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An overview on inverse first-passage-time problems
for one-dimensional diffusion processes

Mario ABUNDO!

Abstract. We review a number of inverse first-passage-time problems for temporally
homogeneous one-dimensional diffusion processes; we also consider diffusions with jumps
and reflected diffusions. Several explicit examples are reported.

1. INTRODUCTION

First-passage time (FPT) problems for stochastic processes are an important
issue with a variety of applications in several areas of sciences including Physics,
Biology, Engineering and Mathematical Finance (see e.g.[61], [64]). In particular,
over the years a number of papers was devoted to find the FPT density of a diffusion
process through a moving boundary (see e.g. [9], [12], [13], [14], [15], [16], [25], [26],
[29], [52], [67] and references therein), though few analytical results are known in
closed form (they are available particularly for Brownian motion, and only for some
special boundaries).

First, we focus on a temporally homogeneous, one-dimensional diffusion process
X (t) defined in an interval I = (r1,72)(—00 <71 < 3 < +00), and characterized
by drift b(x) and infinitesimal variance o2(x), that is, X (¢) is the solution of the
stochastic differential equation (SDE):

(1.1) dX(t) =b(X(t))dt +o(X(t))dB, , X(0)=nel
where By is a standard Brownian motion (BM) and the functions b and o are regular
enough.

Subsequently, we admit that jumps may occur at random instants, so X (t) be-
comes a jump-diffusion process (see e.g. [15]); such a kind of process is e.g. invoked
for the description of stochastic neuronal activity (see [33]), and of random assets in
Mathematical Finance (see [20]). Specifically, we consider diffusions with random
jumps from a boundary (see [4], [8] and references therein). These have various
applications in Queueing theory (see e.g. [28]), as well as in Mathematical Finance
and in Biology (see [8]). Finally, we deal with reflected diffusion processes, charac-
terized by the fact that they are forced to stay between two (reflecting) boundaries
(see [3], [34]). Also reflected diffusions play an important role in a variety of ap-
plications. As for Queueing theory, they arise as heavy-traffic approximations of
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queueing systems (see e.g. [1], [2], [34] [71], [76], [77]); for applications in Finance
and Insurance, see e.g. [19], [21], [27], [42], [59], [73], [74]; for applications in
Biology, see e.g. [63].

If S: [0,+00) —> I is a continuous function with S(0) > n, let
(1.2) Ts(n) = inf{t >0 : X(t) > S(t)|X(0) =n}

be the FPT of X (¢) over the boundary S(t), with the condition that X (0) = n, and
let fs(t|n) denote the FPT density, i.e. the probability density function (p.d.f.) of
Ts(n).

In many FPT problems, the initial position n = « is supposed to be deterministic
and fixed, so the direct problem consists in finding f(¢|n) = fs(t|n), when the
barrier S is assigned; on the contrary, various kinds of inverse FPT (IFPT) problems
can be considered. In this paper, we examine two types of IFPT problems; in the
first one (IFPT1), we focus on determining the boundary shape S = Sy, when the
FPT density f and the starting point 1 are assigned; in the second one (IFPT2) we
have to do with a FPT below a boundary: we assume that the boundary is known,
while the initial position 7 is random. Thus, let S(¢) be an assigned continuous
boundary with X (0) = n independent of B; and P(n > S(0)) = 1, then for a given
distribution F', the IFPT?2 problem consists in finding the density g of n (if it exists)
for which it results P(7s < t) = F\(t), where g = inf{t > 0 : X(¢) < S(¢)}.

Similarly, the so called double-barrier IFPT2 problem consists of the following.
Suppose that the initial position 7 is a random variable, independent of X (¢), let
a < b such that P(a <1 < b) = 1, and denote by 7(, ) the first-exit time of X (¢)
from the interval (a,b) i.e. 7(4p) = inf{t > 0 : X(t) ¢ (a,b)}. Then, for a given
distribution F, it is requested to find the density g of n (if it exists) for which it
results P(7(qp) < t) = F(1).

Notice that various properties of BM (e.g. scaling, time-inversion, independent
increments) are not available for a diffusion process. Therefore, some success in the
solution of IFPT problems can be achieved in the special case when the process
X (t) can be reduced to BM, via a variable change. A different approach, consisting
in reducing the Kolmogorov’s equation for a diffusion to the backward equation for
BM was considered by Ricciardi in [62].

As far as the direct FPT problem is concerned, the value that the FPT density
fs takes at t = 0, in terms of the boundary S, is particularly interesting in various
numerical methods found in the literature to estimate fg, when S is given (see [11],
[56], [58]).

The IFPT1 problem has important applications e.g. in Biology, when considering
diffusion models for neural activity ([32], [66]). It was firstly formulated by A.
Shiryaev in 1976 in the case when the assigned FPT density is exponential and the
process X is BM. It is well-known ([30]) that to find the solution of the IFPT1
problem, one has to solve a non-linear integral equation, which is rather hard from
the analytical point of view. The question of the existence and uniqueness of the
solution to the IFPT1 problem is, to our knowledge, still open, even for BM (see
[75]).

The IFPT2 problem has interesting applications in Mathematical Finance, in
particular in credit risk modeling, where the FPT represents a default event of an
obligor (see [38]) and in diffusion models for neural activity ([44]). Also for the
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IFPT2 problem, the question of the existence of the solution is not a trivial matter
(see [6], [7).

The paper is organized as follows: Section 2 deals with the IFPT1 problem for
simple diffusions, namely, without jumps; the IFPT2 problem is studied, for simple
diffusions in Section 3, and for diffusions with jumps from a boundary in Section
4; finally, Section 5 is devoted to the IFPT2 problem for reflected diffusions. In all
cases of IFPT problems, several explicit examples are reported.

2. THE IFPT1 PROBLEM

Let X (t) be the solution of the SDE (1.1), whose drift b(x) and infinitesimal

variance o2 (z) satisfy the following conditions:
Al b,0 : I — R are continuous functions and a constant K > 0 exists, such
that |b(z) — b(y)| < K|z — y| and b*(z) + o2(z) < K(1 + 22) for every
z,y €13
A2 ¢ is a non-negative, bounded function and it is differentiable for every z
belonging to the interior of I. Moreover, there exibts a strictly increasing
function H : R — R such that H(0) = 0, [, H ?*(s)ds = 400 and
lo(x) —o(y)| < H(|Jx —y|) for every z,y € I.
The conditions A1l and A2 ensure that there exists a unique non-explosive solution
of (1.1) with fixed initial point, which is a temporally homogeneous Markov process
(see e.g. [31], [36]); A2 holds, for instance, if o is Lipschitz-continuous, or Holder-
continuous of order > 1/2.

Suppose that the initial position n = x is assigned; for a continuous boundary
S(t) with X(0) = = < 5(0), let 7g(x) = inf{t > 0 : X(¢t) > S(¢)|X(0) = =}
the FPT of X (t) over the boundary S(t), with the condition that X(0) = z, and
let f(tlx) = fs(t|x) denote the FPT density, i.e. the probability density func-
tion (p.d.f.) of 7g(z). For a given FPT density f and a starting point X (¢), the
IFPT1 problem for X consists in determining the boundary shape S, such that
(d/dt) (rs(z) <t) = f(t). The IFPT1 problem for diffusions was studied deeply

n [11] (see also [22], [69], [70], [75] for algorithms to get approximate solutions);
see also [57].

As it is well-known (see e.g. [61]), the transition p.d.f. of the process X (t):

platlys) = S PAX() < alX(s) =y} . 0<s<i

verifies the Kolmogorov’s equation:

Op 1 9?p
aSer()a+ (y)ay =0,

with the initial condition lim;_,q+ p(z,]0,0) = §(x). For a given boundary S(t)
and any z > S(t), the FPT density fs(¢) is the solution of the Fortet equation (see
[30]):

(2.1) p(2,110,0) = / fs(w)p(z, 1S (), u) du

that is a Volterra integral equation of the first type. By integrating this equation
on [z,400), one gets, for z > S(t):

(2.2) P(X /fs 1) > 2| X (1) = S(u) du .
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In the IFPT1 problem, (2.1) and (2.2) have to be considered as equations in the
unknown S = Sy, while f = fg and « = X(0) are known. At least in principle,
they can be solved to find S, i.e. the solution of the IFPT1 problem; however the
analytical solution is hard to be obtained.

2.1. The case of BM. When X is BM the equation (2.2), written for z = S(¢),
becomes:

" V(59 - [ i (B0=50)

where ¥(z) = 1 — ®(z) and ®(z) = [“_ exp(—t?/2)dt//2m. Peskir et al. [56]
have proposed two constructive methods to solve equation (2.3), that is to deter-
mine the shape of Sy when f is known. Successively, Sacerdote and Zucca [66]
have applied these methods to Ornstein-Uhlenbeck (OU) process, by using a suit-
able space-time transformation which changes the OU process into a BM. The first
(Montecarlo) method proposed in [56] is based on the approximation of the bound-
ary by a piecewise linear function and therefore it makes use of well-known formulae
for the first-crossing density of BM over such a type of boundary. Of course, this
method is not applicable to a diffusion process, because analytical results about
the crossing probabilities are generally unknown. The second method developed in
[56] makes use of a numerical procedure; it consists in finding an approximation of
the boundary S = Sy at the points ¢; = ¢h, for ¢ = 1,--- | N, where h = t/N is
the time discretization step, and t > 0 is given and fixed. This is obtained by a
first-order approximation of the equation (2.3), in the following way:

)= s (U=50) -

=h if(t])W(M)+%f(tl) . i=1,--,N.

(2.4) \If (S\(/’%)

Equations (2.4) form a non-linear system of N equations in the unknowns S(t1),
S(ta), ...,S(tn), whose solutions give, for a fixed f, the desired approximations of
the boundary S at times ¢;, ¢ = 1,--- , N. These have been numerically found in
[11] and [56]. Since the i-th equation of this system for ¢ > 1 makes use only of the
values S(t1),---,S(ti—1) already found in the preceding step, the solution S(¢;) of
the i-th equation can be found recursively, by using the iterative secant method
for solving non-linear equations (see [56]). Some care has to be used in the choice
of the value S(¢1), which starts the algorithm, in the dependence of f. A more
precise estimation of the boundary S at the nodes t; could be achieved by using
a higher order approximation of (2.3), obtained e.g. calculating the integral in
each interval (¢;,;11) by the Simpson’s rule which provides an error of order h%; in
this way one would obtain, in place of (2.4), a more complicated non-linear system
in the unknowns S(¢;). Actually, for certain FPT densities, an approximation of
order greater than 1 is sufficient to obtain a sufficiently accurate estimation of the
boundary which solves the IFPT1 problem.

In [75] the two methods described above for approximating the solution Sy of
the IFPT1 problem for BM were studied in deep and their errors were found.
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In [69] another approximation for the IFPT1 problem for BM was proposed; it
is similar in spirit and method to the tangent approximation for the original FPT
problem. The tangent approximation consists in approximating the boundary S
by a straight line as in [24], [45], [72]; several refinements have been suggested, in-
cluding the hazard-rate tangent approximation of Roberts and Shortland [65]. The
method developed in [69] to solve approximately the IFPT1 problem can be viewed
as a natural inverse of the tangent approximation; the authors showed that the tech-
nique is quite accurate in many cases, with errors of just a few per cent, while in
certain cases of strongly bimodal or oscillating FPT densities f, the approximation
performs poorly.

Let us denote by g, (t) the exponential density with parameter A, that is

g)\(t) = )\6_)‘151[0700) (t) .

For f(t) = g1(t), the solution SP of the IFPT1 problem for By, at discrete times
t; = ih, with time discretization step h = 0.01 was re-calculated in [11], by solving
(2.4) (this was already done in [56]); its graph is shown in the Figure 1.
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FIGURE 1. Approximate solution to the IFPT1 problem for B; and the
exponential density with mean 1.

As easily seen by using the scaling property of BM, the solution of the IFPT1
problem for B; and g, is given by

ST (M)
o

Now, let us consider the case when X is the two-sided BM, i.e. X(¢) = |By|; the
transition probability density of X (¢) is given by (see e.g. [40], p. 123):

(2.5) SY(t) =

oty 8) = ——— {e—m—yf/z(t—s)+e—<z+y>2/2<t—s>} .
p(z,tly, s) )
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Then, for a given boundary S and ¢ > u > 0, we get:

P[IB)| > 21X (u) = S(u)] = ¥ (%) Lo (%é(z)) |

where U(z) = fgj_oo(l/\/%r)e*ﬁ/2 ds. Therefore, in this case equation (2.2), writ-

ten for z = S(t), becomes:

0 (59) - oo (S22582) 0 (29258

A first-order approximation of this equation, analogous to that considered in (2.4)

() () e ()

NG

where t;, = ih, i =1,-, N and
0 ifS(t;)>0
% i£S(t) = 0.

For f(t) = ¢1(t) and h = 0.01 the above equations was solved in [11] in the
unknowns S(¢;) by the secant method, thus finding the approximate solution, say
S‘lB‘, of the IFPT1 problem for |B;| The shape of the boundary SllBl is shown in
the Figure 2.
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FIGURE 2. Approximate solution to the IFPT1 problem for X (¢) =
| B¢| and the exponential density with mean 1.
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2.2. The case of a general diffusion. For a general diffusion, in place of equation
(2.4) one should consider the equation obtained by a first-order approximation of
equation (2.1) with z = S(t), i.e:

(26)  p(S(t) t\OO—hZf OP(S(t), tlS(Ey) ) . i=1,---,N.

Unlike equation (2.4), the solution of the system (2.6) is quite difficult to find
since the transition p.d.f. p(-,-|-,-) is generally unknown, except for some special
diffusions (see e.g. Example 2.2 in the following); thus, to approximate the solution
of the IFPT1 problem by means of (2.6), one has to estimate p(-, |-, -) numerically,
in advance. This can be obtained by simulating (long enough) trajectories of the
process X (t); however, the errors introduced and the complexity of the calculations
make this approach unpractical.

All these considerations indicate that the IFPT1 problem can be satisfactorily
solved for a diffusion only if one is able to reduce X (¢) to BM. In [11], for a given
FPT density f, it is assumed that the solution S}B of the IFPT1 problem for By is
known; then, an heuristic solution Sy to the IFPT1 problem for X (¢) is found, by
restricting the class of boundaries among which to seek the solution. To this end,
we recall that a continuous function S : [0,00) — R with 2 < S(0), is said to be
an upper function for X (¢) if P(rs(z) > 0) = 1, otherwise S is said to be a lower
function for X (¢). For X (t) = B, the Kolmogorov’s test for upper boundaries (see
[37], [58]) is the following:

let S(t) be continuous, increasing and such that

S(t
lim Q

t—0+ \/E
Then, S is an upper function for By whenever

/ tg(/tz) =SSP O/2t gt < o0 .
0+

:+QO

When X is a diffusion, an analogous test for upper boundaries can be obtained by
reducing to BM (see [11]).

In [11] for a given FPT density f, the solution to the IFPT1 problem was searched
in the class of upper boundaries which are increasing (locally at t = 0).

Let X (t) be the solution of (1.1) with n = x; we recall that X is said to be
recurrent if for every x € I the probability of the process coming back to z infinitely
often is one (see e.g. [35]). Let w(x) € C%(I) be the scale function of X (t), that is
the solution of:

(2.7) Lw(x)=0,zel ; w0)=0, w'(0)=1,
where L is the infinitesimal generator of X defined by:
1 4 dh dh 9

As easily seen, if the integral fo 52((2) dz converges, the problem (2.7) has solution:

(2.9) w(z) = /OJC exp (— /Ot (2:2)((3 dz) dt .
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The scale function w is increasing, and it is used to establish the nature of bound-
aries and also the recurrence of X in terms of w. Indeed, if the boundaries r; and
ro of I are unattainable (see e.g. [31], [35]), the recurrence of X is equivalent to
the conditions (see [35]): limy—,,, w(z) = —00 , limg—,, w(x) = +00. For instance,
BM is recurrent in I = (—o0, +00), being in this case w(z) = x.

By 1t6’s formula it follows that the process ((t) = w(X(t)) is given by:

(2.10) ((t) = w(z) +/O w' (W™ (((s)))o(w™ (C(5))) dBs

so ((t) is a local martingale. We denote by:

(2.11) plt) = (O = / ! (X ()0 (X (5))]° ds

the quadratic variation of ¢(¢). If p(o0) = oo, it can be shown (see e.g. [60]) that
there exists a BM B such that ¢(t) = B(p(t)) + w(z), (X(0) = z). Thus, the
solution X (¢) to (1.1) with n = z, is a function of a random-time-changed BM,
namely it can be written in the form:

(2.12) X(t) = w  (B(p(t)) + w(x))

and so, for z < S(0), 7g(z) = inf{t >0 : X(¢t) > S)|X(0) =2} =inf{t >0 :
B(p(t)) + w(z) = w(S())}-

Definition 2.1. We say that X (¢) (with X(0) = ) is conjugated to BM if there
exists an increasing differentiable function v(z), with v(0) = 0, such that X (¢) =
v (B 4+ v(z)).

Notice that the case of X (t) conjugated to BM is obtained as the special case when
p(t) =t and Bt = Bt-

If X is conjugated to BM, the IFPT1 problem for X is easily reduced to that for
B, (see [11]); in fact, by using (2.12), some approximation results to the solution
of the IFPT1 problem have been obtained in [11], also in the case when p(¢) is
not deterministic. Furthermore, in [11] conditions were studied under which a
boundary S can be the solution of the FPT1 problem relative to a given density f,
and F(X (7s)) results to be finite.

A class of diffusions conjugated to BM is given by processes X (¢) which are
solutions of SDEs such as

(213)  dX(t) = % (X (1) (X (8)dt + o(X(1)dB, , X(0)==z

with o(-) > 0. Indeed, if the integral v(z) = [ —L< dr is convergent for every

z o(r)

z, by Itd’s formula, we obtain that X(t) = v=(B; + v(z)). Thus, examples of
solutions to IFPT1 problems for X can be easily derived from those regarding BM,
by replacing S with v(.5).

In the following we give some explicit examples of solutions to the IFPT1 prob-
lem, see [11].

Example 2.1 (Feller process or Cox-Ingersoll-Ross (CIR) model). Let X (¢) be the
solution of the SDE:

(2.14) X (t) = %dt + VXD V0dB, , X(0)=2>0
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FIGURE 3. Approximate solution to the IFPT1 problem for the diffu-
sion X (t) which is solution of (2.14) with X (0) = 0, for the exponential
density with mean 1.

(note that, although /z is not Lipschitz-continuous, the solution is unique because
vz is Holder-continuous of order 1/2, see condition A2). Then, X (¢) turns out to be
conjugated to BM via the function v(x) = 2+/x, that is X (t) = (1/4)(B;+2+/7)?, so
X(t) > 0forallt > 0. As easily seen, S, (t) = v=1 0S8 = SB(t)?/4 is the solution
of the IFPT1 problem for the exponential density with parameter 1, i.e. ¢1(t).
Therefore, Sy, (t) = v~ 0 SP(t) = (1/4)(SP(At))?/X solves the IFPT1 problem for
the density gx. The shape of the boundary S, is given in the Figure 3, in the case
when = = 0.

Example 2.2 (Wright & Fisher-like process). Let us consider the SDE:

(2.15) dX(t) = (a+bX(t))dt + /X ()1 — X(t))V0dB, , X(0)==z € [0,1]

with @ > 0 and a + b < 0; under these conditions it can be shown (see [17]) that
the process X (t) does not exit from the interval I = [0,1] for any time. This
equation is used e.g. in the Wright-Fisher model for population genetics and in
certain diffusion models for neural activity [43]. For a = 1/4 and b = —1/2, X (¥)
turns out to be conjugated to BM via the function v(xz) = 2arcsin/z, that is,
X(t) = sin? ((1/2)By + arcsin \/z' ). Thus, the solution of the IFPT1 problem for
ga(t) is Sy, (t) = v~ 1o SE = sin® (SP(t)/2). For these values of a and b, and = = 0,
the shape of the boundary Sy, (¢) is shown in the Figure 4.
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FIGURE 4. Approximate solution to the IFPT1 problem for the diffu-
sion X (¢) which is solution of (2.15) with a =1/4, b= —1/2, X(0) =0,
relative to the exponential density with mean 1.

Notice that, unless the case a = 1/4 and b = —1/2, X(t) is not conjugated to
BM; however, the transition probability density function of X (¢) can be explicitly
written as an infinite series of hypergeometric functions (see e.g. [16], [43]). Thus,
the solution of the IFPT1 problem for a given density f could be found, at least in
principle, by solving equation (2.1), or its first-order approximation (2.6).

Example 2.3. Let us consider again X (t) as in the equation (2.15) with a = 1/4,
b = —1/2, X(0) = 0, and density f(t) = (a/v2rt3)e (@F8D*/2t Then, the
solution of the IFPT1 problem is given by Sy(t) = sin® ((o + 3t)/2), because this
boundary is transformed into the linear boundary a+ St for B; (in fact, f is nothing
but the Inverse-Gaussian density, i.e. the FPT density of BM over the straight line
a+ ft).

Example 2.4. Let us consider the SDE dX (t) = (1/3)X(t)'/3dt + X (t)?/3dBy,
X (0) = 0, whose explicit solution is X (¢) = (1/27)B}. Then, X (¢) is conjugated to
B; via the function v(z) = 3xz'/3. We have S,, = (SF)3/27, where S¥ is given by
(2.5).

Example 2.5. For y € R, let us consider the SDE:

dX(t) = (M\/1 FX2() + % X(t)> dt+/1+ X2(t)dB, , X(0)=0,

whose solution is X (t) = sinh(ut 4+ B;). Then, the FPT of X (¢t) over S(t) coincides
with the FPT of BM over the boundary S(t) = sinh ™' (S(t)) — ut. It can be shown

(see [11]) that, if S is an upper boundary for X (t), then S is an upper boundary
for BM. Thus, the IFPT1 problem for X (¢) is reduced to that for BM.
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Example 2.6. Let us consider the SDE:

b\ o(X(1)
dX(t)= |2+ —= dt+o(X(t)dB; , X(0)=0,
0= 2+ 55 ) C arsoxwpan . x
with o(z) = a + bz, a,b, A constants. Take f(t) = (a/Vv2rt3)e~(a+0)°/2t: then
the solution of the IFPT1 problem is Sy (t) = (b/a)(e*(@+0)/V2 _ 1) because this
boundary is transformed into the linear boundary a + bt for BM (see [14]).

Example 2.7. Let G(t) be a deterministic differentiable function of time, vanishing
at zero, and o > 0. Let us consider the process X (t) = G(¢t)+oBy. If S is an upper
function for X (t), which is increasing (locally at ¢ = 0), we have:

-6y}

nginf{t>0:G(t)+aBt>S(t)}:inf{t>0:Bt> .

If we take e.g. f = gy, then it must be (S(t) — G(t))/o = SE(t), therefore Sy, (t) =
oS8 (t) + G(t) solves the IFPT1 problem for the density g.

Example 2.8 (Black-Scholes diffusion model). Let us consider the SDE
dX(t)=rX(t)dt+0X(t)dB; , X(0)==z,

where r and o are positive constant. This is a well-known equation in the framework
of Mathematical Finance, to describe the time evolution of a stock price X (t).
The explicit solution is X (t) = 2e(r=7"/2teoB  Thus, the solution of the IFPT1
problem for g, is given by

ng (t) _ .1'6(7"702/2”6035 (t) ,

where ST is defined by (2.5).

3. THE IFPT2 PROBLEM FOR (SIMPLE) DIFFUSIONS

In this section, we review the results concerning the IFPT2 problem for a one-
dimensional simple diffusion X (¢), namely, without jumps.

3.1. The one-barrier case. We recall the single barrier IFPT2 problem for a
diffusion X (¢) which is solution of equation (1.1), where the infinitesimal param-
eters satisfy conditions A1l and A2 and the initial position 7 is random. Let
S :]0,400) — R be a continuous boundary and X (0) = n a random variable,
independent of B; and such that P(S(0) < n) = 1; we consider the FPT 7g of X (¢)
below S(t), that is 7¢ = inf{t > 0 : X(¢) < S(¢t)} and we suppose that 75(z), i.e.
the FPT conditional to n = x, is a.s. finite for every x € I, and it possesses a den-
sity f(t|z). Moreover, we suppose that the initial position 7 has a density g(z) with
support [S(0), +00); then the density of 7g is obtained as f(t) = fso?o) ftlx)g(z) de.
Taking the Laplace transform on both sides we get:

oo
~

(3.1) FO) = | Fble)g)da.
5(0)
Notice that, if E(7s(z)) = +oo (this is the case if e.g. X (t) is BM and S(t) = a =
const), then also E(1s) = +o0.
For a given FPT distribution function F' (or equivalently for a given FPT density
f = F"), the IFPT2 problem for one barrier consists in finding the density g of the
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random initial position 7, if it exists, such that P(1s <t) = F(t). The situation is
sketched in the Figure 5.

starting point
density g(x)

S(0)

0 ()=t time

FIGURE 5. The single barrier IFPT2 problem for diffusions

3.1.1. The case of BM and a linear boundary. Assume X (t) a BM, S(t) = a + bt,
and set 7, = Tatb:. The following results were obtained in [7] (see also [38]); we
include their proofs for reader’s convenience.

Proposition 3.1. For a,b > 0, let us consider a BM starting from the random
position n > a; suppose that the FPT below the boundary S(t) = a + bt has an
assigned probability density f and denote by f(Q) = fooo e~ f(t)ydt, 6 > 0, the
Laplace transform of f. Then, if there exists a solution g to the IFPT2 problem,
its Laplace transform g(6) must satisfy the equation:

(32 o) -7 ("

Proof. For a fixed x > a > 0, since —B; has the same distribution as By, then
Tab(z) = inf{t > 0 : z+B; < a+bt} is distributed as inf{¢t > 0 : B; > (zr—a)—bt},
that is the first instant at which BM crosses the boundary S(t) = x—a—bt. As well-
known, the conditions > a and b > 0 imply that 7, (z) is finite with probability
one. Thus, 7, () has the inverse Gaussian distribution, namely its density is (see

e.g. [41)) f(tlz) = ((z — a)/t*?) ¢((x — a — bt)/V't), where ¢(y) = 67?/2/2/\/%,

and its Laplace transform is:

(3-3) F(O]z) = e~ (w0 (VEF20-)

From (3.1) we get

Fio)= [ Fomgtwyds = [ o s TR0 00 0 —

(3.4) = (VPP H20-0)5(\ /52 1 20 — b) |
from which (3.2) easily follows.
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Remark 3.2. Once g has been found, such that P(rg < t) = F(t) (with F’ = f),
the function g could not be the Laplace transform of the density function of a
random variable. In that case the IFPT2 problem has no solution. This is why
Proposition 3.1 is formulated in a conditional form.

For a non linear boundary S, even if one is able to calculate explicitly the Laplace
transform f(9|x) of the conditional FPT density f(t|z), in general the expression
(3.1) cannot be related to the Laplace transform of ¢ calculated in some point (this
happens for a linear boundary S(t) = a + bt, thanks to the particular exponential
form of f(f]z) = e~ (=) (VE+20-b),

If f(@) is analytic in a neighborhood of § = 0, then the moments of 7 exist finite
and they are obtained in terms of f(§) by E(rk) = (—1)%(8*%/96%)f(8)|s—o. The
same holds for the moments of 7, since by (3.2) also g() turns out to be analytic.
Then, by (3.2) one easily obtains that, for b > 0:

(3.5) E(n) =a+bE(rs) , Var(n) = b*Var(rs) — E(7s) .
Since Var(n) > 0, we get the compatibility condition:
(3.6) b?Var(rs) — E(1s) > 0,

which is necessary so that the solution to the IFPT2 problem exists, in the case of
analytic Laplace transforms f and g. Note that, if e.g. S(t) = a (i.e. b =0), the
moments of T¢ do not exist finite and the condition (3.6) loses meaning,.

Remark 3.3. We have considered the FPT of 1 + B; below the linear boundary
S(t) = a + bt, with n > a, a,b > 0. In an analogous way one could consider the
FPT of i + B; over the boundary S(t) = a — bt, with 7 < a, a,b > 0. In fact,
since —B; has the same distribution as By, then inf{t > 0 : 7+ B; > a — bt} has
the same distribution as inf{t >0 : B, < —a+bt} =inf{t >0 : a -7+ B; <
bt} = 71op(a — 7). Thus, the density of the starting point 77 < a in the IFPT2
problem over the boundary a — bt is nothing but the density of the random variable
a — 77 in the IFPT2 problem below the boundary bt. By using the same arguments
of Proposition 3.1, we obtain that, if there exists the density g of 7, its Laplace
transform, 5(6‘), must satisfy the equation:

(3.7) 50 = F (@) .

As easily seen, in this case one obtains E(7) = a — bE(7s) and Var(7) = Var(n) =
b2Var(r,) — E(7s).

Now, we go to consider the question of the existence of solutions to the IFPT2
problem (see also [7], [38]).

Proposition 3.4. If the FPT density f is a Gamma density with parameters (v, \),
then, the IFPT2 problem has solution, provided that b > 2\, and the Laplace
transform of the density g of the initial position n is given by:

(b— VBZ—20) } y [e_ag s (b VBT 2X)
el (

3.8)  G(6) = [e0/? .
(38)  90) O +b— Vi? — 2 6+ b+ V02 oAy

The function §(0) is the Laplace transform of the sum of two independent random
variables, Z1 and Za, such that Z; — a/2 has distribution Gamma of parameters

and \; (i =1,2), where Ay =b— Vb —2X and Ay = b+ Vb — 2.
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Proof. From the well-known expression of the Laplace transform of a Gamma

~

density, we have f(0) = XA7/(A+6)7. From (3.2) we get:

—fa AT _ efﬁa (2)\)7
(A+6(6+ 2b)/2)7 [(0+0)2— (b2 —2N)]

which can be easily put in the form (3.8).

9(0) =e

O

Remark 3.5. If f is the Gamma density, the compatibility condition (3.6) becomes
b > /A, which is satisfied under the assumption b > v/2X required by Proposition
3.4. In the special case when f is the exponential density with parameter A, then n
has the same distribution as a+ Z1 + Z», where Z; are independent and exponential
random variables with parameter \;, i = 1,2

Proposition 3.6. If the FPT density f has the Laplace transform:

N N A
3.9 =y L __
(3.9) F0=3 G55
for some ¢, >0, Ag, B >0, k=1,---, N, then, there exists a value b* > 0 such

that the solution to the IFPT2 problem exists, provided that b > b*.

Proof. First, let us observe that, if the density gi, Kk = 1,--- N is the solution
of the IFPT2 problem for the boundary S(¢) = a + bt, with FPT density fi, then
g(x) = Zgzlpkgk(xL with pr > 0 and Zi\;lpk = 1, solves the IFPT2 problem
for the FPT density f(t) = >, prfr(t). Now, suppose that the Laplace transform
of f(t) = >, prfe(t) has the form(3.9). Then, from f(@) = kak]?k(ﬁ) and the
fact that f(O) =1, we get 1 = f(O) =3 pkﬁ(O) = >, Ar/B;" so, we can take
pr = Ar/Bg* > 0. Thus, the function f defined by (3.9) can be written as a convex
combination f(6) = Z],::l pifr(0), where fi(0) = B{* /(0 + By). But, the last
function is the Laplace transform of a random variable having Gamma distribution
with parameters (¢, By). Then, by Proposition 3.4, if b > b* = maxy—1,... n V2B,
foreach k = 1,--- , N there exists g which solves the IFPT2 problem for the density
fr; precisely, gi is the density of a + Z{ + Z2, where Z¢, i = 1,2 have suitable
Gamma distributions. As a consequence, the function g(z) = Zgil Prgr(x) solves
the IFPT2 problem for the FPT density f(t) = Z,ivzl pre” PEH(BRF T (cp))tes 1 .

Remark 3.7. Similar results were obtained in [39], where the authors proved the
existence of the solution to the IFPT2 problem, for a class of densities f which are
infinite linear combinations of Gamma densities.

The following Proposition deals with the case when b = 0.
Proposition 3.8. If b = 0 and the Laplace transform of the FPT density f is
~ Ay
(3.10) fO0)=) —F=—r
; (V20 + By)e

for some cy, >0, Ax, By >0, k=1,--- N, then the solution to the IFPT?2 problem
exists.
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Proof. As in the proof of Proposition 3.6, the Laplace transform in (3.10) can
be written as the convex combination f(ﬁ) = chvzl pkfk(ﬁ), where now ﬁ(@) =
B /(v/20 + By)*. From (3.2), we get g (0) = fx(0%/2) = B /(6 + By)® which is
the Laplace transform of the density gx(z) = (By*/T'(ck)) e~ Br®2 =1 that is the
Gamma density with parameters (cg, Bx). Then, g(z) = Z,ivzl prgk(x) solves the
IFPT2 problem when b = 0.

g

~

Remark 3.9. The function f(#) in (3.10) is not analytic in a neighbor of § = 0,
so the moments of 7¢ do not exist finite.

BM + large jumps. As example, let us consider now the piecewise-continuous
process X (t), obtained by superimposing to the BM a jump process, that is X () =
N+ By for t < T, where T is an exponential distributed time with parameter p > 0;
suppose that, for ¢ = T, the process X (t) makes a downward jump crossing the
boundary S, irrespective of its state before the occurrence of the jump. This kind
of behavior is observed e.g. in the presence of a so called catastrophes (see e.g.
[28]). Then, for n > a, the FPT of X(¢) below the linear boundary S(t) = a + bt is
Tg = inf{t > 0 : X(t) < a+ bt}. The following proposition holds.

Proposition 3.10. If there exists a solution g to the IFPT2 problem of X (t) below
S(t) = a+ bt with X(0) =n > a, a,b > 0, then its Laplace transform is

~ 24 s 0(6 + 2b) 2u
(811) §(0) =e 9{(1—«04%)) f<2_u>_9(9+2b)—2u]'

Proof. Conditionally to n = x, one has:
(3.12) P(Ts(z) <t)=P(Fs(x) <tt <T)Pt<T)+1x Pt >T) =
= P(rs(x) <t)e ™™ 4 (1 — ™M)

Taking the derivative, one obtains the FPT density of X, conditional to the starting
position x:

+oo
(3.13) ftlz) = e M f(tx) + pef“t/ f(slz)ds .
t
Straightforward calculation gives its Laplace transform:
= el = 9 o~ M
3.14 0|z) = ftlr)dt = —— flp+0lz) + —— .
) Fow) = [T at = g Tl o)+ L

Finally, from the equation f(f) = f;oo f(0|12)g(x) dz, where f is the FPT density
of X (t), and by using (3.3), we have

~

= 1 o —b) ~
13 F0) = — [9 « et (VPF2ur0)-b) = (V20 0)-b) + 4 .
Equation (3.11) follows from (3.15) solving with respect to g(6), (notice that the
corresponding formula in [7] contains an error that was corrected in a subsequent
Erratum, see also [5]).

O

Remark 3.11. For g = 0, namely when no jump occurs, (3.11) reduces to (3.2).
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3.1.2. Transformation of the IFPT2 problem for diffusions in that for BM. When
X (t) is not BM, the way to obtain results analogous to those of the previous propo-
sitions relies on the availability of an explicit formula for the Laplace transform

~

f(0|z) In the special case when S(t) = a = const, it is well known (see e.g. [37])

~

that f(0|z) satisfies the equation:

1
(3.16) 3 2 (x)o? () + 2/ (2)b(x) = Oz(z) .
Precisely, when the FPT below the barrier a is considered (i.e. > a), then f(6’|x)

~

is the decreasing solution to (3.16) with the condition f(f|a) = 1; when the FPT
over a is considered (i.e. z < a), then f(G\x) is the increasing solution to (3.16)
with the condition f(9|a) = 1. Note that (3.16) is a linear ODE with non constant
coefficients, so, in general its solution cannot be obtained in closed form. In the
case of a general diffusion, explicit solutions to the IFPT2 problem can be obtained

if one is able to reduce to BM, as done in Section 2 for the IFPT1 problem.

(I) Let X (t) be conjugated to B; via the function v (see Definition 2.1 in Section 2),
and consider the FPT of X (¢) below the constant boundary S(t) = a < 1. Suppose
that the FPT below the barrier a has density f, and that there exists the density
g of n which solves the IFPT2 problem. For 77 = v(n), denote by g7 the density of
7. Then, from Proposition 3.1 with b = 0, n replaced by 77 and a replaced by v(a),
the Laplace transform of gz satisfies:

(3.17) Gn(0) = e—v@? f<922> ,

The same expression holds in the case when the FPT of X (¢) over the barrier a is
considered (see Remark 3.3).

(IT) We recall from Section 2 that, under certain conditions, X (¢) can be written in
the form X (t) = w(B(p(t)) +w(n)), where B is BM, w is the scale function, and
p is the quadratic variation of w(X (¢)), which is supposed to satisfy the condition
p(00) = co. Moreover, if p(t) is deterministic, we obtain:
Ts := p(1s) = inf{s > 0 : By +w(n) <w(S(p~'s))}.

Now, suppose that w(S(p~1s)) = a + bs and w(n) > w(S(0)) = a (i.e. n > S(0)).
Then, for a given FPT density f, by using the arguments of Subsection 3.1.1, one
can find the density of the initial point w(n), which solves the IFPT2 problem for
the boundary a + bs, and the FPT density f(t) = f(p=*(£))(p~')'(t), that is the
density of Ts. Therefore, for the boundary S(t) = w™(a + bp(t)) with S(0) < 7,
the Laplace transform 5(9) of the density of w(n) is obtained solving the IFPT2
problem for f . Finally, once obtained the density g of w(n) by Laplace inversion,
the density of 1 is obtained as g(x) = g(w(z))w'(z).

An interesting case is the integral process with deterministic integrand
t
X(t) =77+/ o(s)dBs ,
0

where o(-) > 0 is a deterministic function. Then, the scale function is w(z) = =,
p(t) = fot o%(s)ds and, if p(oco) = oo, then X(¢t) = n + B(p(t)). Thus, for the
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Envelopment of S(t) by two linear boundaries

ay+b,t S(t)

0 a(x) =t time

FIGURE 6. Approximating the solution of the IFPT2 problem for a
non linear boundary

boundary S(t) = a+bp(t with S(0) < n, we get the solution to the IFPT2 problem,
following arguments similar to the previous ones.

When p is not deterministic, the solution to the IFPT2 problem is more difficult to
recover (see [4], [5]).

3.1.3. Approzimate solution of the IFPT2 problem for a non linear boundary. Let
us consider a non linear boundary S(t) which is enveloped from above and below
by two straight lines. Namely assume there exist 0 < a; < ag and 0 < by < by,
such that, for every ¢ > 0:

(3.18) a1 + b1t < S(t) < ag + byt .

The situation is sketched in the Figure 6. Then, the following proposition holds
(for the proof, see [5]):

Proposition 3.12. Let S(t) be a boundary satisfying (3.18) and By a BM starting
from the random position n > S(0). If the FPT below the boundary S(t) has
assigned density f and there exists a density g with support (S(0),+00), which is
solution of the IFPT2 problem for B, and the boundary S(t), then:

(1) if az > a1 and the function g € LP(S(0),aq) for some p > 1, its Laplace
transform g(0) must satisfy g1(0) < g(0) < g2(0) with

1(0) = =2 (0+2(b2-b1) [f(M) ~
2

as L/p
(3.19) —(ag — 5(0))(;071)/1) (/;(0) gp(x) dm) ;

i) =0 (20500)
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DOUBLE BARRIER CASE

n=x X(t)

starting point
density g(x)

0 T(x)=t time

FIGURE 7. The double-barrier IFPT2 problem for diffusions

(#) if a1 = ag = S(0), then g1(0) < g(0) < g2(0), with g1(0) and go(0) given in
(3.19), holds without any further assumption on g, that is the term

i/p
(ag — S(0))@=1)/» (f 5(0) gP(x )dgc) vanishes.
Remark 3.13.

1/
I. If g is bounded, then the term (ay — S(0))®P~1/» (f sy 9F (@ )d:c) ¥ can be

replaced with (az — S(0))]9]|co-

II. The smaller as — a; and by — by are, the better the approximation to the
Laplace transform of g is. For instance, if S(t) = a+b(t+esint) (a,b,e > 0)
we can take a; = ag = a, by = b—e¢, ba = b+¢; if S(t) = a+bt+e(sint+cost)
(a,b,e > 0) we can take a3 = a — ev/2, ag =a+eV2, by =by=b.

3.2. The double-barrier case. In this subsection, we deal with the double-barrier
IFPT2 problem for a Wiener process X (¢). Let us suppose that the initial position
n = X(0) is a random variable, independent of X (¢), such that P(a < n < b) =1,
for some a < b, and F' a given distribution. We recall that the double-barrier IFPT2
problem consists in finding the density g of 7 (if existing) such that P(7(, ;) <t) =
F(t), where 744 = inf{t > 0 : X(t) ¢ (a,b)}. The situation is sketched in the
Figure 7.

First, let us assume X (t) a BM; subsequently, we will consider diffusion conju-
gated to BM and BM with drift.

3.2.1. The case of BM. Let X(t) be a BM; for an interval (a,b), b > a, and x €
(a,b), let 744y (x) = inf{t >0 : X(t) & (a,b)|n = x} be the first-exit time of X(t)
from (a,b), with the condition that n = x. We denote by f(t|x) the probability
density of 7(qp)(2), by g(x) the density of n € (a,b), and by g(0) = f; e %g(z) dz
(0 > 0) the (possibly bilateral) Laplace transform of g. The following proposition
holds (for the proof see [6]).

Proposition 3.14. For a < b, let us consider a BM By starting from the random
position n € (a,b); denote by fo the density of its first-exit time from the interval
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(a,b) and by };Tb(ﬂ) = [Te % fap(t)dt , 6 > 0, its Laplace transform. Then,
if there exists the solution g to the double-barrier IFPT2 problem for B; and the
barriers a and b, its Laplace transform §(0) must satisfy the equation:

0 ~(6?
(3.20) §(0)e(9/2)(a+b) + 5(,9)67(9/2)((&17) = 2cosh (i(b — a)> f (5) ,0>0.

If the density g is symmetric with respect to (1/2)(a + b), then:

1 ~ (62
(3.21) 90) =5 (7 + ™) fap (5) , 60>0.
In particular, if a = —a and b=« > 0 then
N 2
(3.22) g(0) = cosh(ab) f_a.a (%) , 0>0.

Remark 3.15. As it is well-known, we have E(7(,) (7)) = (x — a)(b — z). Since
(—a)(b—2z) < (b—a)?/4 from E(ray) = f; E(tap(x))g(x) dx, we get the
compatibility condition:
(b—a)?

4

necessary for the existence of the solution to the double barrier IFPT2 problem.
From inequality (3.23), the first moment of 7(, ;) is finite.

(3.23) E(T(ap)) <

Remark 3.16. As in the single-barrier case, once g has been found, such that
(3.20) holds, it may be that g is not the Laplace transform of the density function
of a random variable. In this case, a solution to the double-barrier IFPT2 problem
does not exist.

Taking into account the previous remark, it is possible to prove the existence of
the density g of the initial position 7, for a class of FPT densities f. For the sake of
simplicity, we limit ourselves to the case when the barriers are —1 and 1, and g is
required to be an even function with support in (—1,1). For any integer k > 0, set
I.(0) = fjl e %2 dx; as easily seen, I(6) = 2sinh(f)/6 and the recursive relation
I:(0) = ((—1)%e? — e7%) /0 + (k/6)I;—1(0) allows to calculate I (6), for every k.
Next Proposition gives a sufficient condition for the existence of the solution of the
double-barrier IFPT2 problem for BM (for the proof, see [6]).

Proposition 3.17. If the Laplace transform of f(t) is
N

(3.24) FO)=>"pifar(0)
k=1

with weights pr > 0 such that Zszl pr =1, and

f%(g) 2k +1 (2sinh\/%_12k(\/%)> k=l N

" dkcosh(v26) \ V28
then the solution g of the IFPT2 problem for BM and the barriers —1 and 1 is

N
(3.25) 9(x) = prgar(z) -
k=1

with gor(z) = ((2k +1)/4k) (1 — 2?%), k > 0.
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BM + large jumps. As an application of the results for BM (for the single-
barrier case, see Proposition 3.10), we consider the piecewise-continuous process
X (t), obtained by superimposing to BM a jump process, namely, for n € (a,b)
and t < T, set X(t) = n + By, where T is an exponential distributed time with
parameter u > 0. We suppose that for ¢ = T the process X (¢) makes a downward
or upward jump and it crosses one of barriers a and b, irrespective of its state
before the occurrence of the jump. Now, we are in the presence of a two-sided
catastrophes. Then, for 5 € (a,b), the first-exit time of X (¢) from the interval (a, b)
is T(qp) = inf{t > 0 : X(t) ¢ (a,b)}. By using arguments similar to those used in
the single-barrier case (see Proposition 3.10), the following result follows (for the
proof, see [6]).

Proposition 3.18. Let us consider the FPT density f for the process X (t). If
there erists an even function g which is the solution to the double-barrier IFPT2
problem of X (t) for —a and «, then its Laplace transform is given by:

(3.26) sy = |77 ((GZ 21 2:) —2p

cosh(ab) .

Remark 3.19. For y = 0, namely when no jump occurs, (3.26) reduces to (3.22).

3.2.2. Double-barrier IFPT2 problem for diffusions conjugated to BM. Suppose
that X (t) is conjugated to BM (see Definition 2.1 in Section 2). The double-barrier
IFPT?2 problem for X (¢) and the barriers a and b is nothing but the double-barrier
IFPT2 problem for B, starting from v(n) and the barriers v(a) and v(b). Suppose
that the first-exit time of X (¢) from (a, b) has density f, and that there exists the
density g of n which solves the double-barrier IFPT2 problem; if 77 = v(n), denote
by g7 the density of . Then, from Proposition 3.14, with a and b replaced with
v(a) and v(b), and 7 replaced with v(n), we obtain that the Laplace transform of
g5 must satisfy:

(3.27) gﬁ(9)6(9/2)(v(a)+v(b)) + §5(70)67(9/2)(v(a)+v(b)) =

~ 2008 (§00) (@) Fewro (5 )+ 020,

Once obtained the density g5 of 77 by Laplace inversion, the solution g to the IFPT
problem for X (¢) and the barriers a and b is g(z) = gz(v(x))v' ().

3.2.3. Double-barrier IFPT2 problem for BM with drift. Let X (t) be BM with drift
w, that is, X (t) = n + pt + B;. By arguments similar to those used in the proof of
Proposition 3.14, the following result holds (for the proof, see [6]):

Proposition 3.20. For a < b, let us consider the process X(t) = n + ut + By,
starting from the random position n € (a,b). Denote by T = inf{t > 0 : X(t) ¢
(a,b)} the first-exit time from the interval (a,b) with density f and by f(@) =
fooo e O f(t)dt , @ > 0 its Laplace transform. Then, if there exists a solution g
to the IFPT2 problem of X (t) for the barriers a and b, its Laplace transform g(6)

must satisfy the equation:

(3.28) g (N -2+ 29) (6ub7a\/m . ep,a,fb\/m) n
+7 (M + NQ 4 29) (elﬂH—b\/W _ eub-ﬁ-a\/m) _
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= 2sinh ((b— )2 +20) () , 0=0.

In particular, if a = —a, b= a > 0, we have:

(3.29) g (u —Vu?+ 29) sinh (oz(,u + 2+ 29) —
-5 (;H \/u2+2e) sinh (a(uf 2 +29) -
= f(0) sinh (2a\/u2 + 26 )) , 0>0.

Remark 3.21. For p = 0, equation (3.28) reduces to equation (3.20), while equa-
tion (3.29) reduces to equation (3.22) if g(—z) = g(z).

3.2.4. Approximate solution of the IFPT2 problem for two time-varying barriers.
In the following we deal with the IFPT2 problem for Wiener process, for two bound-
aries varying with time .

Let S1(t) < Sa(t), t > 0, be time dependent, continuous boundaries, and consider
the process X (t) = n+ By + ut, starting from 7, which is randomly distributed over
the interval (51(0), S2(0)). We focus on the first time at which X (¢) reaches one of
the boundaries S (t) and Sa(t), that is, 75, g, = inf{t > 0 : X (¢t) = S1(¢) or X(t) =
Ss(t)}, while, as usual, we denote by 7g, s, () the first-exit time with the condition
that n = z € (51(0),52(0)). For a given FPT density f(t), we aim to find an
approximation to the Laplace transform of the density g of n, if it exists, which
solves the IFPT2 problem for X () and the boundaries S;(t), S2(t). For the sake
of simplicity, we will consider BM without drift (i.e. p = 0); an analogous result
could be obtained for non zero drift, with heavier calculations.

To recover the result of next Proposition (for the proof, see [6]) a number of
hypothesis is necessary. We assume there exist constants a,b, A, B such that a <
S1(t) < A< b < S(t) < B, Vt >0, with S1(0) equidistant from a and A, and
S5(0) equidistant from b and B. Let B; be BM starting from the random position 7,
randomly distributed over the interval (S1(0),.52(0)). Assume the first-passage time
Ts, 9, has density f and that there exists a density g with support (51(0), S2(0)),
which is solution to the IFPT2 problem for B; and the boundaries S (t), S2(t). We
also assume that there exist the solutions to the IFPT2 problems for B; and the
couples of barriers A,b and a, B.

Proposition 3.22. If g is symmetric with respect to the middle point (S1(0) +
S52(0))/2 of the interval (S1(0),S52(0)) and g € LP(S1(0), S2(0)) for some p > 1,
then, its Laplace transform g(0) is such that:

(330 3 (w0 [7(8) ~clal,} <

~ } —af —S2(0)6 N 972
<90) < 5 (e +eSON (S ) +Cllgly |

where C' = (A — 81(0))P=1/P 4 (8,(0) — b)P—1/p,

Remark 3.23. Of course, if a = S1(t) = A and b = S»2(t) = B, (3.30) reduces
to (3.21). The constant C is small, for S;(0) close to A and b close to S2(0);
if g is bounded, then C = (A — 51(0)) + (S2(0) — b). Note that, the smaller
A —a and B — b are, the better the approximation to the Laplace transform of g
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is. Thus, the approximation given by Proposition 3.22 is particularly meaningful
in the case when S;(t), S2(t) have small variations compared to time ¢, namely,
sup,so 9;(t) — infy>0 S;(t) is small, for ¢ = 1, 2. For instance, let S1(t) = s1 + esint
and Sy(t) = sy + esint, with Sy(t) < So(t);if a =5, —€, A =5, +¢€ b= 5y — €,
B = sy +¢, then C' = 2¢P~1/P and the pre-factors of { } in (3.30) differ each other
of a quantity of order 2e.

3.3. A few examples. In this subsection, we report some explicit examples of
solutions to the IFPT2 problem for single and double barrier (more details can be
found in [6] and [7]).

3.3.1. Single barrier.

Example 3.1.

(i) (Feller process, see Example 2.1 in Section 2) We have X (t) = (1/4)(B: +
2y/M)?%, so that 7¢ = inf{t > 0 : By + 2,/ < 2,/S(t)}, The IFPT2 problem
for X (t), starting from the initial position > a?/4 and the quadratic boundary
S(t) = (1/4)(a + bt)? (a,b > 0), is reduced to the IFPT2 problem for BM starting
from 7 = 2,/ and the linear boundary a + bt.

For instance, if a = 0 and f is the exponential density with parameter A < b%/2,
then, by using Proposition 3.4, the solution to the IFPT2 problem for the boundary
S(t) = (1/4)b*2 is

A1 L(672>\1\/17_672>‘2\/§), 1fb>\/ﬂ
) = { Y2 A Vi vl

ANy e 2V, ifb =2\

(ii) (Wright & Fisher-like process, see Example 2.2 in Section 2). We have
X (t) = sin® ((1/2)B; + arcsin /7] ), so that 7¢ = inf{t > 0 : B; + 2arcsin(,/5) <
2arcsin(/S(t))}. The IFPT2 problem for X(t) starting from 7 € [sin®(a/2),1]
and the boundary S(t) = sin® ((a/2) + (b/2)t) (a,b > 0), is reduced to the IFPT2
problem for BM starting from 7 = 2 arcsin /7 and the linear boundary a + bt.
For instance, if S(¢t) = 0 (i.e. a = b = 0) and f is the density with Laplace
transform Vo
~ 1+e™™
1) = 2(20 +1)
(note that, from the expression above it follows the moments of 75, do not exist
finite), then the solution to the IFPT2 problem is the uniform density in [0, 1].

Example 3.2 (Geometric BM). Let X (t) be the solution of the SDE:
dX(t) =rX(t)dt +oX(t)dB; , X(0)=n>0,

where r and o are positive constant. This is a well-known equation in the framework
of Mathematical Finance, when X () represents the time evolution of a stock price.
The explicit solution is X (t) = net*e?Bt, wherey = r — 02/2; since In X (t) =
Inn + pt + 0By, then X (t) has a log-normal distribution. Now, let us consider the
boundary S(t) = e for some a > 0, b > u, and suppose that n > e®. Then,
the IFPT2 problem for X (¢) with boundary S and FPT distribution F' is reduced
to the IFPT2 problem for BM, starting from In(n/c), with the linear boundary
(a/o) 4+ ((b — p)/o)t, and the same FPT distribution F. Thus, by means of the
results of Subsection 3.1, the density of In(n/o) is recovered and so that of 7.
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Example 3.3 (BM + large jumps).
(i) For a,p > 0, let be

Fl0) = apy/200 + 1) + 6 — fe=V20HH
a(f+ p)\/2(0 + p)) .

Let X (t) be the process considered in the Proposition 3.10 and f the FPT density
whose Laplace transform is given by the expression above; then, the solution to the
IFPT2 problem, for X (¢) and the boundary S(¢) = a, is the uniform density g on
the interval [a, 2a].

(ii) For ¢, > 0, let be

7o) = SO+ +uV20+ 1)

SO+ (et /200 + )

Consider the corresponding FPT density f; then, the solution to the IFPT2 problem
for X (t) and the boundary S(t) = a, is g(z) = ce =% 2 > a,ie. n =a+ Z,
where Z is exponentially distributed with parameter c.

3.3.2. Double barrier.

Example 3.4 (BM). Let us consider the FPT density:

(3.31) f(t) = ﬁ kz_:exp {—2 (k + %) w2 ® _ta)2] ;

or the corresponding FPT Laplace transform:

) e—a\/@ _ e—b\/@

(3.32) F(0) = T, . g

Then, the solution g to the IFPT2 problem for B; and the barriers a and b, is the
uniform density in (a,b) (see [6] for details). If for instance a = —a = —b, (3.31)
and (3.32) become:

_ i >0 7(k’+1/2)27r2t/2a2 -~ 0 _ tanh(a\/ 29)
f(t) - 2 € ’ f( ) -
at = av'20

The graph of f(t) is shown in the Figure 8, for « = 1; notice that f is not an
exponential density, because f(0") = +oo. For the above FPT density f, the
solution to the IFPT2 problem for BM and the barriers —a, «, is the uniform
density in (—a, ).
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FiGUuRrE 8. FPT density f(t) of Example 3.4 for a = —1, b= 1.

Example 3.5 (BM). Let us consider the FPT density f(¢) whose Laplace transform

is
fo -2 (1 - tanhx/%) .
20 V20
Then, the solution g to the IFPT2 problem for B, and the barriers —1 and 1, is
the Beta-like density g(x) = (3/4)(1 — 2?) x 1_q,1)(x). Note that g(z) is equal to
g2k (z) of Proposition 3.17, for k = 1.
Remark 3.24. The FPT density given in Example 3.4 appears firstly in connection

with the Wiener-Einstein process and it dates back to the papers of Bachelier ([18])
and Levy ([46]), successively considered again by Darling and Siegert (]26]).

Example 3.6. (X(¢) coniugated to BM). Let X (¢) be conjugated to BM via the
function v(x), and consider the FPT density

4 > 1\*
Then, the solution to the IFPT2 problem for X (¢) and the barriers a and b is:
(3.34) g(z) = % X Lap) (@) -

Choosing some special processes for X (t) we have the following results.

e Assume X (t) be the Feller process starting from 7 > 0, which is conjugated
to BM via the function v(z) = 2y/x (see Example 2.1 in Section 2). Con-
sider the FPT density given by (3.33). Then, for 0 < a < b, the solution g
to the IFPT2 problem for X (¢) and the barriers a and b is:

1
g(x) = 5

2o vaa e
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e Assume X(t) be the Wright & Fisher-like process starting from n € [0, 1],
which is conjugated to BM via the function v(z) = 2 arcsin y/z (see Example
2.2 in Section 2). Consider again the FPT density given by (3.33). Then,
for 0 < a < b < 1, the solution g to the IFPT2 problem for X, and the
barriers a and b is:

1

(arcsin v/b — arcsin v/a )y/x(1 — x)
Example 3.7 (BM + large jumps). If

9(@) = 3 X La,p) (@) -

| 9~tanh(a\/m)
f(e)_;wrﬂ ay/2(p+0) +4 ’

then by Laplace inversion:
[e o]
1 2 k+1/2)%n2t
Z(7+ HQQ)GXP<7( +/2)7T ) :
=\ (k+1/2)%x 20

Assume f(t) as FPT density. Then, if X (¢) is the process of Proposition 3.18, the
even solution to the IFPT2 problem for X (¢) and the barriers —a;, «, is the uniform
density g in (—a, o) (see [6] for details).

Example 3.8 (BM with drift). Let us consider the FPT density:
212 A k2 (14 (—1)* ! cosh(p(b — a)))
(b—a)* = 12 (b— a)? + k2n2

P\ 20— 2 )
whose Laplace transform is
(3.36) (o) =
1 u?+ 20 (cosh((b —a)y/p?+26) — cosh(u(b— a)))
(b—a) sinh((b — a)\/p2 + 20) ’

Then, the solution to the IFPT2 problem for n + ut + B; and the barriers a, b, is
the uniform density in the interval (a,b) (see [6] for details).

Tt =

(3.35) ft) =

~

0>0.

4. THE IFPT2 PROBLEM FOR DIFFUSIONS WITH JUMPS FROM A BOUNDARY

In this section, we denote by )?(t) the solution to a SDE such as (1.1). In
particular, we assume X a non-negative diffusion driven by the SDE:
(4.1) dX(t) = b(X()dt + o(X(t))dB;, , X(0)=z>0
with coefficients b and o regular enough, as in Section 2. Let S be a barrier such
that S > z; as usual, we denote by Ts(z) = inf{t > 0 : X(t) > S|X(0) = z} the
FPT of X (t) over S, with the condition that X (0) = z.

We construct a new stochastic process X () as follows. Starting from z € I =
[0,400) at time ¢ = 0, we set X (¢) = X (¢) until the (random) time at which the
boundary ¢ > 0 is reached. Then the process X (t) is killed and a new process

X (t) is considered, making a random jump from ¢. Then, the new process X (¥)
starts afresh (independently of the past history) from a point U which is a random
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variable with distribution v, and then evolves according to the SDE (4.1), until
the boundary ¢ is reached again, and so on. This means that, if X(¢7) = ¢, then
X(t) = U, where P(U < u) = v(u). In the following, we take ¢ = 0 and U > 0,
for the sake of simplicity. Hitting the boundary & = 0 by the process X (¢) can
be interpreted as the occurrence of a catastrophe, which consists in resetting the
state of X () to a new value, and this has various applications in Queueing theory
(see e.g. [28]), as well as in Mathematical Finance and in Biology (see [8]). As an
example, X (t) can represent the number of individuals of a population at time ¢
(for instance fishes in a little lake); whenever the population goes extinct (i.e. it
reaches the level 0) a restocking is performed by a random amount.

Assume S > 0, with U € [0,5] and the jump distribution v(u) = P(U < u)
assigned; then, the FPT of X(t) over S, when starting at 0 < z < .S, is:

(4.2) 75(z) = 75, (x) = inf{t > 0 : X(t) > S|X(0) = X(0) =z} .

The direct FPT problem for X (¢) was studied in [8]; here, we deal with the IFPT?2
problem, analogous to that studied in Section 3 for diffusions without jumps:

for a given barrier S > 0 and 0 < x < S, let F' be a distribution on [0, +00),
then the IFPTZ2 problem consists in finding the jump distribution v or its density
g, if it exists, so that Ts(x) has distribution F.

Notice that now the starting point X (t) is fixed, while the jump distribution v has
to be found. We limit ourselves to consider the case when X (t) is a Wiener process,
ie. X (t) = x + pt + By; then, we show some extensions to more general diffusions.
In particular, if 4 =0, x = 0, and F is a suitable exponential distribution, it turns
out that there exists the solution g to the IFPT2 problem for X (¢) and the barrier
S, and it is symmetric with respect to S/2 (see next Examples 4.1 and 4.2).

Let be I = [0, +00) and S > 0 a constant, positive barrier and let us consider the
process X (t) in I with jumps from 0, obtained by X (t) as described above, where
X(t) is the diffusion driven by the SDE (4.1), and killed at the boundary {z = 0}.
We denote by L, as always, the infinitesimal generator of X (t), and we assume that
0 and S are attainable boundaries for X (t).

The expectation and the moment generating function of the FPT of X (t) over
S were obtained explicitly in [8]. In particular, the following result holds.

Proposition 4.1. For x € (0,5), let f(t|x) be the FPT density of X(t) over S,
and for 8 > 0 denote by

Fol = [ rtiae " ae
0
its Laplace transform. Then:

S
= Jo Mu, u) du

where g is the density of U; My s(0), as a function of x, is the solution of the
problem

(4.4) {ﬁz(x) =0z(x) , z€(0,9)
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M, 0(0), as a function of x, is the solution of the problem

(45) {L’z(ac) =Xz(z) , z€(0,95)
z(0) =1 , 2(8)=0

g

The n-th moment of 7g(z), if it exists finite, is obtained in terms of derivatives
of f(f|x) with respect to 0, i.e.:
0 ~
E "= (-1 f(é
[(rs(@))"] = (=1)" 54 fOl) o

Remark 4.2. A suitable modification of the process X (t) yields an asymmetric
diffusion (see [10]). Note the similarity between (4.3) and formula (2.51) of [10].

4.1. The case of the Wiener process. By using equation (4.3), it is possible
to study the IFPT2 problem for X(t); for the sake of simplicity, we suppose that

X(t) = x+ pt+ By, with ¢ > 0 and S > z > 0. For a given FPT distribution F(t),
denote by f(t) = F'(t) the corresponding FPT density; thus, we aim to find the
density g (if it exists) of the resetting initial value U € (0, S), after X (¢) hits 0, in
such a way that P(rg(x) <t) = F(t). The following result holds (for the proof see

[4]):

Theorem 4.3. For S > 0, p > 0 and S > z > 0, let )N((t) =z + ut + By,
and consider the associated process X (t) with jumps from 0. Suppose that the
FPT of X(t) over S has an assigned probability density f,(t|z) and denote by

fu Olz) = fo e f,(tlx)dt, 0 > 0, the Laplace transform of f,. Then, if there
exists a solution g to the IFPT2 problem for X (t), its Laplace transform g(0) must

satisfy the equation:
-~ eMS=2) sinh(x/p2 + 26
(4.6) (ol = &SIV A 20)
sinh(S+/pu2? +26)
. e ginh((S — x)\/pu? +26) 7 9/0)
sinh(S+/p? +26) g ’
where

(4.7) ﬁwm):
_ e"Sgp— /i +20) — glu+ /u® +20)
2sinh(S\/p2 + 20) — eSVH 2051 4 /2 + 20) + e~ SV +20 g(,u— V2 +20)

is the Laplace transform of f,(t|x) for v = 0. Moreover, if x =0 and p =0, and
we require that the density g is symmetric with respect to S/2, then formula (4.7)
can be explicited and gives:

Fo (02/210) (1 + 59

1+ fo(62/2]0)
Remark 4.4. As in the IFPT2 problem of Section 3, once g has been found, such
that (4.6) and (4.7) hold, the function g could not be the Laplace transform of

the density function of a random variable U with support (0,5). In this case, a
solution to the IFPT2 problem for X (¢) does not exist. In this case, solving the

(4.8) 9(010) =
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IFPT2 problem is far stronger than the one proposed in Section 3, because the
relation between g and f is strongly non linear.

By using the results of [8], compatibility conditions can be obtained involving the
existence of a solution to the IFPT2 problem for drifted BM with jumps from 0
(see [4]).

Actually, it is possible to prove the existence of the density g of U for a class of FPT
densities f. For the sake of simplicity, we limit ourselves to the case when p = 0,
x =0, 5 =1, and g is required to be a function with support in (0, 1), which is
symmetric with respect to the middle point 1/2; in fact, for p > 0 the calculations
involved are far more complicated.

For an integer k > 0, set I;,(0) :f_ll e~ 07k dx; as easily seen, Ip(6) = 2sinh(6)/0
and the recursive relation I;(0) = ((=1)*¢? — ¢7?)/0 + kI,_1(0)/6 allows us to
calculate It (0), for every k.

The following Proposition, proved in [4], gives a sufficient condition, for the
existence of a solution g to the IFPT2 problem for the diffusion X (¢) with jumps
from zero, associated to )Af(t) = B, and the barrier S = 1.

Proposition 4.5. Let X (t) = B, and assume the Laplace transform of f(t) is
(4.9) F(0) = far(0) =
(1+1/2k)e Vo2 [m sinh(y/0/2) — Lo e/z)}
1+ev2 — (14 1/2k)eV0/? [\/ﬁ sinh(y/8/2) — I (\/8/2 )} ’

for some non-negative integer k. Then, the solution g = gai of the IFPT2 problem
for X (t) exists for the barrier S = 1 and the FPT density f and is:

1
@100 gml = (14 ) (- @u-0*) L k20 ue 0.
Remark 4.6. A straightforward calculation shows that, if U € (0,1) has density
gok, then E(U?) = (4k + 5)/6(2k + 3). By calculating the derivative of for,(6) in
(4.9) at & = 0, the FPT distribution corresponding to for has mean E(71(0)) =
2(k+2)/3(2k + 3).

4.2. Diffusions conjugated to BM. Assume that X(t) is conjugated to BM
via the function v (see Definition 2.1 in Section 2), and consider the associated
process X (t) with jumps from 0. Notice that a random reflection of X (t) at zero
corresponds to a random reflection of B; + v(z) at zero; moreover the first passage
of X (t) through the barrier S, with 0 < S < a, corresponds to the first passage
of By + v(x) through v(S), and 7s(z) = 72 (v(z)), where the superscript B refers
to BM. Furthermore, the density g(u) of the position U € (0,S) from which X ()
starts afresh, after hitting zero, is related to the corresponding density h(y) of the
position V = v(U) € (0,v(S)) from which B, +v(z) starts afresh, after hitting zero,
by the equation h(y) = g(v=(y)) (v (y), y € (0,v(5)). Therefore, the solution
g to the IFPT2 problem for the process X (t) associated to X, relative to the FPT
density f and the barrier S, can be written in terms of the solution h to the IFPT2
problem for the process associated to v(z) + By, relative to the FPT density f and
the barrier v(S), by using that g(z) = h(v(x))v'(z).
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Remark 4.7. More generally, a diffusion process X (¢) can be associated to X ()
with holding and jumps from 0, namely, every time X (¢) reaches the boundary 0,
an exponentially distributed time holds, after which a random jump U occurs; the
FPT problem for such a diffusion was studied in [55]. By using the results of [55]
and the technique employed in [4], the IFPT2 problem can be studied also for a
diffusion with holding and jumps from a boundary. We aim to study this problem
in a future work.

4.3. A few examples. We report from [4] some explicit examples.

Example 4.1. Let )~((t) = B; and S > 0, and let f(t) be the exponential density
with parameter m2/452. The solution to the IFPT2 problem for X(t) and S is
g(u) = (7/28)sin ((7/S)u), u € (0,5).

By using the same calculations of Example 4.1, we get also:

Example 4.2. Let )z'(t) = B; and let f(t) be the exponential density with pa-
rameter \; then the solution to the IFPT2 problem for X (t) and S = 7/2V/\ is
g(u) = VX sin(2uv/)\), u € (0, 9).

Example 4.3. The following example refgrs to the circumstance that the solution
g is the uniform density over (0,5). Let X (¢) = B, and S > 0, and let

1_6—5\/%
e—5m<5m+l) N

Then, the solution to the IFPT2 problem for X (¢) and S'is g(u) = (1/5) x 1(o,s)(u),
i.e. the uniform density over (0,5). In the case S = 1, we can obtain the same

~

~

f0) =

result taking k goes to infinity in for and g in Proposition 4.5. Moreover, the
mean of the FPT distribution corresponding to f is 1/3, as follows by calculating
limg 00 2(k + 2)/3(2k + 3). (see Remark 4.6 ).

Example 4.4. The following example refers to the circumstance that the solution
g is a Beta density. Let X (¢) = B; and S > 0, and let

6 (e*S@ (S\/%H) +S\/%—2>
)= 5363 (1 n e*S@) —6 (e*sm (S\/%Jr 2) +5v20 — 2) '

Then, the solution to the IFPT2 problem for X (t) and S is g(u) = (6/5%) u(S — u),
u € (0,5). Notice that, for S = 1 the function g is the density go of Proposition
4.5 for k = 1.

G

Example 4.5. The following example refers to the circumstance that the solution
g is the Triangular Density in (0,1). Let X (¢) = By and S > 0, and let

2(1-e 9/2)2
9(1+e@) 72(176 9/2)2

Then, the solution to the IFPT2 problem for X (¢) and S is the Triangular Density
in (0,1), i.e. g(u) =4u x 100, 1/2)(w) +4 (1 —u) x 1(1/2,1)(u).

F6) =
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Example 4.6. Let X(t) = B, + ut and let
f(6) =
ViZ 20 e — /30 cosh (S1/p2 20 ) — pusink (S4/p2 +20))
V2420 cosh (S/i? +26) — (208 + i) sinh (S\/p7 +20) — /20 =5

Then, the solution to the IFPT?2 problem for X (¢) and S > 0 is the uniform density

~

in (0,5). Notice that, for p =0, f(6) becomes that of Example 4.3.

Example 4.7. If )?(t) is conjugated to BM (see Definition 2.1 in Section 2), exam-
ples of solutions to the IFPT2 problem forX (¢) with 2z = 0, can be easily derived

from Examples 4.1 to 4.5. For instance, two diffusions X (¢) of this kind are:

(i) the Feller process, with b =0 and a = 1/4;
(ii) the Wright & Fisher-like process (see Section 2).

Example 4.8. The Ornstein-Uhlenbeck process (OU). Let X (¢) be the solution of
the SDE:

dX(t) = —pX (t)dt + 0dB;, , X(0) =z,

where p, 0 are positive constants.

The explicit solution is X(t) = e M (a: + fot oet? st). By using a time-change,
we have X (t) = e # (z + B(p(t))), where p(t) = (02/2p) (et —1).

If S(t) is a moving barrier, the FPT of X(t) over S(t) is Tgwy = inf{t > 0 :
x4+ B(p(t)) > e"S(t)} and so p(Tsw)) = inf{u >0 : 2+ B, > S(u)}, where
S(u) = err” W S(p=1(u)). Therefore, if S(t) = Spe~**, the IFPT2 problem for the
associated process X (t), moving barrier S and FPT distribution F', is reduced to
the IFPT2 problem for BM starting from X (¢) and with constant barrier Sy and
FPT distribution F = Fo p~ 1. Thus, if x = 0, explicit examples for the OU process
and the exponential barrier S(t) = Spe™#¢ can be easily derived from Examples 4.1
to 4.5.

Example 4.9. The Geometric BM. Let X (t) be the Geometric BM starting from
(see Example 3.2 in Section 3), that is )N((t) = zete?Bt. Let us consider the moving
barrier S(t) = e?St#'t. Then, the IFPT2 problem for the associated process X (t),
for the boundary S(t) and the FPT distribution F, is reduced to the IFPT2 problem
for BM with drift (u — u') /o, starting from Inz /o, for a constant boundary S, and
the same FPT distribution F'.

5. THE IFPT2 PROBLEM FOR REFLECTED DIFFUSIONS WITH TWO BOUNDARIES

Reflected diffusion processes with one or two boundaries play an important role
in a variety of applications ranging from Economics, Finance, Queueing, and Math-
ematical Biology. As far as Economics and Finance are concerned, see e.g. [19],
[21], [27], [42], [73]; for applications in Economics and Insurance, see e.g. [59], [74].
As for Queueing theory, diffusions with reflecting boundaries arise as heavy-traffic
approximations of queueing systems (see e.g. [1], [2], [34] for reflected BM, and
[71], [76], [77] for reflected Ornstein-Uhlenbeck (OU) process). Reflected OU pro-
cesses appear also in certain models from Mathematical Biology (see e.g. [63]).
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For further applications, see e.g. [48] and references therein. Although FPT prob-
lems have been studied mostly for ordinary diffusions, that is without reflecting,
more recently (see e.g. [23], [47], [59] ) some results appeared about the FPT of a
one-dimensional reflected diffusion, through a threshold S.

In this section, we focus on the IFPT2 problem for a one-dimensional, temporally
homogeneous reflected diffusion process X () with boundaries a and b, which is the
solution of the stochastic differential equation with reflecting boundaries (SDER):

dX(t) =b(X(t))dt + o(X(t))dB; + dL; — dUy
X(0)=ne€lab],

where B, is standard BM, the initial position 7 is a random variable, independent of

B, L ={L;} and U = {U}, t > 0, are the regulators of points a and b, respectively,

namely the local times of X (¢) at a and b. The processes L and U are uniquely
determined by the following properties (see e.g. [34]):

(5.1)

(i) both L; and U, are continuous nondecreasing processes with Ly = Uy = 0;
(ii) X (t) € [a,b] for every time ¢ > 0;
(iii) L and U increase only when X = a and X = b, respectively, that is, for
t>0, [3 1x(s)y=a} dLs = Ly and [ 1(x(s)=p} dUs = Uy.
Under certain mild regularity conditions on the coefficients b and o (see e.g. [51]),
for fixed initial value, the SDER (5.1) has a unique strong solution X (¢) which
remains in the interval [a,b] for every time ¢ > 0. For this reason, X (t) is also
called a regulated diffusion between a and b.
If S € [a,b] is a threshold such that P(a <7 < S) =1, we consider the FPT of
X (t) through S:

(5.2) Ts =inf{t >0 : X(t) =S}

and, as before, we denote by 7¢(z) = inf{t > 0 : X(¢) = S|p = z} the FPT of
X (¢t) through S with the condition that n = . We assume that Yz € [q, 5], 75(x)
is finite with probability one and that it possesses a density f(t|z). For a given
distribution F', we aim to solve the following IFPT2 problem for X:

to find the density g of n (if it exists) for which it results P(ts <t) = F(t).
The IFPT2 problem for reflected diffusions has interesting applications in Mathe-
matical Finance, in particular in credit risk modeling, where the FPT represents a
default event of an obligor (see e.g. [38]), in Biology, specially in the framework of
diffusion models for neural activity (see e.g. [44]), and in Queueing theory (see e.g.
1], [2], [34)).

As always, we suppose that drift b(-) and infinitesimal variance o2(-) in (5.1)
are sufficiently regular functions (see [51]), in order to guarantee the existence and
the uniqueness of the strong solution, for fixed initial condition. We denote by £
the infinitesimal generator of the process X, acting on C2-functions on (a,b) (see
(2.8)).

Let S € [a,b] a given barrier; if z € [a,S], we denote by T;4+5(x) = inf{t >
0 : X(t) = S|X(0) = x} the first-hitting time of X (¢) to S, with the condition
X (0) = z, namely the FPT of X (¢) through S, “from below”. In analogous manner,
if x € [S,b], we denote by 7, s(x) = inf{t >0 : X(¢) = S|X(0) = z} the FPT of
X (t) through S, “from above”. To simplify notations, from now on, we will denote
To15(z) by 7s(x) and 7,y s(z) by Ts(x). We will suppose that 7¢(z) and Tg(x) are
a.s. finite, for every fixed x.
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In the following, we review some results concerning the direct first-hitting prob-
lem for X from [23].

5.1. The Laplace transform and the moments of the first-hitting time of
X(t) to S.

Theorem 5.1 ([23]). Let X (t) be the solution of the SDER (5.1) with deterministic
and fized initial condition X (0) = x and let S € [a,b]. For x € [a,S] and 6 > 0,
suppose that u(x) = ug(x) is the solution of the following equation:

{[,u(x) =0u(z) , zé€(a,9),
uw'(a)=0.

Then, if u(S) # 0 for S € [z,b], the Laplace transform of 7s(x) is explicitly given
by:

(5.4) E (e—9TS<I>) - % .

Analogously, for x € [S,b] and 6 > 0, let v(x) = vo(z) be the solution of the problem:

{ﬁv(x) =0v(x) , z€(S,b),

(5.3)

5.5
(5:5) v'(b) =0.

Then, if v(S) # 0 for S € [a,z], the Laplace transform of Ts(x) is explicitly given
by:

(5.6) E (e77@) = % .

Let us consider e.g. 7g(z), namely the FPT from below with the condition
X(0) = z € [a,S], and denote by M(0,2) = u(x)/u(S) the Laplace transform
of 7¢(z) and by T, (z) = E[(ts(x))"] its moment of order n, (n = 1,2,---); as
well-known,

a’ll
T, (x) = (—1)" 2—M (6, ,
(@)= (1" M)
if it exists finite. For fixed § > 0, one has u(z) = u(S)M (6, z); so the problem (5.3)
can be written as:

LM(0,2)=0M0,x) , z¢€(a,S),
(5.7) o
—M(0,x =0

Ox (6,2) —a
where the operator £ acts on M only as a function of . Therefore, by taking the
n-th derivative of M (6, z) with respect to 6 in both members of equation (5.7), and

evaluating this derivative at # = 0, the following proposition holds.

Proposition 5.2. Forn =1,2,---, the n-th order moments of 7s(x), if existing,
1s the solution to the problem:

(5.8) LT, (x) =—-nTh_1(x) , z€(a,9),
' T,(8) =0, T.(a)=0

where To(z) = 1.
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Analogous equations hold for the n-th order moments of 7g(z), say Ty (z), but
the equations hold for z € (S,b) and the second boundary conditions have to be
replaced with T (b) = 0.

It is possible to derive the explicit solutions of problems (5.3) and (5.8), for the
Laplace transform and the moments of 75(x), in the case of reflected BM with drift
w, that is the diffusion X ) with reflecting boundaries a and b, having infinitesimal
generator LMW ¢(x) = p¢ (z) + (1/2)¢" (x), ¢ € C? (see [3]). For = € [a, S], denote
by 74 () the FPT of X through S from below, and by T () its n-th moment.
The Laplace transform M (9, z) := E (e‘eTé‘L)(I)) of Té”)(ac) is:

(5.9) M(”)(G x) = ef(S*m)(\/mfu) «

e —2e=a)ViP 420 42 494 /)2 + 20

fe—2S—ViH20 42 g4 /2 120
For a — —oo the right-hand member of (5.9) tends to e~ (S=®)(V#*+20=1) ' \which
is the well-known expression of the Laplace transform of the first-hitting time of

ordinary BM with drift x4 through S, when starting from x < S. Taking the limit
as p goes to zero in (5.9), we obtain:

efx\/@_‘_ef@afw)\/@
675@ + 67(2(175)@ ’
In the special case a = 0, the expression above writes:

Y] /20 h 2
(5.11) < T _ cosh(zv/20) , z€[0,5].
e=SV20 4 ¢SV20  cosh(Sv/20)

Then, the Laplace transform inversion yields

R R O SSE

1\? 72t

which is the density of Téo)(ac) for a = 0 and z € [0, 5] (cf. [26], [59]).

(5.10) M©0,2)=E (e—eré°’<z>) _

By solving (5.8) with n = 1, we obtain the mean of T(”)( ):

(1) = |: 2p(a—S) 2;L(a7x):| ﬁ
5.13 1) e e + , x€la,S].
(5.13) @)=52 ; a,5]
For 1 going to zero, we obtain:
(5.14) Tl(o)(as) =—a2*+2ax+S(S—2a) , w€la,S].

As for the second order moment, by solving (5.8) with n = 2, we get:
2
pd
where ¢y = (e2#%/2u%) [4au —e2a=8) _ 9 _ QSM} and ¢; = —coe 2M5 4
+(S/ 1) [2€*M4=9) 41 + Sp].

(5.15) T (x) = (2447 14 28 €240 ) ) - cpe™ 0
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For 1 = 0, we obtain TQ(O)(x) = (2*/3) — (4/3)ax® — 28(S — 2a)x? + Az + B,
x € [a, 5], where A = (8/3)a® + 4aS(S — 2a), B = (5/3)5* — (20/3)aS® + 852%a? —
(8/3)a®S. In particular, for a = 0, we get Tl(o)( )= —x2 + 5% T2(0)(.Z‘) = (z*/3) —
25222 + (5/3)8%, and so the variance of T( )( ) is Var(TéO)(m)) = (2/3) (8* —a%),
z €10,5].

Explicit formulae for the Laplace transform of the first-hitting time to a barrier S
are known also for reflected OU processes, reflected Bessel processes and some other
processes (see [23], [47]), but they involve special functions. An explicit spectral
representation of the hitting time density was found in [59] for reflected BM, and
in [49], [50] for Cox-Ingersoll-Ross (CIR) and OU processes.

5.2. The IFPT2 problem for reflected BM with drift. For a given barrier
S € [a,b], and X(0) = n € [a, 5], suppose that 7s(x) (i.e. the FPT conditional to
n = x) is a.s. finite for every z € [a, S], and it possesses a density f(¢|x). Moreover,
we suppose that the initial position 1 has a density g(x) with support (a,S); for
6 > 0 we denote by f(9|x) = +O° e~9% f(t|x) dt the Laplace transform of f(t|z) and
by g(0 f e 7g(z) dx the (possibly bllateral) Laplace transform of g. Then,

the dens1ty of 7g is obtalned as f(t) f f(t|x)g(z) dx and taking the Laplace
transform on both sides we get, as in the preceding sections:

S
(5.16) f(0) = / Fl6le)g() de

Now, we go to solve the IFPT2 problem, in the case when X (t) = X (t) is BM
with drift p, reflected between the boundaries a and b.

For a given FPT distribution function F' (or equivalently for a given FPT density
f = F’) our aim is to find the density g of the random initial position 7, if it exists,
such that P(rg <t) = F(t). The following results holds (see [3]):

Theorem 5.3. For S € [a,b], let X" (t) be BM with drift p, reflected between the
boundaries a and b and starting from the random position n € [a, S]. Assume that
the FPT of X(“) through S from below has an assigned probability density f and
denote by f fo e % f(t)dt, 0 > 0, the Laplace transform of f. Then, if there
exists a solutzon g to the IFPT2 problem for X(#)(t), its Laplace transform § must
satisfy the equation:

(5.17) 7o) = [pe2V+205 (Va2 + 20 + 1) +
+ (12 40+ u/i+20) 5 (1 — V2 +20)] [eeis(mw)e%m +

—1
(ﬂ 0+ /2 +2) s (V20 “ﬂ . 0>0.

In particular, if p =0, the above formula takes the form:

Hg) = /20 + GV

(518) f(e) - e—S\/@ + e(S—Qa)\/@ , 920.
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Furthermore, if p = 0 and if the density g is required to be symmetric with respect
to (a+ 5)/2, then:

R ¢S50 | o~(20-5)0 _ /g2
(5.19) 9(0) = R e f <5) , 6020

Proof. By using (5.9) with M®) (9, z) = f(9|x), we have:
fior= [ Fowgte)de =
= oSV (oS Vi 42y 9+u\/m}‘l “
X /as et (V120 -p) [Ge_Z(Z_G)\/m +u? 40+ ,u\/m] g(x)dz .

The integral can be written as

S
/ {ee—x(\/uz+26+u)e2a\/u2+26 + (Vi +20—p) (NQ +0+pu /MQ + 29)} g(x)dx =
= 02V 205/ 12 + 20 + 1) + (;ﬁ + 0+ /i + 29) G2 +20 —p) .

Thus, by replacing this last equality in the formula above, (5.17) follows, after
some manipulations. Formula (5.18) is then obtained, by taking u = 0. Moreover,
if one seeks that the density ¢ is symmetric with respect to (a + S)/2, namely
G(—0) = e@t99G(0), formula (5.18) can be explicited with respect to the Laplace
transform of g, and (5.19) follows.

O

Remark 5.4. Notice that, as in the IFPT2 problems of Sections 3 and 4, the
function g may not be the Laplace transform of some probability density function.
In this case the IFPT2 problem has no solution. If we replace reflected drifted
BM with a more general reflected diffusion, we still obtain (5.16). However, even

~

if the explicit form of the Laplace transform f(6|z) of the conditional FPT density
f(t|x) is available, in general the expression (5.16) cannot be related to the Laplace
transform of ¢, calculated in some point (this happens for reflected drifted BM,
thanks to the particular form of the Laplace transform of the FPT, which depends
on X (t) only by means of exponentials of linear functions of X (t) (see (5.9)).

~

If f(0) is analytic in a neighbor of § = 0, then the k-th order moment of 7g
exists finite and such that E(§) = (—1)* (8’“/89’“)]?(0)‘9 o The same thing holds

for the moments of 7, if g() is analytic. Compatibility ‘conditions were found in
[3] which are necessary for the existence of the solution to the IFPT2 problem, in
the case of reflected drifted BM.

Remark 5.5. For regulated drifted BM X () (t), starting from 7 € [a, S], we have

considered the FPT through S from below. In analogous way, if n € [S,b], one can

consider ?é“), namely the FPT of X through S from above. By using the same

arguments of Theorem 5.3, and (5.6), it is possible to write the Laplace transform

of Fé”) in terms of the Laplace transform of n, if it exists; for instance, if © = 0, and

we suppose that the density of  is symmetric with respect to (S + b)/2, then the
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solution g to the IFPT2 problem from above has the following Laplace transform
(cf. with (5.19)):

~ =50 L o—(2b-5)0 _ /2
(5.20) g9(0) = R f <5> , 020,

Throughout the rest of this section, for IFPT2 problem we will mean the problem
concerning the FPT from below, namely, 7.

Remark 5.6. Let X (t) be a regulated BM. If 75 has Gamma distribution, there is
no hope that there exists the solution g to the IFPT2 problem, with g symmetric
with respect to (a + S)/2. In fact, suppose that f(t) is a Gamma density with

some parameters a, A\ > 0, namely f(6) = (A\/(6 + )\))a and take ¢ = 0 and

~

S =1, for the sake of simplicity. Then, inserting this expression of f(6) into (5.19),
and calculating the second derivative at zero of the candidate g, we see that it is
negative, so that g is not the Laplace transform of any density g of 7, since it should
be E(n?) = g"(0) < 0, which is impossible.

Now, we further investigate the question of the existence of solutions to the
IFPT2 problem. Referring to regulated drifted BM, we will prove the existence of
the density g of the initial position n € [a, S] for a class of FPT densities f. For the
sake of simplicity, we limit ourselves to the case when y =0,a=0,S=1<band g
is required to be symmetric with respect to 1/2. In fact, for u # 0 the calculations
involved are far more complicated.

For any integer k > 0, set I;(0) = f_ll e 2% dx; as easily seen, Ip(f) =
2sinh(6)/6 and the recursive relation Ij,(6) = ((—=1)*¢’ — e=%)/0 + (k/0)I;,—1(6)
allows to calculate I (), for every k.

The following Proposition gives a sufficient condition, in order that there exists
the solution to the IFPT2 problem for regulated BM (cf. Proposition 4.5 in Section
4).

Proposition 5.7. Let X (t) be a requlated BM between the boundaries 0 and b, and
let S =1 < b; suppose that the Laplace transform of f(t) has the form:

(5.21) F(0) = for(0) = ioj:}f(\/%? (1 * i) 8

[fim(18) (1))

for some integer k > 0. Then, there exists the solution g = go, of the IFPT problem
for X(t), for the FPT density f such that

(5.22) gor(z) = (1 + i) (1-(2x— 1)2k) . ze(0,1).

Proof. An easy calculation shows that

Go(0) = (1 + %) e 02 {% sinh <g) — Loy, (g)} )

Since go) is symmetric with respect to 1/2, the result follows by inserting gox into
(5.19).
0
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Remark 5.8. A straightforward calculation shows that, if n € (0,1) has density
gok, then E(n?) = (4k + 5)/6(2k + 3). By recalling that E(Téo)) = —E(n?) +
2aE(n) + S(S — 2a) (see [3]), and inserting E(n?) into the last expression, with
a =0, S =1, we obtain that the FPT-distribution corresponding to for has mean
E(rY) = (8k + 13)/6(2k + 3).

Regulated BM + large jumps. In analogous manner, as done in Subsection
3.1, we consider now the piecewise-continuous process of Proposition 3.10, obtained
by superimposing to a BM a jump process, with large jumps, and we denote by
X (t) the reflected diffusion X (¢) with boundaries a, b, associated to it. Then, for
n € [a,S] the FPT of X (t) over S is 7s = inf{t > 0 : X(t) > S}. By recalling
formulae (3.12), (3.13) and (3.14), from the equation f(8) = ff?(ﬂm)g(az) dx,
where f is the FPT density of X (t), and g is the density of i, we get f. Here, for

the sake of simplicity, we limit ourselves to the case when a = 0 and the density g
is symmetric with respect to S/2. Then, by using Theorem 5.3, we get:

1 E( 2(u+0))(1+65 2(u+0))
(0) = 40 0 x
2COSh(S 2(#"‘9))

Thus, by solving with respect to g(6), the following result holds:

)

+p

Proposition 5.9. Fora =0 <S5 <b, if there exists a function g, symmetric with
respect to S/2, wiiich is the solution to the IFPT2 problem of X, relative to S and
the FPT density f, then its Laplace transform is given by:

2 cosh(S59) 62 = [ 0?
0) = —fl=—n)—n|.
0= e |71 (3 #)
Remark 5.10. For p = 0, namely when no jump occurs, (5.23) reduces to (5.19)
with a = 0.

Q)

(5.23)

5.3. Reduction of reflected diffusions to reflected BM. By analogy with the
definition given for ordinary diffusions (see Definition 2.1 in Section 2), we introduce
the notion of process conjugated to a regulated BM.

Definition 5.11. Let X (¢) be a diffusion with reflecting boundaries a and b, which
is driven by the SDER (5.1) with fixed X(0) = z € [a,b]. We say that X(t)
is conjugated to requlated BM if there exists an increasing differentiable function
V(z), with V(0) = 0, such that X (¢t) =V~ (B, + V(z) + L, — Uy), for any ¢ > 0,
where L; = V'(a)L; and U; = V' (b)U; are regulators.

A class of reflected diffusions which are conjugated to regulated BM is given by
processes which are solutions of SDERSs such as:

(5.24)  dX(t) = %a(X(t))a’(X(t))dt to(XE)dBy+ L~ Uy, X(0) =2

with o(-) > 0. Indeed, if the integral V(z) := [ G(lr) dr is convergent, by It6’s

formula for reflected diffusions (see e.g. [34]), one gets V(X(t)) = By + V(x) +
V'(a)L; — V' (b)UL.

Let us consider a diffusion X (¢), with reflecting boundaries a and b, which is conju-
gated to a regulated BM via the function V. Then, the process Y (¢) := V(X (t)) is
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a regulated BM between the boundaries V' (a) and V' (b), starting from V(z), that
is:
Y(t) = V(I) + Bt —|—ft — Ut ,

where L; = V'(a)L; and U; = V'(b)U; are the regulators of Y (¢), which increase
only when Y = V(a) and Y = V(b), respectively. Thus, for z € [a, S]:

Ts(z) =inf{t >0 : X(t) = 5|X(0) =z} =

=inf{t >0 : Y(t) =V(8)} =75 (V(2)),
where S’ = V(S) and the superscript refers to the process Y. Moreover, if the
initial position n = X(0) € [a,S] is random, its density g(z) is related to the
corresponding density g of the initial position 57 = V(n) € [V (a),V(S)] of Y (¢),
by the equation g(y) = g(V=1(y) (V1) (y), y € [V(a),V(S)]. Furthermore, the
density f(t) of 75 and its Laplace transform are:

V(S)

V(S) N
fO= [ Eveswdy ad Fo)= [ 6@,
V(a) V(a)

where fY¥ (t|y) is the density of 7, (y) and ]W(H\y) is its Laplace transform. There-
fore, if X (¢) is conjugated to regulated BM via the function V, then the solution
g to the IFPT2 problem for X (t), for the FPT density f and the barrier S, can
be written in terms of the solution g to the IFPT2 problem for a regulated BM
Y (t) with FPT density f and barrier V(S), by using g(z) = g(V(z))V'(z). From
Theorem 5.3 it follows that the Laplace transform of g satisfies (5.18), with g re-
placed by 5, n replaced with 7, a replaced with V' (a), and S replaced with V(S); in
particular, if one seeks that g is symmetric with respect to (V(a) + V' (S))/2, then
(see (5.19)) the Laplace transform of g is explicitly given by:

- e=V(8)0 | —(@V(@)=V(S)0 __ /g2
(5.25) 90) = —wE v (5) , 020.

By inverting this Laplace transform, one can recover g and therefore g.

5.4. A few examples.

Example 5.1. Let X(t) be regulated BM with boundaries a, b (a < S < b), starting
from n € [a, S] and consider the FPT density:

(5.26) f(t) = Tae Z

— a)2

(k + 1/2)2 Qt]

or the corresponding FPT Laplace transform:

~ tanh((S — a)v20
(5.27) f(9) = « ) ) .
(S —a)v26

Then, the solution g to the IFPT2 problem for X (¢) is the uniform density in (a, S).
In particular, for a = 0, S =1, (5.26) and (5.27) become:

_ > 1 1\ 2 tanh\/>
52 0= eo [—2 <k+§> w%} and - fio) = U

The first three moments of this FPT distribution are, respectively, 2/3, 16/15,
272/105, and the solution g to the IFPT2 problem is the uniform density in (0, 1).
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Example 5.2. For a = 0 < S < b, let X(¢) be regulated BM starting from
n € [a, S], and consider the FPT density whose Laplace transform is:

N 2 1+ cosh (S\/@)
0= 2 cosh (S\/@) (2052 4 72)

(ife.g. S = 1, the first two moments of this distribution are, respectively, 1/2+2 /7>
and 5/12 4+ 1/72 + 4/7*). Then, the solution to the IFPT2 problem for X () is
g(x) = (r/25) sin(nz/S), = € (0,5).

Example 5.3. Take a = 0, S = 1, and let X (¢) be regulated BM starting from
n € [0, 1]; consider the FPT density whose Laplace transform is:

(1 +em> (em— 2eV9/2 4 1)

7o) =

©) 6 cosh(v/26) ev20

(the first two moments of this distribution are, respectively, 17/24 and 811/1440).
Then, the solution to the IFPT2 problem for X (¢) is the triangular density in (0, 1),
i.e. g(lf) =4 X 1(07 1/2] (IE) + 4(1 — 1‘) X 1(1/2, 1)(1})

Example 5.4. Take ¢ = 0, S = 1, and let X(¢) be regulated BM starting from
n € [0,1]; consider the FPT density whose Laplace transform is:

3 (1+e@) (e*m(\/ﬁw) +\/@—2)
0v/20 (em + e—m)

(the first two moments of this distribution are, respectively, 7/10 and 39/70). Then,
the solution g to the IFPT2 problem for X (t) is a Beta density in [0, 1], i.e. g(z) =
6x(1 — x). Notice that f and g are obtained as special cases of fgk and gop of
Proposition 5.7, for k = 1.

£(0) =

Example 5.5. For 0 = a < S < b let X(t) be a BM + large jumps, as considered
in Proposition 5.9, and let:

=01 0 - tanh(S+\/2(p + 0))
10 =150 5v2(1 1 0) ﬂ‘]‘

By Laplace inversion, one obtains:

T {5’3 (s 2 ) oo (_W;/ngﬂ"’tﬂ ,

k=0
which can be written as

70 = e o(0) + e [ ots) s,

where ¢(t) is the FPT density considered in Example 5.1 with a = 0.
_ Then, the solution g to the IFPT2 problem for X (t), relative to S € (0,b) and
f, which is symmetric with respect to S/2, is the uniform density in (0, S).

Example 5.6 (Reflected geometric BM). Let 0 < a < S < b, and X () the solution
of the SDER:

dX(t) =rX(t)dt +oX(t)dBy +dL; —dU; , X(0)=mnE€]a,95],
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where r and o are positive constant (cf. the SDE of Example 3.2 in Section 3). As
easily seen, In X (¢) = Inn+ ut + 0By + L; — Uy, where i = r — 02/2 and Ly, U; are
regulators; thus, In X (¢)/o is regulated BM with drift ;1/0, between the boundaries
Ina/o, Inb/o. Then, the IFPT2 problem for X(¢) for S and the FPT density f
is reduced to the IFPT2 problem for regulated drifted BM, starting from Inn/o,
relative to In .S/o and the same FPT density f. Explicit examples can be obtained
from Examples 5.1-5.4.

Example 5.7. Let X (t) be a reflected diffusion in [a, b], which is conjugated to
regulated BM via the function V. Then, examples of solutions to the IFPT2 prob-
lem for X (t) can be obtained from Examples 5.1-5.4 involving regulated BM. For
instance, let us consider the FPT density

1 = (k +1/2)*72t
5.29 )= S exp [—— ,
(529) O =@ var 2% v v
Then, the solution to the IFPT2 problem for X (t) relative to the barrier S (a <
S <b)is:
V'(z)
. = ——FXx1 .
(5 30) g(I) V(S) — V(Cb) X (a,S)(I)

In fact, from (5.25) and Example 5.1, 77 = V() turns out to be uniformly distributed
over the interval (V(a),V(S)), and so the relation g(z) = g(V(x))V'(z) yields
(5.30).

As explicit examples of reflected diffusions X (¢) which are conjugated to regu-
lated BM, we mention the followings:

(i) X(¢t) driven by
(5.31) dX(t) = % X(0)V3dt + X ()23 dBy + dL, — dU, , X(0)=n € [a,b],

which is conjugated to regulated BM via the function V(x) = 32'/3, that
is
1 \3
X(t) = (771/3"‘ 3 By + Ly _Ut> .
Here, as well as in the next examples, Ly = V'(a)L; and U; = V'(b)U;.

(ii) X (t) driven by

s

(5.32) dx(t) (X ()Y2dt + ¢(X (1))*/* dBy + dL, — dU, ,

X(0)=n¢€lab] (az0),

for ¢ > 0, which is conjugated to regulated BM via the function V(z) =
(4/c)x/4, that is

1/4 , € + 7 \*
X(t):(n/ +ZBt+Lt_Ut) .
(iii) (Reflected Feller process) For b > a > 0, the process X (t) driven by

(5.33)  dX(t) = idt b /X dBy +dL, —dU, , X(0)=nc[a,b],
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which is conjugated to regulated BM via the function V(z) = 2y/z, that is
1 —
X(t) =3 (Bi+2yn+ L - Uy)? .

(iv) (Reflected Wright & Fisher-like process) X (t) driven by
1 1
dX(t) = <Z - §X(t)) dt +/X(t)(1 — X(t)) dBy + dL; — dU; ,

X(O) =ne [(J,,b} s
for 0 < a < b < 1, which is conjugated to regulated BM via the function
V(x) = 2arcsin+/z, that is
X (t) = sin?(B;/2 + arcsin \/n + Ly — Uy) .

Notice that, if we take a = 0 and b = 1, both boundaries are attainable

and, in order that X (¢) stays in [0, 1] there is no need to impose reflection

in 0 and 1, because the process without reflecting cannot exit the interval

[0,1], for any time ¢ (see e.g. [7], [17]).
If the FPT density is given by (5.29), from (5.30) we obtain that the solutions to
the IFPT2 problems for the processes (i)-(iv) above, in the presence of barrier S,
are explicitly given by:

(i) g(x) = [32%/3 (S5 — a2/3)] 7" x 10 5/(2);
) o) = ¢ [ (87— )] x 10
(iff) g(z) =

(iv) g(z) =

[\/5 (\/E_ \/aﬂi1 X 1(q,5)();
[(arcsin\/g — arcsin \/5) x(1 — alc)}71 X 1g,9)(x).

N — N~ =
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