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EXTREMES OF VECTOR-VALUED GAUSSIAN PROCESSES: EXACT ASYMPTOTICS

KRZYSZTOF DEBICKI, ENKELEJD HASHORVA, LANPENG JI, AND KAMIL TABIS

Abstract: Let {X;(¢),t > 0},1 < ¢ < n be mutually independent centered Gaussian processes with almost surely

continuous sample paths. We derive the exact asymptotics of
P (Jrepo.r)Vi=t,...n Xi(t) > u)

as u — oo, for both locally stationary X;’s and X;’s with a nonconstant generalized variance function. Additionally,
we analyze properties of multidimensional counterparts of the Pickands and Piterbarg constants, that appear in the
derived asymptotics. Important by-products of this contribution are the vector-process extensions of the Piterbarg
inequality, the Borell-TIS inequality, the Slepian lemma and the Pickands-Piterbarg lemma which are the main pillars
of the extremal theory of vector-valued Gaussian processes.

Key Words: Gaussian process; conjunction; extremes; double-sum method; Slepian lemma; Borell-TIS inequal-
ity; Piterbarg inequality; generalized Albin constant; generalized Pickands constant; generalized Piterbarg constant;
Pickands-Piterbarg lemma.

AMS Classification: Primary 60G15; secondary 60G70

1. INTRODUCTION

Consider a vector-valued Gaussian process {X(¢),t > 0}, where X(t) = (X1(t),..., X, (t)) with {X;(¢),t > 0},1 <i <
n, n € N, being independent centered Gaussian processes with almost surely (a.s.) continuous sample paths. In this

paper we focus on the asymptotic behavior of the probability that X enters the upper orthant {(x1,...,2,) : ©; >

u,i € {1,...,n}} over a fixed time interval [0, 7], i.e.,
(1) P (Hte[O,T]Vi:L...,nXi(t) > u)
as u — 0o.

One of important motivations to analyze (1) is its connection with the conjunction problem for Gaussian processes.

The set of conjunctions Cp,, on the fixed time interval [0, 7] with respect to some threshold u is defined as

Cru:={te[0,T]: i Xi(t) > u}

see e.g., the seminal contribution [38]. One of the key properties of Cr ., that recently focused substantial attention,

is the probability that Cr,, is non-empty

(2) pru =P (Cru#¢)=P ( sup min X,(t) > u> .

tefo,1) 1<i<n

Certainly pr ., is equivalent to (1), implying that one can view at (1) as at the probability of extremal behavior of
the process {min;<;<, X;(t),t > 0}. Typically, in applications such as the analysis of functional magnetic resonance
imaging (fMRI) data, X;’s are assumed to be real-valued Gaussian random fields. We refer to, e.g., [8, 14, 38], for
approximations of pr, in the case of smooth Gaussian random fields. Results for non-Gaussian random fields and
general stationary processes can be found in [9, 19].

In the special case when n = 1, (1) reduces to the the tail asymptotics of supremum of a centered Gaussian process.
One of the techniques that was found to be particularly successful in finding exact asymptotic behavior of supremas of

Gaussian processes is the double-sum method. This method was originally introduced for the stationary case in seminal
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papers of J. Pickands III [32, 33]. Later, it was extended to non-stationary Gaussian processes (and fields) including
locally stationary Gaussian process and Gaussian process with a nonconstant variance function. For a complete survey
on related results we refer to [34, 35].

The main goal of this contribution is to derive exact asymptotics of (1) for large classes of non-stationary Gaussian
processes X;’s, providing multidimensional counterparts of the seminal Pickands’ and Piterbarg-Prishyaznyuk’s results,
respectively; see e.g., Theorem D2 and Theorem D3 in [34]. The proofs of our main results are based on an extension
of the double-sum technique applied to the analysis of (1). Remarkably, the relation between (1) and (2) also implies
the applicability of the double-sum method to non-Gaussian processes, as, e.g., the process {min;<;<, X;(t),t > 0}.
Interestingly, in the obtained asymptotics, there appear multidimensional counterparts of the classical Pickands and
Piterbarg constants (see Sections 2 and 3). We analyze properties of these new constants in Section 3.

In the literature there are few results on extremes of non-smooth vector-valued Gaussian processes; see [10, 22, 27, 40]
and the references therein. In Section 5 we shall present some extensions (tailored for our use) of the Slepian lemma,
the Borell-TIS inequality and the Piterbarg inequality for vector-valued Gaussian random fields. These results are of
independent interest given their crucial role in the theory of Gaussian processes and random fields; see e.g., [1, 15, 31, 34]
and the references therein.

The organization of the paper: Basic notation and some preliminary results are presented in Section 2. In Section 3
we analyze properties of vector-valued Pickands and Piterbarg constants. The main results of the paper, concerning
the asymptotics of (1) for both locally stationary X;’s and X;’s with a nonconstant generalized variance function, are

displayed in Section 4. All the proofs are relegated to Section 5.

2. NOTATION AND PRELIMINARIES

We shall use some standard notation which is common when dealing with vectors. All the operations on vectors are
meant componentwise, for instance, for any given = (z1,...,2,) € R and y = (y1,...,yn) € R, we write x > y if
and only if z; > y; forall 1 < i < n, write /& = (1/z1, - ,1/z,) if x; # 0,1 < i <n, and write zy = (1y1,. .., ZnYn)
Further we set 0:=(0,...,0) € R" and 1 :=(1,...,1) € R™.

We use the notation f(u) = h(u)(1+ o(1)) if limy o $23 =1 and write f(u) = o(h(u)) if limy o0 £ = 0. By ()

we denote the survival function of an N(0,1) random variable, and I'(-) denotes the Euler Gamma function.

We shall refer to { X (t),t > 0} as a centered n-dimensional vector-valued Gaussian process, where X (t) = (X1(t), ..., X, (1))
with X;’s being independent centered Gaussian processes with a.s. continuous sample paths. Since n hereafter is al-
ways fixed we shall occasionally omit ”n-dimensional”, mentioning simply that X is a centered vector-valued Gaussian

process. Define next

0'3(() = (Ug(l(')v v 7U§(n('))7 RX(7 ) = (RX1('7 ')7 T 7RXn('7 ))a

with 0% (t) = Var(X;(t)) and Rx,(s,t) = Cov(X;(s), X;(t)).

Let in the following {B; ..(t),t € R},1 < i < n be n mutually independent standard fractional Brownian motions
(fBm’s) defined on R with common Hurst index x/2 € (0, 1], and set B (t) = (B1,k(t), ..., Bn.x(t)).

A key step in the investigation of the tail asymptotics of supremum of Gaussian processes is the derivation of the tail
asymptotic behaviour of the supremum taken over "short intervals”. For the stationary case this is achieved by the
so-called Pickands lemma. The non-stationary case is covered by the so-called Piterbarg lemma (see [17, 18, 28] for
similar terminology and related results). Before deriving an extension of these classical results for the vector-valued
Gaussian processes, we need to introduce some further notation.

Let {Y(¢),t € R} be a centered Gaussian process with a.s. continuous sample paths such that ¥ (0) = 0 a.s., and
let d: R — R be a continuous function such that d(0) = 0. Further, denote S1, S to be two non-negative constants
satisfying max (S, S2) > 0. Let {X,(¢),t € [-51,S52]},u > 0 be a family of centered Gaussian processes with a.s.

continuous sample paths that satisfies

P1: 0% (0) =1 for all u large and lim, o u*(1 — ox, (t)) = d(t) uniformly with respect to t € [-S1, SaJ;



EXTREMES OF VECTOR-VALUED GAUSSIAN PROCESSES: EXACT ASYMPTOTICS 3

P2: lim, o u?Var(X,(t) — Xu.(s)) = 2Var(Y (t) — Y (s)) for all t,s € [-S1, Sa);
P3: there exist G,up > 0 and v € (0,2] such that u*Var(X,(t) — X.(s)) < G|t — 5|7 holds for all u > uy and
t,s € [—Sl, SQ]

We write X,, € P(Y,d) if {X,}u>0 satisfies P1-P3.
Introduce next some further notation which is related to vector version of the Pickands and Piterbarg constants.
Consider {Y (t),t € R}, with Y (¢) = (Y1(¢),...,Yn(t)), where {Y;(¢),t € R} are mutually independent Gaussian
processes with a.s. continuous sample paths such that ¥;(0) = 0 a.s., and let d(t) = (d1(t),...,dn(t)) with d;(-) being
continuous functions such that d;(0) = 0. We define

Hy a[—S1,82] = eXi=1 “’i]P’(EIte[fshsz] V2Y (1) — 0% (1) — d(t) > w) dw
]RTL

= / eXiz1 Wi sup  min (\/éYZ(t) — 0% (t) — di(t) — wi) >0 |dw € (0,00).
n te[—S,5,) 1Sisn ’

In the special case of Y (t) = B, (t) being an n-dimensional vector-valued fBm process with independent coordinates

we set
;"[B,i (52) = ’HBMQ[O, Sg].

The above defined constants play significant role in the following multidimensional extension of the Pickands-Piterbarg

lemma (compare with, e.g., [17, 21, 34]).

Proposition 2.1. Let {X,(t),t € [-51,52]},u > 0 be a family of centered vector-valued Gaussian process with
independent coordinates X; , € P(Y;,d;) for some Y;,d;,1 < i <n. If f(-) is an n-dimensional vector function such

that lim,, o f(u)/u = ¢ > 0, then as u — oo

P(ﬂte[fsl,SQ] Xu(t) > f(u)) = Hey c2al—S1, S2] [ [ ©(fi(w) (1 + o(1)).

i=1
The proof of Proposition 2.1 is given in Section 5.1.

Let X be a centered vector-valued Gaussian processes with independent coordinates X;’s which are stationary

Gaussian processes with unit variance and correlation functions r;(-),1 < ¢ < n satisfying
(3) ri(t) =1—a; [t|™ +o(|t|™) t— 0, and r4(t) <1, Vt #0,

where x; € (0,2], a; > 0,1 < i < n. Let k = minj<;<y, ki, and denote @ = (a1l =}, - Anl{n,—x}) With 1y
denoting the indicator function. Hereafter we write X € S(a, k) if (3) is satisfied by the vector-valued Gaussian
process X.

As a straightforward implication of Proposition 2.1 we obtain the following corollary.

Corollary 2.2. Consider a centered vector-valued stationary Gaussian process X € S(a,k). For any 8; > k and

b(t) such that bi(t) = b;|t|" 1rs<oy + bilt|P 1m0y 1 < i < n, define Z;(t) = %,t eR1<i<mn If f(:) is an

n-dimensional vector function such that lim, .~ f(u)/u = ¢ > 0, then for any non-negative constants S1, Se satisfying
maX(S’l, 52) >0

(4) P(Triei-siu-2/r spu-2r) Z(8) > F(W)) = Hoyap, c2al—S1, 52 [] W (£i(w) (1 + (1))

i=1

holds as u — oo, where d(t) = (di(t), ..., d,(t)) with d;(t) = b;(t)1{5,=x}-
Next we introduce multidimensional counterparts of the Pickands constant, defined as

(5) Heps, = lim Sil'HCBK,(S)

S—o0
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for k € (0,2] and C > 0, C # 0. Note that if n =1 and C; # 0, then Hep, = Cf/RHj:, where

H: = lim T'E <exp ( sup (V2B ,.(t) — t"‘)))

T—oo t€[0,T]

is the classical Pickands constant; see e.g., [34] and the recent contributions [24, 25, 39]. The existence and finiteness of
Hep, follow by Fekete’s Lemma, since by Lemma 3.1 displayed in Section 3, Hep,, (S) is sub-additive. Furthermore,
Proposition 3.2 below shows that Hepg, > 0 .

Finally we introduce multidimensional counterparts of Piterbarg constants. For x € (0,2] let d = (d,...,d,),
d=(dy,...,dy)besuchthat Y1  d; >0and >, d; >0, and let d(t) = (di(t),...,dn(t)) with d;(t) = d;[t|*1;<0y +
Ei|t|"”"1{t>0}. We define, for C > 0, C # 0,

d — n _
Hep, = Jim Hep,al-5,0]
Hép, = lim Heg,,al0, 9]

S—o0

d,d .

=i = 1 — .
Hes, Jim Hep, a5, 5]

In Theorem 4.3 we shall prove that the above generalized Piterbarg constants exist and are both positive and finite.

3. ESTIMATES OF THE GENERALIZED PICKANDS AND PITERBARG CONSTANTS

In this section we provide some estimates of the above defined multidimensional counterparts of Pickands and Piterbarg

constants. We begin with the subadditivity property of He g, (5).
Lemma 3.1. Let k € (0,2] and C >0, C #0. Then for all S € N
(6) Hep, (S) < S Hep, (1) € (0,0).

The proof of Lemma 3.1 is given in Section 5.2.
Clearly, from the subadditivity of Hcp, (-) we obtain that Hep, exists and is finite. In the next proposition we

confirm that Hep, is strictly positive by establishing a positive lower bound.
Proposition 3.2. If x € (0,2] and C >0, C # 0, then

n 1/k
(Xi=i )
AH/RD (1K + 1)

Hes, =

Proposition 3.3. For each n € N we have

n—1 n—1
n 2 n 1
< — 1 2 J— < -
Hp, < n(n_l ( + m)) and Hp, < n(n_1> N

where n/(n — 1) is set to be 1 for n = 1.

We conclude this section with lower bounds for the generalized Piterbarg constants "ng B. ’H%’%H.

Proposition 3.4. For any x € (0,2], C > 0,C # 0 and d,d such that >, d;, > 0,57, d; > 0 we have
_ n _ —1/k
'H%BN > (e/@Zmax(O,di)) Hes,
i=1

and

n —-1/k
WD, > 2o (3 (st0d) 4 os07) ) e,
i=1

We note that the lower bounds above are new even for the case n = 1.
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4. MAIN RESULTS

In this section we derive the asymptotics of (1) for X with locally stationary coordinates (see e.g., [11, 29, 34] for
locally stationary Gaussian processes) in Theorem 4.1 and for a large class of X with a nonconstant generalized
variance function in Theorem 4.3. These results provide multidimensional counterparts of Pickands theorem and

Piterbarg-Prishyaznyuk theorem.

4.1. Locally stationary coordinates. Let {X(¢),¢ € [0,7]} be a centered vector-valued Gaussian process with
independent coordinates X;’s which are locally stationary Gaussian processes, that is with unit variance and correlation

functions r;(+, ), 1 < ¢ < n satisfying

(7) ri(t,t +h) =1—a;(t)|h]™ + of

"), h—0

uniformly with respect to ¢t € [0,T], where ; € (0,2], and a;(t),1 < i < n are positive continuous functions on [0, 7],
and further

(8) ri(s,t) <1, Vs,t € [0,T] and s # t.

Let in the following a(t) = (a1(t)1{x, =k}, - @n(t) 1k, =x}), t € [0,T]. Recall that we set £ = minj<j<,, K.

Note that {X : X € S(a,k)} is a special class of the above defined vector-valued Gaussian processes.

Theorem 4.1. Let X be a centered vector-valued Gaussian process with independent locally stationary coordinates

satisfying (7) and (8). If f(-) is an n-dimensional vector function such that lim,_, f(u)/u = c > 0, then
9) P(Grepr X(t) > / H, g, dt ur H\IJ £ +o(1)), u— oo.

The special case of Theorem 4.1 for X € S(a, «) has been derived in [16], which is based on an elegant idea mainly
by S. Berman and P. Albin; see [12, 13, 2, 3, 4, 5, 6, 7]. As shown in [16] the methodology of [7] can be extended to
handle the stationary non-Gaussian process {minj<;<, X;(t) : ¢ > 0}, which leads to an alternative representation of
He B, ; constants with similar representation are referred to as Albin constants. Namely, straightforward comparison
of Theorem 4.1 with Theorem 1.1 in [16] implies the following proposition, which goes in line with the findings of [7]

for 1-dimensional case.
Proposition 4.2. IfC >0, C #0 and k € (0 2], then
Hes, = hm IP’ <rn3x Zes, (uk) < O) € (0, 00),
with
Zop, (1) == min (\fc Bin(t) — C2t5 + E) >0,
where E;’s are mutually independent unit mean exponentials being further independent of B; ,.’s.

4.2. General non-stationary coordinates. Let {X (¢),t € [0,T]} be a centered vector-valued non-stationary Gauss-
ian process with a nonconstant generalized variance function. The following set of conditions constitutes a vector-
valued counterpart of Piterbarg-type conditions on X;’s (see e.g., [34] for the original Piterbarg’s conditions imposed
on Gaussian processes or fields with a nonconstant variance function):

Assumption I: The following generalized variance function

attains its minimum over [0, 7] at the unique point ¢ = to € [0, 7.
Assumption II: There exist o; € (0,2], a; > 0, 1 <i < n such that

Cov ( Xi(t)  Xi(s)

0X; (t) ’ 0Xx; (S)

):1—ai|t—s|°”—0(|t—s|°”)7 1<i<n
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holds as t,s — tg.
Assumption III: There exist some 3 > 0, b= (b,...,b,) and b= (by,...,b,) such that
ox,(to +1)

1—
0X; (to)

= b; [t Lgp<oy + B [t Lypmoy +o(t]), 1<i<n

holds as t — 0.

Assumption IV: There exist some positive constants G,y such that
E ((Xz(t) — Xz(s))2) <Glt—-s", 1<i<n

holds for all s,¢ € [0,T].
We note that Assumption III implies that

(10) mw+w—gwn:2@ugm+mﬁw9uW+mm%,t»m
which combined with Assumption I implies that both 6 := Y | 7T () (t ) >0and f:=>1" 0257“0) > 0.

Theorem 4.3. Let X be a centered vector-valued Gaussian process that satisfies Assumptions I-1V with the parameters

therein. Denote o = minj<j<n @i, @ = (a1l{a,=a}, "+ »@nl{a,=a}), and let ¢ = (c1,--- ,c,) with ¢; = 1<i<

1
= ox,(to)’
n. If 8 >0 and 8 > 0, then, as u — oo

i) If a < B we have

\ M)

P(Sup min X()>u>7—lc\/53a@F<; ) i aH\II ciu) (14 o(1)),

1<i<
te[o,T] 1Si<n =1

where

Wl
~
o
Il
o

=

@
I
SR

it) If « = 8 we have

1=1
where
’b
Hng » to
H={ ba‘jgi, to € (0,T)
c’b
,Hch » o

i11) If @ > 8 we have

P(sup min X;( ) H‘I’ ciu) (1+o(1)).

t€[0,7) 1<i<n

Remarks: a) For n = 1, the above theorem reduces to the classical result for non-stationary Gaussian processes (see
e.g., [36, 34]).

b) Let X be a centered vector-valued Gaussian process with independent coordinates X;’s which are copies of a Gaussian
process X, and let {X,.,(t),t > 0},1 < r < n be the order statistics processes of {X;(t),t > 0},1 < i < n, i.e., we
define

X1:n(t) = max X;(t) > Xop(t) > ... > X, (t) = min X;(¢), t>0.

1<i<n 1<i<n

Under the assumptions of Theorem 4.1 or Theorem 4.3, with similar arguments as in [16] we obtain

P( sup Xp.n(t) > u) = (n')'T'IP’< sup min X;(t) > ) (I14+0(1)), u— oo.

te[0,T) n—r)rt \ieo,r)1sisr
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5. PROOFS

Before proceeding to the proofs of Theorem 4.1 and Theorem 4.3, we present four lemmas that will play important
roles in further analysis but are also of independent interest. We begin with a vector version of the Slepian lemma,
then give the vector-valued counterparts of the Borell-TIS inequality and the Piterbarg inequality, respectively. We

write below T for a compact set in R*, k& > 1.

Lemma 5.1. (Slepian Lemma) Let {Y (t),t € T} and {Z(t),t € T} be two centered separable vector-valued Gaussian
processes with independent coordinates. If for all t,s € T

oy (t) = 0%(t), Ry(t,s)> Rz(t,s),
then for any u € R™ we have

(11) P(HteT Y (t) > u) < IP(EIteT Z(t) > u).

Proof of Lemma 5.1: The claim for any finite set 7 follows by a direct application of Gordon’s inequality (see [26]).

If 7 is a given compact set of R¥, then the proof can be easily established using standard arguments that make use

of the separability assumption; see e.g., [1]. O
. . . 1

Set in the following 73 = infyer > i, ENOL

Lemma 5.2. (Borell-TIS inequality) Let {Z(t),t € T} be a centered vector-valued Gaussian process with independent
coordinates which have a.s. continuous sample paths and variance functions U%i(~), 1 <i<n. Ifr > 0, then there

exists some positive constant p such that for u > p

P (3ie7Z(t) > ul) < exp (—(U_QM)QT%) .

Proof of Lemma 5.2: It follows that

(12) P(3ierZ(t) >ul) < P (Sup Y () > u) ,
teT

where (set A(t) = > 1, H?:I,j# o%j (t),teT)

n 7.171 . i0'2v t
Y(t)zZ(W)Zi(t), teT.

i=1

Since further

n -1
Var (Y1) = (Z 1@))

i=1 %%

the claim follows from the Borell-TIS inequality for one-dimensional Gaussian processes (e.g., [1]) with

uw=E (Sup Y(t)) < 0
teT

and thus the proof is complete. O

Lemma 5.3. (Piterbarg inequality) Let {Z(t),t € T} be given as in Lemma 5.2. If further there exist some positive

constants G,v such that
(13) E ((Zi(t)— Zi(s))?) <Glt—s", 1<i<n
holds for all s,t € T, then for all u large
) 2
(14) P (3ierZ(t) > ul) < Cmes(T) uv ~'exp (—772-) ,

where C' is some positive constant not depending on u.
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Proof of Lemma 5.3: We use the same notation as in the proof of Lemma 5.2. In the light of (12) and Theorem 8.1
in [34], it suffices to show that

(15) E((Y(t)—Y(s)?) <Lt—s|", Vs,teT

holds for some positive constants L and v, which can be confirmed using (13), and thus the claim follows. g
Remarks: a) The set T in the last lemmas can be more general. For instance, Lemma 5.1 holds if we assume (T, d) to
be a separable metric space, and Lemma 5.2 holds if we assume {Z(t),t € T} to be a centered vector-valued Gaussian

process with independent coordinates which have a.s. bounded sample paths on a general parameter space T .

b) Assume that G = {t €T :t=arginf) ;| 0-21(t)} is a finite set. Define G. = |J (t —e,t +e]NT) for any small
Z; teg
positive €. In view of the proof of Theorem 8.1 in [34], the claim of Lemma 5.8 still holds if (13) is valid for all

t,s € G. with some small positive €.

The last lemma below concerns the asymptotics of a probability of double events; it is crucial when dealing with the

double sum term in the proof of our main results.

Lemma 5.4. Consider a centered vector-valued stationary Gaussian process X € S(a, k). Suppose that for those X;’s

with k; = Kk there exists some global constant € > 0 such that
a
1-— E’t” > Rx,(t,0) > 1 — 2a,t"

holds for allt € [0,€]. Assume further that f(-), h(-) are two n-dimensional vector functions such thatlim,_,« f(u)/u =

c1 > 0 and limy, 00 h(u)/u = ¢ > 0. Then there exist two positive constants F,G such that for all tg > S > 1
P (Hte[o,S]uﬁ/N X(t) > f(u), Jieqro,tors1u—2/x X () > h(“))

< FS™exp(—Glto— ) [[ ¥ (fi(“) u h?‘(“)>

holds for all u large.

Proof of Lemma 5.4: First note that if k; = &, in view of the proof of Lemma 6.3 in [34] (or Lemma 5 in [30]) we
obtain that

P ( sup  X;(t) > fi(u), sup Xi(t) > hi(u)>

tel0,S]u—2/x teto,to+S|u—2/r

< FiS7 exp (=Gilto — §)") ¥ (W)

holds with some positive constants F;, G;. Further, if k; > k, then there exist some positive constant L and sufficiently

small €1 > 0 such that

ri(t) > e Lt"

is valid for all ¢ € [0,¢&4].
Let {£(t),t > 0} be a stationary Gaussian process with a.s. continuous sample paths and correlation function re(t) =
e~ 't > 0. By the Slepain lemma (cf. Theorem C.1 in [34] or Lemma 5.1) we have

te[0,Su—2/x) telto,to+SJu—2/x

P ( sup  X;(t) > fi(u), sup X;(t) > hz(u)>

<P < sup  X;(t) > max(f;(u), hz(u))>

te[0,Su—2/+x]

§P< sup  £(t) >

te[0,Su—2/+x] 2
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Consequently, the Pickands lemma (cf. Lemma D.1 in [34] or Corollary 2.2) implies

P (t [ sup  X;(t) > fi(w), sup Xi(t) > hl(u)>

0,Su—2/x] tE€fto,to+Su—2/%

< FiS*U (W) < S exp (~Gylty — 5)") ¥ <W)

for all u sufficiently large, with G; = 0 and some F; > 1. Moreover since in view of the independence of X;’s

P (Elte[o,S]zr?/N X(t) > f(u), et tor-sju-—2/x X () > h(u))

P <ﬂ { sup  X;(t) > fz(u)} , ﬂ { sup X;(t) > hz(u)}>
i=1 | t€[0,5]u—2/+ i=1 | t€[to,to+Su—2/+»

HIP’ ( [Osup Xi(t) > fi(u), sup X;(t) > hz(u)>

€[0,S|u—2/x te(to,to+S|u—2/x

IN

the claim follows by choosing F =[]/, F; >0, G = .1 | G; > 0. This completes the proof. O

5.1. Proof of Proposition 2.1. The idea of the proof is based on a multidimensional modification of the proof of

Theorem D.1 in [34]. We shall present only the main steps that lead to the claim. For all u > 0 we have

P (Gieorn Xu(t) > F(w) = [ 11 (aze2) P (Buetom Xult) > 100 Xul0) =v) ao

n

= TL) [ Sl GO (Sig0m Xu0)> £ | X.0) = ) - 55 dw,

where the last equality is a consequence of the change of variables v = f(u)— 76 (with dv = (—=1)" [T\, (1/ fi(w))dw).

i=1

Consider the family x,(t) = (x1,u(t),- ., Xn,u(t)) indexed by u, where

Niult) = (ﬁ-(u) (Xo(t) — Fi(w)) + w;

Xiul0) = fiw) = 5755,

and observe that

P (atem Xu(t) > F(u) | Xu(0) = F(u) - f‘("w) =P (ieor Xu (1) > w).

By P1-P2 for any w € R
E (xiu(t)) = —Var(Y;(t)) — d;(t), u— o0

holds uniformly with respect to t € [0,T]. Moreover,
E ((Xi,u(t) - Xw(s))Q) — 2Var(Y;(t) — Yi(s)), uv— o
for all s,t € [0,T]. Hence

lim P (Jyepor Xult) > w) =P (Hte[m (\/iY(t) ~ Var(Y (1)) — d(t)) > w)

uU—r 00
for each w € R. The remaining part of the proof follows line-by-line the same reasoning as the corresponding proof of

Lemma D.1 in [34], where P3 is used for the tightness of x;.’s. This completes the proof. O

5.2. Proof of Lemma 3.1. It suffices to suppose that in Corolarry 2.2 we have by(t) = --- = b,(t) = 0 (so Z;(-) =
X, () is stationary) and note that

M

P (EtG[O,Su*Q/"] X(t) > f(u)) < P (Hte[kfl,k]u*r"/” X(t) > f(u))

>~
Il

1
= SP(Jiciou-2rn) X(t) > F(u))

is valid for all w > 0. O
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5.3. Proof of Proposition 3.2. The idea of the proof is based on a multidimensional modification of a technique
developed in Lemma 16 and Corollary 17 in [23] and in Lemma 7 in [37]. For a fixed a > 0 and a positive integer N,

using Bonferroni’s inequality, we obtain

Hep, (aN) = /n eXi=1 Wi (Elte[O,aN] {ﬁCBK(t) - C*" > w}) dw

> /nezz;lwi]P’@lngN{\/iCBN(ak:) — C(ak)" > w}) dw
N
6211:1 Wi \[ w«lak) — 2 ak)” w w
>kz_1/ IP’(QCB(k) C2(ak)") > )d
72 Z / TP (VIO (By(ak) + By(al) — C*((ak)" + (al)") > 2w) dw
k=1 l=k+1

St [[P (VECiBun(ak) — CH(ah) > wi) duw

k=1 =1

N n
-3 Y [ e ]e (\/iCz-(Bm(ak) + Bin(al)) — C2((ak)" + (al)®) > 2wi) dw
Rn i=1

N n
= YT [ P (VECiBiatah) — C2ab)" > w)

Wi P (ﬂci(Bi,ﬁ(ak) + Bis(al)) — CZ((ak)" + (al)") > wi) dw;

: 2
N n
- Y IIE <exp (ﬁCiBi,K(ak) - C’f(ak)”))

— i ﬁE<exp <\/§Ci(Bi,n(ak) + B; x(al)) — CZ((ak)" + (al)"‘)))

2

Since exp (\/ﬁciBi,m(ak‘) - Cz-z(ak‘)”) is log-normal distributed

|
—

E (exp (\/iCiBiyn(ak‘) - C?(ak;)“)>
E (eXp (\@Oi(Bi,n(ak) + B, (al)) — C2((ak)* + (al)*) >>

; = oxp (~C2(all ~ k)" /4)

implying

N-1 N " C2(a(l - R
Hep, (aN) > N — > > exp (—Zi_l Oi(4(l k) )
k=1

=1 l=k+1

(o)

where C? = 3" | C?. From the definition of Hep,,, for any a > 0

. ’HCBN(CLN C?a"
Hos, = W.7uN (1—ZGXP<

0 2 K
1 (1—/ exp (—C a a:’“) dm)
a 0 4

Y

Y
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1( 1 T(1/k) )
= (1 -2 )
a ar(C2/4)""

The maximum over a > 0 of a function f(a) = % (1 — g) is attained at a* = 2¢ with f(a*) = i. Consequently, setting

= % we obtain
02 4 1/k
Hes, > KE}F({//{;)
establishing the claim. O

5.4. Proof of Proposition 3.3. In view of Lemma 2.2 and Lemma 2.3 in [20], we have for any T > 0

HBl (T)

(2+T)<I>< T/2>+ T/mexp (~T/4) < 2+\/Z+T,

MHp,(T) = 1+ %

Hence the case n = 1 is clear. Next, for n > 2, from the subadditivity of Hg, (-) and the independence of B; ,(-) we
have
(e Hpo (T) - (i, (D))"

. . Hp, (T) .
e ——rr 7 < —
s, %rifo T - %r;fo T T>0 T

Therefore, for k = 1, Hp, < mingsg @ with ¢ =2 + \/%, and the minimum is attained at z* = —<-. For k = 2,

n—1"
(14-cx)™
x

Hp, < mingso with ¢ = ﬁ, and the minimum is attained for x* = ﬁ This completes the proof. O

5.5. Proof of Proposition 3.4. It is sufficient to present the proof for HECBK. By definition we have, for any 7" > 0

lim 'Hcgmd[o,s] > ’HCBmd[O?T]
S—o0

S W{P(thom V2CB,(t) — C%0% (1) — dt* > w)dw
]R’IL

/ et wip(gte[o,T] V2CB,(t) — CQU%N(t) >w + maX(O,a)T”)dw

Y]

= e_TN E:L:l maX(O,Ei)HcB,{,O[(LT]'

Since Hen, 00,7 = Hes, (T) is subadditive, we have, by the Fekete’s Lemma, that

lim Heg, .al0,5] > sup (e_Tn 2zt max(o’di)Hcgmg[O,T]>
S—ro0

T>0
> sup Te 7" Zimamax(0.di) g Hos,. (1)
>0 >0 T
Ty d T
= Sup(Te*T Eizlmax(o’di)) lim HLN()
T>0 T—o0 T
n -1/
= (eanax(O,dﬁ) Hes.,
i=1
establishing the proof. -

5.6. Proof of Theorem 4.1. The complete proof consists of two steps. In Step 1 we show the claim for X with
stationary coordinates, and then in Step 2 we show the proof for X with locally stationary coordinates.

Step 1. Stationary coordinates, i.e., X € S(a, k).

First let S > 1 and denote for u > 0

A = k8w, (k+ 1)Su 2k € No,  N(uw) = |Tu?/57] 4 1.
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Here |-| denotes the ceiling function. By Bonferroni’s inequality and the stationarity of X we have, for sufficiently
large u

N (u)
P (Jiepor) X (1) > f(w) < D P(Frea, X(1) > f(u))
k=0

= NP (Gea, X(t) > f(u)).
Thus, by Corollary 2.2 we obtain

) P (3eepo,r) X (t) > f(u)) Heyas, (S)
(16) s = o I, v (i) © 5

Again by Bonferroni’s inequality

N(u)—1
P (e X(t) > fFw) = > P(Frea, X(t) > f(u) — S(u)
k=0
holds, where
Sw)= Y PEea, X(@) > f(u),Fea, X(t) > f(u)).

0<k<I<N(u)
Similarly to the proof of (16) we obtain

NWT P (3hen, X(8) > F(W) _ Heyan, (S)
L k=0 tEA cvaB,
an) b e I, v () = 5

Next we shall focus on the double sum term ¥(u). We choose some small positive € such that the assumptions in Lemma
5.4 are satisfied. We divide ¥(u) into three parts, say, 1 (u) the sum over indexes k, Il such that (I —k — 1)Su®/* > ¢,
Yo (u) the sum over indexes | > k + 1 and (I — k — 1)Su?/* < ¢, and ¥3(u) the sum over indexes | = k + 1.

For the summand of ¥ (u), we have similarly as in the proof of Lemma 5.4

P Grean X(0) > F)3ea, X0 > £) < TP (s X0 > fitu) sup X,(0) > £:0))

< HIP’ sup  X;(t) + Xi(s) > 2fi(u) | .
i=1 (t,S)EAkXAL
Further since 7;(t) < 1 for any t # 0, then
0;= max r(s—t)<l1,
(t,8)EAR XA

which yields
Var(X;(t) + X;(s)) =2(1 +ri(s —t)) < 2(1 + 6;) < 4.
Therefore from the Borell-TIS inequality for all sufficiently large u

_(filw) = mi)2>

P Grea X(0) > F()3iea, X(0 > £0) < [Jow (-
i=1 i

holds for some positive constants m;,1 < ¢ < n. Consequently,

(18) lim sup 7 o7 [T, O(fi(w) !

For the summand of ¥5(u), we get from Lemma 5.4 that for all sufficiently large u

n

P(Frea, X (1) > f(u),Jea X () > f(w) < FS*exp(=G((l—k—1)8)") [ ¥ (fi(w))
holds with some positive constants F,G. Thus, for sufficiently large u

Sa(u) < (N(u) +1) Y FS* exp (=G(15)") [T ©(fi(w))

=1 i=1
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is valid. Note that for any 6, G > 0 and S > (/G /2)~/? we have

Ze—c(kS)" < 26—6‘59.

Consequently, for large enough S

) Yo(u) 2n—1,-GS"
19 lim sup 7 < 2FSTe '
(19) u—oo Tu/F T W(fi(u))

For the summand of X3(u), by the stationarity of X (set X, (t) = X (tu=2?/%)) we have
P(Jiea, X(t) > f(u), Jiea, X(t) > f(u))
=P (3ico.s) Xult) > F(u), Jies2s) Xu(t) > flu))
=P (Bieo.9) Xul) > £, {Bieissrvm Xult) > F) U B0 vmas Xult) > F)})
<P (Fies) Xult) > F(0), Feisyvsasivs Xult) > F@) +P (s s4vm Xult) > F(1)).

Applying Lemma 5.4 with t, = S++/S and Pickands lemma (see Corollary 2.2) to the last two terms above, respectively,

we obtain that for sufficiently large u, .S
P (SBiea, X(t) > f(u), Fren, X () > f(u))
< F$¥exp (~GVEF) [T W(filw) + Fieyap, (VS) [ ¥(fi(w)
i=1 i=1

(2 FS?" exp (—G\/ﬁ) H )+ FHoyap, ()VS f[ U(fi(u
=1

< B (5% exp (—G@) + \/E) H U(fi(u)),
=1
with some constant F; > 0. Therefore
Ta(u) < (N(u)+D)F (82 exp (~GVSF) +3) f[qf( fi(w))
=1
for sufficiently large u, and thus

ZS(U) 2n—1 _1
20 li < B (S -GV S* S .
(20) ISP T T B () S L (82 exp (~GVSR) 4+ 574)
Consequently, it follows from (16-20) that for any sufficiently large S, Sy
Hesan. (S P (3 X(t) >
Movan(S1) s g P Brctom X0 > £10)
S U—00 Tu?/% Hi:l \Il(fl(u))
P (3 X(t) >
(21) > limint 4 e - () > f(u))
u—oo  Tu?/* [Tz, Y(fi(u))
H S _1 .
> M - B (5'22"71 exp (—G\/Sg) + 5, é) — 2FS§"716_GS2.
Sa
Therefore, the claim of the theorem follows from (21) by letting S7,S2 — co.

V

For Step 2, we point out that a close observation of (21) yields that

Heyan, (S1)
Si

uniformly with respect to a € [v, p| := [, [V, i), with v > 0, v # 0 and v; < p; < 00,1 <i < n.

(22) — /Hc\/EB,iv S1 — oo

Step 2. Locally stationary coordinates.
We consider only the case where xk = kK1 = -+ = Kk,; the same approach applies for the general case. It follows from

(7) that for any € > 0 there is some small §y > 0 such that for all 1 <i<n

(23) (1 —e)ai(t) |h]" <1—ri(t,t+h) < (1+e)ai(t) |h]"
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hold for all ¢,¢ + h € [0,T] satisfying |h| < §p. Now let A € (0,d0) be any small constant and denote A\, = kX, k € Ny.

Clearly
| T/X]+1
Y PGiepinia] X0 > Fw) > PGwpm X(8) > f(u)
k=0
LT/X]
> Y P Giepunn X (1) > Fu) = Sa(u),
k=0
with
E4(“) = Z P (EltE[)\k7)\k+1] X(t) > f(u)’ EltEP\z,)\Hl] X(t) > f(u)) .

0<k<I<|T/A]
Next, for any fixed k& € Ny, define centered stationary Gaussian processes {&;*(¢),t > 0} with unit variance and

correlation functions
rett (t) =exp(—(1 £ &)a;(Me) |t|™),t >0, 1<i<mn,
and let €% (¢) = (615 (t),- -+ ,&T (1)), t > 0. In view of (23) and Lemma 5.1 we have
P (Jteppreea) € () > (1) <P Greppre X @) > F(w) <P (Seppre.) ) > flu)).

Then applying the results in Step 1 for vector-valued stationary Gaussian process we conclude that for A\ sufficiently

small
lim sup b0 P Grepun) X(0) > Fw) LT/ZM:HH A
00 ’U,% H?:l \P(fz(’u)) — Pt cy/(1+e)a(A) By
T
(24) < (+e) /0 H, s, dt
where the last inequality follows from the fact that #_ (19a()B is continuous with respect to ¢ € [0, 7] which is

due to (22) and some elementary derivations. Similarly, we have for A sufficiently small

Sito ) P (Grepyny X(0) > £(u)) ’

25 lim inf = aleLas >(1—e¢ H dt.

(25) U—>00 uz H?:l \I/(fz(u)) > ( ) o cy/(1—€)a(t)B

Furthermore, similar arguments as in the proof of Theorem 7.1 in [34] show that

b
limsup ——, 4(v) =0
u—oo wx [Ty W(fi(u))

Consequently, the claim follows by letting € — 0 in (24) and (25). This completes the proof. O
5.7. Proof of Theorem 4.3. We only give the proof for the case that ty € (0,7),a =a; = -+ = a, and b > 0,b > 0.

The proofs of the other cases follow by similar arguments and are therefore omitted.
Let 6(u) = (Inu/u)?*?, and denote D, = [—d(u),d(u)] for u large. In the following, all formulas are meant for large

enough u. With these notation we have

te(to+D,,) 1Sisn telo,T) 1sisn

Pi(u):=P < sup  min X;(t) > u) < ]P’( sup min X, (t) > u)

t€[0,T]/(to+Ds) 1S1S

=: Pi(u)+ Pa(u).
Next, we shall derive the exact asymptotics of P;(u) as u — 0o, and show that

(26) Py(u) = o(Py(u)), u— o0
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implying thus
P( sup min X;(t) > =P (u)(1+0(1)), u— oo
te[0,T) 1<i<n

Now we focus on the the asymptotics of Pj(u) as u — oo. For any small enough £ > 0 define

t
Z; (1) = ffdif())ns*(t% teR, 1<i<n,

where
(27) d;7 (1) = (b F o)t 1< + (b F )t Lm0y, tER,
and {n;*(t),t € R} are centered stationary Gaussian processes with unit variance and correlation functions

res () = exp (~a ), 620, @ =a ke,

In view of Assuptions II-1IT and Lemma 5.1, we have that for any small enough € > 0

28 P Z < P, <P Z+
(28) (ng i, <>>U) <P < (‘;? 22, (>>“)

holds for all u sufficiently large. In the following, we shall show that the above upper and lower bounds for P;(u) are
asymptotically equivalent as u — oo and € — 0.
Next we introduce some notation. Let T7 be any positive constant. For the case that a < 3, we can split the interval

D, into several sub-intervals of side lengths T,u~2/®. Specifically, let
Ay = |kTiu™ =, (k+ 1)T1u*§} , ke€Z, N(u)= { (lnu)%u%_%J +1

and note that

N(u)—1 N(u)
U 2ccbuc |J A
k=—N(u)+1 k=—N(u)

We deal with the three cases i) a < 3, ii) @ = f and iii) @ > f one-by-one, using different techniques.
Case 1) a < 3: Upper bound. Using Bonferroni inequality we have

N(u)
Pl(u)gp(sup min Z; ()>u>§ Z P(sup min Zl+()>u>.
)

teD, 1<i<n e N(u teA, 1<i<n

Further we have

2

(u

(]

Z P <sup min Z; " (t) > u> < P(Jten,n°t(t) > £ (k,u))

te A, 1<i<n

k=0 k=0
N (u)
— . e_
= Y P (B 2O > £ (k)
k=0
where n=+(t) = (07 (t),- -+ ,ma* (1), t > 0, = (k,u) = (fi* (k,u), -+, fo* (k,u)) with
Fot (kyu) = ) 1+ (b; £ &) (k| Tiu™%)PLgpeoy + (bs j:s)(leu’%)ﬂl{bo}) u, 1<i<n.
Recall that we set ¢ = (¢, -+ ,¢,) with ¢; = m 1 < i < n. Applying Corollary 2.2 we obtain
N (u) N(u) n
kz P (Hte[O,Tuf%]T'E+ (&) > £k, )) " ev/a®F Ba ) kz 1_[1\11 i ett)
=0 =0 i=

as u — oo. Since further, with 6.4 = >_i- | c?(b; + &),

N(u) n N(u) n

98 | URTRUED of | [ (e (- ) 1o

k=0 i=1 k=0 i=1
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N (u) n — 2
yn exo | — (1+2(b; — ) (KThu~=))u? o
) ; p( > 307, (i) ><1+ (1))

=1

Il
\
w3
[JamE
Q
><
i~
<

N (u)

(2m)~ % <ﬁ ox, (t0)> u” " exp (—g (to) ) Z exp (—9 leu%_%)B) (1+0(1))

n 2 _ 2 u? o0 _
Ty '(2m) "% <H axi(to)> u~"7""exp (—29(t0)> /0 exp (—0O.—a?) dz(1 + o(1))

we conclude that

H ey (Th
";ﬂ;ﬁ‘;”wu)(l +o(1)),

teAy 1<i<n
e—

N(u)
ZP(sup min Z; " (t) > u
k)i

~—
IN

where

olu) = (2m)% (f[axxto))r(;ﬂ)ui?anexp(—“;g(to))

i=1

Similarly, we can find upper bound for Zngzv(u) P (sup;ep, mini<i<pn Z; " (t) > u), which leads to

P M, /arrp, (T1)
(29) 2 Pl omip 270 >u) s SRR w1+ oll),
——N@) -

where O, = (0—) 7+ (0.) 7 with 0.y = S, ¢H(b; ).

Lower bound. Applying again the Bonferroni inequality we have

N(u)—1
Pl(u)>]P’<sup min Z; - ()>u>> Z P(sup min Z; - ()>u)—21(u),

1<i<n 1<i<n
teD k=— N (u)+1 teNy

where

Yi(u) = ZZ IE”(Sup min Z; (t) > u, sup min Z; ()>u>.

1<i<n v 1<i<n
_N(u)<k<I<N(u) \I€P* tel

With similar arguments as for the derivation of (29) we obtain that

w1 H e (T
(30) 3 P<sup min Zf<t>>u> > ”ﬁBa”@Hw(u)mo(l)),

— -1/ —1
where O, = (95+) / + (QEJr) /B.
Next we consider the double sum term ¥ (u) =: Xa(u) + X3(u) where Yo(u) is the sum over indexes | = k + 1, and
¥3(u) is the sum over indexes [ > k + 1. It follows that

N (u) N (u)
Yolu) = Z P (tsetg) 1r<nll£1nZ ) Z IP’( sup min Z; (t) > u)
N (u)

1<i<n
k=—N(u) tEN K1

N(u)
- Z IP’( sup min Z; - ()>u>
w)

k=—N( tEARUA 41 1<i<n
Thus, we have from (29) and (30) that

L So(u) H, e (T1) H, g (2T))
1 1 99. _eva'tBa\"/  9q Teva'"Ba\ "7/
o TP =2 T Oet 2T,
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Moreover

N(u) N(u)
Y3(u) = Z ZP(sup min Z; (t) > u, sup min Z; - ()>u>

teA, 1<i<n teA, 1<i<n

-1 N(u)
+ Z ZP(sup min Z; (t) > u, sup min Z; - ()>u>

e N(u)loki2  \t€Ak SIS ten, 1<i<n
= Yz1(u) + Tz 2(u)

An application of Lemma 5.4 gives that

N(u) N(u)
Ssaw) <Y D PFeanT (1) > £ (ku), Frea,n™ (1) > £ (L)
k=0 I=k+2
.. o Tor o (5 (k) + S5 (L)
< YN FTtexp(-G(I—k—-1)T)™) [] v (= 5
k=0 I=k+2 i=1

holds with some positive constants F, G for any u sufficiently large. Using the same reasoning as in (29) and noting

that 6.4 > 0,6,.4 > 0 for sufficiently small €, we conclude that

lim sup 3.1(1)

< T 1Zexp —G(ITy)%)
=1

with some F; > 0. Similar arguments apply also for X3 o(u) and thus we have

X
(32) lim sup lim sup

Ti—oco u—oo SO(U)

Consequently, by letting e — 0 and 77 — co we obtain from (29-32) that

Pi(u) = Heyap, (Q*% +9‘5)r(6 ) H\I! ciu) (1 4+ o(1)).

Case ii) a = 8: Upper bound. Using the Bonferroni inequality we have

Pi(u) < P(sup min Z; ' (1) >u> <P sup  min Z; " (t) > u | + S4(u) + Ss(u),
teD, 1<i<n tEA_1UN 15i<n
where

N (u) -2
u)ZP(sup min Zl+()>u>, Ys(u) = Z ]P’(sup min Zz+()>u>.

1<i<n 1<i<n
teA k=—N(u) tEA

It follows from Corollary 2.2 that

IP’( sup  min Z;"(t) > u) =Heva 7B, c2d [—Tl,Tl]H\I/(ciu) (14 0(1))

teEA_1UAg 1<i<n iy

as u — 0o, where d°* (t) = (di*(t),--- ,dn* (t)) with d;*(¢) given as in (27). Moreover, the same arguments as in the

derivation of (29) imply that

Sa(u) < Hoygmrp, (T) > [T¥ )L+ 0(1))
k=1 =1
< Hoygrp, (Th) qu ciu Zexp _(KT1)?) (1 + o(1)).
Similarly
Ss(u) < Hoyaerp, (Th) H (ciu Zexp _(KT1)?) (1 + o(1)).

i=1
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Lower bound. Let T» be any positive constant. We have by Corollary 2.2 that

Y

Py (u) P sup min Z; (t) > u

1<i<n °
te[ Tou~ aTgu a]

n

= My amp, eoar [T T [ @ (cu) (14 0(1))
i=1

as u — 0o. From the upper and lower bounds obtained above we conclude that

P (u)
Heva=n, c2ac+ [~12:T2] < hufglgfm

lim sup #
u—oo [Limy W (ciu)

< Hyarp, crge- =TT+ Hy g (T1) Zexp (—0._(kT1)?)
k=1

IN

+ch/aT+Ba (Tl) Z exp (—QE+(]€T1)5) .
k=1

In the light of (6), using that @ > 0,6 > 0, and letting ¢ — 0,75 — oo on the left-hand side of the last equation we

c%b,c%b c%b,c%b

obtain that HcﬁB < oo. Similarly, letting ¢ — 0,77 — oo on the right-hand side we obtain that HcﬁB > 0.
Therefore, we conclude that
Py(u) = Z\bf;bH\P ciu) (1+0(1)), u— oo.

Case iii) a > f:
Upper bound. Since o > 3, we have that

Pi(u) < P|( su man >u| <P su man+ >
1( ) - (te[%) 1<i<n () ) - (tEA fiJAo 1<i<n () )

< P < sup  min W, (t) > u) )

tEA_1UN 1Si<n

where

€4 _ UXL(tO) g
Wi (t) - 1 _'_df, (t)‘/z(t)v te R,

with V;(t) being a centered stationary Gaussian process with covariance ry; (t) = exp(—|t|?),¢ > 0. Thus, by the proof
of Case 1)

n

Py(u) < Heye2as— [T, T1] H U (c;u) (1+0(1)), u— 0.

i=1

Lower bound. It follows easily that

Pi(u)y>P <lr<nm Xi(to) > u) H\I/ (c;u

Letting 77 — 0 we have from the above upper and lower bounds that
Py(u) = H U (cu) (1 +0(1)), u— oo.

Asymptotics of Py(u): In order to complete the proof we show that (26) is valid. To this end, we shall derive an

adequate upper bound for P»(u) by utilizing the generalized Borell-TIS and Piterbarg inequalities given in Lemma 5.2

and Lemma 5.3, respectively.
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By Assumption I and Assumption III we can choose some small € > 0 such that

inf t) > g(to)-
tE[O,T]/l[gfs,to%»s]g( ) 9(to)
Clearly
Py(u) <P sup min X;(t) >u | +P sup min X;(t) > u
te[0,T]/[to—¢,to+e] L<I<n telto—e,to+e]/(to+Dy ) LSIST

Further, by the generalized Borell-TIS in Lemma 5.2 we have for all sufficiently large u

. (u—p)? ,
33 P sup min X;(t) > u | <exp (— inf t
(33) te[0,T]/[to—¢,to+e] L<I<n 0 2 té[OyT]/[to—E,to+6]g( )
for some p > 0. Moreover, in view of the generalized Piterbarg inequality in Lemma 5.3 we obtain for all sufficiently
large u
P in X;(t) > u| < Quummirna ! ( v inf (t))
sup min X; u | < Qrumntve) “exp | —— in

te€[to—e,to+e]/(to+Dy) LIS ! ! 2 tG[tgfe,tg+e]/(t0+Du)g

for some Q; > 0. In addition (recall that § > 0, § > 0), we have that
g(to + 1) > g(to) + Q2(5(w))”
holds for all ¢ € [—¢,¢]|/D,. Therefore, for all u large
. —2____1 u? Q2 2
(34) P sup min X;(¢) > u | < Qrum™ma) " "exp | ——g(to) | exp | ——=(lnw)” ) .
telto—e,to+e]/ Dy LSIST 2 2

Consequently, the claim in (26) follows immediately from (33), (34) and the asymptotics of P;(u) obtained above.
Thus the proof is complete. O
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