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As a result of quantum fluctuations, a bistable system will undergo spontaneous transitions from
one state to the other. For a bistable two-mode laser we present a theoretical analysis of the switch-
ing statistics by treating it as a one-dimensional first-passage—time (FPT) problem for the intensity
of one of the modes. The methodology is also applicable to other bistable systems, such as in optical
bistability. Several new asymptotic results for the small- and large-time behavior of various FPT
distributions are given. The switching-time distribution is introduced as a weighted integral over
FPT distributions and asymptotic expressions for this distribution are given. Several results of
Monte Carlo computer simulations of the FPT problem are presented.

I. INTRODUCTION

Recently, first-passage—time (FPT) distributions under
the influence of quantum fluctuations in a bistable laser
have been dealt with both theoretically and experimental-
ly.!=3 1In these studies the statistics of switching between
the two metastable states was treated as a one-dimensional
FPT problem which led for the corresponding distribution
function to the simple result P(T)=(T)"!
Xexp(—T/{T)), at least for values of T that are not too
small (T is the first-passage—time and (T ) its mean).
This exponential dependence of T was found in reasonable
agreement with experiment and so was the predicted
dependence of (T) on the pump parameter.! The FPT
problem has also attracted interest in different but related
contexts, such as the decay of unstable equilibrium states*
and the mean first-passage time in optical bistability.’

Surprisingly, the behavior of P(T) for small times has

. received little or no attention yet. In fact, since P(T)
should in many cases vanish for 7' =0, substantial devia-
tions of the above-mentioned simple exponential behavior
are to be expected for small T, but no experimental study
yet seems to have dealt with the switching statistics in the
short-time regime. However, this is an interesting regime
since the specific dynamics of the diffusion process rather
than the drift are expected to be crucial here. A test on
whether the switching problem can indeed be treated as a
one-dimensional first-passage problem would, therefore, be
more conclusive in the small-time regime than it will be
for large times.

Although we will deal in this paper with the theoretical
analysis of FPT distributions in a bistable two-mode laser,
the methodology employed, as well as the results obtained,
are also relevant to other bistable systems. Moreover, it
has convincingly been demonstrated that a bistable two-
mode laser is well accessible for experimental studies. Fol-
lowing Refs. 1 and 2, our analysis will also be based on the
assumption that the statistics of the system can be
described by a Fokker-Planck equation for the intensity
distribution of one of the modes. For simplicity we will
consider the case in which both modes have equal pump
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parameters so that we will be dealing with a symmetric
two-mode system.

In Sec. II the problem will be formulated, various quan-
tities of interest will be defined, and some useful relations
will be derived. Throughout Sec. III our effort will be to
find analytic expressions for the FPT distributions. Since
the basic equation governing the distribution of first-
passage times seems to be too complicated to allow exact
analytic solutions, the emphasis will be on the derivation
of asymptotic results, that is, for small and large times,
respectively. Numerical results for a number of Monte
Carlo computer calculations based on an equivalent
Langevin equation for the intensity of one mode are
presented in Sec. IV and compared with the asymptotic
analytical expressions. In an attempt to increase the read-
ability of Sec. III, a self-consistent part of the theory has
been organized in the Appendix.

II. FORMULATION OF THE PROBLEM
AND DEFINITIONS

For a two-mode laser operating under bistable condi-
tions, the probability distribution function Z(1,t) for the
intensity I (in convenient units) of one of the modes can be
shown to satisfy a Fokker-Planck type of equation®

2
9 p(1,=L2

3
3 5 W[g(l)g’ur,t)]— aI[.%’(I)@(I,t)] ,

(1)

where & (I)=8I is the diffusion coefficient and % (I) is
the drift coefficient. An explicit expression for & will be
given further on. The corresponding Langevin equation
for the intensity I(z) of the mode under consideration is
given by

d

EI(t);ﬂ(I(t)HX(t) ) (2)
where X (¢) is the randomly fluctuating Langevin force,
describing the influence of quantum fluctuations. The sta-
tistical properties of X (¢) are such that the quantities
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Y(r)= |, TTarxa) 3)

are independent of ¢ and distributed according to a distri-
bution function @(Y;7,I) that is characterized by

(Y)=0, @
(Y*)=8I1, (5)
(Y")=0(7%) (r=3,4,...). (6)

Furthermore, since I cannot assume negative values, @
should also satisfy

@(Y;7,])=0 when Y<—1I. (7)

All of the requirements (4)—(7) can be met by taking for ¢
the shifted gamma distribution

(Y—f—I)a_le —(Y+I)/B
I'(a)B*

where a=1/87 and B=28r.

As a matter of course, both (1) and (2) with (8) are
equivalent descriptions of the statistical properties of the
mode intensity. Equation (2) together with the probability
distribution (8) has been used in the Monte Carlo calcula-
tions to be described in Sec. IV.

The stationary solution to (1) can be written as

o(Y;7,1)= (Y>-—1TI) (8)

1
P =—e~ VD, 9)
Qe

where Q is a constant such that & is normalized to unity

and V is the “potential” that can be associated with the

mode. By equating the right-hand side of (1) to 0 and sub-

stituting (9) for & (I), we immediately find

1d

B(I)=——

D 2 dI

A general expression for V' (I) is given by Eq. (15b) of Ref.

2. Assuming from now on that both modes have equal
pump parameters, the expression for the potential reads

V(D= —4(E—DI*+ ta(E—1)I
—In{1—erf[+(£1—a)]} , an

d
1 L
.@(I)+2@(I)dIV(I). (10)

where a is the pump parameter of the mode and £ is the
mode-coupling constant. We will assume that £ has a
value between 1 and 2. In Fig. 1 the potential is drawn as
a function of I/a for several values of a ranging from
a =4 to 12, assuming the coupling constant £=2.

Using (10) and (11) we easily find

B =44+2E—1)I*—2a(E—1)I

4¢1 expl —+(&I—a)?]

-5 o : (12)
—erf[ (& —a)]

Various plots of the drift coefficient as a function of I/a
are given in Fig. 2 for different values of g, assuming
£=2. Generally, the zeros of % (I) correspond to station-
ary solutions of: the corresponding deterministic equation
of motion, i.e., I =% (I). For a > 6, and provided that £ is
not too close to 1, there are always three zeros, two of
which correspond to stable equilibrium states while the
other corresponds to an unstable equilibrium. It can be
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FIG. 1. Potential V(I) vs I /a for several values of the pump
parameter a as indicated and coupling constants §=2.

seen from Fig. 2 that the stable equilibrium states are
characterized by intensities close to O (the “off” state) and
close to a (the “on” state), respectively, while the unstable
equilibrium has an intensity close to @ /3. Denoting the
latter intensity by I, we have

a 2

- 2 13
Is E+1  (E—1)a (13)

L
a2

+0

The intensity Iy can be thought of as separating the on
and off states in the following sense: The mode under
consideration will be said to be in the off state whenever
its intensity is found to have a value smaller than Ip,
whereas it will be said to be in the on state otherwise.

An important quantity associated with the switching
behavior of the mode is the first-passage time T'(I;,1,),
i.e., the time it takes for the intensity, initially equal to I,,
to assume the value I, for the first time under the com-
bined influence of drift and diffusion. The distribution of
these times defines a probability distribution function
P(T;I,,I,) which, by definition, is given by (I, > 1)

) a rh
P(T,I,,12)=—a—T—f0 dl 2(,T) , (14)

where Z(1,T) is the solution of (1) subject to the condi-
tions

Z(1,00=6(I -1;) (15)
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FIG. 2. Drift (1) vs I /a for several values of a as indicated
and coupling constant £=2.
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and
P1,,T)=0. (16)

With the use of (1), (14), (15), and (16) it can easily be
shown that P(T';I,I,) satisfies the adjoint Fokker-Planck
equation (see also Ref. 7)

i)
aTP(T 1,,I,)
1o, az+@(11>— P(TI,I), (7
subject to the conditions
and
iP(TOI) #1(0) 9 —P(T;1,1,) (19)
aT 2/= 811 1,42 1,=0

Related to P is another first-passage—time distribution
function p(T;I,,I,) that we will define as

I
'l Z(DP(T;1,1,)
p(T;1,,1,)= T ,
fo dI 2(I)

(20)

where Z(I) is the stationary intensity distribution (9). It
is assumed in (20) that 0<J; <I,. p is the distribution
function of first-passage times at I, if the initial intensity
is distributed between O and I, according to the stationary
intensity distribution Z7(I). It can be measured by repeat-
edly counting the time it takes for the intensity, initially at
some value below I, to exceed the value I, for the first
time. We will refer to p as a switching-time distribution
function.

A useful relation between p and P can be derived by dif-
ferentiating (20) with respect to 7, substituting the right-
hand side of (17), performing one partial integration and,
finally, the use of the fact that Z2(I) is the stationary solu-
tion of (1), i.e.,

- D= INHZPU (21)
3 dI[@(I)Q’( )]=# 1) P )
We then arrive at ,
1
LDDPDIPTLIL)
0
SP(TIL1L) = T
aT 1
[, a7
g1 ).7([1) P(TII,Iz)
= , (22)
2 fo dI 2(I)
where the last equality follows from £(0)=0. By in-
tegrating (22), while using the fact that p(0;1,1,)=0 for
I,s£1,, we find
GI1)P1,) KB
PT3Iy L) =—F——— = dT P(T"I,,1,) ,
2 f d1 () “1
(23)

which is the desired relation.
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III. ANALYTIC EXPRESSIONS
FOR THE FPT DISTRIBUTIONS

A. General results for the moments of P

In order to solve (17) for P(T;I,,I,) it is convenient to
consider the corresponding moment-generating function

M(z;I,,I,)= fowdTe’TP(T;Il,Iz), (24)
which satisfies the differential equation
rou 2Jr@( )—£—+z Mz, L)=0. (25
1

In view of (18) and (19) we must solve (25) subject to the

conditions
M(Z;Iz,lz)—_—‘l (26)

and

=—zM(z;0,1,) .

1,=0

9 .
B(O) 5 ~M(z1, 1) (b))

Furthermore, since P is a probability distribution, the fol-
lowing equality should be satisfied for each I between I,
and I,:

P(T31,,1y) = [ "dT'P(T3 1, DP(T—T5L,L) ,  (28)

expressing the fact that diffusion from I; to I, is the same
as diffusion from I, to some intermediate intensity I, and
from there on to I,. In (28) it is understood that
P(T—-T';1,I,)=0if T'>T. A direct consequence of (28)

is that M factorizes into
M(z;1,,I,)=M(z;I,,I)M(z;1,I,), (29)

for each I between I, and I,, and this implies the ex-
istence of a function G(z;I) such that

I
M(z;I,,I,)=exp [fllzdl G(z;I)] . (30)

By substitution of (30) in (25), and using (21), one can ob-
tain the differential equation

K(z;I)Z—Q(I)??(I)—E%K(z;I)+29(I)W(I)Zz= 31)
where K (z;I) is related to G(z;I) by
Kz;I)=2IZI)G(z;I) . (32)

In view of condition (27), Eq. (31) must be solved subject
to

}irrz)[.@(l)K(z;I)—Q(I)W(I)z]zo . (33)
Furthermore, since M(0;1,I,)=1, we also have
K(0;I)= (34)

We will solve (31) by writing K(z;I) as a power series in
Z,

K(zD= 3 K,(I)z"

n=1

By subsitution of (35) in (31) we find

(35)
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d

dIKl(I)—Z.@(I), (36)

4 D=—" S KK (n=234,...)

i T g a) & T 3,4,...) .
p+qg=n

(37)
The general solution to (36) is
I
K1(1)=2f0d1 PI')+Cy ,

where C; is a constant. In view of condition (33), in
which it should be realized that & (1) is proportional to I,
the constant C; must vanish, or

I ’ ’
K1(1)=2f0d1 2 . (38)
The solution to (37) is
3 K, (IK,I')
_ I lp'f&q=" _
K,,(I)-_fodl T Fa "= (9

where for reasons similar as for C;, the constants again
vanish. The problem of determining M(z;I,,I,) is, in
principle, solved now, apart from the actual calculation of
the integrals. It follows directly from (30), (32), and (38)
that the mean first-passage time from I, to I, is given by

aM(Z;Il,Iz)

<T>I"12= a9z

z=0

I, dI 1

= ————— | dI'P(I'),
2, zwom L 20

which is a well-known result.”>”® Higher moments can

be obtained with the use of the general rule

(40)

anM(Z;Il,Iz)

<T">1‘,12= az"

(41)

z=0

By repeatedly using (39), the moments can be expressed in
terms of multiple integrals, the number of which rapidly
increases with increasing order n. General expressions for
the moments can be found in Ref. 1, Eq. (7).

In Figs. 3 and 4 we give some numerical results for the
mean FPT (T),, Iy obtained by numerical evaluation of

o1,
<T>O,a

1.51

0.5}

o 1 L 1
o 0.5 1 15

Ix/a
FIG. 3. Normalized mean FPT (T)O,Iz/(T)O,a vs I,/a for
a=4, 6, 8, and 12. Absolute values of (T ), are 1.77, 3.70,

15.2, and 3850, respectively. Coupling constant £ equals 2 in ail
cases.
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4 6 8 10 12

FIG. 4. In( T)o,,2 vs pump parameter a for I=a /3 and a,
and £=2.

the double integral in (40). The curves in Fig. 3 are all
normalized to the mean FPT (T ) ,, while the respective
values of the latter are mentioned in the figure caption.
We recall that for a=4 the potential has one single
minimum, namely, at I =0 (see Fig. 1); for a > 8 there are
two well-resolved minima at 7 =0 and I~a, respectively,
separated by a maximum at I~a /3, whereas the case
a =6 is an intermediate case in which the potential does
have two minima, one of which, however, is not well
resolved yet. It can be seen from Fig. 3 that if the poten-
tial has two well-resolved minima, i.e., the cases a =8 and
12, the normalized FPT starts to increase slowly as I, in-
creases, but then rises swiftly to 1 when 12/a~% and
keeps this value in a relatively large interval around
I,/a =1, until for values of I,/a well beyond 1 the mean
FPT drastically rises. This behavior reflects the intuitive
idea that once the mode intensity has dwelled from O to a
value just across the maximum of the potential barrier, it
is very likely to diffuse further to any value around
I/a =1, that is, the intensity is likely to be captured in the
potential well around I =a.

This can also be discussed by means of an approximate
expression for (T ), I, that can be derived when the laser
is operating well above threshold, while the coupling con-
stant £ is not too close to 1, or more precisely, when
(6—1)a’>>1. We then find, at least for values of I, that
are not too close to 0 nor much larger than a,

(T)or 2 1\172
"‘(—ITO:—fz%erfc L%—(13—12) ’ 42)
where
Vr(g+1)2 1 (E—1) ,
= — 4
(T)o,q E—1)"a? exp | (§+l)a , (43)

and Ip~a/(1+£) was recognized in (13) as the intensity
separating the on and off state. Taking I,=1Ig, we find
that (T )¢, , assumes half the value given in the right-
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hand side of (43), in exact agreement with a corresponding
result obtained by Ref. 2 [see Eq. (29b) in this reference].
The presence of the erfc function in (42) explains the
shape of the curves in Fig. 3 for large a: in a relatively
narrow region given by |Iz—I,|/a <2/(§*—1)'%a, the
erfc function jumps from O to 2. So, for sufficiently large
values of the parameter (£2—1)!"%a we can recognize two
well-defined levels for the mean FPT curves and we can
unambiguously define the mean off-on switching time
(T )ofr as the value of (T ), ;, corresponding to the upper

level. We therefore propose for the mean switching time
(T ). a value that is precisely twice as large as the value
adopted in Ref. 2. The mean switching time is thus twice
as large as the mean FPT for reaching the discriminating
intensity Iy, which is an obvious consequence of the fact
that once the intensity has reached the value Iz, the mode
can either be turned on or off with equal probability.
Only when the intensity has passed Iz by an amount of
2/(£2—1)'2, the mode can be said to be turned on with
probability almost equal to unity.

B. Asymptotic expressions for P and p valid for large a

When the potential ¥ (I) has two well-resolved minima,
that is, has a high barrier in between, the integrations in
(39) can be performed after some approximations. If I, is
the intensity for which the barrier maximum is reached
(see Fig. 5), then the approximate method is based on the
observation that under the above-mentioned circumstances
the functior} 1/Z (1) is sharply peaked at I =I,; while the
function f dI' 7 (I') will depend only weakly on I when I
varies around I,;. The details of the method are given in
the Appendix and it will suffice here to give the results.
We mention, in addition, that the error made in this ap-
proximation is, roughly speaking, proportional to the
number of integrals involved. This means that expressions
for the higher-order moments thus obtained become less
accurate with increasing order. On the other hand, the ac-
curacy will increase with increasing barrier height, that is,
with increasing values of the parameter (£ —1)a?.

Following the method described in the Appendix we
find, as long as I is not close to O, the simple result

1
1—z(T)o; ’
where (T)o; is given by (40) with I,=0 and I,=1I.

From (44) it follows immediately that, in this approxima-
tion,

M(z;0,I)~ (44)

v

|
I
|
I
I
I
|
1
|

0 H
Iy Ip I

FIG. 5. Schematic illustration of the potential when the laser
operates not too close to threshold (e >6). There are two mini-
ma at I =0 and I, which are separated by a barrier. Highest
point of the barrier is reached for I =1,. Approximate values
for I,, and 14 are a /(£+1) and a, respectively.
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T

— . 4
e 45)

1
P(T;0,])~———ex
(Tho, 7

According to (29) we can write, for I; <I,,
M(z;0,1,)

M(z:I I,)= — "2
@hoh) =401,

Hence, by substitution of (44), while assuming that both I,
and I, are not too close to 0, we find

1——z(T)0Jl
MT B~y (46)
or
P(T;I,,1,)~ T001 gy S0t exp [———T .
(T, (T3, (Tor,
| 47)

Let us now discuss the validity of these results.

First of all, we notice that the right-hand side of (45)
does not vanish for T'=0, but assumes its largest value
there. Since it will take a finite time for the intensity to
dwell from 0 to I,, P(T;0,I,) should identically vanish
for T=0. We conclude, therefore, that (45) makes no
sense for small values of 7. This is in agreement with the
observation that the small-time behavior of P(T;0,I,) in-
volves all moments of P, the accuracies of which, however,
decrease with increasing order. A similar reasoning ap-
plies to (47) and, especially, the term proportional to 8(7)
cannot be taken seriously. It will be shown later, when the
short-time behavior is explicitly dealt with, that the delta
function is merely a crude representation of a narrow-
peaked function which reaches its maximum after a time
that is much shorter than the mean FPT.

We will now derive an expression for p(T;1,,I;). In
view of (23) we can write for the moment-generating func-
tion m(z;I,1,) of p

—DI1)2U,;) 3

7 —M(Z;Il,lz) s (48)
2 [ ldl 2(D)

I1,1,)=
m(z;11,12) al,

which, after substitution of (46), performing the differen-
tiation, and using (30) and (32), can be written as

K(z;1,) M(z;0,1,)
I . *
22 [ a1 (1) MZ0TD)

After substitution of (A8) and (A9) and using (40) we find

1
- 1—(T>0,122 ’

m(z;Il,Iz)z (49)

m(z;I,1,) (50)

where it is assumed that I; and I, are not close to O,
I, <Ip and I, <I,. Hence we find for p in this approxi-
mation

(T I, I5)~ exp —ﬁ , (51)
2f)

1
(T,

valid for not too small values of 7. It can be argued that
(51), although derived under the assumption that I is not
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close to 0, is still valid for I, close to 0. We refer, there-
fore, to the definition (20) of p, which for small I, leads to

I
fo 'dI 2(P(T;1,1,)

p(T;1y,I5)= ~P(T;0,1,)

ﬁ
[, arzm

T

€x —_———
P17,

’

K T)o,

i.e., a result identical to (51). Therefore, we may safely
conclude that (51) is a good approximation for all values
of I, <Iy and I, <I,, as long as I, is not too close to 0
and for not too small values of 7.

At first sight, it may seem surprising that p(T';1,,I,) as
given by (51) is independent of I,. However, this is indeed
to be expected when realizing that the approximations
were made under the assumption of well-resolved potential
wells. This means that & (I) is sharply peaked at I =0, so
that the main contributions to p come from initial intensi-
ties close to 0. It will therefore appear as if by far the ma-
jority of first-passage events at I, are due to diffusion
from I=0, at least after a short time. So, for not too
small times 7 the distribution p(T;I,I,) will be insensi-
tive for the actual discriminating level /; and, in fact, be
equal to the FPT distribution P(T;0,1,). For small times,
however, we must expect that p will be very sensitive to
variations of I, as will be discussed in Sec. III C.

C. Asymptotic expressions for P and p
valid for small T

Since M(—s;I,,I,) is the Laplace transform of
P(T;I,,I,) with respect to T, it is useful, when studying
the short-time behavior of P, to obtain an expression for
M(—s;1,,I,) that is valid for large positive values of s.
With this in mind we now write, instead of (35), the func-
tion K alternatively as

= L,I)
K(—s;D)=Vs 3 — . (52)
n=0 §
By substitution of (52) in (31) we find
LoI)=—2ZIWV29(I) (53)
and
> L,(DL,(ID)
pq
p+q=n

=@(1)@(1)%L,,_1(1) (n=1,2,3,...). (54)

The choice of the minus sign in (53) is required in order to
guarantee the boundedness of M for s— oo.

By using (32) and by substitution of (52) in (30), while
neglecting contributions to K(—s,I) of order 1/V’s and
smaller, we obtain

M(—s;1,,1,)
1/2
Lo(Iz) IZ dl
= | =2 V2 |, 55
Lody | P 2s fll VD 63

with L, given by (53). Putting & (I)=8I and substituting
for L, (55) can be written as
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172 1/4

Z(1,)
2(1,)

1,
I,

M(—s;1,,1,)=

xexp[ —Vs (VT,—VT)] . (56)

The inverse Laplace transform of (56) yields'®

P(T;I;,Iz)
B 1 -@(Iz) 172 ﬁ 1/4(‘/1—2_‘/1—1)
T vE | 2Uy) I, 372
—~WL—VT)?
Xexp | ———p=— | » (57

which is valid for T— 0. The largest value of T for
which (57) will be still a good approximation becomes
smaller as I, decreases. Namely, it can be seen that all
terms with n>1 in the expansion (52) diverge as
(sI{)~*—=V72 when I, approaches 0. Therefore, (56) is
valid for s >>I7 ! and hence (57) is valid for T <<I,.

In order to derive an asymptotic expression for
P(T;0;1,) we will again use a different method. Namely,
when I is close to O, the potential ¥ (I) can be approximat-
ed by a linear function,

V(I)~V(0)+BI , (58)
where, according to (11), the constant B is given by
2
PN S Sl
RERAC I V- pwepy T

This linear approximation for ¥ (I) corresponds to a linear
approximation for the drift #Z (I). By using (10) we find

B (I)=4—4BI . (60)

(59

The differential equation (25) for M can, therefore, be ap-
proximated by
9

82
I,— +(1—BI,) —
IE)I%+ 1

s . _
oI, 4 M(—s;1,,I,)=0, (61)

provided that I, is close to 0. Equation (61) is Kummer’s
equation® and is exactly solvable. Assuming now that I,
is also close to O, the solution to (61), satisfying (26) and
(27), is given by

(s /4B,1,BI,)
®(s /4B,1,BI,) ’

where ® is Kummer’s function,’ i.e.,

M(—S;Il,12)= (62)

d(a,b,x)
:1+_£+a(a+l)x2 ala+1)a +2)x3
- b1l * b(b+1)2! * b(b+1)(b +2)3!
Using the appropriate asymptotic expression for

Kummer’s function,’ we find that
M(—5;0,1,)— vVZme PPl TV (63)

for s >>2B and provided that BI, >1. We will now argue
that (63) is expected to be a good approximation even
when I, lies outside the region where the potential can be
approximated by (58). Therefore, we choose an intensity I
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between 0 and I, such that I is large enough that
M(—s;I,I,) is given by (56) and small enough that
M(—s;0,I) can be approximated by (63). Assuming that
such a value of I can indeed be found, we can now use (29)
and write

M(—s5;0,1,)=M(—s;0,I)M(—s;1,1,) ,

where M(—s;0,1) is given by (63) and M(—s;I,I,) by
(56). The result can be written in the form

M(—s;0,I,)
~V2mexp[ -V (I)— +BI — - V(I,)|(sI,)'"*
Xexp(—V'sl,) .

Since ¥V (I) has been approximated by (58), the I-dependent
terms in the right-hand side of (64) cancel consistently and
the result can be written as

(64)

M(—s;0,1,)
@(I ) 172
~Vam | 02) (sI,)4exp(—1/sT;) . (65)

Let us discuss the conditions under which this expression
is valid. Since we have used (63) with I, =1 and (56) with
I,=I, the conditions are s >>2B, s >>I~! while BI > 1
and I <I,. Since the condition s >>I~! is already implied
by s >>2B and BI > 1, we conclude that (65) is valid for

s >>2B and BI, > 1.
|
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By taking the inverse Laplace transform of (65) we
find!©

172
-1,

8T

I,
4T

ZI,)

P(T;0,15)~2 2(0)

exp

1;1/4

(66)

where Wi, is Whittaker’s W function.® Using the
asymptotic expansion of Whittaker’s function for large ar-
guments,’ we readily obtain
PI,)
Z(0)

12 _n54r
e

2 , (67)

1
P(T;0,13)~ =
which is valid for T <<1/2B and as long as BI,>1.
Equations (57) and (67) are the desired asymptotic expres-
sions for P. The important difference between the two ex-
pressions is that P(T;0,I,) has a T2 proportionality
whereas P(T;I,,I,) is proportional to T~3/2. Since they
are both proportional also to, in fact, the same exponential
factor, the former distribution rises relatively faster than
the latter as T increases from 0. This difference in
behavior is related to the fact that at I,=0, there is no
diffusion while the drift will always push the intensity ini-
tially in the direction of I,. If, on the other hand, I, is
well above O, then there is always a chance that the inten-
sity will initially decrease, that is, move away from I,, so
that it will take a relatively longer time to reach I,.

Let us finally derive asymptotic expressions for
p(T;I,,1,). Substituting (57) in (23) and performing the
integration over T, we find

AL, 2 (I,) 2, |1 VT, —VT
T3 Ty = — 22 8 2 L |7 e | YV (68)
f var 1) O P2(I,) I VT
0
After performing the differentiation and using (21), the final answer can be written as
VIL—-VvT?
exp | ——————
P APUT)P UV | P 4T BU,)—2 VT,—vVT, )
pULLy,15)= 7 -
foxdl 2) vVaT /T, 2V'T
T
This expression is valid for T<<T; and I,>I,. For to become larger when I, and I, are closer to each other,
I, =0 we have, according to (20), in which case the peak tends to become higher and nar-
rower. In fact, the & function in (47) is a crude representa-
p(T;0,I,)=P(T;0,1,) , (70)  tion of this narrow peak. For the switching time p, the

where P(T;0,1,) is given by (67). According to (69), the
dominant contribution to p(T';1,,1I,) is, apart from the ex-
ponential, proportional to T ~!/2, whereas for p(T;0,I,)
this proportionality factor is 7~2. The difference between
the two p distributions is therefore more pronounced than
between the P distributions.

As an illustration of the various asymptotic results
some plots are given. In Fig. 6 we have drawn the P and p
function as given by the small-time asymptotic results (57)
and (69), respectively, as well as the corresponding large-
time exponentials. The parameter values are a =6, £=2,
Il = 1, Iz =2, <T>0’1=0.52, and (T)0’2= 1.61. The FPT
distribution P is sharply peaked and assumes values much
larger than the exponential. Such overshoot effects tend

small-time peak behavior is mostly washed out.

In Fig. 7 we have drawn the FPT distribution P(T;0,I,)
given by (67) and the corresponding exponential (45) with
parameter values a =6, £=2, 1,=0.5, and (T )=0.18. P
is seen to approach the exponential closely without show-
ing the narrow and high peak as in Fig. 6. A slight
overshoot, however, is expected in view of normalization
considerations. In Sec. IV we will confront the asymptotic
results with various histograms obtained by numerical
simulation of the FPT problem.

IV. NUMERICAL RESULTS

The algorithm used in the numerical simulation of the
diffusion process described by the Langevin equation (2) is
given by
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FIG. 6. P and p curves for a=6, §=2, I,=1, and I,=2.
Solid P curve is the small-time asymptotic result (57); the dashed
P curve is the corresponding large-time exponential, that is, the
second term in the right-hand side of (47). Solid p curve is the
small-time asymptotic result (69) and the dashed p curve is the
corresponding exponential (45). Exponentials are based on the
calculated values (T )o,;=0.52 and (T )o,=1.61.

It+7)=[#U(1)+8Y]r, (71D

where Y is distributed according to the one-parameter
gamma distribution

P(Y)=Y!/8=le=Y/T(1/87) (72)

and 7 is the time interval step. Starting at =0 with in-
tensity I, the algorithm (71) is subsequently used until
after n steps the intensity becomes larger than I, (I, >1,)
for the first time, or until the total number of steps
exceeds a given value N. In the first case we conclude that
a first-passage event at I, took place at a time T between
(n —1)7 and n7. In the second case we can only say that
T > Nr. Thus, a histogram can be obtained by repeating
the above-described procedure M times, where M is a large
number. It should be emphasized however, that the limit-
ing form of this histogram when M- o« may systemati-
cally differ from the actual first-passage histogram. This
follows from the observation that after each step only
those events are counted for which the intensity exceeds
I,. However, there will be more of them, since all first-
passage events that were directly followed by diffusion
backwards to a value below I, are erratically discarded in
this way. For instance, it can be shown that if @(Y) is a
Gaussian distribution—which is, actually, the asymptotic
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form of @ when the shape parameter I /87 >>1—precisely
half of the actual first-passage events are counted.

This problem can, in principle, be overcome by multi-
plying the number of numerically obtained first-passage
events by a certain factor, but an extra complication is
that this factor will depend on the step number in a com-
plicated way. Namely, in those cases in which an “un-
detected” first-passage event took place, the numerical in-
tegration is continued, whereas it should have been ter-
minated. It can be seen that the calculation of the correc-
tion factor in the nth step involves n repeated incomplete
gamma-function integrals and, therefore, becomes very
complicated, if not impossible. We were able to avoid this
calculation by following a more pragmatic way of inter-
preting the results, in which the numerically obtained
first-passage histogram is not compared with the corre-
sponding analytic expression P(T;I,I,) but rather with
P(T;I,,I,+A), where A is a positive intensity shift, the
value of which will depend on the actual value of the time
interval step 7.

In order to discuss the effect of such a A, it should be
realized that in the ideal case of an infinitesimally small 7
in (71), the probability that I >, will be vanishingly
small. In the calculations, however, 7 is always given a
finite value and this means that after each integration step
there remains a finite probability density Z(I) for I > I,.
This probability density will be a decreasing function of I,
but it will be vanishingly small only when I —1I, is larger
than, say, one diffusion length, or, I —I, >V Y (I,)r. It
will, therefore, appear as if the numerically obtained re-
sults correspond to the FPT distribution at I, + A, where
A will be of the order of V' Z(I,)7.

These ideas were fully confirmed by the numerical re-
sults. In all cases good agreement between the analytic
and numerical results could be achieved in this way, where
the optimum value of A was usually between 0.25 and 0.75
diffusion lengths.

It is instructive to realize that, since A «< V7 and since
the FPT distributions P(T;I,,I,) are very sensitive to
small variations of I,, the convergence of the calculated
first-passage distributions when 7 is taken smaller and

~
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FIG. 7. P curves for a=6, §=2, I,=0, and I,=0.5. Solid
curve is the small-time asymptotic result (67) and the dashed
curve is the corresponding large-time exponential (45) with
( T >0,0_5 =0.18.
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FIG. 8. FPT histogram and corresponding asymptotic func-
tions for a =6, £=2, I, =0, I,=0.55, and the time interval step
7=0.005. Total area of the histogram is 0.58 and the total num-
ber of first-passage events contributing to the histogram is 5803.
Continuous solid curve is P(T’;0,0.55) as given by (67) and the
dashed curve is the exponential (45) with (T ),0.55=0.20.

smaller is very slow, which, in practice, leads to a conflict-
ing confrontation between desired accuracy and comput-
ing time. Keeping the total number of first-passage events
contributing to one histogram constant, the difference be-
tween the actual and the calculated distribution decreases
by a factor f at the cost of a factor 2 in computing time.
The numerically obtained histograms together with the
asymptotic results for the corresponding FPT distribu-
tions are depicted in Figs. 8—13. All figures refer to the
case a =6 and £=2 but differ in the combinations I, and
I,. The continuous solid curves represent the small-time
asymptotic results and the dashed curves are the large-
time exponential results for the FPT distributions. In Fig.
8 we have I;=0 and I,=0.55. The solid curve is
P(T;0,0.55) as given by (67). The exponential (dashed
curve) is given by (45) in which for ( T') the corresponding
calculated value was taken as indicated in the figure cap-
tion. The agreement between the histogram and P is good
for values of T up to 0.06, but from there on they differ
systematically. This is indeed to be expected, since (67) is

FIG. 9. FPT histogram and corresponding asymptotic func-
tions for a =6, £=2, I,=0, I,=1.2, and 7=0.025. Total area
of the histogram is 0.97 and the total number of contributing
events is 9741. Continuous solid curve is P(T;0,1.2) as given by
(67) and the dashed curve is the exponential (45) with
(T )0,12=0.73.
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FIG. 10. FPT histogram and corresponding asymptotic func-
tions for a=6, £=2, I,=0, I,=2.2, and 7=0.01. Total area of
the histogram is 0.40 and the total number of contributing
events is 2595. Continuous solid curve is P(T;0,2.2) as given by
(67) and the dashed curve is the exponential (45) with
(T )o2,=1.91.

a good approximation only as long as 7T <<1/2B
~1/(£—1)a=0.167.

A similiar behavior can be seen in Fig. 9 where I, =0
and I,=1.2. The exponential is seen to agree well with
the histogram for T'>1. There is also good agreement
with the P curve, even for values of 7 up to 1/2B~0.167.
FPT results for I;=0 and I,=2.2 are shown in Fig. 10.
In summary we have found that the FPT distributions
from I,=0 to I, show a steep increase proportional to
T~ %exp(—1,/4T) in the limit of small T, an exponential
tail for large T, and a slight overshoot of the exponential
for intermediate values of T.

Let us now turn to FPT results for cases with 1,40,
which are shown in Figs. 11—13. The shape of the histo-
grams and the positions of the maxima are well represent-
ed by the small-time asymptotic formula (57). Note, by
comparing the differences in the horizontal and vertical
scales of the three figures, the enormous narrowing and in-
crease of height of the peaks as I, and I, approach each
other. The height of each maximum can best be compared

1027

FIG. 11. FPT histogram and corresponding asymptotic func-
tion for a =6, £=2, I,=1, I,=2.07, and 7=0.001. Total area
of the histogram is 0.23 and the total number of contributing
events is 1727. Continuous curve is P(7;1,2.07) as given by
(57).
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FIG. 12. FPT histogram and corresponding asymptotic func-
tion for a =6, £=2, I,=1.75, I,=2.018, and 7=10"* Total
area of the histogram is 0.47 and the total number of contribut-
ing events is 4700. Continuous curve is P(T;1.75,2.018) as
given by (57).

with the quantity (7');, ;,/ T} 1,» Which is the value of
the corresponding exponential, i.e., the second term in the
right-hand side of (47), for T— 0. These values are indi-
cated in the figures.
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APPENDIX

The approximate method for performing the integra-
tions in the right-hand side of (39) is based on the observa-
tion that if the potential minima are separated by a high
barrier, the function [ Z(I)]~! will show a steep increase
from I =0 to I =1,,, a sharp maximum at I, and a steep
decrease from I=1I, to I~a. According to (39) with
n =2 we have

1 dI'K,(I')?
K2(1)= f -

o IUINPUI') ab

104T

FIG. 13. FPT histogram and corresponding asymptotic func-
tion for @ =6, £=2, I,=1.9, I,=2.005, and 7=10">. Total
area of the histogram is 0.39 and the total number of contribut-
ing events is 3898. Continuous curve is P(T;1.9,2.005) as given
by (57).
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If I <Iy and I is not too close to O then [ Z(I')]~! as-
sumes its maximum at I'=I, while K,(I') and 2 ')
show only weak variations for I' <I. We can therefore
write, to a first approximation,

K(I? ~1 4r
K=z fo S - (A2)
and, by using the same arguments,
1dI'K(I')K,(I')
KW=2 [, =5 g0
fI dr'k (I’ fI' dI"K (I")?
O Y(I'YPI') Yo DI'")YPI")
2K1(I) dI’ fI’ dr”’
DI)? Jo o ZA(I")
K’ I dr
2y fo 2I') a3
Generally, we find in this way
K | o1 gr |
K, (I~
nD 22004 fo PI) ]
(n=1,2,... and O<<I<Iy). (A4)

In the case Iy <I <a we can apply a similar approxima-
tion. The integrand in (Al) is now sharply peaked at
I'=1,,, so that, to a first approximation,

K,(Iy)?

I dr
K="gay Jo v (a3
or, generally,
U | pr_ar -
K, (I~ K,
I Q’(I n—l ‘ 0 '@ I)
(n=1,2,... and Iyy<I<a). (A6)

We can now substitute these expressions in the right-hand
side of (35) and carry out the summation. This leads to

Kl(I)Z 0 I<I
2ZK1(I) fI dr’ > <If<ipg
. T o2 Yo 2I)
K(Z’I)g KI(IM)Z
IM SI<G .
2zK | (Ipr) f’ dr’ ~
D (Iy) o ZAI')

(A7)

Consistent with the former approximations, we can write
(A7) also as
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1 dI'2zK |(Iyy) 1
K, Iz M(z;0,1)~exp f
. —, Ol <Iy it o DINPI') r dl"2zK,(I")
[ D I gamean
K(z: D) o PINPU') (AB)
)= K (Uy)z Il o fz dr'2zK (I') 1
T dl'zK,(I) ° MSise =P\ Jo g2 I) _ fl' dI"2zK(1")
-1, DI)PU') o GIMPU")
Substitution of (A8) in (30), with the use of (32), yields, for N S . (A10)
0<<I<Iy, 1—z(T)o;

I dI'2zK(I') 1
Mz0D=exe | [o G 1 dI"2zK,(I")
-/, DIPU")
1 1
= 1 dI'2zK,(I') = 1—z{T)os ~
-/, DIYPI)
(A9)

Similarly, for Ip; <I <a, we can write

Let us now qualitatively discuss the accuracy of these re-
sults. First of all, we had to exclude values of I close to O.
The precise lower bound on I follows from the require-
ment that [ 2 (I)]~! should be, roughly speaking, an order
of magnitude larger than [ 22(0)]~'. Hence, the lowest
value of I for which the approximation still makes sense
will decrease when the pump parameter increases.
Secondly, the number of approximations used to evaluate
K, (I) increases with n and so will the error. Therefore,
(A9) and (A10) will become less accurate with increasing z.
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