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Our previously developed stochastic trajectory analysis technique has been applied to the calcula-
tion of first-passage time statistics of bound processes. Explicit results are obtained for linearly
bound processes driven by dichotomous fluctuations having exponential and rectangular temporal

distributions.

I. INTRODUCTION

In many applications in the physical sciences and en-
gineering it is necessary to evaluate the first-passage time,
i.e., the time at which a stochastic process first reaches a
“critical value.”! =% Examples arise in “false alarm” prob-
lems in electrical engineering, in mechanical engineering,
in chemical physics, and in laser physics.®

The numerical analysis, by means of simulations or
Monte Carlo methods, of first-passage times and other ex-
treme events is usually very expensive and time consum-
ing since such events are rare and require a large number
of long runs to provide reliable statistics.>!® The impor-
tance of analytic methods for calculating extrema statis-
tics is therefore clear. Nevertheless, these analytic
methods are only available in a limited number of cases
such as for independent random processes'-® and diffusive
one-dimensional Markov processes, i.e., processes
dcsc:;ibgd by a one-dimensional Fokker-Planck equa-
tion.”~

Recently, efforts have been devoted to extending the
theory of first-passage times (and other extrema statistics)
to non-Markovian proc&ssm.“"2 However, the practical
application of these theories depends on the construction
of operators for which a general prescription is not avail-
able. This construction has only been implemented for
simple cases with dichotomous Markovian fluctuations.'?

In three recent papers'3>~!° we have obtained first-
passage times for systems driven by dichotomous (not
necessarily Markov) fluctuations. Specifically, we have
studied simple systems defined by a variable X (¢) whose
dynamical evolution is given by the stochastic differential
equation

X=F(t). (1.1)

Thus, X(¢) is an unconstrained “Einstein” process that
describes a free process subjected to random impacts.
F(t) is a dichotomous random process taking on the
values @ and — b (a,b >0). The times that F(¢) retains
the values @ and —b are respectively governed by the
“switching” distributions 1,(¢) and 1,()."® We have ob-
tained an integral equation that governs the evolution of
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the first-passage time probability density for arbitrary dis-
tributions 9, ,(¢). From this integral equation we have
been able to derive closed and exact expressions for the
mean first-passage time for several choices of 1, ,(¢).

In this paper our goal is to extend the preceding results
to more general one-dimensional bound processes driven
by external dichotomous fluctuations

Y()=G(Y)+g(Y)F(1), (1.2)

where G(Y) and g(Y) are smooth functions and F(¢) is
the dichotomous random proces; defined above. As is
well known the change of variables

Y !
x=[ ﬂ,_
gy’
transforms Eq. (1.2) into an equation with additive fluc-
tuations, i.e., into an equation of the form

X()=f(X)+F(1) .

(1.3)

(1.4)

Therefore we can study the first-passage time for process-
es whose dynamical evolution is given by equations of the
form (1.4) and relate these results directly to the more
general processes (1.2) if the relation between X and Y is
monotonic.

In Sec. II we detail the dynamics of the system. Section
III is devoted to a discussion of the statistical quantities
that we need later. In Sec. IV we obtain the equations sa-
tisfied by the first-passage time probability density. The
formalism is applied to various specific examples in Sec.
V, and the conclusions are presented in Sec. VI.

II. DYNAMICS OF THE SYSTEM

We consider a one-dimensional dynamical system
driven by external dichotomous fluctuations. The system
is specified by the variable X (¢) whose dynamical evolu-
tion is given by the stochastic differential equation (1.4)
where F(t) is a dichotomous (not necessarily Markov)
random variables alternately taking on the values a and
—b, with a,b >0, and ,(¢) and ¢, (z) are the probability
distributions of the “time of residence” in the states
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FIG. 1. Dynamical variable as a function of time for two
values of F(z). X,(t) is the trajectory when F(t)=a, and X,(?)
is the trajectory when F(t)=—b. The trajectories approach
their respective asymptotic fixed points x_ and x;.

F(t)=a and — b, respectively. We assume that f(X) is
smooth and such that the solution X(t) of Eq. (1.4) does
not become infinite in a finite time.

Let X,(t) be the solution of Eq. (1.4) when F(t)=a and
analogously for X, (¢). Since f(X)+a>f(X)—b for all
X, we have by the comparison theorem'” that

X, (1) >X,(1) (2.1)

for all t. Let x° be an asymptotically stable fixed point of
Eq. (1.4), e.g., when x°=x_ then

fx)+a=0 (2.2a)
and

lim X,(t)=x?,

t—

(2.2b)

with similar relations for F(t)=—b and x°=x. Then,
from the comparison theorem, Eq. (2.1), we have

x> xf 2.3

(see Fig. 1). Thus when the process represented by Eq.
(1.4) has at least two asymptotically stable fixed points
[one for F(t)=a and the other for F(t)= —b] there exist
two “natural barriers,” X =x2 and xJ, that the system
cannot exceed. Therefore if we are interested in finding
the mean first-passage time when the process (1.4) reaches
certain values, say z; or z,, these values must lie inside
the natural barriers (see Fig. 2)

xp <z, <z <x2. 2.4)

If Eq. (1.4) has only one asymptotically stable fixed point
[for example, for F(t)=a] we shall assume that f(X) is
such that X,(¢) is a decreasing function of time. In this
case the restriction (2.4) on the critical values z, and z, is

]

X()=,(t +6;7'(x0)), O0<t<ty;
X()=0p(t +¢5 ($alt1 +05 ' (x0)))), ti<t<ti+1;

X(D)=¢,(t +0; ($p(t2+85 (Palti+07 (x0)I), ti+t,<t<t;+t+1;
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FIG. 2. The trajectory shown is for a random function F(¢)
that has switched values three times in the interval (0,¢). The
absorbing boundaries z; and z, lie within the natural boundaries
(asymptotically stable fixed points) x0and xJ.

2, <2 <x2. (2.5)

Finally, when Eq. (1.4) has no asymptotically stable fixed
points [as in the case f(X)=0] we shall assume that f(X)
is such that X,(T) [X,(2)] is an increasing (decreasing)
function of ¢. Now no restrictions apply upon the critical
values z,,2;.

For F(t)=a the solution of the differential equation
(1.4) is

X 1
= — (2.6)
! fxode(X)+a ’
where
xo=X(t=0). 2.7

Defining the function

)= [Taxr—L— (2.8)
¢-'0= ["dx are
we have from Eq. (2.6) that
X, (=4t +¢5 '(x0)) - (2.9)

The solution of Eq. (1.4) for F(¢t)=—b is similarly given
by

Xy () =yt +d5 (x0)) ,
where
si' 0= [Tax

(2.10)

1
fxXH—b "'
Therefore if we take F(0)=a we have the following tra-
jectory (Fig. 2):

(2.11)

(2.12a)
(2.12b)
(2.12¢)
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and so on. For this realization the distribution ¥,(¢) governs the odd time intervals t,,¢3,...,f5, _1,..., and ¥;(?)
governs the even ones. In the following we shall use the notation
Xon 1 =X (120 _1)=@a(t2 1 +65 ($5(120 2+ 85 (Paltzn 3+ - ), (2.13a)
Xon =X (1) =Gp(t2n+85 (Paltzn 1 +5 (St 2+ -+ )))) (2.13b)
for the odd and even intervals of the process. Thus when F(0)=a we have
Xan_1=0altzn _1+67 (x20_2)), (2.142)
X2n=0p(t20+¢5 (X20_1)) (2.14b)

(n=0,1,2,...), where t,,_, is governed by 9,(¢) and t,, by ¥,(¢). On the other hand if the process starts with
F(0)= —b we have

Xon_1=0p(t2n _1+05 (X35 _2)), (2.15a)
Xon=0a(t1n+ 05 (X20_1)) (2.15b)
(n=0,1,2,...), where now t,, _, is governed by ¥, (¢) and ¢,, by ¥,(t).
III. FIRST-PASSAGE TIME PROBABILITY DENSITY
Our goal is to calculate the conditional first-passage time probability density p (¢;x,) defined as follows:

p(t;xq)dt =Probability that the process X (7) [given that X (0)=x,]

crosses z; Or z, in the time range t <7<t +dt

without ever having crossed either of these levels

during the time span 0<7<¢t . (3.1)

To calculate p(t;x;) it is useful to denote each time range ¢, between switches as an “interval” and to define the auxili-
ary probability

DPalt;x0)dt =Probability that the first crossing of z, or z,

occurs during the nth interval in the time range (¢,t +-dt) . (3.2)

Clearly, the first-passage time probability density is

plt;xg)= i Dal(t;xq) . (3.3)

n=1

The existence of two realizations of the stochastic pro-
cess F(t) in (2.1) leads one to define the two probability
densities

(a)(

P Y (t;x0)=p(t;x0) | F(0)=a (3.4

and
P Ut;x0)=p(t;x0) | Fioy=—b (3.5)

[the same definitions apply for p,(,“’"b)(t;xo)]. Therefore
if wola |xg) [wo(—b |xg)] is the probability that
F(0)=a [ F(0)= —b], given that X (0)=x,, then

P(t;xo)=p‘“)(t;xo)wo(a |x0)+p("b’(t;xo)wo( —b lxo) .

(3.6)

The distributions p(‘”(t;xo) and p‘“”’(t;xo) are not in-
dependent of one another since there exist symmetry rela-
tions between them. Indeed, from the description of the
model in Sec. II, it is easy to see that if in the expressions
for p'@(t;x,) we make the replacements

|
a——b,

—b—a,
'pa—’¢b ’
Yo —Ya »

z1—2,,

(3.7

2;—>2Z,

we obtain p‘~b(¢;x,) and similarly, given p'~%(z;x,) one
can obtain p‘®(¢;x,).

The probability densities p,(Z;xo) can be constructed
explicitly from the trajectories (2.12). Let us consider a
realization that begins with F(0)=a, as detailed in Eq.
(2.12). We wish to insure that no crossing of the levels z,
and z, has occurred in the first (n — 1) intervals and that
a crossing does occur during the nth interval. During the
first interval no crossing occurs if

x1=64(t;+¢5 '(x0)) <2, (3.82)
or, equivalently, if
zl 1
t aAX———=71. .
1< S, T =" (3.8b)

The probability that the inequality (3.8b) holds is
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Prob(t; <7)= [ '@, (t))dt, , (3.9)

where ®,(t) is the probability density for the first inter-
val. For example, in a “modified renewal process”!® the
usual choice is

0
O,(0=A, [t —7)d7 . (3.10)

In general, ®,(¢) depends on the preparation of the sys-
tem. No crossing during the second interval occurs if

x3=dp(t;+¢5 (x1)) >z, , (3.11a)
i.e., if
z, 1
lz<fx1 deETZ. (3.11b)
The probability that this inequality is satisfied is
T
Prob(t <my)= [ "y(tp)dt, . (3.12)

Similar conditions can be written for the probability that
each successive interval up to and including the (n —1)st
does not lead to a crossing. The explicit expressions are

T2i—1
Prob(125_1<7'2,~_1)=f0 Yoty 1)ty _y
i=2,3,4,..., (3.13)
Ti
Prob(t2,~<7‘2,-)= fO ¢b(t2i)dt2i! i= 1,2,3, ceuy (314)
where
_ [ 1

TZ"—‘=fxz,~4de(X)+a (3.15)

and
_ (= 1
T2i_fx2i_lde(X)_b . (3.16)

As can be seen from Eq. (2.13) the quantities 7; are func-
tions of the switching times t; _,t; s, ...,I;:

1"-=7',-(x,-_1)§1'(t,-_1,t,-_2, o« e ’tl’tl) (3.17)

for i =2,3,4,..., and

.
Pm(tixo)= [ dt) (1))
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ri=r(xg) . (3.18)

To proceed with our explicit construction we must
choose the parity of n: If it is odd then a crossing during
the nth interval can only occur at z;, while an even n can
only lead to a crossing at the level z, [and the converse if
F(0)= —b, see Fig. 2]. We select n =2m and note that
the z, level will be crossed during the 2mth interval if

Xom=0p(tam+ 05 (Xom _1)) <23 » (3.19a)
ie., if

tam > f:; . de(X—l)—~b =1y, . (3.19b)
The probability that this inequality is satisfied is

Problty, > 7m)= | :m Yp(D)dt . (3.20)

Finally, we must specify when during the 2mth interval
the crossing actually occurs. For the crossing to occur at
time ¢ it is necessary that

X()=p(A(t)+¢5 (xpm_1))=2, (3.21)
where
A=t —(ty+t2+ " +tym—_1) - (3.22)

Taking into account Eq. (2.12) we can write Eq. (3.21) as
follows:

z, 1
A(t)= X———= 23
® f"zm_ld f(X)—b Tam (323

and therefore Eq. (3.21) is equivalent to
t=t1+t2+"' +t2m_1+7'2m . (3.24)

The probability density for this crossing event is the delta
function

8(t —(t;+tr+ ** +tagm—_1+Tom)) . (3.25)

Collecting the results (3.9), (3.13), (3.14), (3.20), and (3.25)
immediately gives the following integral expression for
the probability density p32(t;x,):

T2 Tom —
X [y dt st [ by Yo )

X fr:" dtzm z/zb(t2m)8(t~(t1+t2+ s +t2m——1+7’2m))

for m > 1. For odd n similar reasoning leads to
P(23»1~1(f;xo)=foldt1(l>a(zl)
Tam -2

X fofzdtz Yp(ty) - - - fO

X

Tam —

(3.26)

Atym —2 Yp(tam —2)

ldtlm—l Yaltom )8t —(t1+12+ - +lom _2+Tom_1))

(3.27)
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for m >2, and
Pi(5x0) =8t =) [ dty aey) . (3.28)

Similar expressions can be obtained for pf,’b)(t;xo) [see Eq. (3.7)].

IV. INTEGRAL EQUATION FOR THE EVOLUTION OF THE FIRST-PASSAGE TIME PROBABILITY DENSITY
Our next step is to Laplace transform Egs. (3.26)—(3.28) according to the definition
ﬁ(s;xo)sfowdte““p(t;xo) , 4.1

and to establish an integral recursion relation to connect the nth and (n +2)nd densities. The recursion relation leads to
an integral equation for the Laplace transform p(s;x,) of the first-passage time probability density. From Egs.
(3.26)—(3.28) and (4.1) we have

@ n
Flm—ilssxo)= [ dt; q(t)

Tam —2

T2
Xfo dty ¥p(1y) - - fo dtym —2 Yp(tam —2)
X [, dtam i Yaltyy y)e AT T el g )

2m—1

Pimisixo)= [ 'dty @u(t)) [ Pdty 0y(t2) - [ dbym 1 Yultam 1)

X f dion yltggle "1 TET T Fam ¥ m (4.4)
If we define the auxiliary functions
~ T2 3 Tam -2
I ssx0= [ Tdn () [ dtya(ts) -+ [ dtym _y Yt _2)
X f.,zm_ldth—-l ¢a(t2m—1 )
Xe"(‘z+‘3+ Cttym 2+ Tom ) (4.52)
and
~(a) 72 3 Tom —1
I _issx0= [ "t ty(ta) [ dtsda(ty) - [ by Yaltam 1)
% frm dty, plta e —slty 434+l 1 +Tym) (4.5b)
2m
in terms of which
T -— ~
Fissxo)= [ 'dt; @a(t)e " TP (53,1, n>2, (4.6)
we obtain the recursion relation
T alssxo)= [ Tdtae " y(ey) [ dtye ()T s 3x3(15,15)), n2 1. (4.7)
Summing this recursion relation from n =1 to n = « leads to the integral equation
T9O(s;% ) =T s3%)+T (s 3x,) + fo ‘dtye "2¢,,(z2)f0 dtye ", (00T s x5 (t531,)) (4.8)
where
T9%s;x)= 3 T (s;5%) . 4.9)
n=1
In terms of this function the Laplace transform of the first-passage time probability density [for F(0)=ad] is
T —_ ~
7 3x0)=p'"s;x0)+ fo‘dtlcp,,(z,)e T @(s:x,(2,)) . (4.10)

B)({ le)eans of the equivalence given in Eq. (3.7), it is straightforward to find the analogous expressions for 7 ‘~?)(s;x) and
P s 3x0):

T30 ) =T s3x ) +T5 P s5x)+ [ dtre ™ a(t2) [ dty e 7y (60T =05 3x5(13,1)) (4.11)
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and

=(—b) ~(—b) i =Sty F(—b)

P T Ns;x0)=P (S;xo)+f0 dt, Dy(ty)e " 'T'77(s;x(2)) (4.12)
where

z, 1
— = 4.
Tam —1 fxzm_def(X)—b ’ (4.13)
F4
= [ dX— . (4.14)

Xom—1 f(X)+a
[Note that now the trajectories x,, are given by Eq. (2.15).] Finally, the Laplace transform of the first-passage time
probability density [Eq. (3.6)] for arbitrary F(0) is
P(s3x0)=p s ;x0)wola | xo)+5  ~2s;x0)wo( —b | xq) . (4.15)

The entire problem has been reduced to solving the integral equation (4.8). However, as has been pointed out previous-
ly,!*~15 exact solutions of such integral equations cannot be found for arbitrary forms of the ¥, ,(¢), even in the simplest
case f(X)=0, although one can construct approximation schemes for specific forms of these functions. Nevertheless
there are situations when the integral equations can be solved exactly for special, but relevant, forms of ¥, ,(¢). In the
next section we give two such examples.

We should note a further simplification in these results when the system, as often happens, is prepared in such a way
that @, ,(t)=1),,(¢) (this is the case of an “ordinary renewal process”'®). In this case the auxiliary functions are
I(s;x)=p(s;x) and the probability densities 7 ‘*'(s;x,) and 5 (~%(s;x,) themselves satisfy the integral equations

T T _
B Us3x0)=F s 5x0)+5 (s ;x0) + fo‘dtle“"%(z,)fozdtze Ty (1208 s 5x5(13,11)) (4.16)

and

—~(—b) ~(—b) ~(—b) i —st T2 —st; ~(—b)
B 0s5x0) = s3x0) 455 M ssx0)+ [ dtre Ty [T dt e T, (105 P s x(02,11)) 4.17)

V. APPLICATIONS

In this section we evaluate the first-passage time of the bound process (1.4) for various forms of ¥, ,(¢) for which the
integral equation (4.8) can be converted to an equivalent differential equation that can be solved analytically with the ap-
propriate boundary conditions. For simplicity we take ®(¢)=1(¢), although other forms of ®(z) can be easily incorporat-
ed.

A. Dichotomous Markov process F(t)
If F(¢) is a dichotomous Markov process, then the distributions ¥, ,(¢) are exponential,
Yo(t)=Aze M, p=ab, (5.1

where A; ! and A; ! are the average residence times in the states F(f)=a and — b, i.e., A; ' and Ap ! are average times be-
tween switches. In order to insure that the fluctuations are zero centered we impose the condition aAy; =bA,. For these
fluctuations we show in the Appendix that the integral equation (4.16) is equivalent to the second-order differential equa-
tion

d?p'9s;x0)

dx}

Sf'(xq) s+A s+A, | dp¥s;xq) + s(s+A,+Ap)
fixg)+a flxg)—b f(xg)+a dx, [f(xg)+allf(xq)—b]

together with the boundary conditions

5 s;x0)=0  (5.2)

(i) ps;z)=1, (5.3)
dp‘“(s;xq) 1 @

H IS A L S =(a)(q. . 5.4

(ii) dx ro=t, f(zz)+a[ Ao+ (s +A,)p % (s;2,)] (5.4)

The first boundary condition insures that a process initiated at the upper boundary with positive slope is immediately
trapped with certainty. The second boundary condition is not of the usual form for a Fokker-Planck process in which
trapping at the lower boundary is also guaranteed if the process starts there [i.e., p ®"(s;z,)=1]. The physical interpreta-
tion of condition (5.4) is not straightforward.

A differential equation for the mean first-passage time T (x,) can be obtained using the defining relation
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a ® 9
T (xo)= fo dt tp“"(t;xo)=——5-;p @(5:x0) . (5.5
The derivative of Eq. (5.2) with respect to s evaluated at s =0 yields the differential equation
d*T{"(xe) | fllxo) A Ae AT (x0) A+ 56
dx} fxp)+a flxo)—b flxo)+a dxo  [fl(xo)+allf(xq)—b] :
The boundary conditions for (5.6) are similarly obtained from (5.3) and (5.4):
(i) T{¥(z;)=0 (5.7)
dT{" (xo) 1
. - }\'a T(d) —11. 5.8
(ii) dxg rmt, f(zz)+a[ 1 4z,)—1] (5.8
The solution of the problem (5.6)—(5.8) is straightforward and is given by
Yo a —M9)(x a o _ (@) x
T (xo)= [, V'xle ™" Xdx 1€ [, "o M "X dx (5.9)
where
x d }"b A
M9(x)= ACI " gy, 5.10
&) f f)+a fy)=b f(y)+a Y (5.10)
x Ag+Ay (@
Via(x)= - Mgy (5.11)
f Lf ) +allf(y)—b]
and
(a) —M@zy) 1 2 @) oy, —M @)
— V% zy)e — |A, f Vi¥(x)e dx —1
(@) — f(za)+a 1
Ccl¥= - x . (5.12)
——M“(Zz)_ a 2 —Mla)(x)
f(22)+d le ¢ dx
T
Following a similar method we can easily obtain closed _ 1 rz _2A 5z
analytic expressions for all the first-passage time mo- = 2z f _; T1lxo)dxo= 3222 T4 (5.15)

ments, T,(xq). We can therefore assert that the problem
of extrema statistics for unidimensional stochastic process-
es driven by dichotomous Markov noise has been complete-
ly solved.

Before closing this section we evaluate the mean first-
passage time for two particular forms of the drift f(X).
One is the previously treated case of no drift, ie.,
f(X)=0. (This is the only case which has been treated by
a variety of methods in the literature.'>~'%) The second
example is that of a linear drift f(X)= —uX.

1. No drift (Refs. 13—15)

In this case

f(X)=0. (5.13)
For simplicity we choose: a=b, A,=A,=A, z;=2,
2;=—2, wola |x¢)=7, and wo(—a |xg)==. Then

from Eqgs. (5.9)—(5.12) we obtain
T (x0)=3[T®(x0)+ TV (x4)]= —}"z—(zz—x(z,)+ %
a

(5.14)

which agrees with previous results.”>~!* An average of
Ty(xo) over a uniform distribution of initial conditions
yields the averaged mean first-passage time'*!3

For comparison, we note that the corresponding results
for a diffusive process with diffusion coefficient D are!*!*

Ty(xo)=(22—x3)/2D (5.16)

and
2
z
== 1

T, 3D (5.17)

These results are shown in Figs. 3 and 4.
2. Linear drift
Here we take
f(X)=—pX (u>0). (5.18)

In this case the solutions of the differential equation (1.4)
for F(t)=a,—b are

X, (=2 —(a—pxo) ™™ (5.19)
I
and

X,,(t)=-£+(b +pxg)TH . (5.20)
We see from these equations that (a/u) [ —(b/u)] is the
asymptotically stable fixed point of X,(¢) [ X,(¢)]. There-
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FIG. 3. Mean first-passage time T(x,) as a function of the
initial location x, with parameter values A=2, a=1, and
z=0.45. The driftless processes depicted are diffusive (— — —),
dichotomous Markov ( --- ), and dichotomous rectangular
( ).

fore the process X (¢) can only reach the critical values z,
and z, if they lie within the interval (— b /u,a/u), ie., if
LA (5.21)

p© p

Introducing Eq. (5.18) into Egs. (5.9)—(5.12) yields an
expression for the mean first-passage time T,(xy) in

1.0
l"
‘l
O75 | o
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L/ <—Rectangular
Markov —>,o"
025} /
¥ /S
/"< Diffusive
/
0 = J
0 05
z

FIG. 4. Mean first-passage time T, as a function of separa-
tion between absorbing boundaries (2z) for various driftless pro-
cesses. The processes shown are diffusive (—— —), dichoto-
mous Markov ( - - - ), and dichotomous rectangular ( ).
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terms of hypergeometric functions. The resulting expres-
sion is not particularly instructive in its most general
form. In order to obtain a more transparent form we note
that the hypergeometric functions reduce to elementary
functions for certain choices of the parameter values. In
particular, with the choices a =b =1, A, =A1;=2, u=1,
z1=2, z;=—z (|z|<1), wpla|xe)=7, and
wo( —a | xg) =7, Eq. (5.9) gives the simple form

1—x5 | 2 (x§=2)  (224z—4)
T (xo)=71 = - .
PXOI= T T 22 | T3 =2 3(14x0)(1—2)7
(5.22)

The averaged mean first-passage time for a uniform initial

distribution is

_ =323427%43;
3(142)(1—2)?

The corresponding results for a diffusive process are'®

1 (5.23)

T(x0)=8 f:o due™ [“e=2dy (5.24)
and
222
T, =2 -e-z-—fozdye"zyz——l . (5.25)
These results are compared in Figs. 5 and 6.
Rectangular
I5pF
10F
/ N 5
> / /7T N %
z ; / Diffusive \ 3
By ! 'l‘
; / \ \
/ \
O5F
/ \
/ \
/ \
/ \
/ : \
-045 0 045
Xo

FIG. 5. Mean first-passage time T(x,) as a function of the
initial location x, with parameter values A=2, a =1, and
z=0.45, The linearly bound processes shown are diffusive
(— — —), dichotomous Markov ( --- ), and dichotomous rec-
tangular ( ).
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B. Non-Markovian fluctuations:
The rectangular process F(¢)

One example of a simple non-Markovian dichotomous
process is a rectangular process in which the distributions
¥,(t), p=a,b, are given by

2
)O e
20 UStsy

bplt)= 0, otherwise . (5.26)

Here once again A, ' and A; ! are the mean times between
switches. In order to allow the process a finite probability
of reaching the boundary z; or z, even in the first time
interval we restrict our analysis to the parameter domains

N
}\b d f(X)— (5.27a)
and
—l—>i dX 1 (5.27b)
Ay ~ 2 f(X)—b

In the Appendix we show that in this case the
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15

-
Sen
-

o5} /
I" /
i /
7
//«<— Diffusive
o 7
0 R N -
o 0.25 05

7

FIG. 6. Mean first-passage time T as a function of separa-
tion between absorbing boundaries (2z) for linearly bound pro-

transform j ‘®(s;x,) satisfies the differential equation cesses: diffusive (— — —) and dichotomous Markov (---).
|
d%p ‘s ;x) "(x0) dp(s; 2_Aghy /4
$3X0 S'(xo _ s _ s Ip " (s 3x0) i S b/ 5s3%0) =G s ;3%x,)
dx} f(xo)+a flxg)=b fixg)+a dxg [f(xo)+a]lf (xq)—b]
(5.28)
where
Ag/2 1 1 —st (zy,xq) A'tu/2 —st(25,x4)
G(a)( ; —_ a _ e “1707 b' €220 5.29
%)= ra [* | Fro)ra  Flxe)—b Fxo)—b° 529
and
t(u)= [ dx——— (5.308)
T T f(X) 4a '
tpuo)= [ de(X)_ (5.30b)
The boundary conditions for Eq. (5.28) are
(i) p'9%s;z)=1, (5.31)
di(‘”(s 3Xo0) 1 —st,(2(,2,)
ij) ————— — | (e e @(s;z,) (5.32)
(ii) de X9=2, f(Zz)‘l‘a ( )+sp 572
The equation for the mean first-passage time obtained from (5.28) is
d’TP(xy)  fllxg) dT{(x) Aghy /4 )
—_ X
dx} " flxo)+a dxo  [flxo)+allf(xo)—b] ' 7
—A /2 A /2 )»
=y el RS
[f(xo)+al® * [f(xo)+allf(xo)—b] % f(X)—b
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with boundary conditions

J. MASOLIVER, KATJA LINDENBERG, AND BRUCE J. WEST 34

() T\®(z;)=0, (5.34)
dT{"(x,) Ay p?
i Xl L jfe gt _dx (5.35)
dxg xX0=1; flz3)+a 2 95 f(x)+a
|
1. No drift These results are shown in Figs. 3 and 4.
With f(X)=0, z,=z, and z,= —z we get the differen- 2. Linear drift
tial equation'3—13 )
AT (xy)  Ah, For the case
a (a)
dx3 4ap 11 X0 fX)=—pX , (5.41)
—As la+b | Adhp with a=b=1, A,=A,=2, p=1, z,=—2, and z,=z
= pral 20’ (z+x9) (536) [|z| <(e—1)/(e+1)], we obtain the equation
; iti d* T (xq) dT{"(x,)
with boundary conditions (1—x3) le 0 —(14x) ;x 0 +T (xo)
(i) T¥®(z)=0, (5.37) 0 0
dT{" (xy) Aoz - 14x
() ——=0 =1 (5.38) =2 i |2, (54
dxy  |xo=-z a a 1—x, 1—z
The solution of (5.36)—(5.38) with a=b=1, with
Ag=Ay=2,and |z | <1 gives
2(1—z)cosx, (i) T¥®(2)=0, (5.43)
Ti(xg)=——7T—-2+42z. (5.39)
cosz —sinz @)
o . . ... dT"(xg) 1 14z
Eq. (5.39) coincides with the expression of T(xg) that we (ii) R =71 In N —-1].
have given elsewhere.'>!* An average of (5.39) over a uni- X0 |xo=-z 14z -z
form initial distribution gives (5.44)
= 2l=2ksinz__, o (5.40) _ o
z(cosz —sinz) In this case the mean first-passage time is given by
J
Ty(xg)=3[(14x0)alxq)+(1—xg)al —x0)]+ T[Blxo)+B(—xo)]
1—x
+ 4 [Bxo)(14x0)— Bl —x0)(1—x0) +2¢2%0]In 1+x° +er+er, (5.45)
0
where
a(xo)E—fxo |—L(1—x)n [ 11X 1+ 3(1+4x)In 1=x 1 ox (5.46)
0 2 1—z 2 1+x ’
1+4+x
B(xo)=1(1+x¢)? |(xg—2)In 1_2" —-%(xo—%i)], (5.47)
and
1= — 2 a2 +al—2]+[B2)—B—2)] |——+ +in |[1=2 | | 4 L |1 4o | 1=2 (5.48)
2 14z 27 | 14z 14z 14z ’ :
1 1 1 1—z
c2=—% [B(z)+B(—2)]+ 1 . . a(z)—al—z)— 127 142 " H (5.49)
14z tan 1+
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VI. CONCLUSIONS

Herein we have considered the problem of the extrema
statistics of one-dimensional non-Markovian processes
stimulated by dichotomous fluctuations. The first-
passage time problem has been reduced to solving an in-
tegral equation for the Laplace transform of the first-
passage time probability density function. This integral
equation is valid for dichotomous fluctuations possessing
arbitrary correlated properties. The method we have con-
structed for the treatment of such problems!*!* relies on
the explicit construction of trajectories. We are able to
select those trajectories that reach the critical values at a
given time and to properly weigh their contribution to the
first-passage time distribution.

In some cases it is possible to convert the above integral
equation for the first-passage time probability density to a
differential equation. From this differential equation one
can directly construct a differential equation for the mean
first-passage time. This result, which generalizes a simi-
lar one obtained for unbounded processes,'*~'> bears no
resemblance to those generated by Fokker-Planck®%!® or
master equation processes.>!? In this paper we have con-
sidered two particular examples where the integral repre-
sentation of the first-passage time density can be convert-
ed to a differential one.

Let us now summarize the principal results that can be
deduced from the examples considered in Sec. V. For an
unbound process the first-passage time from an initial lo-
cation xg to z or — z is shorter if the process is diffusive
than it is for a process driven by correlated dichotomous
fluctuations (cf. Fig. 3).!3~!% The trapping efficiency of
the dichotomously driven process depends on the correla-
tion properties of the fluctuations. Thus, for the value of
z used in Fig. 3 (z =0.45), the relative trapping efficien-
cy of the Markov and rectangular processes depends on
the value of xy. For smaller (larger) values of z the rec-
tangular result lies below (above) the Markov one for all
values of x,. This behavior is also reflected in the mean
first-passage time averaged over a uniform initial distribu-
tion (cf. Fig. 4).

When the process is linearly bound to the origin, we see
from Fig. 5 that the mean first-passage time is larger than
that of the unbound process depicted in Fig. 3. It should

5 Ds3x0) =P "5 ;%0)+ 5 s 5x0)

% Yalta(x15%0))  _st (x)3xp) %2
————— a' 170
+fx0 dx, e f

Py (tp(x35x1)) —sty(x55%,

be emphasized that the results in Fig. 5 are the first exact
mean first-passage times reported for bound non-
Markovian processes. We note that the diffusive result
still lies below those with memory. The relative ordering
of bound: processes is again seen to be dependent on the
type of memory. The crossover between the rectangular
Markov fluctuations occurs for smaller z (z <0.45) in the
bound process than in the free process. In Fig. 6 we com-
pare the mean first-passage times averaged over a uniform
initial distribution for the diffusive and dichotomous
Markov bound processes. Note the difference in scales in
Figs. 4 and 6, and that T, for the bound processes is
therefore about twice as long as for the free ones.

The explicit trajectory calculations constitute a formal-
ly tractable method for determining the extrema statistics
of non-Markovian processes. We are presently extending
this formalism to systems of more than one variable and
to fluctuations with more general statistics.
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APPENDIX: DERIVATION
OF DIFFERENTIAL EVOLUTION EQUATIONS

It is convenient to introduce new variables of integra-
tion into Eqgs (4.16) and (4.17). We make a change of vari-
ables suggested by the dynamics of the system:

x1=B,(t, +D; (x0)), (Ala)
X7 =B, (t,+ D5 H(x,)), (A1b)
or, equivalently, by

xl 1

ty= X—————= ;

1 f"o d f(X)+a ta(xl,xo) s (A2a)
X, 1

ty= ———= ;

) fx[ de(X)—b ty(x251) . (A2b)

In terms of these new variables we can write Eq. (4.16) as

) =(a)(,.
f(x{)+a xy flx,)—b psixa) . (A3)
A similar replacement can be made for (4.17).
1. Derivation of Eqs. (5.2)—(5.4) for Markov F(t)
When 9,,9, are the exponential forms (5.1), Eq. (A3) becomes
z, e—(s+Aa)ta(x],xo) 2, e—(s+kb)tb(x2,x,)
= (a) ; =h@ ; A dx,—— dx,—m— —Fla)g.
% (s;x0) (s3%0)+A, bfxo T ) +a x5 PSP (s3%3) (A4)

where
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h9(s;x0)=p{® (s;x0)+p 5 (53%0) - (AS)
The x( derivative of (A4) is
—(s+Ay )t (x5,x0)
d ~w d Aats) ) @ Aahs 2, e PR
&5 @s3x0) = 25 330) + o —[5Ns3x0)—h s 330)] = e [ dxy S5 s;x,) .
gy R0 g s ixo) 4 p o) —h sixol = zi R et )
(A6)
Another x derivative and reorganization of terms yields
d? f(xg) Ap+s Ag+s d 4 s(s+A,+Ap) 5 s x0)
dxd ' |f(xo)+a flxg)—b f(xo)+a |dxo ' [f(xo)+allf(xe)—b] 0
2 "(x0) A Ao+ (Ag +5)Ap+35)
d _ S'(xo _ b+S _ a TS5 d 4 a TSN\Ap+S h(“)(s;xo) A7
dx} ' | fxo)+a  flxo)—b f(xo)+a |dxg ' [f(xo)+a]lf(xo)—b]
Using the explicit forms
PiVssxo)=e ™" [ " dt g (1) (A8)
and
T -5 T ®
Fsixo)= [ dtre T T, [T dey (1) (A9)
we get
_ z
RO (s 3x0)= (A,,+s)t.,(z1,xo)+7&a fxoldxl};all—)gexp{-—[(k,,+s)t,,(x1;x0)+(kb+s)tb(zz,x1)]]. (A10)
f
One easily shows that the right-hand side of Eq. (A7) van- £ (X1ixg) 2
ishes identically, thus yielding Eq. (5.2). a(X1;%0/ < A
One boundary condition is obtained by setting xo=2z,
in Eq. (A4). The integrated term vanishes and  and (A13)

h‘®)(s;z,)=1, so that

(

Fs3z)=1. (A11)

The second boundary condition is obtained by setting
x9=2, in Eq. (A6):

dﬁ(‘”(s ;xo)

dxo X0=2,

1

.—.m‘-a—[—ka +(}ba +S)ﬁ(a)(s ;22)] .
2

(A12)

2. Derivation of Egs. (5.27)—(5.32) for rectangular F(z)

If Y, and ¢, are of the rectangular forms (5.26) then in
order to allow the process a finite probability of reaching
the boundary z, or z, even in the first time interval we
must have, for the quantities 7,(x,x() and #,(x,,x,) that
appear in Eq. (A3), the following bounds:

—st,(xy,%0)
e X0 z,

5 s 5x0)=h s sx0) + 222 f

The x, derivative of (A16) is

renta dn

2
tb(xz,x1)< T .
b

On the other hand, observing that X,(z) [ X,(¢)] is an in-
creasing [decreasing] function of time we also have
Zl 1
t,(xl;x0)> fzz de

and (A14)

z.
1
t,,(xz,xl)> L:de .

Therefore, if

R SN D S
A 2 fzz T

and (A15)

1 1
Ab de(X)—

the integral equation (A3) becomes

—sty(x5,%7)

p9s;x,) .

2m— (A16)
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d _) d s - Ay /4 z, e‘-“b"‘z»"o’
(s;x )= h a(s;x )+ (a)(s;x )_h(a) ; _ =(a)(q.
dx, 0= dx, Ot Fgrga P X0 —h szl = e [ T Fo—b P 2
(A17)
Another x derivative and reorganization of terms yields
d? S'(xg) . s . S d + sz_}"a}\‘b/‘t ~(a)(s.x )
dx3 fxp)+a flxg)=b f(xo)+a |dxg [f(xo)+allf(xy)—b] p o
d? S'(xg) s d 52
= - - h'%s;xe) . (A18)
i} | Fxo+a  Flro—b  Frolta |dro T Frotallfxe—b] |* 00
The inhomogeneous term /®(s;x) has the explicit form
. . [%—a(zz,xl)
(@) .. _ N —st,(zy,xg) a’™b 4 b —s[t,(x ;x0)+2y(295x )]
h%(sx0)= |1=—ta(z1,%0) e 710 +—— fxO N Ta TR (A19)
Using (A 19), the right-hand side of Eq. (A 18) becomes
A2 _ . A —sty(z5,%)
a s 1 _ 1 sty(ziixg) Mo 7 U7 =G(s;x,) . (A20)
f(X())'f'a f(xo)+a f(X())—b 2 f(JCQ)—b
As before, one boundary condition is obtained by setting xo =z, in Eq. (A16):
ﬁ""’(s;zl)=1 . (A21)
The second boundary condition follows from (A 17) if we set xy=2z,:
dp s ;x) 1 Ao | —st(z,,2))
- T - |2 a fpf2’ sla)g.
dxg =t f@)ta | 2 (e D+sp'¥(s;z5) | - (A22)

*Permanent address: Departament de Matematiques, E.T.S.
Enginyers Telecomunicacio, Universitat Politecnica de Ca-
talunya, Jordi Girona Salgado s/n, E-08034 Barcelona, Spain.
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