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First passage time density of an Ornstein-Uhlenbeck
process with broken drift

Stefan Ankirchner* Christophette Blanchet-Scalliet!
Diana Dorobantut Laura Gay?®

March 4, 2021

Abstract. We consider an Ornstein-Uhlenbeck process with different drift rates below
and above zero. We derive an analytic expression for the density of the first time, where
the process hits a given level. The passage time density is linked to the joint law of
the process and its running supremum, and we also provide an analytic formula of the
joint density / distribution function. Results from a numerical experiment reveal that our
formulas allow to numerically evaluate the joint law and the density of the first passage
time faster than a simulation based method.

Keywords. Ornstein-Uhlenbeck process, piecewise-linear drift, first passage time den-
sity, Laplace transform, joint law of the running supremum and endpoint, Fokker-Planck
equation.

1 Introduction

In this article we consider an Ornstein-Uhlenbeck (OU) process with a drift coefficient
that is linear above and below zero, but with different rates. The drift coefficient is thus
a piecewise linear function with a break point at zero. The aim is to determine the law
of the first time the process hits a given level, and the joint law of the process and its
running supremum. For the classical Ornstein-Uhlenbeck process with a globally linear
drift these laws are already known: the distribution of first hitting times is computed in
[2] and [13], and the joint law of the process and its running supremum in [3].

Ornstein-Uhlenbeck processes with piecewise linear drift coefficients have hardly been
examined yet. If the slope is always positive, then the OU process has a stationary
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density, explicitly computed, e.g. in [4]. Apart from that, little is known, in particular
about first hitting times. We show that if there is only one kink in the drift, then one
can derive an analytic formula for the density of the first time the process attains a fixed
level. Moreover, one can explicitly describe the joint law of the process and its running
supremum.

First hitting times are intensively studied within applied probability theory for various
reasons. They can be used, for example, for a probabilistic representation of parabolic
PDEs with finite boundary conditions. In economic applications first hitting times are
frequently used for modeling the arrival time of events, e.g. death times or bankruptcy
times. In queuing theory diffusion hitting times can be used for approximating the first
time a queue attains a certain length.

The recent years have seen an increased interest in diffusion processes with piecewise
linear drift and piecewise constant diffusion coefficients. Such processes naturally arise, for
example, when considering diffusion approximations of some queues (see [4]). Moreover,
in many control problems the optimally controlled state is a diffusion with a piecewise
linear drift or piecewise constant diffusion coefficient, respectively. In particular, the OU
process with a single kink in its drift can be interpreted as an optimally controlled state
process within a model where an agent aims at maximizing the process’s occupation time
above zero (see Section 4 in [7]). A Brownian motion with piecewise constant diffusion co-
efficients appears in optimal diffusion control problems with piecewise convex and concave
payoff functions (see [14]).

Several authors have considered some optimization problems within models using diffu-
sions with piecewise linear drift and piecewise constant diffusion coefficients. For example
in [16] and [15], the authors solve optimal stopping problems for a Brownian motion with
positive piecewise constant volatility ([16]) or a positive piecewise constant drift ([15])
changing at zero. Another optimal stopping problem related to the pricing of an Amer-
ican option in an extension of the Black-Merton—Scholes model with piecewise constant
dividend and volatility rates appears in [6].

A statistical perspective is taken in [12], analyzing a maximum likelihood estimator for
diffusions with piecewise constant drift and diffusion coefficients. The benefit of diffusions
with piecewise constant parameters in financial applications is demonstrated in [8]. The
authors consider a version of the Heston model with piecewise constant parameters and
discuss its calibration to the foreign exchange options market.

We obtain our results by studying the Fokker-Planck equation associated to the joint
law of the process and its running supremum. We explicitly solve the Fokker-Planck
equation with the spectral method, and thus obtain an infinite series representation of
the joint density/ distribution function of the process and its supremum at a given time
t € [0,00). A rather short calculation then allows to derive, from the joint law, a density
formula for first passage times.



We remark that an alternative way for determining hitting time densities is to compute
first their Laplace transform and then to use a Laplace inversion theorem. Indeed, the
Laplace transform of the first passage time of the OU with a single kink in its drift can be
calculated explicitly (see Section 4 in [7]). From this one can, formally, derive an analytic
formula for the density of the first passage time. The Laplace transform, however, has
infinitely many poles and thus the inversion requires to determine the residues along these
poles. It seems to us that is is difficult to check whether the conditions of the residue
theorem are satisfied, and therefore we do not follow this path.

The paper is organized as follows. In Section 2 we present the expressions of the
density for the first passage time of an Ornstein-Uhlenbeck process with broken drift.
We also describe the joint density / distribution function of the process and its running
supremum. Moreover, we present some results from numerical experiments. Section 3 is
devoted to the proof of our main results. For the reader’s convenience, in Section 4 we
provide some properties and auxiliary results of Hermite functions and parabolic cylinder
functions.

2 Results

2.1 Ornstein-Uhlenbeck process with broken drift

Let (B;)i>0 be a standard Brownian motion defined on a probability space (2, F,P).
Moreover let k_, ky € R and let £ : R — R be the function defined by

k_, ifx <0,
km_{ ke, ifx>0. (1)

Let zp € R and denote by X = (X});>0 the strong solution of the stochastic differential
equation (SDE)

dXt = —k'(Xt>Xt di + dBt, Xo = Xy. (2)
Note that the drift coefficient of X is a piecewise linear function with a kink in zero. In

accordance with [15] we refer to X as an Ornstein-Uhlenbeck process with a broken drift.

Let m € R be fixed. We introduce the first passage time of (X;):>o of the level m:
T =inf{t > 0, X, = m}. (3)

Note that if o < m < 0 or xg > m > 0, then 7 is the first passage time of a "classical"
OU process with drift function x +— k_x and x +— k,x, respectively. The only cases
requiring new computations are (zo < m,m > 0) and (o > m,m < 0). Symmetry allows
to reduce the second case to the first one. Therefore, in the following we consider only
the case (zg < m,m > 0).



2.2 Main theorems

Our first aim is to prove that 7 has a density p, and to derive an analytic formula for
it. We introduce the following notations: for any p € R let D, be the parabolic cylinder
function of the parameter p (see Appendix 4.1 for the definition) and

1 [Dx(0) ke, De-a(0) 1 [Dx(0) g, D—1(0)
=3 Dki((])+ k_,Dﬁ_l(()) Pu=3 Dﬁ(())_ k_D._(0)]"

Theorem 1. We assume that xo €] — oo, m], m € R*.. Then

1. The probability P(T € dt) admits a density p.,
2. The density p, satisfies, for allt € R,

¢
D pn (—z04/2k—)
B2 by oo X o ‘
—e T T2 N ekt if x€R_,
n=1 Op [%D%(* 2k4)+BuD p e (m 2k+)]
t — K=Hn
pT( ) k+(ocgf'm2) 00 aanin(* 04/ 2k4+) +BnDL 04/ 2k4+)
—e— 2z Y ekt = if  xo €]0,m],
=1 0, [a D p (—ma/2ky)+B8uD p (m+/2k }
\ n e k+( \ 2k4+)+Bu k+( +) .

(4)
where o, = o, By = Bu,, and (pn)n>1 is the ordered sequence of positive zeros of

We prove Theorem 1 by using an explicit expression for the joint density /distribution
of the endpoint and the running supremum, more precisely for
P(X; € de,7 > t) = P(X; € dx,sup X, < m).

u<t
The analytic formula for the joint density/distribution is given in the following theorem.
Theorem 2. We assume that xo €] — oo, m], m € R'.. Then
1. For allt € R the probability IP (Xt € dx, supgc,<; Xu < m) admits a density p with

support in | — 0o, m]:

P (Xt € dz, sup X, < m) = p(m,z,t)dz.

0<u<t

2. The density p solves the following Fokker-Planck equation:

Op(m, x,t) = k_0y(zp(m,z,t)) + 20%p(m, z,t), (z,t) €] — oo, 0[xRY,
Op(m, . t) = kiOu(zp(m,z,t)) + 30%p(m, z,t), (x,t) €]0,m] x R,
p(m,07,t) = p(m,0%, 1), teRY,
0xp(m, 07, 1) = 9,p(m,0",t), teRY,
p(m,m,t) = 0, te Ry,
[ limyo p(m, 2, t)dr = 6 (dw).




3. With the notations of Theorem 1 and for (m,z) € {(z,y) € R xR | z > y},t € RY,
the density p can be expressed as:
o I[fxyg € R_, then p(m,z,t) =

e T D jev’(’:;t)DJ(—xm/Zk_) [anD%(—x\/ijL) + ﬁnD%(x 2k;+)] O0<xz<m
(6)

%wo—oﬂ)nz ;VZ’: wn (—21/2k_) Dun (—w0\/2k_) 2 <0

o If xy €]0,m], then p(m,x,t) =

Byoo koo X —punt
ez 7o n;l N(ZH)D%(—x\/Qk_) [anD%(—xm/ZkgL) + BHD%(xm/ZkJF)] ,x <0
Bt (02-22) o ehnt
o (3 —a?) [anD%(—m/zm) +ﬁnD%(x«/2k+)] x
[anDLn(—xm/ZkJr) + ﬁnD%(xm/QkJr)} O0<z<m

where
N(pn) Z%&E [anD;:n( 2k, ) + B D sn (x\/2k:+)] -
X Oy oD e (~my/2K2) + BuD o ] (8)

From Theorem 1 and 2 we can derive the law of the running supremum alone.

Corollary 3. Let g €] — oco,m], m € R%.. Then

P ( sup X, < m)
0<u<t

(
D pn (—z04/2k—)
k_ k4 o0 _ Hn 0 )
—e 7% m e:nt = if moeR_,
n=1 '" 8 [%Dﬁ(* 2k )+BuD p_ - (m 2k+)]
— H=Hn
k (:62—m2) 00 anD,uin(f \/2k+ +ﬁnD,u.n \/2k+)
+1*0 e—knt kg ki .
—em T )5 if 2o €)0,m).
n=1 """ Ou {a#D u (—ma/2ki)+BuD u u (m \/2k+)}

H=Hn

9)

2.3 Numerical results

Even though Formulas (4), (6) (or (7)) are infinite sums of special functions, it is easy to
evaluate them numerically.



In a numerical experiment we have evaluated the functions ¢ — p.(t) and =z +—
p(m,xz,t) first with expression (4) and (6) (or (7)) and, second, with a Monte Carlo
method using 1 x 10% simulations and A, = 107% in the Euler Scheme. Figures 1 and 2
plot, respectively, p,(t) and p(m,z,t) for some parameters and initial laws with 7" = 1.

The experiments reveal that the computation with our formula is faster than with a
Monte Carlo method. Indeed, for the density depicted in Figure 1, the evaluation with
our formula only lasts 4.09 seconds time, whereas the Monte-Carlo method requires more
than 16 hours, using a processor 3.6 GHz with 4 cores.
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Figure 1: Comparison of expression (4) Figure 2: Comparison of expression (6)
and a Monte Carlo method when m =1, and a Monte Carlo method when m = 2,
Xo=—land ky =2,k_ = 1. Xo=—1land ky =0.5,k_ = 2.

3 Proofs

This section is devoted to the proofs of Theorem 2, Theorem 1 and Corollary 3.

3.1 Proof of Theorem 2
1. The existence is given by Lemma 2.1. of [5] .

2. Directly from Proposition 5.4.3.1. of 9] .

3. We use a spectral method to solve the Fokker-Planck equation.

Let us note D(Lgp) the set

{f € L*(J=o0,m], ") " € L*(]—o00,m], /%), f(m) = 0, f(0F) = f(07), f'(0%)



1 1
v~k (@ (@) =5 f(2) € L( =00, 00, /%), w1 —ky (wf(2)) —5 1" () € L2(0,m[, "/2)}
The Fokker-Plank operator Lgp is defined by
Lpp: D(LFP) —)L2<] — 00, m]’ ek(-).2/2)

1
F— Lot s ~(b)af @) - 31@)
Our goal is to find a basis (e,),>1 of eigenvectors of Lpp in order to write

p(m,x,t) = Z cn(t)en(x).

Hilbertian basis of L?(] — oo, m], e*)*/2)

Let remark that Lp is Hermitian. We prove that any function of L?(]—oo, m], e¥0)-*/2)
can be decomposed on an Hilbertian basis of eigenvectors of Lgp. Since, it is not
easy to prove it directly, we introduce a new operator T defined as

T: Lz(] — 00, m]7 ek(').2/2) —>L2(] — 90, m]? ek(.)?/?)

g—)fg

where f; is solution of

(—3f) —k_(zfy) = g
—%f;’ —ki(zfy,) = g on ]0,m|
(%) = fo(m) 0

fo(07) = [,y(07)
fo(07) = f5(07)
( forfy € L*(J = oco,m], e"07/2)

The eigenvectors of T are the same as those of Lrp with inverse eigenvalues. Since
T and Lgp are Hermitian, we can use classical results on Hermitian operators
decomposition. To prove that T is well defined we write it as an integral operator.

Lemma 1. The solution of (x) is fy(z) =2 [ K(x,z)g(z)dz, where

m m

ek_(y27x2)dy + ]-OS:ESm/ ek+(y27z2)dy~

xVz

K(z,2) = 1x<0/

xVz

7



Proof. We remark that f,(m) = 0. We easily check that f, satisfies (*):

"0
folz) =2 /_OO %K(x, 2)g(z)dz with
8$K(ZE, Z) = —Qk?_l’K([E, 2)1m<0 — 2]{?+$K($, Z)]-nggm_lac>z]-ac<0 — 1m>z10§x§m

Vv
7]-I>Z

Hence f/(7) = —2f z)dz — 2k_x fo(2)1pco — 2k 2 fy(7)Lo<o<m and f; is con-
tinuous in 0 Therefore fg is also continuous in 0.

The second derivative of f, is fi'(z) = —2g(x)—=2k_(2 fo(2)) 1oco—2k1 (2 fo(2)) Lo<a<m,
which concludes the proof. n

To obtain that 7" is well defined, continuous and compact, we first prove that the
kernel K is square-integrable. More precisely, one has

k(I)LQ 7k(z)z2
2

Lemma 2. The kernel K satisfies K € L*(] — oo, m|x] — oo, m], e

Proof. We have that

/ / (@) 27 K2(z, 2)dxdz
2 2 m 2 2 0 2 m 2 m 2 2
= / / g h-wth-z (/ ek-v dy> dzdx +/ e k- dx/ e k2 (/ ek-v dy) dz
—00 J —c0 TVz —00 0 z

A\
-~ -~

<oo on [0,m]

m  pm m 2 m 2
+/ / Rt~k (/ ek+y2dy) dzdx+/ e F " qz e hre? (/ ek+y2dy) dz.
0 0 zVz 0

7\

NV vV Vv
<oo on [0,m] <oo on [0,m]

2
All we need to show now is that I; = f f g—h-o" k2" (f;\l/z ek*yzdy> dzdx is
finite. Note that

0 T m 2
I = 2/ e~k (/ e_kZde) (/ eky2dy) dx

0 m 2
:C/ e B (\/2k_x) (/ ek‘yzdy) dz,

—00
where C is a constant. For some constants C4,Cs, we have that Gaussian cdf

_ 22 m 2 712 2
O(\/2k_x) ~"77° (48 " and (fw ek*yzdy> AT 0 (Cg — e;k_x) , hence I, <
oo and the conclusion holds. O]

Classical results on operators defined by a kernel imply



Corollary 4. (a) The operator T : L2(] — 0o, m], e¥0)-*/2) — L2(] — 0o, m], eF)*/2)
1s well defined, continuous and compact.

(b) L*(] — oo, m], e*0)"/2) admits an Hilbertian (countable) basis of eigenvectors of
T for the scalar product associated to the L*(] — oo, m], "2 porm.

Eigenvectors of Lyp

Let ¢ be an eigenvector of Lpp with eigenvalue . Then, by the definition of Lgp,
we have for z < m

Lepd(r) = uo(r) = ~(K()ro(a))' — 36" (x) = po().

If ¢ € L*(] — o0, m], e*)*/?), then

k_a2

e 2 ¢(x)lp<o + e%¢($)10<x§m = QNS(QJ) € L*(] — oo, m)).

Hence for x € R_:

With the variable change z = z1/2k_ and h(z) = ¢ <\/Z—> = ¢(x), we obtain the
following equation satisfied by h:

1 1
h"(z) + (_122 + kﬁ + 5) h(z) =0, z<0.

Since h is integrable on —oo, then the solution is A(.) = D u (—.). We deduce that
k%mz

forz € R, ¢p(x) =e 72 Du(—z\/2k_).

For = €]0,m], it is easy to adapt the previous reasoning and there exist «, 5 € R
such that

_ kizQ

o(x) = e > [aDy (—oy/2ks) + BD s (+/2k;)| on 0, m].




Since ¢ € D(Lpp), it is a C'-function in 0. Therefore

L[De(0)  [j D (0)
“=w=51h ﬁ(O)JF k_Dki_l(O)_
1 [Dp=(0) [, D i (0)]
I Da(0) \k-Dp(0)]

Moreover ¢(m) =0, i.e. o, D n (—=m/2ky) + B,D s (m+/2ky) = 0.
+ +
In the following we denote by (41,,)n>1 the ordered sequence of zeros of p > v, D _u (—m/2k; )+
+

Proposition 5. The roots (pun)n>1 of apD u (—m/2ky) + BuD w (my/2ky) = 0
+ +

are strictly positive.

Proof.  Since p, is a zero of p +— o, D n (—=my/2ky) + B,D u (m/2ky), this is
+ +
equivalent to a zero of p+— o, H » (—m+/2ky) + B,H » (my/2k. ). So, using (13)
+ +

~ /
-

[eS) © Ui

Remark that
D (0)

Ay = (2m 2k+)2i(0‘n +6n) = (2m 2k+)2i % m’
ky

r, D i(0)

Agirr = (2 2k ) (a,, — B,) = 2k )P Xy [ —————
2i+1 ( m +) (a B ) ( ) ,l{;_ D%,l(o)
+

Using a proof by contradiction, let us assume that p,, < 0 (hence Z”, b Z: -1, —
i— bn D}kil(o) DL 1(0)
1 < 0), then I'(—22) > 0, F( +)>O B0 > 0 and 5 —; > 0. Therefore
+

Dyn _,(0)
+
the previous sum is strictly positive (all the terms are strictly positive). We deduce
that u, > 0.

Suppose now that p, = 0. Since Hy(z) = 1, then u,, will be solution of a,, + 5, = 0.
This is absurde because when u,, =0, a,, + 5, = 1. We deduce that u, > 0. O

Expression of p

10



We have found the eigenvectors of Lrp namely the functions

k2_12 k2 22
x> e 2 Dun(—x+\/2k_)1l,<o+e” g [oan%n(—x\/2k+) + BnD%n(x 2k+)} locoem
= + +

k

with (41,)n>1 being the ordered positive roots of it — D u (=m/2k4 )+ B, D n (my/2k.).
= + +
With a normalization, we finally have an Hilbertian basis (€, )n>1 of L2(]—o0, m], e¥)*/2);

k2 22

k2 22
e 2 Dun (—xy/2k_)1,c0 + e [anD%(—x\&kJr) + ﬁnD%(x\/QkQ} locoem

2
S Db (—y/2E )y + J" D (—y/285) + Bu Dy (/287 | dy

€y . T+

The following lemma gives another equivalent form of the denominator of e,.

Lemma 3. Under the assumptions of Theorem 2, we have:

0 m 2
/ D%J(—y 2k_)dy + / [anD%n(—y 2ky) + BnDun (y 2k+)] dy =
—00 - 0 + +

1
5&,3 [anD%(—x\/ZkJr) + ﬁnD%(:m/Ql@)L
This term is denoted N (py,).

O [(quﬁ(—m 2k+)+ﬁuDﬁ(m 2k+)]

H=Hn

Proof. Using the same reasoning as [3| (see the proof of Proposition 6), we can
prove that if f : R*> — R is solution of the following partial differential equation
0% f(x, ) + (—2?k* + k + 2p) f (2, 1) = 0, then for all z, u, a,b € R,

b
/ fz(x,u)d:v =

= L0 100,0, 0 1) = Do (0,100 (b 10) = 0,100,001 + 0 f a0, )0 f ().

We apply this result for the two integrals. In the first case, we take f(z,pu) =
D w (—z+/2k,) and for the second integral f(z, u) = o, D s (—x\/2k+)+ﬁuDﬁ(x\/2k+).

Fr
We conclude using the relations between «,, and f,. O

We look for a solution p of (5) that belongs to L2(] — oo,m],e*0)-*/2). We can
decompose p on the basis (e,)n>1:

p(m,x,t) = Z cn(t)en(x).

n=1

11



However p(m,z,0) = > ¢,(0)e,(x), then for n € N*:
n=1

CTb(O) =< p(m7 aO) LQ(} oo,m],ek(‘)?/z)
0 m
= / ek*ZQP(m, z,0)en(2)dz + / "= p(m, 2,0)e,(2)dz
— 00 0
k:,:c2 2
¢ 7 Dim (—0\/2k-)1ye<0 + € n [on Dyn (—o/ 24 ) + BuDn (20+/ 2K+ )| Lo<asm

N(Nﬂ)

It remains to find ¢,(t) for t > 0. On the one hand

Op(m, z,t) Zc
and on the other hand
atp(ma xat) = _LFPp m,zx, t ch LFPen ch ,unen

The decomposition is unique, thus ¢, (t) = —c,(t)pn and ¢, (t) = ¢, (0)e FL.

3.2 Proof of Theorem 1

First of all recall that if (Y;);>0 is a Brownian Motion (BM), y € R, P, the law of (V});0
when Yy = y and (F;)i>o the filtration generated by the BM, then Girsanov Theorem

gives:
t 1 t
— exp (— [ roovar.-5 | <k<Ys>>2Y3ds),
0 0

and W; =Y, + fo Y)Y, ds is a BM under P, and (Y;):>o is an OU process with broken
drift

dP
vt >0, —Z
B,

f

dY; = —k(Y,)Y; dt + dW,.

1. The proof of the existence of p, is similar to [17]. Let h : R — R a function defined
by h(x) = — fo s)sds. The derivative of h is absolutely continuous. Ito formula
gives (We can apply it, see Problem 7.3 , Section 3.7 [10])

t 1 t
h(X,) :h(Xo)—/ k(XS)XSdXS+§/ B(X,)ds, t € R,
0 0

where b = — (k,lR*_ + k+1]R*+> exists a.e.

12



Let "> 0 and f a function C(R,,R) such that supp (f) C [0, T7:

E,[f(7)] =E [f (T AT)exp (— /Tk(X )X dX, — 1/T (k(X ))2X2d8)}
T T o s s s 2 o s s
T
=E, [f(r) exp (h(XT) — h(Xo) — %/ h"(X) + (k(XS))QXSst)]
T +o00 5 - ’ 5
- / f(s) / MO—P@E (=2 Jo 9Ky 7 — g X0 = €)P, (T € ds, Xy € d€).
0 —00
where g(z) = h"(z) 4 k(z)%2?,z € R*. Since (X;);0 is a BM under P,:
P, (1 € ds, Xy € df) =P, (1 € ds) P, (Xp_s +m € d€)

— —x)? (§=m=—x)
= Me_% dS;Q_ 2(?—:) dé’

V2ms3 27(T — s)

and we easily conclude that the density of 7 exists.

. We use the link between p, and p, namely: p,(t) = —20,p(m, z,t)|s=n. Indeed,

m

p-(t) = —0,P(r > t) = —8t/ p(m,x, t)dx

—0o0

—— [ oukw)aptm 1) + 50Ep(m, .t

— 00

We consider here only the case zy € R_ (for z €]0,m] we use similar arguments).
We use Formula (6), case 2, for computing the derivative %p(m,x,t) at x = m.
Since we are given an infinite sum, we have to prove that

e_unt

2 Ny P 2o/ 26-)0: (@D (~2/285) + B Dy (24/285)| (1)

converges uniformly in a neighborhood of m. Consider a neighborhood of the form
[m — e, m| with m — e > 0. Using the expression (8) of N(u,) and Corollary 6 in
the appendix, we obtain for all = € [m — e, m)|

00 [an Dy (<o/BRD) + BuDp (/]| i

N () o, [a#Dﬁ(—m 28:) + BuD g (m 2k+)]
(11)

H=Hn
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Thus, for proving that the sum (10) is uniformly convergent it is sufficient to show

that
> l)ﬁu(—ﬂb\/Qk_)
Z e Hnt = < 00.
o 9, [%D%(—m 2k) + BuD u (m 2/@}
+ + H=pn
To complete the proof it suffices to apply (21) and (22) below. Thus for large n we
have
D un (—x0r/2k_ o0
o hnt (=0 ) % Ceh-@n=1t  (19)

o, [a#Dﬁ(—m 2k ) + BuDﬁ(m 2k+)LM

with C' constant.

3.3 Proof of Corollary 3

Notice that

P(sup X, <m)=P(r>1t)= /toopT(s)ds,

0<u<t

and hence we obtain the formula of Corollary 3 by integrating the density (4) over [t, c0).
Observe that we can interchange the integral and the infinite sum, because the series on
RHS of Equation (4) is absolutely convergent. For the case zq € R_ this follows from
(12) and the fact that the sequence (i), converges to infinity (see (21) below).

4 Appendix

4.1 Definitions and some properties on Hermite functions and
parabolic cylinder functions

We recall here the definitions and some known results about parabolic cylinder functions
and Hermite functions. These results can be found in Chapters 4 and 10 of [11] and in
Section 7 of |2].

For v € R, the Hermite function H, is defined, for all z € R, by

i) = g ST () o (13

or, equivalently, by




where 1F} is the Kummer confluent hypergeometric function. One can show that

2T (4 2" (-1
H,(0) = 1(3), ,(0) = # (15)
(%) r'(%)
The Hermite function satisfies the following relations:
0.H,(z) =2vH, 1(z), (16)
and
0*H,(z) = —2vH,(z) + 220, H,(x). (17)
For v € R we define the parabolic cylinder function as the function
D o5 H, (- R 18
vx)=2%2e +H,|—=], ze€k
(@ () (18)
One can show that D, is one of the two solutions of the differential equation
2?1
y" () + (_Z tot I/> y(x) =0, xR (19)

Notice that the second solution of (19) is given by z +— D, (—z). We have the following
relation:

9,D,(z) = vDy_1(2) — gpy(g;). (20)

Finally, we have the following asymptotic expansion:

H, () = % [cos (x\/m — %) + O(u’i)] .

4.2 Asymptotic expansions for large u

For the proof of Theorem 1 we need some asymptotic properties of the function defined
by

Gz, pn) = a#Dﬁ(—x\/ZkJr) + BﬂDﬁ(x\/QkJr).

We start by deriving the asymptotic behaviour of G(z, i) as 4 — oo (cf. the method given
in [18] p. 69 for the function ¢).

Lemma 4. When u — oo, the following asymptotic formula holds:
G(z,p) =27 T |:COS (xx/ ky 420 — %) + O(,u_4)} .

15



Sketch of the proof. Using (14), (18), and the definition of a,, and 3, we find:

K 2k 1
Gla,p) =27 ¢ = Llﬂ -
< —;) 2%, 2
r 2

Tricomi’s formula (see for ex. [18], p.57) gives
G(x, 1) =27 (22 1+“ %r 1+“ f: ks gx
z,p) =22 |z — —
58 ’ 2k, 2k ) £\ 2y
1 w1 W
X [An (Z_l + E’ZJ cos <2]<: ) J_;+n(x\/2u—|— ky)
1
JET (1+%) ( +§,f;—+) :

1 3
_An< + )SIH(MW)J1+H($\/2M+I{3+)

where J is the Bessel function and the coefficients A,, are recursively defined by

b b b
(Tl —+ 1>An+1 (k}, 5) = (n + b— 1)14“,1 (l{}, 5) — 2]{?14”,2 <k, 5) s

Ay=14 :0,A2:9.

Hence, we can write

where
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Since | cos (-’2—) 1y SN 2u+ky) [< 1| sm( )J1+n(a:\/2p+k+) |< 1 and

VT (5t ) (33t
ki3 4500)

[N

=1+ 0(u™ 1), then

Ugn = O(U_%)
U3pi1 = O(M_%_%)
Uspyo = O(u271)

n

Hence U, = O(p~2). Thus U, — 0 as 4 — oo. Moreover we can prove that U, =
O(u=2) < C(x)p~ 3 for all n. Then we can deduce that >°° U, = Uy + O(p~2). Hence

G(z, ) = 2%~ <x2k+ (i + ﬁ)) : r (1 + %) (Up + O(u~2)).

N[

From the equalities J_ (x\/2u + ki) = <\/+T) Ccos (I\/2/£ + k+) and J1(x\/2u+ ki) =
TxA/ 2u+k4 2

1
2
(m—w/;,HM) sin (5” 2p+ k+>, one can get

2 ’ v
Uy=| ——————| cos|axVki+2 + O
’ (Wx\/2u+k:+> < T ) W )

We finally find

N |+

G(z, p) :22’5F< Jr#)

T{cos (x\/W—%)H)( )]

O
For large p, the zeros of G(x,u) are the zeros of Uy which are very close of the

zeros of cos <.r\/k:+ +2u — %) Hence, for large n, p, is close of the positive solution

my/ky + 2 — 7 = (—n + 3)7 and we have the asymptotics :

e~ k(20— 1) +

4m2k*  2mk_  [4m2k?
m2‘+ m \/m2_+2k_(2n—1)—l—k‘+
m s s

-~ k_(2n — 1) + +2k_(2n —1) + kg (21)

2

Am2k®  2mk_ \/4m2k3

T T 2

For p in a neighborhood of a zero u,,, we can prove that

Gz, p) = 22’5—@1’(% 0] [1 + O(#_%)] ,

17



where F'(z, ) = cos <2k ) cos <x\/m> +sin <2k ) sin <x\/m> " Ff/l:_:rzl)gj”i‘)%.

Since for large n, pu, is solution of F(m, u,) = 0, we have

0, G(m, ) =0, PKEL§EEZO+OW%0 F(m, ji,)

1 n
“fnr<5+2l;f_—)

H=n =0

(1+060)) B (m. s,

_1
=(=1)" 57— +0(un ?)

— = cos ( k_ +2un+25n>+0(u;4). (22)

4.3 Auxiliary results

Lemma 5. Let v,m,e € Ry such that m —e > 0. For all a, 5 € R and x € [m — &, m],

we have :
| aH,-1(=2) + BH,-1(x) [< V/ f(m),
where f(z) = [aH,_1(—x) + BH,_1(z)]* + + [—aH,(—z) + BH, ()]’

Proof. We apply the method given in [1]|. Since
(—aH,(~2) + BH,(2)) = 20 (aH, +(~1) + BH, 1(z))

we have f(r) = g {[(—aH,(=2) + H,(x))]" + 2v [~aH, (=) + BH,(2)]"}.

Using the fact that —aH,(—x)+ SH,(z) is a solution of ¥ (x) 4+ 2vy(z) — 2zy'(z) = 0,

we see that )

Z [<_@HV(_x) +6H1/(‘r))/} ‘

V2

Hence f is a decreasing function on R_ and increasing on R,. We deduce that for all
x €[m—e,m]and m—e >0,

[aH, 1 (=2) + BH, 1 (2)]" < f(2) < f(m),
and the conclusion hold. O

A direct consequence of this lemma is the following result :

18



Corollary 6. Let m,e > 0 such that m —e > 0. If v > 0 is a zero of v — aH,(—m) +
BH,(m), then for all x € [m — e, m] We have :

| (aH,(—2) + BH,(2))" [<| (aH,(~2) + BH,(2))" |o=m -
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