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RUIN PROBLEM OF A TWO-DIMENSIONAL FRACTIONAL BROWNIAN MOTION
RISK PROCESS

LANPENG JI AND STEPHAN ROBERT

Abstract: This paper investigates ruin probability and ruin time of a two-dimensional fractional Brownian
motion risk process. The net loss process of an insurance company is modeled by a fractional Brownian motion.
The two-dimensional fractional Brownian motion risk process models the surplus processes of an insurance
and a reinsurance company, where the net loss are divided between them in some specified proportions. The
ruin problem considered is that of the two-dimensional risk process first entering the negative quadrant, that
is, the simultaneous ruin problem. We derive both asymptotics of the ruin probability and approximations of
the scaled conditional ruin time as the initial capital tends to infinity.

Key Words: Ruin probability; ruin time; asymptotics; two-dimensional risk process; fractional Brownian

motion; reinsurance

AMS Classification: Primary 60G15; secondary 60G70

1. INTRODUCTION

Let {Bg(t),t € R} be a standard fractional Brownian motion (fBm) with Hurst index H € (0,1), i.e., an

H-self-similar centered Gaussian process with stationary increments and covariance function given by
1
Cov(By(t), Bu(s)) = §(|t|2H + s — [t —s*™), t,seR.

Particularly, if H = 1/2, then B,/ is the standard Brownian motion (Bm).

In classical risk theory, the surplus process of an insurance company is modeled by the compound Poisson or
the general compound renewal risk process. For both applied and theoretical investigations, calculation of the
ruin probabilities for such models is of particular interest. In order to avoid technical issues and to allow for
dependence among the claim sizes, these risk models are often approximated by the Bm (also called diffusion)
(e.g., [1, 2, 3, 4]) or the fBm risk model (e.g., [5, 6]). The basic premise for the approximation is to let the
number of claims grow in a unit time interval and to make the claim sizes smaller in such a way that the risk
process converges to a self-similar process with drift. Calculations of ruin probabilities and related quantities
for Bm, fBm and more general Gaussian risk models have been the subject of study of numerous contributions;

see, e.g., [3,4,7,8,9, 10, 11, 12, 13].

Date: October 3, 2017.



2 LANPENG JI AND STEPHAN ROBERT

Consider the fBm risk process defined by
R(t) =z +pt— Bu(t), t>0,

where x > 0 is the initial capital, p > 0 is the net profit rate, and By models the net loss process. Roughly
speaking, By (t) is an approximation of the total claim amount process by time ¢ minus its expectation, the
latter is usually called the pure premium amount and calculated to cover the average payments of claims. The
net profit, also called safety loading, is the component which protects the company from large deviations of
claims from the average and also allows an accumulation of capital.

Motivated by [14, 15, 16] we shall consider in this paper a particular two-dimensional fBm risk model. In this
model two insurance companies split the net loss in proportions d1,d> > 0, with d; + do = 1, and receive net

profit at rates p1,p2 > 0, respectively. Let R; denote the risk process of the ith company

where z; > 0 denotes the initial capital. Note that in the above two-dimensional model both claims and pure
premiums (i.e., the net loss) are split between the two companies, which corresponds to proportional reinsurance
dependence of the companies as discussed in the aforementioned contributions. We refer to [17, 18, 19, 20]
and references therein for more motivations and discussions on multi-dimensional risk models.

As ruin time and ruin probability of the two-dimensional risk process that we are going to discuss do not

change under a scaling of (R;, Rs), we shall consider in the sequel the following scaled risk processes

where u; := x;/6; and ¢; := p; /d;.

We are interested in the simultaneous ruin time and the simultaneous ruin probability defined by
T(u1,u2) = inf{t > 0: Uy (t) < 0,Us2(t) < 0}
and, respectively,
P(ur,ug) = P{r(ui,uz) < oo} .

We shall obtain sharp approximations of the above quantities, as u1, us tend to infinity along a ray (i.e., uj/us

is constant). For this purpose, we shall simply assume that
(1) Ui = q;u

with ¢; > 0,7 = 1,2 fixed constants, and finally allow u to tend to infinity.
As indicated in [21], the consideration of large initial capitals is not just a mathematical assumption but
also an economic necessity, which is reinforced by the supervisory authorities. In any civilized country it is

not possible to start up an insurance business without a sufficiently large initial capital, which prevents the
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business from bankruptcy due to too many small or a few large claim sizes in the first period of its existence,
before the premium income can balance the losses and the gains.
Notice that under the assumption (1) the quantities 7(u1,us) and ¥ (u1,us) are functions of a single variable

u > 0, and thus we shall denote for any u

T(u) = T(ur,u2), Y(u) =p(us,ug).

We shall give full analysis of approximations for the above simultaneous ruin time and the simultaneous ruin
probability for large u. We point out that other different types of ruin can also be defined for the two-
dimensional fBm risk process as in [14]. However, full analysis of the corresponding ruin problems is more
complex and thus will be considered elsewhere.

Observe that under the assumption (1) the ruin time can be rewritten as

7(u) = inf{t > 0: By (t) > max(q1u + c1t, gau + cat)}.

Thus, the two-dimensional problem may also be viewed as a one-dimensional crossing problem over a piece-wise
linear barrier. If the two lines giu + ¢1t, gau + cot do not intersect over [0, 00), then the problems degenerate
to the classical problems of one-dimensional fBm risk process, which has been discussed in the aforementioned

contributions and thus will not be the focus of this paper. In consideration of that, we shall assume that

(2) C1 > C2, 42> (q1.

In Theorem 3.1 we derive exact asymptotics of ¢ (u) as u tends to infinity. Five different scenarios will
be discussed; for two of them we show that the asymptotics are the same as those of the degenerated one-
dimensional cases, for other two of them we show that the asymptotics are simply equivalent to the asymptotics
of the one-dimensional cases multiplied by 1/2, whereas for the remaining scenario we obtain quite different
asymptotics.

A related, interesting and vastly analyzed quantity of risk processes is the conditional ruin time, which in our
setup is 7(u)|7(u) < co. Approximation of this quantity will give us some idea of when ruin occurred knowing
that it has occurred. We refer to [4, 10, 13, 22, 23, 24, 25] for related discussions on ruin time. In Theorem 3.2
we derive some approximation results for the scaled conditional simultaneous ruin time. Again five different
scenarios will be discussed, and different approximations are obtained. Our results show that approximations
rather than exponential and (truncated) normal are also possible.

Organization of the rest of the paper: In Section 2 we introduce some notation and present some results for
the one-dimensional fBm risk process. The main results are displayed in Section 3, whereas the proofs are
relegated to Section 4. Finally, we conclude with an Appendix containing some known results as well as some

other technical results.
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2. PRELIMINARIES

We shall use the standard notation for asymptotic equivalence of two functions f(-) and h(-). Specifically, we
write f(z) = h(z)(1 + o(1)) or simply f(x) ~ h(x), if lim,_,, f(z)/h(z) =1 (a € RU{oo0}). Further, write
f(@) = o(h(x)), if lim, . f(z)/h(z) = 0.

Next we introduce the Pickands constant
Hom = i fHQH[O T]E(O )
m T ) ,00),

where

Hop[0,T] =E (exp( sup](\/ﬁBH(t) - tQH)>> , T e(0,00).

telo,T
It is known that Hq =1 and Hy = 1/4/7, see, e.g., [11, 26, 27, 28, 29, 30, 31, 32].
We define below another constant that will also appear in our main results, see Theorem 3.1 and Theorem
3.2. Recall that {By/5(t),t € R} is a standard Brownian motion defined on R. For any continuous function
d(-) satisfying d(0) = 0, define
HIS, T] =E (exp (tes[I;pT](\@Bl/g(t) —|t| = d(t)))) €(0,00), —00<S<T<o0.

It is known (see, e.g., [29, 33]) that for any @ > 0 and d(t) = alt|,t € R

1
(3) lim H{[0,T] = lim H{[-T,0]=1+ ~.
T— o0 a

T—o0

Furthermore, we define

H! = lim E (exp ( sup (V2B (t) — |t| — d(t))))
T—oo te[-T,T]

whenever the limit exists. As shown in Theorem 3.1 for special function d(-) the above constant is well-defined,

positive and finite.

Moreover, let U(z) denote the tail distribution function of a standard normal random variable, and denote by

®(z) =1 — ¥(x) the corresponding distribution function.

We conclude this section with some results on the one-dimensional fBm risk process
U(t) = qu+ct — By(t), t>0,
with g, c,u > 0. Define the corresponding ruin time and ruin probability by
Tgelw) =nf{t > 0:U() <0}, tgelu) =P{rc(u) <oo}.

The following result, concerning the ruin probability and scaled conditional ruin time of the above one-
dimensional fBm risk process, follows directly from [9, 10] or [29, 34]. For the sake of completeness, we present

a sketch of the proof in Appendix.
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Proposition 2.1. We have, as u — o0

H 1-H,1-H \ /H-1 H 1-H, 1-H
OGN PO T G vy (At B (e
@ H(1—H) HH(1 - H)\-H HHE(1 - H)\-H
and with
HH+1/2 " H
AW = gomEpaat NS gy

it holds that
(5) lim P M<x‘7 (u) <ocop=®(x), zeR

et 7 Alqu) = [T ’ |

3. MAIN RESULTS
By the self-similarity of fBm, we can rewrite the ruin probability as
¢(u) = P{tho (BH(t) —cit > quu, BH(t) — cot > QQ’U,)}

= P{30 (X1(t) > uTH X5 () > ulfH)}7

where
B (t
(6) i(t) = qii(cgt, >0, i=1,2
Define
tH .
Ji(t):\/m:m, t>0, i=1,2.
Elementary calculations show that for any ¢ = 1, 2
t; = Hg;
ci(1—H)

is the unique maximum point of the function o;(¢),¢ > 0. Additionally, by the assumption (2) it holds that
t1 < ta.

Consider two lines y;(t) = ¢q; + ¢;t,t > 0,7 = 1,2. Tt turns out that the unique intersection point of these two

lines

q2 — 1
C1 —C2

tr = >0

shall play a crucial rule in our analysis.
Denote

|H (q; + cit™) — cit”|
t*(q; + cit*)

(7) a; = ) 1= 1727

and denote by I(.y the indicator function.
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Below we present our results for the simultaneous ruin probability. Recall that the ruin probability of the

one-dimensional fBm risk process has been given in Proposition 2.1.

Theorem 3.1. Assume that (2) is satisfied. We have, as u — 00

1) if ty > t*, then

P(u) ~ gy e, (W)
2) if ty < t*, then

Y(w) ~ gy e (W)

3) if tp <t* < tg, then

n 1_mN1/H—2
( i s 1 <7(‘11+C;f1}“1 H) , H<1/2
q +citHu~ -
Y(u) ~ ¥ <t*H> X H, H=1/2
1, H>1/2,

with d(t) = 2t*as [t| Ip<o) + 2t"ay [t| I(1>0),t € R, and
He € (0, 00).
4) if t* =tq, then

1
Qb(u) ~ 5111)%701 (u)

5) if t* = tg, then
1
V) ~ St ().

Define

t*?H
2H-1

)

D(U) = (q1 +Clt*)2

and recall A(u) given in Proposition 2.1 and a;,i = 1,2 given in (7).

The approximations for the scaled conditional simultaneous ruin times are given in the following theorem.

Theorem 3.2. Assume that (2) is satisfied. For any x € R, we have, as u — 00

1) if t1 > t*, then

MILII;OP{W < LE‘T(U) < oo} = ®(x).

2) if to < t*, then
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3) ’Lftl < t* < tg, then

aileazwl(z<0) + (1 _ _az e—mz) I(m20)> H < 1/2

( ) o ai+az ai+az

: T\u)—tu _ ) Hi—oo0,1/(2t")a

ulLH;OP{W<x‘T(U)<OO}— %’ H:]_/2
e I(z<0) T L(220); H>1/2,

with d(-) the same as in Theorem 3.1, and for any x € R
H[—o00,1/(2t)x] := Jim HI[-S,1/(2t")x] € (0,00).
— 00
4) if t* = tq, then
lim p { T = 1 <:r‘ (1) < 00 b = (1 - 2W(x)) I
i —_ 7(u =(1- 2>0)-
U—00 A<Q1U) - (z>0)

5) if t* =tq, then

. 7(u) — tou
lim P 7§x‘ru <oo}:2<1>x Lioeor + Lo
Jm P{ TP <ol () Taeoy + Tz

Remark 3.3. We observe that, as u — oo, when t; < t* < to and H > 1/2, or when t* =ty it holds that

T(u) < t*ulT(u) < oo almost surely,

and when t* = t1 it holds that

7(u) > t*u

7(u) < oo almost surely.

4. PROOFS OF MAIN RESULTS

This section consists of the proofs of Theorem 3.1 and Theorem 3.2.
Proof of Theorem 3.1: The five different scenarios will be treated separately.

Proof for Case 1). First observe that

Y(u) = P{3i>0 (Bua(t) —cat > qu, Ba(t) — cot > qou)}

IN

P{3i>0 Bu(t) — c1t > qru} = g, ¢, (u).
Furthermore, for any € > 0 such that t; — ¢ > t* we have
P(u) > P{3cpcnte (Xai(t) >u' ™7, Xo(t) > u' =)}
= P{Jicp—citq X1(t) >u' "7}
~ g (1)

as u — 0o, where the last asymptotic equivalence follows from the classical Piterbarg theorem (see Theorem
5.5 in Appendix). Consequently, the claim of Case 1) follows.

Proof for Case 2). The proof is similar as in Case 1). We have the upper bound

Ql)(u) S w(I2,C2 (u)
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For the lower bound, we have for any ¢ > 0 such that t5 4+ ¢ < t*

V() > P{3icpycinreg (Xi(t) >u' "7 Xo(t) > u'~H)}
= P {Elte[t275,t2+a] Xo(t) > ul_H}
~ q/}qu,cz (u)

holds as u — oco. Thus, the claim of Case 2) is established.

Below, we continue with Cases 3), 4), 5). Denote

_ Bu(t)
g(t)

and let oz (t) = \/Var(Z(t)) =t /g(t),t > 0. We have

(8) Z(t) ,t >0, with g(t) = max(q1 + c1t, g2 + cot), t > 0,

Y(u) =P {Sup Z(t) > ul_H} :

>0
We first analyze the standard deviation function oz(t),t > 0. Elementary calculations show that, for all the

three cases, the maxima of oz (t) over [0, 00) is attained uniquely at ¢*. Furthermore, for Case 3) we have
(9) oz(t) —oz(t") = (o3(t")(t — ") 1<i=) + o1 (t")(E = ) [124)) (1 + 0(1)), t =17,
for Case 4) we have

(10) oz(t) —oz(t") = (o3(t")(t — ") e + %%’(t*)(t — ) I(z) (1 +0(1)), =17,

and for Case 5) we have

oz(t) —oz(t") = (%oé’(t*)(t - t*)QI(Kt*) + o ()t =t ) g>)) (1 + 0(1)), t—t*.

Moreover, for the correlation function rz(s,t) = Corr(Z(s), Z(t)) we have

1
(11) ry(s,t) = 1,W|t,s|2H (140(1), st—t*

holds for all the Cases 3), 4), 5).
Next, for any sufficiently small p > 0 denote D, = [t* — p,t* + p]. We have
To(u) ;=P sup Z(t) > u' " <op(u) < 7,(u) + P sup  Z(t) >u" 5.
tEDp tE[O,OO)\DP
Since lim;_, oo Z(t) = 0, the process {Z(t),t > 0} has bounded sample paths, and thus by the Borell-TIS

inequality (see Lemma 5.3 in Appendix) we have

(12) IP’{ sup  Z(t) > ul_H} < exp (— ! s (u! H — C’O)Z>

t€[0,00\D, 28UP;e(0,00)\D, T7(t)

holds for all sufficiently large u, where Cy = E (SUPte[o,oo)\D,, Z(t)) < co. Note that sup;ejo oo)\D, o2 (t) <

o2 (t*) since t* is the unique maximum point of oz (¢),t > 0.
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Hereafter, we shall focus on the asymptotics of 7,(u) as u — oo for all the three Cases 3), 4), 5). For simplicity,
we denote @ = u' /o7 (t*) = u~H oy (t*),i = 1,2.

Proof for Case 3). It follows from (9) that for the small chosen p there exists some small € > 0 such that

1+ (0,2 — E) |t - t*l I(t<t*) + (a1 — E) |t - t*l I(tZt*)
Uz(t*)
oz(t)
L+ (ag +e) [t =t Lpcpsy + (a1 + &) [t =t L (142

(13) < <

ol (t* et ) — st i)\ 2
holds for all ¢ € D, where a; = D] _ | H (gt st li=1,2. Set §, = (%) . We have

Uz(t*) t*(Qi‘i’Cit*)

p(u) =P { sup Z(t) > ul_H}
tel

Gyt 460
< Wp(u)
< p(u) + ]P’{ sup Z(t) > ulH} =: p(u) + r(u).
tE[t* —pyt* —8u|U[t* +3u " +p]

It follows from (13) that for all ¢ € [t* — p, t* — §,| U [t* + 0y, t* + p)

>1+a_d,

with a_ = min(ay,az) — & > 0 for the chosen sufficiently small . Thus, denoting Z(t) = Z(t)/oz(t) we have
r(u) <P sup Zt) > a(l4+a_d,) p .
tE[t" —pyt* =] Ut 460t 0]

Next we have from (11) that for the small chosen p

E((Z(t) - Z(5)*) < Qt — /"

holds for all t € D,, with some positive constant ). Thus, by the Piterbarg inequality (see Lemma 5.4 in
Appendix) we conclude that

ﬁ2

(14) r(u) < Cult/H-1 exp < 5 (1+ a_5u)2)

holds for all large u, with some positive constant C' which does not depend on wu.

In the following, we shall derive the asymptotics of p(u) as 4 — oo which will imply that

(15) IP’{ sup  Z(t) > ul_H} =o(p(u)), r(u)=o(p(u)), u— oo,
te[0,00)\D,

and thus
() ~ p(u),  uw— o0,
Note that from (11) we have for the small chosen p, e

bo |t — s <1 —ry(s,t) <by |t —s*"
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for all s,t € D,, where by = 21% Let {Y1(t),t € R} be two continuous centered stationary Gaussian

processes with unit variance and correlation functions ry, () given by
2H
ry, (t) = e BT e R

Consequently, by (13) and the Slepian inequality (see Lemma 5.2 in Appendix) we have

(16) IE”{ sup  Wa(t) > ﬁ} <pu) < ]P’{ sup  Wi(t) > ﬂ} ,
tE[—6u,0u) tE[—6u,0u)
where
Yi(t)
Wh(t , teR,
W= T (e = ) e + (01 = ) Ty
Y (¢
Wg(t) = ( ) teR.

L+ (a2 + ) [t Li1<0) + (a1 + &) [t| L0y’
In order to estimate the above bounds, we introduce the following notation. Let ¢ = g(u) = @~ /H and set for
any I' >0
A; =[iTq,(i+1)Tq], i € Z, and N, = |T '6,q7"],
where || is the ceiling function. We shall investigate separately the following three cases:
Case 3.1) H < 1/2, Case 3.i) H=1/2, Case 3.iii) H > 1/2.

Case 3.i)) H < 1/2. We have by the Bonferroni inequality (see Lemma 5.1 in Appendix)

Ny
(17) PS sup Wi(t)>ap < Y P { sup Wi (t) > u} ,
t€[—8u,8,] N1 e
N.—1
(18) IP’{ sup  Wa(t) > 12} > Z ]P{sup Wa(t) > 12} — O(u),
tE[—6u,0u] e, \tea,

O(u) = Z P { sup Wa(t) > 4, sup Wa(t) > ﬁ} .

—N,<i<j<N, (1€Ai e,

Continuing (17) we have

Ny Ny
Z P{sup Wi (t) >ﬂ} < ]P’{sup Y, (t) >ﬁB(i,T,u)}
N teA;

2—1
ilﬁl’ { sup Yy (t) > aB(i, T, u)}

i=—N,, t€fo
with

B(i,T,u) =1+ (a2 — €)1 ;<o) |(i + 1)Tq| + (a1 — €)I(i>0) [iTq| .
Next, by Lemma 5.6 (see Appendix) we have

P {fseuAp Y, (t) > aB(i,T, u)} = HQH[O7b%T]W(ﬁB<i,T, u))(1+0(1)), u— oo,
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_uZ
2

where o(1) is chosen uniformly for ¢ such that —N, < i < N,. Noting that ¥(u) ~ \/Qlfme , we have as

U — o0

i 11P’ { sup Y. (t) > aB(i, T, u)}

=Ny — teAo
e -1 N,
_ Hon[0,037T] ( T e FHmoalarnTa? | ie—%z<1+<a1—awq>2> 1+ o(1))
21t i=—Ny—1 i=0

S

2 = al
_ Han[0,627T] T]a%—Z (@) ( 3 plaz=e)((+)Ta* ) Ze—(al—sxz‘wé)) (T2 7)(1 4 o(1))
i=—N,—1 i=0

0.b28T 0 0o
_ Hen[0.037T] ]a%*xp(a) </ e<arf>fdx+/ 6(a15)xdx> (1+0(1))
0

1
 Hou[0,b37T] ay +ay — 2
T (a1 —€)(az —e)

A 20 (@) (1 + o(1)).

Consequently, as u — oo

N, 1
" N\ Homl0 67T ay tas—2 1,
< H .
(19) i:_EN ’_1]P’ {tseuApi Wa(t) > u} < T (a1 — o) (aa = e)u U(a)(1+o(1))

Similarly, we can show as u — oo

N,—1 5

< . Hom[0,027T] ay+as+2 1 o
20 P < sup Wa(t) > > u® “W(u)(1 4+ o(1)).
o g wat >} > BB LR S+ o)

Next we consider O(u). Set aq = min(ay, az) + ¢. It follows that

O(u) < Z P{sup Y—i(t) > 4, sup 1_}:;% > 11} =: 01(u)

N Gigi<n,  \tea 1+ ay |t] teA,;
We split the above sum into two by distinguishing j =i+ 1 and j > i +1, i.e., O1(u) = O11(u) + O12(u), with
©11(u) being the sum over indexes j = ¢+ 1 and ©;2(u) being the sum over indexes j > i + 1. For O11(u) we

have

Y_(t) N } Y_() N Y_(t) .
© = P —_— > + P —_— > - P —_ >
() N, < {tseuApi L+aylt " {tesggl T+ay [t B tEAf}ng L+ay t| "
= Sl(u) + SQ('LL) - Sg(’u).

Then using similar arguments as the derivation of (19) and (20) for S;(u),7 = 1,2, 3, we have

1 1
C) 2 Hom[0,027T)  Hom (2027 T
(21) lim lim lim ﬂ — i lim 2 [ o7teul | Hon( )
T—00 e—0 u—00 ﬂﬁ_Q\I/('&) T—ooe—0 aq T T
= 0,

where the last equation follows since limp_ oo Hom[0,7]/T = Homg € (0,00). Next, we consider ©12(u). It

follows that

%Tq’) ,sup Y_(t) > 11}
teEA;

O12(u) < Z Z P { sup Y_(t) > 4 (1 +at

—N,<i<N,—N,<j<N, (t€Ai
G>i+1
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where 7 = (i + 1)1 ;<o) + il(;>0). Furthermore, by Lemma 5.7 (see Appendix)

On) < T2 D ST (a1 + 5 [irg)))

k>1 —Ny<i<Ny

for all u large, with some positive constants C, G independent of i, k, T, u. Using again similar arguments as

the derivation of (19) we obtain

. 1

3 \p(a(1+“—+‘iTq’)) = 2 am2u(a)(1 + o(1)), u— oo

- 2 CL+T
—Ny<i<Ny

4
(22) lim lim lim M < lim lim —CT Y e 60D =g,

T—00 e—=0 u—00 r&ﬁ*z\:[/(a) T—ooe—0 a4 =1

Consequently, by letting ¢ — 0,7 — oo (in this order) we conclude from (16)-(22) that as u — oo

1 ar+az .1 _o_
u) o~ —H uH “U(u
PO~ a2k )

~

1/H-2
a, + as ” (g1 + ert*)ut—H / o (@1 + et )ut—H
S gk 2H xH w H .
2377 t*ayas t t

Case 3.ii)) H = 1/2. We have

]P’{ sup Wl(t)>1l} < P{ sup Wl(t)>1l}—|— Z ]P’{sule(t)>1l},

te[—0u,0u] teEA_1UAg N, —1<i<N, teA;
i#—1,0

IP{ sup WQ(t)>1l} > IP’{ sup Wg(t)>’&}.

tE[—0u,0u] teA_1UAg

It follows from Corollary 2.2 in [35] that

]P’{ sup Wl(t)>1l}

P sup Wi(bi't) >4
tEA_1UAg te[—b

+Tq,b1Tq]

~ HM b, T, b, T)(0), u— oo,

where di (t) = (az — )b " || I<o) + (a1 — €)b3 " [t] L(1>0). Similarly,

IE”{ sup  Wa(t) >a} ~HE [ T, b_T)W(1), u— oo,
tEA_1UAg
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where da(t) = (az 4+ €)b_" [t| L(1<0) + (a1 + €)b_" [t| I;>0). Next, we have by Lemma 5.6

> P{sule(t)>ﬁ}§_NZ IP’{squ+(t)>ﬁB(i,T7u)}

—N,—1<i<N, \t€4i J1<i<N, \t€ho
i#—1,0 i#-1,0
H4[0,0, T i 22 (1+(a2—2)|(i+1)Tq))? % £ 1+@-2liTah? | (1 1 o(1))
= — e~z Utlaa=e)ie + ) ez Utlmme)l 1+o0
2ma i=—N,, =1

-1

< H4[0,b, T] ¥ (1) ( Y el Ty ie““"”) (1+0(1))

i=—00 i=1

BTy e ) o),
i=1

where the last inequality follows since Hap[0,7T] is sub-additive for any H € (0,1) (see, e.g., [26] or [35]).

Consequently, we have from the above formulas and (16) that, for any S, 7 > 0

H [0S, bS]
e ep(u) o p(u)
(23) < g iminf < lig limsup a8

< HY[=bT, bT] + 26T > eI,

i=1

1

where b = 5=,

a = min(a,az) and
d(t) = asb " [t| Lj<0) + arb™ " [t Iys0), tE€R.
Letting S — oo in (23) we get 7—7‘{ < oo and letting T" — oo we obtain 7—7? > 0. Therefore, we conclude that

p(u) ~ ’ﬁ‘f\IJ(f&), U — 00.

Case 3.iii) H > 1/2. We have

IP’{ sup Wl(t)>a} < P{ sup Y+(t)>12}

te[—8u,0ul teA_1UAg

]P’{ sup  Wa(t) > 12} > P{Y_(0) > a}.
tE[—b6u,0u]

Further, since

and

by letting T' — 0 we conclude that
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Consequently, a comparison of the above asymptotics for Cases 3.1)-3.iii) with the formulas in (12) and (14)
shows that (15) holds, and thus the the claim for Case 3) follows.

Proof for Case 4). It follows from (10) that for the sufficiently small p there exists some small € > 0 such that

1+ (az —e) [t — t*[ Tpape) + (@1 — &)(t — )2 (440
Uz(t*)
oz(t)
L+ (ag 4 &) [t — t*[ Ljppry + (@1 4 &) (t — t°)* T (>0

(24) <

<

holds for all t € D,, where a; =

o’H(t*) _ oh(t* og (i og(1i 2
20'1Z(t*) = H(;t%H) and az = ‘U;((t*))| Set 517u - ! g,a( ) and 627u - (1 gﬂ( )> .

Then for all ¢ € [t* — p,t* — d2.,] U [t* + 61,4, t" + p] we have

Uz(t*)
>1+a_day
on(6) = +a_o2,
with a_ = min(ay, az) — €. Thus, similarly to (14) we have
ﬁ2
(25) P sup Z(t) >0y < Cul/H texp <—(1 + aég,u)2>
tE[t* —pot* =62, ]U[E +81,u 8" +0] 2

holds for all large enough u, with some constant C' > 0 which does not depend on w.

Now we consider

p(u) =P { sup Z(t) > ulH} .
te|

t*—02 0, t* 401 4]
Let {YL(t),t > 0} be two continuous centered stationary Gaussian processes defined the same as in Case 3).

By the Slepian inequality and (24) we have

]P’{t [ sup  Wa(t) > 11} <plu) < P{t [ sup  Wi(t) > ﬁ},

—02,u,01,u] —02,u,01,u]

where

Yo (t)
Wi(t) = — , teR,
1) 14 (az — ) [t| I(1<0) + (@1 — €)t2 >0
Y_(¢)
Wo(t) = — , teR.
W = T e+ 9 Mo + @ + 9PTzo
Similar to Case 3) we introduce the following notation. Recall ¢ = ¢(u) = 4~ YH  and set for any T > 0

Ay =[iTq,(i+1)Tq], i € Z, and Ny, = |T '0puq '], k=1,2.

We shall investigate separately the following two cases:

Case 4.1) H < 1/2, Case 4.ii) H > 1/2.
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Case 4.i)) H < 1/2. We have by the Bonferroni inequality

]P{ sup Wl(t)>ﬂ} %:u ]P’{Sule(t)>ﬁ},

<
te[—02,u,01,u) i=—Nau—1 teEA;
P sup Wh(t)>da, > P& sup Wh(t) >4
te[—02,u,01,u] t€[0,01,u]
N171L71
> Z P{sup Wa(t) >11} — O(u),
= teA,

where

O(u) > P { sup Wy(t) > @, sup Wa(t) > u} .

0<i<j<Ni . teA; teEA;

For the upper bound, we have

le“, Nl,u
Z ]P’{sup Wl(t)>&} < ZIP’{sup Y+(t)>ﬁBl(i,T,u)}
i=—Npgu—1 V€A —o  ledo
2,u
-1
+ ) P{sup Yy (t) > 4By (i, T, u)}
i=—Na,—1 \1€Ro
with
Bi(i,T,u) = 1+ (a;—¢)(iTq)? i>0,
By(i,T,u) = 1+ (az—e)|(i+1)Tq|, i<O.

Similar arguments as in (19) yield that, as u — oo

Nl,u

0,b2FT 1 1 1 .
> ]P’{sup Wl(t)>ﬁ} < Han[0.0F ]( Aﬁ an 4 aﬂ2> T(a)(1+o(1))
= Npa—1 \t€A: T 2Va, —e as — €
/HzH[O,b?fHT] VT o

H U 1 1

T e T @)1+ o(1)

and
Ni—1

PFw%w>%z%wa]“”a#ww@wm>

i=0 tehi

For ©(u), we can use the same arguments as for Case 3.1) and show that

C]
lim lim lim & =0.
T— 00 e—0 u—00 ﬁﬁ—l\:[j(ﬁ)

Consequently, we conclude that

p(u) L Vr

L1 N 1
~ %ﬁ’]{gflu}{ 1\I!(u) ~ 57/)(11,01 (U), U — 0.
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Case 4.ii)) H > 1/2. We have

}P{ sup Wl(t)>1l} < P{ sup Wl(t)>d}—HP’{ sup W1(t)>ﬁ}
|

tE[—02,u,01,u] te[—82,.,0 t€[0,61, 4]

IF’{ sup Wg(t)>’&} > IE”{ sup Wz(t)>ﬁ}.

te€[—62,u,01,u] t€[0,01, 4]

Similarly to Case 3.ii) and Case 3.iii) we have

P {Supte[ﬂ;z,u’o] Wi(t) > u}
lim lim lim - =1+
T—00 e—0 u—00 \Il(u) 2t*ao

) Iig=1/2) + L(a>1/2)

where we used (3) for H = 1/2. Furthermore, we have from Case 4.i) that

P {Supte[oyglyu] Wi(t) > f&}

lim lim lim = lim lim lim

P {supte[()’(;l,“] Wa(t) > ﬁ}

T— 00 e—=0u—ro0 aﬁfl\ll(ﬂ) T— 00 e—=0u—o00 ﬁ%71W(ﬁ)
1 VT
= —— ———Hoan.
23 t* 2v/aq
Thus,
1 1
) Lfagmﬁfqu(a) ~ g e (), u— 00

228 t* 24/ ay 2

Consequently, the claim for Case 4) follows from a comparison of the above asymptotics for Cases 4.i)-4.ii)
with (12) and (25).

Proof for Case 5). The proof is the same as for Case 4) and thus omitted. ]

Proof of Theorem 3.2: Define the following passage time
7(u) :=inf{t >0: Z(t) > u' "},

with Z defined in (8). Clearly, we have 7(u) = u7(u) for any u > 0.
In the following, we discuss the five difference scenarios, separately.

Proof for Case 1). It follows that

(26) p{T@—tlu < afr) < OO} _P{F(u) <t +u Alqu)r)

Alqiu)  — P{r(u) < oo} ’
where

P {?(u) <t + u_lA(qlu)x} =P {3t6[07t1+u*1A(q1u)m]Z(t) > ul_H} .

For any fixed x € R we have t; +u~'A(quu)x > t; —log(u)u~1 > t* when u is sufficiently large. Thus, (recall

X1 defined in (6))

IN

P {Siett —tog(uyut 1.t tu-1 Agrua) X1 (1) > w7} P {3ief0.tstut Aquuya) Z(8) > u' '}

IN

P {EItE[O,tlJru*lA(qlu)a:]Xl(t) > uliH} .
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It is known from the proof of Proposition 2.1 that the above upper and lower bounds are asyptotically equivalent
when ¢; = 1. For general ¢; > 0 we can also establish, as in the proof of Theorem 1.1 of [34] (let v = 0 therein),

the same equivalence result, and further
P{7(u) <t + u_lA(qlu):L‘} ~ g e (W)P(x), u— 0.

Consequently, the claim follows from the above combined with (26) and Case 1) of Theorem 3.1.

Proof for Case 2). The proof follows similarly as in Case 1), and thus omitted here.

Proof for Case 3). Recall & = u'~H /o (t*). Similarly as above we have

W=t 1 s _ P{3icpor4aa-2 Z(t) > u' T}
P{ D <ol < }‘ B {r(u) < o0

Note that the asymptotics of P {7(u) < oo} as u — oo have been obtained in Case 3) of Theorem 3.1. Next we
shall derive the asymptotics for the numerator. Finally, the claims follow by comparing these two asymptotics.
Consider first Case 3.1) where H < 1/2. Using similar arguments as in the proof of Case 3.i) in Theorem 3.1,

we can conclude that

1 @ P
P {Jrefo,p-+oa-2Z(t) > u' =T}~ —— HQH/ (€2 I(yeo) + €V (y>0)) dy @7 (i1)

22H t* — 00
holds as u — oo. The key difference comes out by checking the formula before (19).
Next, we consider Case 3.ii) where H = 1/2. Again similar arguments as in the proof of Case 3.ii) in Theorem

3.1 yield that
P{3icio.-aa-2Z(t) > u' "} ~ Hi[—00,1/(2t")2] ¥ ()

holds as u — oo, and additionally H{[—oc,1/(2t*)z] € (0,00) for any z € R.
Now we consider Case 3.ili) where H > 1/2. If z > 0, then similarly as in the proof of Case 3.iii) in Theorem

3.1 we have
P{3ic0,t-4aa-22(t) > u' "} ~ W(a), u— oco.
For x < 0, letting T, (u) = t* + 202 we have
P{BicprwZt) >u ™"} = P{Fepm @ Xa(t) > u' ™"}
= P{Jicio.yXo(Te(u)t) > u' "7},
Then the same arguments as in the proof of Theorem 2.4 in [22] yield that

1—-H
PH luZt>u1—H N\Il(u>? U — 0Q.
{ tef0,1, ()] Z(t) } 02(Tx(u))

Since further

ul*H

i \1/(702@1(“))) e
im ———— 22 —¢
U— 00 \Il(u)
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we conclude that the claim follows.

Proof for Case 4). We see from the proof of Case 1) that it is sufficient to derive the asymptotics of

P {Ete[o)tlJruflA(qlu)z]Z(t) > UI*H} as u — oo. If x > 0, then using similar ideas as in Case 4.i) of Theorem

3.1 we can show that, as u — oo

1—H}

P{Zrepntuta@uaZ(t) > u ~ P {Fici—(os(a) /a2t ru-t Al Z(8) > w7}

1 L
(21) ~ Vgl [ Fa
= g ()5~ V()

If z <0, then we have
P {Elte[O,tlJru*lA(qlu)x]Z(t) > uliH} <P {Hte[()’tl]Z(t) > ’UlliH}

Again similar arguments as in the proof of Case 4) in Theorem 3.1 yields that

1

HgHﬁl/H_27 H < 1/2

22H t*as
P{Ziep. Z(t) > ul "}~ W (@) x ¢ 14 51 H=1/2
1, H>1/2,
implying that
(28) P {EltE[O,t1+U71A(q1u)CE]Z(t) > uliH} = O(¢Q1701 (u))a U —» Q0.

Consequently, the claim follows from a comparison of (27) and (28) with Case 4) of Theorem 3.1.

Proof for Case 5). Similarly, it is sufficient to derive the asymptotics of P {HtE[O,tg—l—u*lA(qzu)x]Z(t) > ul_H}

as u — oo. If < 0, then using similar ideas as in Case 4.1) of Theorem 3.1 we can show that, as u — oo

P {300 tu-t Algew)a) Z(8) > '™}~ P { B, -tog(a)/atatu—t Algauye) Z(8) > w1}

1 * ?/2
29 ~ e (W) —=—= e 2d
(29) Vneal) = [y

If x > 0, then we have

IN

P (e Z(t) > u' "} P {Jte(0.tatu-1 A@@euyn Z(t) > u' 7}

IN

P{3ici0,62Z2(t) > v} + P {Fieita ot Az Z(£) > u' 7}

Again similar arguments as in the proof of Case 4) in Theorem 3.1 yields that, as u — oo

_ 1
P{Hte[O,tz]Z(t) > u' H} ~ 57/%12,@ (u)
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and

P {Hte[tz,t2+u*1A(q2u)m]Z(t) > ul_H} < P {EltG[tQ,OO)Z(t) > Ul_H}

1 HzHﬁl/H_Q, H < 1/2

Qﬁ t*aq
~ (@) < 1 H=1/2
1, H>1/2,
implying that
_ 1
(30) P {Hte[o,tg-&-u*lA(fhu)x]Z(t) > u! H} ~ §¢qz,c2 (u), u— oo.
Consequently, the claim follows from a comparison of (29) and (30) with Case 5) of Theorem 3.1. O

5. APPENDIX

This appendix consists of some known results, a skeleton of proof of Proposition 2.1, and some technical results

which were used in Section 4.

Lemma 5.1. (Bonferroni inequality) Let (2, S,P) be a probability space and Ay, As,--- A, € S forn > 2.
Then

S P{A} - ) P{ANA;} < P{UL A} < ) P{A}.

i=1 1<i<j<n i=1
A complete proof of the Bonferroni inequality can be found, e.g., in [36].

We write below T for a subinterval of R.

Lemma 5.2. (Slepian inequality) Let {Y (t),t € T} and {Z(t),t € T} be two centered almost surely continuous

Gaussian processes, almost surely bounded on T. If for all t,s € T
E(Y*(t) =E(Z%(1), EX®)Y(s) 2E(Z()Z(s)),
then for any u € R we have

P{squ(t) > u} < P{sup Z(t) > u}

teT teT

Lemma 5.3. (Borell-TIS inequality) Let {X(t),t € T} be a centered almost surely continuous Gaussian

process, almost surely bounded on T, with variance function 0(-),1 <i <n. Then

uw:=E (supX(t)> < 00.
teT

Furthermore, if o1 = sup,eq o(t) > 0, then for all u > p

Pl oo (H45)

Complete proofs of the Slepian inequality and the Borell-TIS inequality can be found in [37].
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Lemma 5.4. (Piterbarg inequality) Under the conditions of Lemma 5.3, if further mes(T) < oo and
E((X(t) - X(s))?) < Gt — /"
holds for all s,t € T with some constants v,G > 0, then, for all u large

, 2
P{sup X(t) > u} < Cmes(T)u> " exp (—UZ) ,
teT 204

where C' is some positive constant not depending on u.

We refer to Lemma 8.1 of [26] for a proof of the Piterbarg inequality.

Next, let {X(t),t € T} be a centered Gaussian process with almost surely continuous sample paths, standard
deviation function o(-) and correlation function r(-,-) satisfying the following assumptions:

A1l: The function o(t),t € T attains its maximum at a unique point ¢y, which is an inner point of 7, with

o(tg) = 1, and further
olto+t)=1—alt|’ (1+0(1), t—0

holds for some a, 8 > 0.

A2: Tt holds that
1—r(s,t)=blt —s|" (1+0(1)), s,t—to

for some b > 0 and « € (0, 2).

A3: For all s,t € T there exist some constants v, G > 0 such that
E ((X(¢) — X(s))Q) <Glt—s|".
Now we present a result of Piterbarg, see, e.g., Theorem 8.2 or Theorem D.3 of [26].

Theorem 5.5. (Piterbarg theorem) Let {X(t),t € T} be defined as above which satisfies A1-A3 with
mes(T) < co. Then, as u — 00,
2ra BT (% + 1) Hau%f%, a<p
P{supX(t) >u} ~ U(u) x Hob a=4
teT

1, a> 3,

where T'(+) is the gamma function and, for any d > 0,

[_TaT]

ﬁi = Th_rgoE <exp (tesup (\/iBa/g(t) —(1+4d) |t|0‘)>> € (0, 00).

In the literature, the constant 7—~lg defined above is called Piterbarg constant. We refer to [33] for the study of
Piterbarg and related constants.

Proof of Proposition 2.1: We give a skeleton of the proof; we refer to [9, 10] or [29, 34] for more details.
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By the self-similarity of fBm, we can rewrite the ruin probability as

dnew) = P {sup (Bult) ~ct) > au}

t>0

P {sup X(t) > ulH} ,
>0

where
By(t
X(t) = CIGRS
q+ct
Define
+H
t)=+Var(X(t)) = ——
olt) = VarX(O) = . t>
Elementary calculations show that
to= —14__
"7 «(1-H)

is the unique maximum point of the function o(¢),¢ > 0. Let 6 > 0 be a small constant. We have

m(u) =P {te[ sup X(t) > ulH} < g e(u)

tg*@,t(r‘re}

(31) < w(u)+P sup X(t)>u' 5.
te[0,to—0]U[to+6,00)

It can be shown that for fixed 6 small enough, assumptions A1-A3 are satisfied by {X(¢),t € [to — 0, to + 6]}

with 8 =2 > a =2H. Thus, by Theorem 5.5

H gl Hy1—H )1/H_1\I/( H gl Hyl—H >

1_ 1 ﬁ
@ w2t (7t e HA(L= )

o1

Furthermore, since lim;_, o, X (¢) = 0, by Lemma 5.3 we have for u large enough

Wy

2
t€[0,t0—6]U[to+8,00) 207,

(33) P { sup X(t) > ul—H} < exp <_

where 1 = E (Supte[o,to—e]u[t0+9,oo) X(t)) <ooand o, = SUPte(0,t0—0]U[to+0,00) a?(t) < o*(to).

Consequently, we conclude from (31)—(33) that
Ygc(u) ~m(u), u—o00

implying thus (4).
Now we consider (5). Without loss of generality, we assume that ¢ = 1. It follows that for any x € R

P {$uPre(0 tyus aquya) (B () — ) > u}
Y1,¢(u)

IN

a:‘ﬁ,c(u) < oo} =
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Furthermore, we have, as u — oo,

IE”{ sup (Bu(t) —ct) > u} = }P’{ sup Bu(®) > ul_H}
te|

0,toutA(u)z] t€[0,to+u—1A(w)z] 1+t

~ re(w)@(z),

where the last asymptotic equivalence follows similarly as the proof of Theorem 1 in [34] (where we take v = 0),
see also the proof of Theorem 2 in [10]. This completes the proof. (]
Next, let {X(t),t > 0} be a centered stationary Gaussian process with almost surely continuous sample paths,

unit variance and correlation function r(-) satisfying
L—r@)=0blt|*(140(1), t—=0

for some b > 0 and « € (0,2).
The following lemma shows the uniformity of the tail asymptotics of the supremum taking over the Pickands’
interval, which is crucial for the derivation of the single sum in the proof of Theorem 3.1. A general result has

been shown in Theorem 2.1 of [38].

Lemma 5.6. Let {X(t),t > 0} be defined as above, and let f;(u),i € K,, be a family of functions. If

lim sup
U0 e K,

then for any T >0

) ]P) {Supte[07Tu—2/a] X(t) > fl(u)}
lim sup

U0 e |, \Ij(fl(u)) - H(}[O,b;T] =0.

Let fi(u),i € Ky, gi(u),i € K, be two families of functions. Denote, for any T'> 0 and k € N

pij(k,u) =P sup X(t) > fi(w), sup X() > gi(u) p, 1,j€K,.
te[0,Tu—2/«] te[(k+1)Tu—2/> (k+2)Tu—2/]

For the approximation of the double sum term in the proof of Theorem 3.1, the following lemma concerning
uniform bounds of p; j(k,u) is crucial. We refer to Theorem 3.1 and Remarks 3.4 in [38] for more general

versions of this result.

Lemma 5.7. Let {X(¢),t > 0} and fi(u),i € Ky, ¢i;(u),i € Ky, be defined as above. If

lim sup f"(“)—l’:o, lim sup gi(“)—l’:o
U GeR, | U U GeK, | U
then, for any k € N such that k = o(u®/®),u — co we have
%, k7
sup sup pij(k, u) <C

iek,iek, T?e” G W((fi(u) + g;(u))/2)

holds for all large u, with some positive constants G,C which are independent of i, 7, k,T and u.
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