defined as {Z® = R(e¢B)}, where R : C — C is Borel measur-
able. The key tool used in this approach is the following variational representation of
exponential functionals of Brownian motion B.

Theorem 2.3 [3, Theorem 3.1] For a bounded Borel measurable functional ¥ : C —
R,

T .
—logIE[exp ( - \I!(B)):| = ;IelfAIE [%/0 v(s)’ds + W <B +/0 v(s)ds)] .
(2.10)

Here, A is the set of F;- progressively measurable processes v(-) such that

T
E |:/ v(s)2dsi| < 00.
0

In what follows, we sometimes refer to elements of .4 as controls. Using the above
result, we are set to prove the LDP of Z¢ = R(eB) in the following way.

For ¢ > 0 and any bounded continuous function ® : C — R, we first rewrite (2.10)
by choosing W(B) = ¢ 2® o R(¢B) = ¢ >®(Z°) and defining Z®¥ = R(¢B +
Jo v($)ds):

1
—&2 logE [exp (—8—2<I>(ZS))] = —¢? logE [exp (—g_ZCD o R(sB))]
1 T
=¢>inf E [—/ v(s)zds
ved |2 )y
+e2®oR(EB +¢ / v(s)ds)]
0

) 52 T )
= 322]174 [?/0 v(s)“ds + ®(Z* ):| (2.11)

. 1 r 2 £,v
vugli]E |:§/(; v(s)ds + d(Z )i| . (2.12)

To get the final equality, we re-defined ev as v. Note that this does not change the
right-hand side. To prove the LDP for {Z¢}.-¢, we now work with the expression on
the left hand side above. Note that this resembles the left-hand side of (2.7) without
the limit.
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Using Theorem 2.1, to conclude that { Z¢},( satisfies LDP, it remains to show that

(1) the expression in (2.11) has a limit;
(2) this limit is equal to

ing [{(x)+ ()],

for some lower semi-continuous function I : C — [0, co] with compact level sets.

To this end, we require the following lemma [4, Page 62] which states that there
are nearly optimal controls of the right-hand side in (2.11) which are almost surely
finite in L2([0, 7]) norm.

Lemma 2.1 For every § > 0, there is M < oo such that

T
—&2logE [exp (—LZCD(ZS)>] > inf E |:l / v(s)*ds + @(ZE’”)] -4,
e 2 Jo

veAp m

for every § > 0. Here, Ap p is a subset of A that contains v € A such that
fOT v(s)2ds <M, P—a.s.

In the above, the maps F and R are chosen to be C-valued for simplicity. They are
allowed to take values in any Polish space.

3 LDP for the generalized R-L FBM

In this section, we prove the LDP result of the process {X*}.~¢ in (2.8).

Theorem 3.1 Assuming that («, y) satisfy (2.6), {X*}e~0 satisfies an LDP with rate
&2 and rate function Iy : C — [0, oo] given by

. 1 rT
infyes, 5 o v(s)ds,

3.1
0o, whenever S = {).

Ix(§) = {
Here Sg, for & € C, is the collection of all v € L2([0, T]) such that

t
E(t) = c/ (t — )%~ v(s)ds.
0

Remark 3.1 This result for the case where y = 0 can be obtained as a special case of
[6, Theorem 3.1]. In the above theorem, we get the rate function in an implicit form.
This is not a consequence of the s~ 7 term in the definition of X (), but because of the
(t — 5)* term. To see this, one can take @ = 0 and proceed with the same proof. The
rate function in this case turns out to be

L,
Ix($)=§/0 s7&(s)ds,
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whenever £ is absolutely continuous on [0, 7] and 0o, otherwise. Note that the hypoth-
esis of the above theorem assumes o« > 0, but this will not be an issue in adopting the
same proof.

Remark 3.2 This result is used repeatedly in the sections that follow. The techniques
of the proof break down as y — 1. This is mainly because the process

¢ 1
f (t —$)*s~2dB(s)
0

is not well defined, P— a.s.

Define
! Y ! Y
X&V (1) = 8/ (t —5)*s"2dB(s) + c/ (t —s5)*s" Zv(s)ds. 3.2)
0 0

This process will be used in the following two lemmas.

Lemma 3.1 For any bounded continuous function ® : C — R,
1
liminf —&? log E |:exp <——2c1>(x8)>} > inf [Ix(x) + ®(x)],
e—0 £ xeC

with Ix as defined in the statement of Theorem 3.1.

Proof Fix § > 0. From Lemma 2.1, we have

T
—&2logE |:exp <—i2d>(X5)>i| > inf E |:l / v(s)2ds + <I>(X8’”)i| -4,
& 2 0

veAp m
for every 8§ > 0. Recall that Ay p is a subset of A that contains v € A such that
fOT v(s)2ds <M, P —as.

Now consider a §-optimal control v® € Ap p to the above infimum, that is, v*
satisfies

T
—&21logE [exp <—i2q>(xa)>] >E [1 / ve(s)%ds + @(X“’S)i| —28.
& 2 0

Since fOT vé (s)zds < M, {v¥}¢=0 is weakly compact in Lz([O, T1), i.e., there exists a
subsequence ¢, and a v € L2([0, T]) such that fOT v (Hu(s)ds — fOT v(s)u(s)ds,
for every u € L2([0, TY).

For now, let us assume that the family of C x L2([O, T1]) - valued random variables
{(X&", v®)}, is tight. Let &, be the converging subsequence with (XV, v) as the corre-
sponding weak limit and write (X®V"", vn) as (X", v"") when there is no ambiguity.
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From the Skorohod representation theorem, we have a probability space (Q*, F*, IE”*)
in which

(X”, v") — (X”, v), P* — as.

and the distributions of B, {X"}, {v"}, X" and v remain the same under P* and P. We
have

1 I
lim inf —e,2l logE |:exp (——zd)(Xs"))] > liminf E |:7 / v (s)2ds + ¢(X")] — 28
& n—oo 2 0

g, —0 p
1 ! 2 VU
>E| 5 [ ve)ds + (X" | - 25
0

T
zE[ inf %/ u(s)zds+d>(5f”)] —26
0

veSgv

> ing[lx (x) + P(x)] — 26.

Here the second inequality follows from Fatou’s lemma. From the arbitrariness of 3,
we have the result. The construction of (Q*, F*, P*) is necessary to characterize the
limit points (X?, v).

It now remains to show that {(X*?", v¥)},~0 is in fact tight in C x L%([0, T']). To
thatend, {v®}¢~( is precompact in L2 ([0, T]) under weak* topology. Indeed, since any

closed ball is compact in L ([0, T']) under weak™ topology and fOT ve(s)%ds < M. Let
&, (denoted simply by n) be the converging subsequence and v be the corresponding
limit. Note that we have only concluded that the laws of v converge weakly to the
law of v. From the Skorohod representation theorem, we can infer that

V' > v, P*—as.

Finally, we show that X V™ (written as X™) converges almost surely in C and also
characterize the limit. Note that

enB—0 inC, P*—as.

Recall that

t t
X"O):ema/(t—sfsf%Buh)+1:/(t—sfsf%dwﬂd&
0 0

= X1(®) + X5(1)

and from the P*— a.s. convergence of {v"}, we know that for any u € L%([0, T)),

T T
/ u(s)v (s)ds — / u(s)v(s)ds, P* —as.
0 0
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And since (r — s)o‘s_% e L%([0, T)), for every t € [0, T], we have

T T
/ L0t — s)“s_%vg” (s)ds — / Lser0.0(t — s)“s_%v(s)ds.
0 0
Consider the following: for 1 > i > 0, P*— a.s., we have

t+h
X3 - xgol el [ s h- ot s
t

+c

13
/ [(t +h—5)*—(t— s)o‘] sTIy" (s)ds
0

t+h y
f s Zv"(s)ds
t

t+h T t y
<ch* f s~ Vds / [ (s)|2ds + ¢ max {I(s + ) —s*|} ‘/ sT2v"(s)ds
t 0 <s=<ft 0
1 T ro_y
<ch® | —— ((t +h)l-r — II*V) / [v"(s)|?ds + ch® / sT20"(s)ds
L—y 0 0
1 r ro_y
<ch® | ——hl-r f v (s)|2ds + ch® f sT20"(s)ds
I—vy 0 0
—1 M t

/ s_%v”(s)ds
0
< ¢K max {h"‘, h”‘f%l}

< cKh®, (3-3)

. M "y o,
K = sup sup — 4+ s—2v"(s)ds
nelN 0<t<T -y 0

and the last inequality follows since ¢ > 0 and 0 < y < 1. In the above, we have
used the fact that

< ch®

t
+comax (It +h—9)%—@—9)%} ‘f s_%v"(s)ds
<s<t 0

Y
<ch* 2

where

T
and f [ven (s)|2ds
0

t
/ s T yen (s)ds
0

are uniformly bounded in n. To summarize, we have proved that X3 is a-Holder
continuous, P*— a.s. X 5 is clearly uniformly bounded in n. Indeed, from (3.3) (note
that this is valid for every 0 < h < T) witht =0,

sup |X5(h)| < K max [T“, T“*%q],
0<h<T
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Since {X7} is uniformly bounded and equicontinuous in C, P*— a.s., the Arzela-
Ascoli theorem gives us the precompactness of {X7}, P*— a.s.
We now show that any limit point of {X7} is given by

t
X3(t) = ¢ / (t — 5)%s~ 2 v(s)ds.
0
In other words, { X7} is convergent in C, P*— a.s. To show this, for ¢ € [0, T'], we have

1X5() = X3(1)] = ¢

t
/ (t — 5)%s ™7 (v (s) — v(s))ds
0

— 0, asn— oo,

since V" — v, P*— a.s.
We now shift our focus on to X/'. Note that from [2, Theorem 1.6], for every § > 0,
there is a compact set Ks C C such that P(X € Ks) > 1 — §. For every n,

1 -6 <P(e, X € eK) <P(e, X € K).

To understand the second inequality, note that for every compact set K C C, from the
Arzela-Ascoli theorem, there are two parameters that correspond to K: C, the uniform
bound in 7 of the ||.||sc norm and p(-), the modulus of continuity of the elements in K.
Checking the following parameters for {¢, X'}, we can clearly see that C and p(-) can
be used to conclude the uniform boundedness and equicontinuity of {¢, X}. Hence,
{en X € e,K} C {&,X € K}. Therefore, {¢, X} is tight in C. This completes the proof
of the lemma. O

Lemma 3.2 For any bounded continuous function ® : C — R,

lim sup —&2 log E [exp (-%2@()(5))] < inf [Ix(x) + )1, (3.4)

e—0
where Ix is as defined in the statement of Theorem 3.1.

Proof Choose a §-optimal x* € C of the right-hand side of (3.4), i.e.,

Ix(x*) + @(x") < ilgj[lx(x) + @] +4

and also choose a §-optimal v* € Sy+, i.e.,

1/T *(s)2ds < inf lfT (s)°ds + 8
— v S S mn — Vs S .
2 Jo T veS 2 Jo

@ Springer



Queueing Systems (2023) 105:47-98 61

We note here that v* is non-random, from the definition of S}, as x* is non-random.
Now by (2.12), we obtain

1
limsup —e log E |:exp <——<I>(X8)>i|
e

e—0

: : 1 r 2 &,v
= limsup inf E 2 v(s)“ds + (X))
0

e—0 VEA

1 (7 X
<limsupE [5 / v*(5)%ds + D (X>Y ))i|
0

e—0

17 "
< 5/ v¥(s)ds + lim sup E[@(X*V)]. 3.5)
0

e—0

To proceed further, recall the fact from the proof of Lemma 3.1 that X v converges
weakly to

t
X0V (1) = / (t — 5)%s Tv*(s)ds,
0

which is non-random. Since v* € S+,

t
x*(t) = / (t — s)“s_%v*(s)ds = X% ().
0

Thus we obtain

IA

17 .
—/ v*(s)%ds + lim supIE[CD(XO’v )]
0

1
lim sup —¢ log E |:exp (—;@(XS))} 3
e—0

e—0

IA

1 (7 .
-/ v*(s)%ds + (X0
2 Jo

Ix(x*) +8+d(x*) + 6
infC[IX(x) + d(x)] + 28.

IA A

Here the first inequality follows from the last display in (3.5) by applying the con-
tinuous mapping theorem and the weak convergence of X%V () to X%V (-), and the
second inequality follows since X 0.v" is non-random. From the arbitrariness of 8, we
have the result. O

Lemma 3.3 Foreveryl >0, {x € C: Ix(x) <} is compact in C.

Proof Fix [ > 0 and consider a sequence {&,},en C {§ : Ix (&) < [}. Now, for every
n € IN, there exists v, € S, such that

I ) 1 1
= Un(s)ds < Ix(n) +— <1+ —.
2 Jo n n

@ Springer



62 Queueing Systems (2023) 105:47-98

Therefore, {v,},eN 1s precompact in L2([0, T1) under weak™ topology. Denote the
converging subsequence again by n and the limit by v.
Consider

t
ED) = c / (t — %55, (s)ds.
0

From the proof of Lemma 3.1, it is clear that {&,},cn is precompact in C. Let £ be a
sequential limit of {£,} along a subsequence, which we again denote by n. Also, we
have

t
E() =c/ (t — )% 20(s)ds.
0
Clearly, 0 € Sz and Ix(§) < i fOT v(s)%ds < I. Hence, & € {& : Ix(§) < [}. This

proves the desired result. O

Proof of Theorem 3.1 Combining Lemmas 3.1, 3.2 and 3.3, it is clear that from Theo-
rem 2.1, we have the LDP of {X*},-¢. O

The following result gives the expression for the rate function Iy at & explicitly in
terms of &, rather than as an optimal value to an optimization problem.

Lemma 3.4 Suppose L[ f]denotes the Laplace transform of f, whenever it is defined.
Then,

(o + 1)2

T - 2
I () = ——— /O (L7 LE ) ds (36

whenever & is absolutely continuous on [0, T].

Proof To begin with, we consider_ﬁ € L2([O, 00)) such that s~%i e L2([0, 00)).
Now define a continuous function & on [0, co) in the following way:

t
E() =/ (t — 5)%s™ Zii(s)ds.
0
Recall that the Laplace transform of a function f on [0, 0c0) is defined as
o
£ = [ e s,

whenever the integral is finite. Since |&(r)| < Ct!™%, for some C > 0, then L_[é ]is
well defined. We are now in a position to consider the Laplace transform of £. We
have

t
LENp) =L [/0 (r— S)asgﬁ(s)dsi| (p)
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= LWL [ 2] ()

r 1 Y
- %ﬁ[ffﬁ(:)] (p).

Therefore,

1 _
LI T a)(p) = mp"‘“ﬁ[%‘](p).

Now, suppose the inverse Laplace transform £~ of the right hand side above exists.
Then,

(1) =T+ Ds? L7 [ p* LIEN(p)1(0),

where £7! [F(p)](¢) is defined (see [8, Page 42]) as
1 c+ioo
L7UF(p)I@) = —/ F(p)eP'dp, forc >, (3.7)
270 Je—ioo

whenever F (p) is analytic for i (p) > n.Since |£(t)| < Ct'**, we have the following:
_ o0
ILIE](p)| < Cf e P% T4 < 0o,  for some C; > 0 and every p > 0.
0
From [8, Section 2.1], L[E](p) is analytic for %(p) > 0. Therefore, | p* 1 LIE](p)| <
Ci|p|® and p*+1 L[E](p) is analytic for Rt(p) > 0. Hence, taking ¢ > 0in (3.7) gives
a convergent integral. In other words, the definition in (3.7) is well defined for ¢ > 0

and the inverse Laplace transform of p**!L[£](p) exists. To summarize, we have our
desired result in (3.6). O

4 LDP for fluid queues with GFBM input

The main content of this section is the study of LDPs in the context of a stochastic
fluid queue with GFBM input. In particular, we focus our attention on two processes:
workload process and running maximum process which will be defined below.

We consider a stochastic fluid queue with the GFBM X in (2.1) as the arrival
process, and a deterministic service rate k > 0. In particular, the workload process
V (t) (assuming that V (0) = 0) is given by

V() = sup (X(1) — X(s) —k(t —5))

0<s<t

= X(t) — kt — 0i<nf<t(X(s) —ks) = F(X)(2). 4.1
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We also define another process that is closely related to V (¢) viz., the running maximum
process

M(t) = max (X(s) —ks). 4.2)

Recall that for a stationary input process X (stationary increments), the workload
process V (¢) in (4.1) has the same distribution as the following:

v < max (=X(=s) — ks). (4.3)
<s=<t

This equivalent-in-distribution expression is often used to derive the stationary distri-
bution of V(¢) as t — oo (we defer the analysis of steady state of V(¢) to Sect.5).
It can be shown that for an input process with stationary increments, it is also equiv-
alent in distribution to the running maximum process M (¢). However, this approach
does not apply to the queueing process with GFBM input, since it has non-stationary
increments.

In [6], as a special case of [6, Theorem 4.1], the authors have studied the LDP for
the workload process V (¢) with the FBM process Y in (2.9) as the input, and proved
that F(¢Y)(T) satisfies an LDP with rate 2 and an appropriate rate function. (In fact,
their result applies to a more general process for Y in (2.9) with the Brownian motion
B being replaced by a stationary process satisfying an LDP.) It is well known that
the map F : C — C (reflection mapping) is continuous (see, e.g., [7, Chapter 6],
[33, Chapter 13.5]). Therefore, we can apply the contraction principle and obtain the
sample path LDP for the process { F (¢ X)(¢) : t > 0}. In the following, we study the
LDP of F(¢X)(T) at a fixed time T, for which the rate function can be characterized
explicitly.

Let

Ve = VE(T) = F(eX)(T).

Theorem 4.1 Assume that (o, y) satisfy (2.6). {V¢} satisfies an LDP with rate £* and
rate function Iy : Ry — [0, oo],

Iy (x) = inf Ix(§). 4.4)
§€C:F(E)(T)=x

Moreover, for A > 0, we have

N k(T —s5) + 1)?
— 1
0<s<T v1(T,s) + vo(T,s)

lim —&?logP (V= 1) = : (4.5)
e—

where
vi(T,5) = c/S [(T =) — (s —)*]  t Vdx, (4.6)
0
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65

and

T
v (T, s) = c[ (T — 1)**t77dr.
N

4.7

Proof From the continuity of the map F : C — C and Theorem 2.2, we know that V*#

satisfies the LDP with rate 2 and rate function Iy : R+ — [0, oo] given in (4.4).
The proof for the result in (4.5) follows exactly along the lines of the proof of

[6, Theorem 4.1]. We adapt that proof for our process. From the LDP of {V*} and

Theorem 2.1, we know that for any Borel set A C R+,
— inf Iy(x) <liminfe®logP (V¥ € A)
xeA° e—0

< lim sup &2 logP (V*® € A) < — inf Iy (x).

e—0 X€eA

For A > 0, taking A = [A, 00), we have

— inf Iy(x) < hm mfe log]P’(V8 > k)

xe(h,00)

<limsupe loglP’(V"2 > A) <— inf Iy(x).

e—0 x€[X,00)
To prove (4.5), it suffices to show that

k(T —s5) 4+ 1)?
O<Y<T vi(T,s)+va(T,s)

inf I} (x) = 1nf Iv(x)
X€E[A1,00) X€

Since

-, (k(T — 5) + 1)?
0<s<T vi(T,s) +va(T,s)

is continuous in A, proving that

k(T — 5) 4+ 1)?
inf IV x) =
x€[x,00) O<A<T vi(T,s)+va(T,s)

automatically implies that

k(T —s5) 4+ 1)?
inf Iv x) =
x€(h,00) 0<v<T vi(T,s)+va(T,s)

Therefore, we only show (4.8).
The left-hand side of (4.8) can be rewritten as

1 T
inf IV(x) inf —/ u(s)2ds,
2 Jo

X€[A,00) UER),

(4.8)
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where,
. 2 ) T w.—Y
Ry = {u € L7[0,T] : supp<s<r (c fo (T — )t zu(r)drt
—c 36 =t Fu@dr — KT - 9)) = 2}
Clearly,
Ry = Uo<s<rRa(s)
with

T K
Ri(s) = {u e L0, T]: c/ (T — )%t Zu(t)dr — c/ (s — )% Tu(t)dr
0 0

—k(T —5) > A}

= {u € LZ[O, T]: C/S [(T 1) — (s — 7:)“] t‘%u(‘r)dr
0
T Y
— c/ (T —)*t Zu(r)dt > A+ k(T —s)}.

Then,

N 2 . . 1T 2
inf — u(s)“ds = inf  inf = u(s)“ds.
ueR; 2 Jo 0<s<T ueR;(s) 2 Jo

The infimum inside can be solved explicitly using [6, Lemma 3.3 (ii)]. We then get

1 (7 k(T — 2)?
inf —f u(s)zds = (k( $) +24) ,
ueR;(s) 2 Jo vi(T,s)+ v (T, s)

and the minimizer is given as follows:

k(T —s _Y
@ = [Fromis (T{X)Qg;% (T —1)%—(s—1)%]t" 2, 7el0,s),
ur) = k(T—s)+ (T ) -3 T
CoTorndy T =0T 2, tels,T]

This proves the result. O

We now prove an LDP for the running maximum process M (-). Define M¢ by

M?® = M*(T) = J(eX)(T) = sup (¢X(s)— ks).

0<s<T
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Lemma 4.1 Assume that («, y) satisfy (2.6). {M¢)} satisfies an LDP with rate €2 and
rate function Iy : Ry — [0, oo] given by

1 = inf 1 .
M (x) geC:Jl(lg)(T)zx x(&)

Moreover, we have

lirrz) —&2logP(M® > 1) = x(A, T), (4.9)
E—>
where
(A+kT)? T <« _*H
x0.T)y=1 21" 3y UM (4.10)

sz(l_m, otherwise.

Proof The proof for the result in (4.9) follows exactly along the lines of the proof of
[6, Corollary 3.4]. We adapt that proof for our process. From the LDP of {M?¢} and
Theorem 2.1, we know that for any Borel set A C R+,

— inf Ip(x) < liminf e logP (M* € A)
xeA° e—0

< lim sup 2 logP(M® € A) < — inf Iy (x).

e—>0 X€eA
For A > 0, taking A = [A, 00), we have

— inf  Iy(x) <lim '(1)1f82 logP (M* > 1)

xX€(A,00) e—
< lim supe2 log]P’(Ms > A) < — inf Ipy(x).
e—0 XE[A,00)

To prove (4.9), it suffices to show that

. . . (At ks)?
inf 1L = inf ID = inf ————=xWA\,T).
xelh,00) ) xe(h,00) ) 0<s<T  s2H x®,T)

Since

(A + ks)?
OSI?ST s2H

is continuous in A, proving that

A+ ks)?
inf 1] (x)= inf (A ks)”

4.11
xe[X,00) o<s<T  s2H ( )
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automatically implies that

(A + ks)?

inf Il(x)= inf
M(-x) S2H

xe(h,00) 0<s<T

Therefore, we only show (4.11).
The left-hand side of (4.11) can be rewritten as

1 T
inf I (x)= inf = 2ds,
x€[r,00) M(x) ueQ; 2/0 M(S) s
where

Q;, = {u € LZ[O, T]: sup (c/s(s — t)“r*%u(r)dt —ks) > A}.
0

0<s<T

Clearly,
Oy = Up<s<7 D5.(5)
with
§ Y
Q;.(s) = {u e L0, T]: c/ (s — %t 2u(t)dt — ks > A}
0
N
= {u e L%0,T]: c/ (s — DT Zu(r)dt > A —i—ks}.
0
Then,

1T 2 . . I 2
inf — u(s)*ds = inf  inf = u(s)“ds.
ueQ; 2 Jo 0<s<T ueQ,(s) 2 Jo

The infimum inside on the right-hand side can be solved explicitly using [6, Lemma
3.3 (1)]. We then get

. L ro, A+ ks (A + ks)?
inf — u(s)-ds = 5 = 5
ueQ;(s) 2 Jo 2¢2 [y (s —v)**rvdr 2s52H

and the minimizer is given as follows:

A+ ks
[y (s —D)>rvde

u(t) = (s — )%t 2, fort € [0, s].
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Therefore,
(A+kT)? AH
. . A+ ks)? T T it T < %=,
inf IAT/;(X) — inf % — 272H o . k(l._H)
X€E[A,00) 0<s<T 2S W}L (1= ), OtherWISe.
This proves the result. O

4.1 Alternative proofs of Theorem 4.1 and Lemma 4.1 using
Landau-Marcus-Shepp Asymptotics

In the proofs of Theorem 4.1 and Lemma 4.1, we have used the large deviation asymp-
totics of X® = ¢X in Theorem 3.1. Alternatively, these proofs can also be given
by using a straightforward application of the well-known Landau—Marcus—Shepp
asymptotics [24, Equation (1.1)] which is given as follows. For T > 0, suppose
{G; : 0 <t < T}is acentered Gaussian process. Then we have

1
lim —&? 1og19>< sup Gy > a—1> = —, (4.12)
e—0 0<s<T 20

where 02 = sup, . E[G?].

To apply (4.12) in Theorem 4.1 and Lemma 4.1 (below, we only illustrate this to
prove (4.1) using (4.12) as the other case follows exactly along the same lines), we
make the following observation:

P(OzlleT (eX(T) —eX(s) — k(T — s)) > A) = P(O?SET % > g_1>.

X(T)—X(s)

Since TRy 152 centered Gaussian process, from (4.12), we have

lirr(l) —&? logIP’( sup (8X(T) —eX(s) — k(T — s)) > A) = L

0<s<T 262
where
_ 2 _ 2\ -1
o= sup E[—(X(T) X(s))z} = ( inf k(T —5) +2) ) .
0=s<7 L(A+k(T —5)) 0=s=T vI(T, 5) +v2(T, 5)

In the last equality, we have used (2.2), and v; and v, are defined in (4.6), (4.7). This
gives (4.5).

Even though using (4.12) gives us a shorter proof of Theorem 4.1 and Lemma 4.1,
we believe that using the LDP (Theorem 3.1) of {¢X},~0 is a general and robust
approach. To see this, we note that (4.12) can be obtained as a consequence of LDP
of a general Gaussian process (see [1, Pages 53 and 57]).
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5 Long-time behavior of M(-) and V (.)

In this section, we first study the existence of the steady state for the processes M and
V. Upon showing the existence, we derive the tail asymptotics of the steady state M*
and V* of M(¢) and V (¢), respectively.

We now briefly describe the method that is adopted.

(1) We first derive a certain type of maximal inequalities and modulus of continuity
estimates for the GFBM process X (¢) in Lemmas 5.3 and 5.4. Using these and
exploiting the self-similarity of X (Lemma 5.5), we establish (uniform in time)
sub-exponential tail bounds of M (¢) and V (¢) for each fixed ¢ > 0.

(2) We next prove the existence of a weak limit of the laws of V (¢) as t — oo, and
the almost sure convergence of M () ast — o0o. Then using the LDPs of {M*®}.-¢
and {V?}.-0, we derive the tail asymptotics of M* and V* (a weak limit point of

{(VO}iery)-

Remark 5.1 In this section, for any analysis related to M (), we assume that (o, y)
satisfy (2.6) and for any analysis related to V () we assume a stronger assumption:
o > &, in which case, the Hurst parameter H € (1/2, 1).

Remark 5.2 Throughout the section, §¢ is always the positive constantin Corollary A.1.
We still occasionally remind the reader of this.

We first give an alternate expression for X that is easily amenable for analysis.

Lemma 5.1 Assume that («, y) satisfy (2.6). Then, fort > 0, P— a.s., the GFBM X
in (2.1) can be equivalently represented as

t t
X(t):ac/ B(u)(t—u)“_lu_%du+§/ (t —w)u" T ' Bw)du. (5.1)
0 0

Proof We begin by recalling Itd’s product rule: for semi-martingales Z! and Z2, for
0<s<t,

t t
A GYA GO zl(s)z2(s)+/ Zl(u)dz2(u)+/ Z2w)dZ" ()

1 t
+§f diz', 221w,

where [Z', Z%](") is the cross-quadratic variation of the corresponding martingale

component.
Let
! Y
X,(1) = cf (t —w)*u"2dBu).
0
Define

ZYw) = c(t —w)u"%, and Z2u) = B(u).
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Even though Z! (1) depends on 7, we drop this dependence, because  is fixed through-
out. Also observing that Z!(r) = 0. Moreover, [Z!, Z?](-) = 0. Note that we cannot
apply the Itd’s product rule with s = 0 since Z!(0) is ill-defined for y > 0. To over-
come this issue, we set s = p and then take p — 0, and therefore define the process
X, (t) above. Thus applying the 1td’s product rule, we obtain

t

(1 = P)*P "2 B(p) + X, (1) — ac[ Bu)(t —uw)*'u" 2 du
P

t
_ Z/  —w)u" 5" Bu)du = 0. (5.2)
2 Jp
Now, we take p — 0 (or along a subsequence). First of all, we have

lim p~ 2 B(p) = 0.
p—0

This follows from the property of Brownian motion: limsup,,_, % =42,
P— as.; see, e.g., [20, Theorem 2.9.23]. We then have

t t
1) ﬁ/ ( — )5 Buydu L=% 1! ﬁ/ (t —w)u" T 'Buw)du, P — as.
P 0
Indeed,
14 Y
E[u; — 11|] <E U (t —u)“u_2_l|B(u)|du:|
0
o r
Ef (t — w*u~ | B ()| ldu
0

0
_r_q41
St“/ u T 24y
0

Y
<t%p~1%3

0
LO, asl0 <y <1,

where the second inequality follows from Tonelli’s theorem. Similarly, one can show
that

t t
= / - w5 Baydu 225 17 = / (t —w)* 'u= % Bwydu, inL'([0,T]).
P 0
Using Ito’s isometry along with similar analysis as above, we can also show that
E [|Xp(t) - X(t)|2] 0, asp— 0.
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Therefore, we can find a subsequence p, — 0 along which we will have

Ih—1', 121 X,0)— X@) and p IB(p) >0, P—as.

From these and (5.2), we obtain the expression of X (¢) in (5.1). O

As mentioned earlier we require a maximal inequality for X which is the content
of Lemma 5.4 below. For our purposes, we only estimate the maximal inequality over
0 < s < 1. In the following, without loss in generality, we assume ¢ in Corollary A.1
is less than one. In the following, B(x1, x2) denotes the Beta function with parameters
x1,x2 > 0. We also use the inequality given below, often in what follows. For 0 <
x <1,

Viog (1/x) < Kpyx™", (5.3)

for some K, depending on n > 0.

In the next two lemmas, we study the the behavior of X (¢) in two subintervals,0 <
t < 8pand 89 < t < 1. These results are used in Theorem 5.1 to ensure that if
we condition that maximum of X(¢) — k¢ over [0, T'] is appropriately large, then the
maximizer is almost surely attained in the complement of [0, &o].

Lemma 5.2 Assume that («, y) satisfy (2.6) and I_Ty > n > 0. Then,
Xt <Cctf=1 P—as,

for0 <t < §pand

C =201+ pK 3(3 )+VCB(1 4 +1)
= PIKy(acB(5 —y —n.« SB35 —ne .

Here, § is as in Corollary A.1.

Proof Fix p > 0 and choose 8y from the Corollary A.1 corresponding to p > 0. Then,
from Corollary A.1,

B(s) < (1 + p)y/2slog(s~ 1), fors < 8y, P —as.

Using this, for r < §p, we have

1 1
X(t) = act® 2 / Bwt)(1 — v)* o7 dv + %z‘“% / (1 — )% 271 B(ur)dv
0 0

1
<V2(1 + p)act® f () log((wH)=H)(1 — ) v~ 5 dy
0
1
+ M[agf (1- v)otvf%—] (vt)log((vt)—l)dv
0
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1
= V201 + p)Kn“Cta_%Jr%_n/ (1— v)“_lv_%Jr%—'idv
0

1
+ —ﬁ(l * p)K"yct“_%Jr%_" (1 —v)*~ 2727y
2 0
_ 3 ye. 1y
H
<2(1+p)Kr7 7" (OICB(E —y—na)+ 73(5 -5 e + 1))

In the above, we chose I_Ty > 1 > 0 and used the fact in (5.3). This completes the
proof. O

Lemma 5.3 Assume that («, y) satisfy (2.6) and I_Ty >n>0 Fordy <t <1and

K >0,
_ 2
X(s) 1Kt — A\,
P >K)< — | —) ], 5.4
<8012§§t s~ ) - exP( 2 ( A -4

where

) 4 144 3y
A= AGo ay, n,c):acB(l——,a>+ 1 B(————n,a+1),(5.5)
2 267*’7 2 2
0

and

ye2(1 + PK, 807%+%7".

A =A@, y,n,¢,p,Ky) = >

(5.6)

Here, & is as in Corollary A.1.

Remark 5.3 Since

{a) © max X)) < K} C {w : max X(s)(w) < K}, forr <1,
o<s<t

s = o<s<t

we have

P X(s)>K) <P X6) g < 1 (K" —A 2,2n
max max exp|—= | ——— )
605?51 5= - so<s<t sH — = exp 2 A

Proof Fix t > 8. From Lemma 5.1, using the expression of X (¢) in (5.1), we have
P— a.s.

t t
X(f) < ac max B(s)/ t — ) \u Tdu + E/ (t —w)u~ T Bu)du
0<s<t 0 2 0
1

_r 1 _
<act® 2 max B(s) | (1—v)* v 2dv
0<s<t 0
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1
T %t“—%f (1 — )%~ " Bwr)dv
0

1
<" Tac max B(S)B(1 - Z,Ol> + 2 / (1 — v~ T Bndv,
0=s<t 2 2 0
(5.7)

where we have used change of variables from u to vt in the integral terms to obtain
the second inequality.

We now focus on the integral in (5.7). We observe that we cannot directly pull
maxg<s<; B(s) out of the integral as fol(l — v)“v_%_ldv is not well-defined. So

fixing some FTV > n > 0, we obtain

1
/ (1 — )%~ 21 B(v)dv

3

BeD 4, +/' (1 — )% 51 Bur)dv
0

(vr)2 ™"

/(1—11)% 5=1uryzn

< max B (1 )“v_%+%_"dv

1
do=<s<t ¢3—1 T0

++201 +p)/7(1 — v)”‘vf%*l,/vlog (%) dv

B(s) vl
< max —— (1 V)% 22 gy
So<s=t ¢3—n Jo

t
50

+ﬁ(1+p)1<,,f (1 — v)%v~ 573 gy, (5.8)
0

Here the first inequality follows from Corollary A.1 and the second inequality
uses (5.3).
Thus, by (5.7) and (5.8), we obtain for ¢ > 4y,

X (1) < act® % max B(s)B(] -’ a)
0<s<t 2

2 So<s<t g3—1 TO

B
RAFES (max I(S) (1 — vy~ 52714y

50

+f2(1+p)1<,,/ a —v)%—%—i—ﬂdv)
0

< act® 7 max B(s)B(l - Z, oz)
0<s 2

max B(s)/ (1—-v)%v ~Etr-ngy

—n So<s<t

50

+2(1 + p)K,]/ (a- v)%—r%—ndv).
0

@ Springer



Queueing Systems (2023) 105:47-98 75

Consider the following event:

AK, ) =1w: sup Bs)(w) < Kezt1} (5.9)
O<s<t
On this event,

X(1) < acKt# 1 B(1 — %,a)

2 1

c 1 !

4 YE - K/ (1— v)“v_%+%_’7dv

82777 ‘LO
0 t

K 3
< r’””(acKB(l ~ L+ (=BG - L —na+D)
83"

+V2(1+ p)Kn(ao—%é—"rE“ﬂ))) = (KA +A). (510

In the above, we used the fact that

o 20}

The quantities A and A are as given in (5.5) and (5.6), and in the last inequality, we
bound the terms involving ¢ (inside the parenthesis) by 1 to make the quantity inside,
uniform in .

From the above inequality, we have

X
max &) Ak 4+ A

So<s<t §

Therefore,

X(s) 1y
P( max — >tMKA+A)) <P {w: max B(s)(w) > Kt2 "]
So<s<t § 0<s<t
<P| sup B(s) > Kt
O<s<t

1
< exp (—§K2t2”> ,
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where the second inequality uses (5.9) and the last uses the maximal inequality of
Brownian motion, i.e., P (supy—,<, B(s) > 1) < exp (—g) . Therefore, the inequal-
ity in (5.4) holds. O
Remark 5.4 In Lemma 5.2 and Eq. (5.10) in the proof of Lemma 5.3, the exponents
are H —n and H + n are the consequence of behavior of Brownian motion near t = 0

(see Theorem A.1) and away from zero (the maximal inequality of Brownian motion).

The following modulus of continuity type estimate is used in establishing the uni-
form in ¢ sub-exponential tail bounds of V (z).

Lemma 5.4 Assume that o > % Then, we have the following:

IP( sup XM = X > C(K)) < e*KTz, (5.11)

1-§p<s<l |1 — s|°‘_%
for some C = C(K) > 0 such that C(K) 1 oo as K — oo.

Proof Consider the event:

A(K) = {w : sup B(v)(w) < K} .

0=<v=<l1

We consider the following on A(K). For 1 — §p < s < 1, by (5.1),
1 1 Y Y
X(1) — X(s) = ac/ (1 — )@ ly=% (B(v) - s“—fB(us)) dv
0
1
+ E/ 1 - v)”‘v_%_1 (B(v) - so‘_%B(vs)) dv.
2 Jo

We estimate the first integral using Theorem A.l and Corollary A.1. Choose 1 <
L +4—a=1-H.Wehave

1 Y Y
f (1 =) ly=% (B(u) _ s“TB(us)) dv
0

Y 1 Y

= (1—&*7)/ (1 —v)* v~ 5 Bw)dv

0
1
+s°‘—%/ (1 — v)* ™7 (B(v) — B(vs))dv
0
1

< (1 —s“—%) Kf (1 — v v 5dv
0

1
+V2(1 4+ p)s* 3 (1 - s%—")/ (1 — vy~ 5114y
0

< (KC;+Cy)(1— 57, (5.12)
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for some Cq, C» > 0. To get (5.12), we applied Remark A.2 to uniformly bound
|B(v) — B(vs)|. Finally, we estimate the second term in the similar way:

1 Y Y
/ (1 —v)%p 271 (B(v) - s“_TB(vs)> dv
0
Y 1 Y
= (1 — sa_f)/ (1 — v 27 ' Bw)dv
0
1
—i—s“*%/ (1—v)*y= 77! (B(v) — B(vs))dv, from Remark A.2
0

1
< (1 —sa*%)f (1 —v)%~ 5" B(w)dv
0

Y

1
+ V214 p)s 2 (1 - s%*’f)/ (1= o)~ 5"3774y
0

< (KC3+ Cy)(1 — )77,

In the above, to arrive at the final inequality, we bounded the first integral using (5.8),
noting that supy.,<; B(v)(w) < K on the event A(K) and used the fact that n <

% + % — . C3 and C4 are appropriate constants that are independent of K and s.
Defining C(K) = max{ac(KC1 + C2), % (K C3 + C4)} gives the result. O

Remark 5.5 In the following, we observe that

7o XD - X(f)
(I —9)2

is a centered Gaussian process and hence, symmetric (i.e., X and —X have the same
distribution). Therefore,

P( sup |)?(S)|ZK)=RKIP’< sup )N((S)EK).

1—8p<s<l 1—8p<s<l

Here,

IP’({ SUP|_gy<s<I f(s) > K} N {infl_gogsfl )N((s) < —K})

Rx =2 — —
P(sup17505851 X(s) > K)

and the ratio of probabilities is simply the conditional probability of the event
{ inf1_gy<s<1 X(s) < —K } conditioned on the occurrence of the event { SUpP|_s,<s<1

X (s) > K } Since the paths of X are almost surely continuous, this probability
approaches 0 as K — oo. Therefore, Ry — 2 as K — oo.
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Now by a similar argument in Sect.4.1, we obtain the following:

1 ~ 1
lim ——logP S X(s)>K ) =—,
K—oo K2 & (1_501151151 ()= ) 262

_ 2
2= g BRG] = sup FED=XOPT v +ea(ls)

2 v
So<s<1 Sp<s<l1 (1—-5)%"2 So<s<l (1—-—5%"2

Again in the last equality, we have used (2.2), with the definitions of v; and v, in (4.6)
and (4.7). From the above, we can conclude that for every § > 0, there is Ko > 0 such
that

~ _K2
]P’( sup  X(s) > K) <e 22, for K > K. (5.13)

1-8p<s<l

We remark that Lemma 5.4 is only used in the proof of Theorem 5.3. Even though
the alternative estimate in (5.13) is different from that in (5.11), it is still sufficient for
the proof of Theorem 5.3. Note that (5.11) is used in Egs. (5.22) and (5.23) in the proof
of Theorem 5.3. Now following the same arguments of the proof with (5.13) instead
of (5.11) gives us the similar result to (5.21) with appropriately different constants.
We do not give the exact modified version of (5.21) as this estimate is only used to
prove tightness of {V (¢)};>¢ in Corollary 5.1 and this estimate is sufficient.

In the following, we exploit the self-similarity of X and show that the random
variables M (¢) and V (¢) at fixed time ¢t > 0, are equal in laws to respective random
variables which involve C ([0, 1], R)-valued processes Z and Z which have the same
law as that of X whenitis defined on [0, 1]. Thatis, for 7 = 1, Z and Z are C([0,1],R)
such that

>4 5,4

Z=7Z=X.
Lemma 5.5 For any fixedt > 0, we have
d H 5
M(t) = max (¢t Z(v) — kvt) (5.14)
O<v<l
Vi) L max (tHZ(l) — " 7)) — ke (1 —v)). (5.15)
O<v<l

Proof Fix t > 0. Using self-similarity of X and Lemma A.1, the following holds:
Px (1= A) = Py o Ji(4),

where Py is the law of X and J; is as defined in (A.1). Then the equal in law relation-
ships in (5.14) and (5.15) follow directly. O
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Remark 5.6 We stress that the statement of the above lemma only states that for every
given t > 0, the laws of M (¢) and V (¢) are expressed as above. To study the sample
path of M and V, more detailed analysis is needed, which we do not pursue in this

paper.

Theorem 5.1 Assume that («, y) satisfy (2.6). There exist ty = ty(89, k, H, n, C) and
0 = Q(S, H, C, n, k) such that the following holds:

1/ Ap'~H — A\?
P(M<t>>p)5exp<—5(pT) )

fort > toand p > Q. Here,

~ _ s
A=A00H) =T raga:

Proof We fix t throughout the proof after choosing it large enough. In the rest of the
proof, we suppress the dependence on w for all the random processes that follow. The
method of the proof goes as follows: We prove that the maximum

max (t7 Z(v) — kvr)
0<v<éy

is almost surely less than a positive constant Q (uniformly in large #). This implies
that the maximizers for

maxl(tH Z(v) — kvt)

0<v<
conditioned on the event
. H 7
[a) : max (¢t Z(v) — kvt) > Q}
0<v<l
are greater than §p, P— a.s. Indeed, if the maximum satisfies

max " Z(v) — kvt) > 0O,

0<v=<
then from the hypothesis,

max (7 Z(w) —kvt) < O < max ¢t Z(v) — kvr).
0=<v=do 0<v<l

This implies that the maximizers on [0, 1] are strictly greater than §.
To that end, we recall from Lemma 5.2 that P— a.s.,

Z(v) < CoHm,
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for 0 < v < 8 with 0 < n < 5% Thus, P— ass.,
77wy — kvt < CoT1tH — kur, for0 < v < 8.

The maximum of the right-hand side is attained at v = min{§y, (%) e }. For

_ <3é+"_HC)11H
1= (S ,

(this ensures that maximum is attained at §p), we have

max (t" Z(v) — kvt) < 88"t — kdot

0<v=<dy
<(—H)HTH (c(s” '7) (kS)7T = Q.  (5.16)
It is thus clear that for

max (tHZ(v) —kvt) >p>0,

0=<v=<1

the maximizer cannot be in [0, §g]. Therefore, for p > Q and r > 1o,
P ( max (tHZ(v) — kvt) > p)
0<v<1

<P <t max Z(v) ktéoy > ,0>

So<v<l
= p + kdot
<P Z —_—
- <5£%§1 ) > tH )
kéot
< ]P’( max Z(v) > mm {H—HO})
So<v<l >0 t
I1-HH
_ P4
=F (aorﬂi"i Z@) > (1— H)l—HHH)

1/plmHA — A\2
= exp ——<—) ,
2 A

where the last inequality follows from Remark 5.3 and A is as in the hypothesis. In
the first inequality, we used the following: For p > Q,t > fp and v € [0, 1], from the
inequality in (5.16) and the definition of Q,

0 <p < max " Z() — kvt) = max " Z(v) — krv)
0<v<l So<v=l

< 7 max Z(v) — kt8o. O

do<v<l
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Lemma 5.6 Assume that (o, y) satisfy (2.6). Then,

M(o0) = ll_l)nolo M(t) exists P — a.s.

Proof Since M(t) is nondecreasing and is a submartingale with respect to its own
filtration, if

supE[M(t)] < oo, (5.17)

t>0

then from the submartingale convergence theorem ([20, Theorem 1.3.15]), we know
that M (0c0) = lim;_, o M(t) exists P— a.s. From Theorem 5.1, it is easy to see that
sub-exponential tail behavior of M (¢) ensures that (5.17) holds. O

We will next study the tail behavior of M* = M (c0).
Theorem 5.2 Assume that («, y) satisfy (2.6). Then,

. 1 * *

where

kZH

0" L S R (5.19)

Proof We first prove the lower bound. For A > 0,

o 1 i o EZ(I_H)
lknllo%f W ]()g]P (M > x) = llgnilélf m
82(171‘1)

logP (M* > )»871)

> lim inf log]P’(X(sfl) —ke ! > M*l)

ot samm
$201—H)
s

= h;“;{)‘f 320-H)
£2(1-H)

L H-1
> llglg(r]lf PRI logIP’(X(l) > el (A +k)) .

logIP’(sX(sfl) —k > A)

In the above, we used the fact that X (¢~!) 4 e~H X(1). Since X(1) is a Gaussian
random variable with zero mean and unit variance (recall that the choice of ¢ ensures
this), we have

;liminfsz(lfm Io ]P(X(l) > sHﬁl(A +k)) > —M for every A > 0
A20-H) "o & T 2a2a-H)” v ’
o ) (k) )
= lkrg{,%fmlOgP(M >X)Z_i2€)m_—0 .
A simple computation gives us that the above infimum is 6* and attained at ». = I*THk.
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To prove the upper bound, we again write for A > 0,

logP (M* > x) = limsup 2! ~#) 10gIP’<M* > 871).

. 1
lim sup m e

x—oo X

Choose Tp > ﬁ Clearly, for any ¢ > 0,
P [M* > 8_1:|

=P< sup (X(s)—ks)>81>

0<s<Tpe~!

—HP’( sup  (X(s) —ks) < e ! sup (X(s) — ks) > 81> .

0<s<Tpe~! s>Toe™!

We now compute the above terms individually,

P( sup (X(s)—ks)>8_l>

0<s<Tpe~!

=P ( sup (elfHX(s) —ks) > 1) , from self-similarity of X.

0<s<Ty

and as earlier in Lemma 4.1,

limsup82(l_H) logIP’< sup ("1 X(s) — ks) > 1)

e—0 0<s<lI

kZH

< - = —0%.
- 2H2H(1 _ H)Z(I—H)

In the above, we applied Lemma 4.1, for 7 = Tp and A = 1.
We now estimate

IP’( sup  (X(s) —ks) <e” ', sup (X(s)—ks) > 8_1)

0<s<Tpe~! s>Tpe™!
s>Tpe~!

< IP’( sup (X(s) —ks) > s_1>

s>|Toe™!]

§]P’< sup (X(s)—ks)>s—1>

n—l<s<n

=P <Un>|_T08_]J{ sup (X (s) —ks) > g1 })
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< Z IE”( sup (X (s) —ks) > 81> .

n=|Tpe— |+1 n—l<s<n

In the fourth line above, we partitioned (LTOS’1 ], 00) into sets of the form (n — 1, n],
for integer n > [ Toe~!].
In the following, we bound the individual terms. To that end, define

Ut) = sup (X(s) — ks).

t—1<s<t

We have

lim sup 2= logP (EU(S_I) > A)

e—0

= lim supez(lfH) logP < sup "M X(s) —ks) > k)

e—0 1—g<s<l

<lim supsz(lfH) logP < sup (slfHX(s) —ks) > A)
1

e—0 —5<s<l
(A + ks)?

S S G20

where 0 < 6 < 1. In the first equality, we used the following:

UeH= sup (X(s)—ks)
el l<s<e!
4 sup (' T X (s) — ks),
l—e<s<l1

where we have changed s to ¢~!s and applied Corollary A.1. The inequality 5.20 is
obtained in the similar way as it was done in the proof of Lemma 4.1. Taking § | O,
we have

limsupsz(lfH) log P (8U(871) > )\) =—(h+k)?

e—0

Therefore, for § > 0, there exists g9 > 0 such that for every ¢ < &,

Z IP’( sup (X(s)—ks)>8_l)

n=|Toe~| n<s<n+l
00
< Z P(n! sup (X (s) —ks) >0
n=|Toe~| n<s<n+l
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o0
< Z exp (—nz(l_H)(k2 + 5))
n=|Toe~ ']

< exp (—LToe’ljz“’H)(kz 4 5))

o0
> exp (—(nz(l—’” — [Toe Py (k2 + 5))
n=|Toe~!]

< oxp (—LToe™ 21U+ 9)) €,

for some constant C > 0. This gives us

o0
lim sup £2( =) Jog Z IP’( sup (X (s) —ks) > 81>

<
e—0 n=|Toe~1] n<s<n+l1

< 13702 4 5).

Putting all the terms together, we have

. 1 *
lim sup N T) log P (M > x)

x—>o00 X

= limsup e2 =) Jog P (M* > e*]>

e—0

£—0 0<s<l

< max {lim supaz(l_H) logP ( sup (EI_HX(S) —ks) > 1) ,

o0
lim supem*H) log Z ]P’( sup  (X(s) —ks) > 81)

e—0 n=|Toe~! | n<s<n+l1
= max | - 0%, -7 G2 4 9) .
Now, we take Ty 1 oo (the second term goes to —o0), to get the result. O

We now study the tail asymptotics and long-time behavior of {V (#)}/eR, -

Theorem 5.3 Assume that o > % Forevery K > 0, there exist to = to(K, 89, k, o, )
and Q = Q(K, 8o, k, e, y) such that the following holds.

1 %plfHZ_A 2 k2
P(V(t) > p) <exp S\ T +e 7, (5.21)

fort > tyand p > Q. Here, A is as given in Theorem 5.1.
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Proof Consider the following set:

X (D(w) = X(s)(@)]

Y
1-8p<s<1 [1—s|*"2

S:S(K,(So):{a): <C(K)jg. (5.22)

Here, C(K) is the same constant that appears in Lemma 5.4. On the event S, we
consider the following: We follow a similar argument as in the proof of Theorem 5.1.
We fix ¢ throughout the proof after choosing it large enough. In the rest of the proof,
we suppress the dependence on w for all the random processes that follow. We now
show that on §,

max l(tHZ(l) — " Z(w) — kt(1 —v))

1-8p=<v=

is less than a positive constant Q (uniformly in large 7). This implies that the maxi-
mizers for

[max Tz —t"Zw) —kt(1 — v))

conditioned on the event

{a)  max (1 Z(1) = 17 Z() —ki (1 = ) > Q} ns

<v<
are less than 1 — §p. Indeed, if

maxl(tHZ(l) — it Zw) —kt(1 —v)) > 0,

0<v<
then from the hypothesis,
max (7Z(1) —t"Z@w) —kt(1 —v)) < 0 < max (7 Z(1)
1-§p=<v<l 0<v<l

" Z(w) — kt (1 = v)).

This implies that the maximizers are strictly less than 1 — §p. To that end, we recall
that on the event S,

Z(1) = Z(v) < C(1 —v)*" %, (5.23)
for1 — 8y < v < 1.Hence,on S,

" Z1) =" Z(w) —kt(1 —v)) < C(1 — ) 27 — k(1 — v)1,
forl — 8y <v <1.
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The maximum of the right-hand side is attained at
kt ;
I+5—«a
=1—-min{s, (—) * "}
v min { 0 (Ct 7 ) }

géJ’%_"‘c =
t> 1= (T)

(this ensures that maximum is attained at 1 — §g), we have

For

_r
max  (t7Z(1) =17 Z(w) — ke(1 —v)) < €85 11 — kot

1-8p<v<l
1

H a— YL\ T-H H
<(—-HHTA <C6 2) (ko) T = Q.
It is thus clear that for

Omaxl(tHZ(l) —t"ZW) —kt(1 =v)) > p > O,

the maximizer cannot be in [1 — §g, 1].
Therefore, for p > Q and t > 19,

P(V(@) > p) =P <0111a§1 (tHZ(l) — M7y — ke (1 — u)) > ,0)
_p ({ max (tHZ(l) — " 7)) — ki (1 — v)) > ,0} n S)

4P ({ max, (:Hza) — M 7)) — ke (1 — v)) > ,0} n SC)

<P <zH max | (Z(1) = Z() — ktdo > p) +P(59)

O<v<l-—
< P( max (Z(1) — Z(v)) > ﬂ) + P(59)
0<v<l-§y t

v

<P <O<m< ax (Z(1) = Z(v)) > min {%jjvot}) 1 P(S)

pl—H(gg{ .
/Ol_H56L1 .
<SP, max  Z0) > 5oy | 4 PGS (5.25)
1 %pl_Hz — A 2 K2
<exp < - 5(#) ) + exp ( - 7) (5.26)
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Above, A is as in hypothesis of Theorem 5.1. To get (5.24), we used the following:
Fort > ty and p > Q, from the above analysis

P({ max (tHZ(l) — " Z) — k(1 — u)) > p} N S)

O<v<l

— H __H _ B
o P ([ Ofl;nfalx_(go (t Z(l) t Z(U) kl(l U)) > )0} N S) .
To get (5.25), we used

max (Z(l)—Z(v))<2 max Z(v).

0<v<1-349 <v=1-dy
Finally, to get (5.26), we applied Lemmas 5.3 and 5.4. O

Corollary 5.1 The laws of R+ valued random variables {V (t)} have a weak limit point
ast — oo.

Proof From Theorem 5.3, it is clear that for any € > 0, there exists pp and such that
for t > ty, for some 7y such that the upper bound in (5.21) is less than €. From this
and Prohorov’s theorem, we have the existence of weak limit point of the law of V (¢)
ast — oo. O

In the following, without loss of generality, we assume that V' (¢) converges to along
every subsequence, almost surely to respective limit points.

Theorem 5.4 Let V* be a weak limit point of {V (t)};er,. ast — oo. Then,

k(1 — 1)?
lim (1~ mlog]P’(V* > e 1) = — inf kd=s)+1D .
e—0 o<s<1 vi(1l,s) + va(l,s)

Proof We have already seen from Lemma 5.5 that for r > 0,
V) L ¢ max (tH*IZ(l) — 71 Z0) — k(1 — v)) = V().
O<v<l

Now we consider a sequence In 1 00 such that V(#,) converges weakly to V*.
From the above equality of laws, V (t,) also converges weakly to V*. From Skorohod
representation theorem, we can without loss of generality, assume that

V (t,) converges to V*, P — a.s.

Therefore, we have

V¥ = lim V() = lim 1 max (rH—lz(l) — 71 7() — k(1 — v)), P— as.

t—o0 (O<v<l
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Now we replace 7 in V (¢) by ¢! and treat r — oo as ¢ — 0. In other words, we
have
V* = slnig10 ‘7(8;1) = s},iEIO en_l 01;151;(1 (s,ll_HZ(l) - s,ll_HZ(v) — k(1 — v)) , P—as.
(5.27)

From Theorem 4.1, we know that eV (¢~!) satisfies an LDP. From (5.27), we also
know that

V¥ = V(e, Dl = flen),

where f is a deterministic positive function such that f(x) — 0, as x — 0, P— a.s.
Then, we have |g, V* — an(sn_l)| = e, f(en).
Now we are in a position to derive the tail behavior of V*:

lim sup 8,%(1_”) logP (enV* > 1) <lim supsﬁ(l_H) logP(sn\_/(s;l) >1— s,,f(sn)) .

£,—0 en—0
Similarly,

liminf &2~ log P (,V (e, ') > 1) < liminf &2~ log P (e, V* > 1 — &, f (&) -

en—0 ep—0

From Theorem 4.1, we have

1imos,3“—H> logP (e, V* > 1) = lim085(l_H) log P (Sn‘?@;l) - 1)
En— En—
B k(1 —5) + 1)?
0<s<1 vi(1,s) +v2(l,s)

Since the right-hand side of the above equation is independent of the sequence ¢, — 0,
we can replace ¢, in the above equation with ¢. This gives us

k(1 — 1)?
lim 2!~ log]P’(V* > 8_1) = — inf kd=s)+1) .
e—0 0<s<1 vi(1,s) + va(l,s)
This completes the proof. O

5.1 Alternative proof of Theorem 5.2 using the results of Hiisler and Piterbarg [16]

The proof of Theorem 5.2 uses the large deviation asymptotics of the processes
{M?},~0 (Lemma 4.1) and {V¢}.-¢ (Theorem 4.1). But to use these results, it was
necessary in the proofs to establish the existence of the limit points of {M (¢)};~0 and
{V(t)};~0 which was the content of Theorems 5.1 and 5.3, respectively. Alternatively,
the proof can be given as a direct application of a result by Hiisler and Piterbarg [16].
Before we state the result in [16], we recall the following definition: A centered self-
similar Gaussian process (with Hurst parameter 0 < H < 1) with continuous sample
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paths {Z(#)};~0 is called locally stationary self-similar if for some positive K and
0<n<2,

E[(Z(tl)tl_H — Z(tz)tz_H)z]
lim

1>t 1 — h|"
i ltr — 1]

= Kt72H, (5.28)

Theorem 5.5 [16, Theorem 1] Suppose that {Z(t)};~o is a locally stationary self-
similar Gaussian process. Then, as .. — o0,

IP’(sup (2(t) — kt) > A) ~ Cp(AYT T H W (an ),

>0
Here, C) is a positive constant (its explicit form is given in [16]) and

kH
A=
HH (1 — H)(=1)

and \V is the tail distribution function of standard normal random variable.

In Lemma A.2, we show that the GFBM X (-) is locally stationary. Hence, from
Theorem 5.5, we have the following: In this case, with A = +/20*,

. 1 1 1 1-Hy _ *
xh_?;c J20-H) IOgP(fgg (Z@t) —kt) > A) = xh—?;o P log W(v/20*0' 1) = —p*,
(5.29)

In the last equality, we used the tail behavior of a standard normal random variable
(W is its tail distribution function). This shows that [16, Theorem 1] can be applied to
prove Theorem 5.2.

Acknowledgements We thank the editor and referees for the helpful comments which resulted in the
addition of Sects. 4.1 and 5.1 and Remark 5.5. This work is partly supported by the US National Science
of Foundation grant DMS-2216765.

Appendix A: Auxiliary results

In the following, we present a few results that used in the Sect. 5. Define a following
continuous map from C7 to C:

Jr 1 §() > &(T). (A.D)
Lemma A.1 For the GFBM X in (2.1), and for any T > 0,
Px o Jr' () =Px(T "),
where Px is the law of X.
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Proof For a given n € IN, consider 0 < u; < up < u3 < --- < u, < 1. Now from
the self-similarity of X [27, Proposition 5.1], it is clear that forn = 1,

Z(Tuy) £ TH Z(uy).
In other words,
PxoJr ') € ) =PxEw) e T~).
For n > 1, assume that

(Z(Tu), Z(Twa), ..., Z(Tuz—)) € A) < ((Z(uo, Z@a). ..., Z(un-1)) € T*HA) :
(A.2)

for any A C B(R"~!). Now consider the Borel set B € B(RR). Then, we have

((Z(Tur), Z(Tuz), ..., Z(Tuy, Z(Tup))) € A x B)
4 ((Z(ul), Za), ..., Z(un_1)) € T"HA x T’HB).
Since the sets of the form A x B generate all the Borel sets of R”, the self-similarity
property (A.2) holds for n and therefore by induction, all finite dimensional distri-
butions. It is trivial to see that the finite dimensional distributions of Px o J, ! and

‘Px are consistent families of measures. Therefore, using the Kolmogorov consistency
theorem, we get the desired result. O

Remark A.1 The above statement and proof can be generalized to processes with RCLL
(right continuous with left limits) paths. Indeed, we construct a similar map Jr on Dr
to Dy (here, Dr is space of functions that right continuous with left limits equipped

with the Skorohod topology). We can then proceed exactly as above.

Theorem A.1 [20, Theorem 9.25] For a standard Brownian motion B on [0, 1],

P [ lim sup max |B(t) — B(s)|=1] =1.

1
510 28 log(%) UIS_YSSthal

Remark A.2 Clearly, for every p > 0, there is 1 > §p > 0 such that for every § < do,

we have
1
max [B(r) — B(s)| < (1 + p),/28 log <E) P—as.
0<s<r=<l

r—s<§
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Corollary A.1 For p > 0, thereis 1 > 8o = 8o(p) > 0 such that whenever t > 3y,

B 1
sup L < max \/5(1 +p0), ——=—== sup B(s);, P—as.
O<s<t 1 1) 0=s=t
stog (1) sotee ()
Otherwise,
B
sup —(S) < \/5(1 +p0), P—as

Proof From Theorem A.1, as seen already for every p > 0, thereisa 1 > §y > 0,
such that for every § < §p, we have

1
max [B(r) — B(s)| < (I + p),/26 log (3) P— as.
0<s<r<l
r—s<§

In particular,

B(r) — B(0) = B(r) < (1 + p),/251og (é) foreveryr <4, P —as.

This implies that we have

/ 1
B(r) < (14 p),/281log (5), foreveryr =86 <&y, P—as

Assuming that r > §p, we have

B 1
sup A < max \/5(1 + p), ———= sup B(s)
O<s<t /s log (%) 5 10g (%> So<s<t
1
< max \/5(1 +p), ———— sup B(s);, P—as.

/80 log (%) O=s=t

It is easy to see that for r < §o,

sup & <201 +p), P—as.

O<s=t [§ log (%)
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Hence, the proof is complete. O
Using the technique similar to Theorem 5.4, we have the following.

Alternate proof of Theorem 5.2 We follow the argument almost exactly as in Theo-
rem 5.4. We have already seen from Lemma 5.5 that for ¢ > 0,

M@ < ¢ max (tH_lZ(v) - kv) = M@).

And from Lemma 5.6, we know that M (¢) P— a.s. converges to M™* as t — o©.
Therefore, we have

M* = lim M(t) = lim ¢ max (tH_lZ(v) —kv), P — as.

t—00 t—o00 O<v<l

Now we replace ¢ in M (¢) by ! and treat 1 — 00 as ¢ — 0. In other words, we
have

M* = lim #(e™") = lim s~ max (e‘*”Z(v) _ kv) CP—as.  (A3)
E—> £E—>

0<v<l

Too—1y _ -1 1-H _
ME ) =c¢ 0?321(8 Z(v) kv).

From Lemma 4.1, we know that e M (¢ 1) satisfies an LDP. From (A.3), we also know
that

M~ M(@e™h| = g(e),
where g is a deterministic positive function such that g(x) — 0 as x — 0, P— a.s.

Then, we have [eM* —eM (e~ 1)| = eg(e).
Now we are in a position to derive the tail behavior of M*:

lim supez(I*H) logIP’(sM* > 1) < lim sup g21-H) log]P’(sM(e*l) >1— eg(e)) .

e—0 e—0

Similarly,

lim inf £2(1— ) 1ogIP(sM(e*1) > 1) < liminf &2 log P (M > 1 — eg(e))
e—>

e—0

From Lemma 4.1 with T = 1, we have

lim (=) logIP’(eM* > 1) = lim ¢>(—1) logP (SM({;‘_I) > 1) .

£—0 e—0
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We now notice that

lim 2" jog P (eM* > 1) = 22D lim g2 1ogP (e M* > 1), (A4
E—> E—>

by changing & to A~ '&. With the same argument as above, for 1 > 0, we have the
following

A2H=D qiy g2(-H) logP (EM* > A) = A2H=D qip 20-H) logP (EM(é‘_l) > A)
£—0 e—0

(th)? AH
) . I < wi=m>
= . B )
— W )\.2(1 H) s otherwise.
Therefore, choosing A > w, from (A.4), we have
2(1—H) 1 k2t
I ~H) g P (M* - ) - .
Pl o8 - 2HH (1 — H)2(-H)
This completes the proof. O

Remark A.3 The intuition for the choice . > ]% in the end of the proofis that (A.4)

suggests us a scale invariance of the tail of M™*. Therefore, the decay rate of tail
asymptotics is always one of the two cases in (4.10) which scales in A as A2
This case happens when A > L[;H)

The next lemma concerns the locally stationary property of the GFBM process
and is used in the proof in Sect.5.1. Recall the definition of local stationarity for a
self-similar Gaussian process in (5.28).

LemmaA.2 The GFBM X (-) defined in (2.1) is locally stationary.

Proof For0 < s <1,

Ellr 7X@ — s HX ()1 =t 2HE[X (1) — X()1P1 — ¢ — s B[ X ()]
+ 2@ — sTIHEX (1) — X ()X (5)]
=1 E[IX (1) — X(5)*]
— () M — $HY2E[ X ()]
4+ 2t g H (g H _ HE[(X (1) — X (5)) X (5)]

(A.5)
To check that
E[lr 2 X @) — s 7 X (s5)|?
Jim U O =5 XU s, (A.6)
tﬁt? (r— s)2H
s—1
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it suffices to prove that the corresponding limits exist for the three terms on the right-
hand side of (A.5). Before we proceed to do that, using (2.2) and (2.3), we rewrite
E[X () — X(s)lz] and E[(X () — X (s5))X(s)] by making the following change of
variables: u = s — (t — s)v and v = xw with x = ﬁ for integrals over [0, s] and
u = s + (t — s)v for integrals over [s, r]. We have

t
E[IX (1) — X(s)|*] = c2/ (t —uw)u"Vdu
+ /S((t —w)® = (s — ) u " du
0

1
_ 20 N2H o \2a SN
=c°(t—ys) </0 (1—-v) (U+t—s> dv

1
+/ (A —w) ™ ((1 4 xw)® — (xw)“)le_de),
0

(A7)
E[(X(t) — X(s)X(s)] = ¢? /S ((t —u)? — (s — u)o‘)(s —w)*u"Vdu
0
1
=c*(t—s5)*H / (1—w) 7 (1 +xw)
0
— (xw)®) (xw)*x "V dw. (A.8)

It is clear that

1 s —y 1
/ (1 - v)za(v n —) dv < / (1 — )7 dv = B(1 +2a, 1 — y) < 0.

0 I—s 0
(A.9)

Recall that B(a, b) is the Beta function for a, b > 0. Since —% + 45 <a< HTV, we
have

1
su% {/(; (1 —=w)7"((1+ yw)* — (yw)“)2yl_ydw} < KBl —y,y) < o0,
y>

for some K > 0. (A.10)

Indeed, we have

1
sup { /0 (=) (14 yu)® = )’y dw )

y>0

1
< (supg(y>)2f (1—w) w7 dw
y>0 0

< (su;()) 2())’B( -y, ).
y>
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Here,

2() = ((1+ 0 = (»*)y? % for y € (0, 00).

Now showing that supy,o g(y) < oo, we are done. To that end, we show that
limy_,0 g(y) and limy_, o g(y) both exist and are finite. Then from continuity of
g(+) in (0, 0o0), we know that g(y) is finite for every y € (0, co) and it will then imply
that sup,_ g(y) < oo. Consider

lim g(y) = lim ((1 T ya+%—%) —o,
y—0 y—0
1y

where we used 53— 5> 0and @ > —% + % Now consider

. . (+y™he—1pg —a(l +y hHely=2
lim g(y) = lim — 5 = lim T
y—00 y—00 y—a—§+§ y—00 (_0[ _ % 4 %)y—a—§+7—1

Y
2

—a(l 4y Helyei-
N T _l.7
Y (—a—5+7%)

H IS
In the above, = denotes that we used L’Hdpital’s rule, as the we have a 8 form (recall

thata + 3 — % > 0). To get the final equality, we used the fact that e < § + 4.

Now consider (observe that it is (t — )%, instead of (t — 5)2H),

1
(= S)H(fo (I —w) (1 +xw)* — (xw)a)(xw)“xlf”dw)

1
< st sup {y””‘*’y+1 (1 +y)* - y"‘)} /0 (1 —w) 7w’ dw

y>0
H lr a o . v 1
< s"B(1 -y sup |y E (4 0" =), since H=a = 2 4,
y>0 2 2
<sHB(1 =y, ) sup {y%*%ﬂv((l +y e - 1)} < 0. (A.11)

y>0

The finiteness of

sup [y~ (1 4y~ he - 1))
y>0

can be proved in the similar way as done for g(y). From (A.9) and (A.10) ((A.11),

respectively.), we can conclude that quantity in parenthesis of (A.7) ((A.8), respec-
tively) is continuous in (s, #) when § < s < t, for every § > O.
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We are finally in a position to prove local stationarity of X (-). For the first term in
(A.5), from (A.7) and continuity of the term in the parenthesis, we know that

g 20 EUX @ — X ()]
r»x? (t — s)zH
s—>10

exists uniformly for 7y > &, for any § > 0. To see that the corresponding limit of the
second term in (A.5) exists uniformly for 7y > §, for any § > 0, we write

—2HH _ (H\2 2 H _ H
fim T ZsDUEIXOFT (C=25) a2 Bx @)

t—10 (t — s)2H =1 \(t — s)H
s—>10 s—>1o

and from H-Holder continuity of function f(¢) = ¢, we can conclude the existence
of the above limit.

Now, to see that the corresponding limit of the third term in (A.5) exists uniformly
for ty > §, for any § > 0, we write

.t HgTHGH _ EYE[(X (1) — X (5) X (5)]
lim
) (t —s)2H

s—>1o

.t 2HgTHGH _HYE[(X (1) — X ()X ()]
= lim

i1 (t—s)H (t—s)H
s—1

From the H-Holder continuity of function f(¢) = t, we obtain

) t*2Hs*H(sH —IH) )
lim exists

110 (r— S)H
s—1

uniformly for o > §, for any § > 0 and from (A.8) and continuity of the quantity
inside the parenthesis, we know that

E[(X(#) — X(s)X(s)]

lim ists.
fim 7Y exists
s—>10
Thus, we have proved that (A.6) holds. This proves the result. O
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