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The Carmeli-Nitzan approach to the theory of activated rate processes is generalized to allow for
different frictions in the well and barrier regions. Many previous results are recovered as special cases

and some new results are obtained and discussed.
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I. INTRODUCTION

The problem of thermally activated barrier crossing is
important in many areas of physics and chemistry [1]. A
customary approach to this problem, pioneered by Kra-
mers [2], starts with a Langevin equation where the
effects of the bath are introduced by including a damping
friction force and a random force. Kramers’s theory has
been generalized in many directions. For example, the
assumption of Markovian friction used by Kramers was
relaxed by Grote and Hynes [3], both in the low- and the
high-damping regimes. In the low-damping regime, the
generalization to a frequency-dependent friction was also
achieved independently by Carmeli and Nitzan [4]. In
addition to this, various approximate equations have been
proposed to provide a unified expression for the escape
rate for all dampings [5,6]. More recently, Pollak, Gra-
bert, and Hanggi [7] used the Hamiltonian approach [8]
to solve the problem for the whole range of damping
without the use of ad hoc adjustments.

In the meantime, from various studies [9-11], it has
been realized that the friction kernel must be a function
of the spatial coordinate also. In particular, friction ker-
nels near the well and the barrier can be quite different
from each other. Even though the escape problem with a
general space-dependent friction cannot be solved, many
attempts have been made to solve the problem for low
and high damping separately [12].

Recently, using both the Langevin equation and the
Hamiltonian approach, we have found analytical solu-
tions to the barrier-crossing problem where the well and
the barrier regimes have different space-independent fric-
tions. Preliminary results from the first approach have
already been published [13]. In the present paper, we
provide more details about this calculation, which is
based on the Carmeli-Nitzan method. The results for the
approach based on the Hamiltonian will be published
elsewhere [14].

In Sec. II we introduce our model and derive an ex-
pression for the rate. In Sec. III we deal with the
energy-dependent diffusion coefficient which is needed for
the evaluation of the escape rate. In Sec. IV we present
and discuss our results for the escape rate in different
cases. We offer our concluding remarks in Sec. V.

II. MODEL AND SOLUTION

We start with a particle of mass M moving in a one-
dimensional piecewise harmonic potential ¥ (x) (see Fig.
1) given by

i 2.2
sMaogx©, x <x,

Vix)= E,—Mowj(x —x,)*, x>x,, M

where o, is the well frequency, E, is the barrier height,
o, is the frequency parameter determining the barrier
shape, and x, gives the location of the barrier top. The
conditions of the continuity of the potential and force at
the seam x give

x,=xo(1+p7?), E,=iMolxi(1+p%), )

where u=w, /w,. In the well region, the motion of the
particle is assumed to be governed by the generalized
Langevin equation,
dv_ 1 dVix)
dt M dx

—fotdt’gw(t—t’)u(t’H*ﬁRw(t) ,

(3)

where v is the velocity of the particle, §,(z) is the
memory friction kernel (MFK) in the well region, and
R () is the usual random force satisfying the conditions

(Ry(0)=0, (R,(R,(0)=MkyTE,(t). (4

Here kj is the Boltzmann constant and T is the tempera-
ture of the heat bath. Similar equations are assumed to
apply in the barrier region with the subscript w replaced
by b. Assuming that only one relaxation time is impor-
tant in each region, we can see from dimensional argu-
ments that the MFK’s must have the form

gi(t)=(yi/’r,~)g,-(t/’ri) ’ l=w,b ) (5)

where the y;’s are the damping rates, the 7;’s are the re-
laxation times, and the g;’s are dimensionless functions of
their dimensionless arguments.

Now we solve the Langevin equations in the two re-
gions separately and join the solutions by a procedure
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V(x)

FIG. 1. A schematic picture of the piecewise parabolic po-
tential given by Eq. (1).

that exactly parallels the one used by Carmeli and Nitzan
[5]. The result for the escape rate is

r=(t,+S/rey)”", 6)

where rgy is the Grote-Hynes [3] rate,

0
p— exp(—E, /kpT) , @)

rGH=2

with A, being the largest (real and positive) root of the
equation

A —wl+AE,(M)=0, (8)
with
Ey(W)= [ “dt exp(—1M)5, (1) . 9)

The other quantities in Eq. (6) are as follows. The quanti-
ty t,, is the mean first passage time to reach the matching
energy E| and is given by

__1 h_al T
t,= kBTfO Ew(J)exp(E/kBT)fodJ exp(—E’/kzT) .

(10)
Here €,,(J) is given by [3,4]
_Mr-
ew(J)—EfO dt £, (H{v(0W (1)), (1n
where (v(0)v(¢)) is the velocity-velocity autocorrelation

function of the system with no friction, o is the angular
frequency of the motion, and J is the action,

M
= Pdxv(x), (12)

where the integral is taken over a full period of motion.
It should be noted that €,(J) is related to the energy-
diffusion constant by the relation

D(E)=kyTe,(J) . (13)

The matching energy E, satisfies the equation

[aka T(Eb_El )]l/2
Ew(Jl )CO(JI )(ab+1)‘/‘)_7 ’

(14)

exp[*ab(Eb—El )/kB T]::

where a, is given by
a, =A§/(wf —AF) . (15)

The factor S in Eq. (6) is what distinguishes the
Carmeli-Nitzan result from other simpler connection for-
mulas. This factor ensures that the number of particles is
conserved throughout and that the probability distribu-
tion is continuous at the matching point. This factor is
given by

__% r%dE_
S= kBTfo —exp(—E/kyT)
X 1+R WE,—E)+n(E—E,)|,
(16)
where 7(E)=0 for E <0, n(E)=1 for E >0, and
R =erf{[(a, + 1 (E,—E,|)/kzT]"?} , (17

with erf(x) being the standard error function.

Now, let us discuss the rate expression (6) in some spe-
cial limits. First of all, if §, (¢)=§,(1), we get the
Carmeli-Nitzan result, as expected. Next, if we assume
that y, — o, implying instantaneous equilibrium in the
well region, we obtain t,—0, S—1, so that r—rgy.
This is also expected because the Grote-Hynes result
specifically assumes equilibrium in the well. If, further,
we assume that the barrier friction is static, i.e.,
&p(8)=2y,8(t), we get the Kramers intermediate- to
high-friction result, as expected. On the other hand, if
we assume y,—0 with y,— o, we get the transition-
state theory (TST) result. This implies that TST assumes
equilibrium in the well and no recrossing at the barrier.
It is clear that if friction is space independent, as is the
case with usual treatments, one could not satisfy the two
postulates (y — o0 and y —0) simultaneously. However,
there would be no mathematical contradiction if the well
and the barrier regions can have different frictions, as is
the case in this paper.

III. ENERGY-DIFFUSION CONSTANT

In this section, we calculate €,(J). This quantity,
which is directly related to the energy-diffusion constant,
is given by Eq. (11). The inner integral (v (0)v(¢)) in
that equation depends on the shape of the potential; and
the outer one on the form of the friction. This relation
can be transformed further by introducing the Fourier
components of the velocity,

v(t)= 3 C,explinwt), (18)
c,=2 dt v (texp(—inwt) . (19)
27
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We then obtain

eW)=2L s Iclen, 20)
2(0 n=—owo
with
en= [ dt,(cos(nat) . 1)

Written in this form, the dependence of €,(J) on the po-
tential and on the MFK is seen to be separated even fur-
ther.

To proceed, we need to choose a specific form for
$o(t). Two have been used. The first one is the usual ex-
ponential MFK,

ﬁ(t)::—wexp(—|t|/fw) . (22)

w

The second is a variant of Lee-Robinson (LR) friction
form [15], which has proven to be very useful in fitting
both experimental and molecular dynamics simulation
data [16-18]:

2
:I‘” [sin(z /7, )+sin(100t /7,)] . (23)

CLR(1)=
From (22) and (23), we can calculate £, (¢) by using (21)
and doing simple integrals. For the Lee-Robinson fric-
tion,

My, =
o s i, P, (24)

n=—o

eLR()=

with the following values for f,:

IC, |?
0* = (1+neir?)’

where the C,’s in Egs. (24) and (26) are given by Eq. (19).

The next step is to calculate these C,’s which depend
on the friction-free motion of the particle in the given po-
tential. The available range of energies between O nd E,
divides naturally into two sections at x =x, and
E=E,=E,u*/(1+u?. For E <E,, we have a simple
harmonic oscillator with frequency w,. We start the par-
ticle at the turning point x, = —(2E /M®3)'"? with v =0
and get

_My, ¢

(26)

172
sinwgt , (27)

v(t)= i,

for all t. For E > E, we again start the particle from x
at t =0, let it reach the seam x =x at t =¢* and the oth-
er turning point x,=x,—[2(E,—E)/Mw3]'? at
t =m/w. The velocity is given by

—wgxsin(wgt) , 05t =¢*

v(t)=

Cl)b(xb X, )Sinh @y

Here the time ¢ * is given by
sin(wgt *)=(1—E,/E)"? , cos(wgt*)=—(E,/E)"*.
(29)

From these expressions for the velocity, we can then cal-
culate J(E) using (12) and C,, using (19). For E <E,,

J(E)ZE/COQ N

172 (30)
1 C,=—i|—— (8,16, -1)
2, < n n,1 n,—17/>»
|n] pry M
1L |n|= 1 where §; ; is the Kronecker delta. For E > E,
27 o7, . .
Et
J(E)= — ——si t* t*
=11, 1 <Inl < 100 (25) (E) - p— sin(wyt * )cos(wgt *)
T, T,
(E,—E)
L, Inl= 100 +-—2 " (sinh®cosh6—6) ,
[ TWy
(31)
0, Inl>1% -
T, =0, |——t* |,
®
For the exponential friction, we obtain and
J
| iwwgx, sin(wpt* —nwt*)  sin(og*+not*)
a 27 Wy N wytno
iow, no cos(nwt *)sinh+ w,sin(nwt * )coshd
— (xp,—x,) T3 3 (32)
™ wpt+n‘ow
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Now we can substitute these C,’s into (24) and (26) to
get £,(J). If E <E,, only the terms n =x1 contribute,
and the resulting expressions are simple. For E > E, one
has to evaluate the whole sum. For the LR friction, the
sum involved is finite, since f, =0 for sufficiently high n
[see Egs. (25)], so we can calculate it term by term. In the
case of the exponential friction, the sum can be found
analytically. The calculation is straightforward but
lengthy and is outlined in the Appendix. In both cases,
for the purpose of calculation of our final rate expres-
sions, we evaluate the analytical expressions on a com-
puter.

IV. CALCULATIONS AND DISCUSSION

We choose the potential such that =2, E, /kz T =10.
No other parameters for the potential are needed. We
choose different ratios of A=y, /v,,, typically from 0.01
to 100, and values of wy7,, and wy7, from 1 to 100. We
determine the rate on a logarithmic scale for y, /w, from
107* to 10*. The procedure used is as follows. For a
given v, /w,, we first solve the Grote-Hynes equation (8)
for Ay and then solve Eq. (14) for the matching energy
E,/E,. Then the integral S and the double integral for
t, in (10) are evaluated. Wherever needed, €,(J) from
(24)-(26) for the appropriate friction was used. The rate
could then be calculated using Eq. (6). The reduced rate,
i.e., the actual rate normalized by the TST rate, was plot-
ted against ¥, /w, for the different cases.

Since the results for the LR case have been presented
and discussed earlier [13], here we will focus on the re-
sults from the exponential case. Also, since the static
limit is the same for both friction functions, we will not
discuss it here. The reader is referred to Fig. 2 of Ref.
[13] for this limit.

In Fig. 2 of the current paper, we vary A=y, /v, in
the exponential friction case with wyr, =wr, =10. The
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FIG. 2. The logarithm of the reduced escape rate R * nor-
malized to the TST rate vs the logarithm of the reduced barrier
friction y, /w, for the case of exponential friction for different
values of A=y, /y, for wer, =wy7, =10. The stars, triangles,
and squares correspond to A=100, 1, and 0.01, respectively.
The dashed line is the Kramers result and the solid line is the
GH result.
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FIG. 3. Same as Fig. 2 but for A=1, w,r,=10, and

woT, =100, 10, and 1 for the stars, circles, and triangles, respec-
tively.

results of this variation clearly show that the higher the
value of A, the nearer the rate is to the Grote-Hynes re-
sult over the full range of friction. For very high A, the
Grote-Hynes result is valid everywhere except for ex-
tremely low y, or y,. This is because the region in the
vicinity of the well is no longer in equilibrium as required
by the Grote-Hynes rate expression (7). Therefore one al-
ways sees for sufficiently large A a middle region along
the ¥, /w, axis where TST is valid. On the other hand,
for very low A, the well region remains out of equilibrium
even for moderate y, because v, is too small. In this
case TST is never valid. The dividing line between the
two behaviors is when A is of order unity.

In Fig. 3, A and 7, are kept fixed while 7, is varied.
Again the high-y, region is unaffected. In the low-y, re-
gion, the dynamics in the vicinity of the well dominates
the rate, which is seen to increase with decreasing 7, be-
cause that causes the well friction to decrease. Of course,
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FIG. 4. Same as Fig. 2 but for A=1, wyr,=10, and
woTp =100, 10, and 0.01 for the stars, circles, and squares, re-
spectively. In this case, the Kramers result is indistinguishable
from the GH result for the case wyr, =0.01.
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the limiting rate is provided by the static limit 7, =0. To
increase the rate further in this region one would have to
increase A.

In Fig. 4, we vary 7,. Here, the low-y, results are not
affected because the well dynamics are not changed. The
high-y, rates approach the appropriate Grote-Hynes re-
sult for each 7,. The low-7, results are closest to the
Kramers result, as expected. The high-1, results have a
region where TST is applicable. The width of this region
increases for increasing 7, since this decreases the fric-
tion in the barrier region.

V. CONCLUDING REMARKS

In conclusion, we have plotted and discussed in a
variety of cases the escape rate for a particle from a well
where there is space-dependent non-Markovian exponen-
tial friction. We have used the Langevin equation ap-
proach augmented by the Carmeli-Nitzan scheme for ob-
taining a unified rate expression. We have done the cal-
culations for two forms of dynamic friction: the ex-
ponential and the Lee-Robinson form. The latter is
equivalent to a Gaussian friction in its short-time behav-
ior. The results from the LR friction were reported ear-
lier [13] and the results from the exponential friction are
discussed here. In comparing the two sets of results, we
find the following. In the high-friction regime, the two
sets of results are not much different. However, in the
low-friction regime the results are dramatically different.
In particular, compare Fig. 4 in Ref. [13] with Fig. 3
here. In the LR case, the rate depends on 7, very weakly
and in the exponential case it varies as 7, > for 7, <<
In the low-friction case, the well dynamics plays a dom-
inant role and the rate is determined by ¢, [see Eq. (6)],
which itself is determined by ¢€,(J), see Eq. (10). For the
LR case, we see from Egs. (24) and (25) that the depen-
dence on T, is not very strong: f, ranges between 1 and
2. In the exponential case, however, the dependence of
€, (J) on 7, can be dramatic. For instance, on examining
Eq. (26), when the well dominates, o is very small and the
1 in the denominator can be neglected, giving rise to
g,(J)x 7,2 This then explains the differences between
the two friction cases. In this connection, it should be
noted that a similar explanation of the strong dependence
of the rate on the relaxation time for low damping was
given by Fonseca et al. [19] in terms of Grigolini’s decou-
pling effect [20].

A recent approach by Pollak, Grabert, and Hanggi
(PGH) [7] based on the Hamiltonian model derives these
rate expressions in a theoretically more fundamental way.
This method represents a system particle in a heat bath,
not within the confines of a Langevin equation, but rather
as a collection of coupled oscillators. It would therefore
be most interesting to compare the results obtained in the
present paper with those from PGH theory. In fact, we
have recently generalized the PGH method to the case of
space-dependent friction. As would be expected, there
are strong qualitative similarities between the two sets of
results, as well as some clear differences. These results
will be reported elsewhere [14].
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APPENDIX

In this Appendix, we give details of the calculation of
eX(J). First of all, we rewrite Eq. (26) as

My, = IC, |2

e ()= .
o’ L (1 ne?)

(A1)

For E <E, in which case ® =w and the C, are given by
(30). Only the terms n =*1 contribute and we get

Evy
e =——55 .
(00(1+CL)07'2w)
For E >E,, the C, are given by Eq. (32). Before
proceeding further we rewrite C, as
C,=i[CVsin(nwt*)+nC¥cos(nwt*)]
1 1
X (A2)
wi—n’ew?*  ol+n’e’
with
172
0w, | 2E
C(l): — Y Y , (A3)
T M
172
2 | 2(E —E,)
cV=_9 |22 707 (A4)
T M

In obtaining these, we have used the requirement that ve-
locity is continuous at ¢*, which, using Egs. (28) and (29),
is equivalent to

sinh@=[(E —E,)/(E,—E)]"/?,

(A5)
cosh@=[(E, —E,)/(E,—E)]'/*.

After substituting (A2) in (A1) and expanding, we see
that we have to evaluate nine types of infinite sums. The
numerators in the general terms in these sums are
sinf(nwt*), ncos’(nwt*), 2n sin(nwt*)cos(nwt*), and
the denominators are

(@3—n’0?) 1,2 +n’w?), (o} +n20?) (1, +ne?) ,
(@3—n’0*) o} +n’w®) (1,2 +n’w?) .
The first step in doing sums like these is to reduce the
number of factors from three to two in the denominator.
This is accomplished by using identities such as
1
(a —x)

1 1

(@a—x)b+x) (a+b)

2

1

+ (@a—x)b+x) |’ (A8
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1 _ 1
(@ —x)c+x)b+x) (c+a)

1
(a —x)b+x)

1
+ (¢ +x)(b+x)

(A7)

This causes the denominators to be of the type
(03— n%0%)?, (0} +nw?), (03—n’w?)(1,2+n%?), and
(0} +n’w0*)(1,*+n%w?). The second step is to discover
relationships within these sums. We note that the second
and the fourth types of denominators can be obtained
from the first and the third types, respectively, by chang-
ing ®3 to —o3. This leaves us with denominators of the
type (w3 —n’w?)? and (03— n%w?)(1,%+n’w?) only.

Now we turn our attention to the numerators. The
numerator 2n sin(nwt*)cos(nwt*) can be obtained by
differentiating the numerator sin’ (nwt*) with respect to
t*. This leaves us with numerators of the type
sin’(nwt*) and n’cos’(nwt*). Both of these can be ob-
tained from a numerator of the type cos(2nwt*). To ob-
tain sinX(nwt*), we use the fact that
sinf(nwt*)=1[1—cos(2not*)] and the result with 1 in
the numerator may be obtained by taking the limit * —0
in the result with cos(2nwt*) in the numerator. To ob-
tain a sum with a numerator n2cos*(nwt*), we use the
following two steps. First we differentiate the result for
cos(2nwt*) twice with respect to ¢t* to get the result for
n’cos(2nwt*) and then we use the identity
cos((nwt*)=1[1+cos(2nwt*)].

In the final analysis, we have to evaluate only the sums

=]

cos(2nwt*)

$1= =2_ (0i—n%w??’ (A
< cos(2nawt*)
S,= . (A9)
2 ,,Ew (@3—n*0?) (1% +n’w?)
oFE . o(E, —E)
t*_ * *
ro,Md, [wg sin(wgt * )cos(wyt *) ]+ o, Md,

5413

To evaluate the sum S, we start with the sum (1.445.6) on
page 40 of Ref. [21],

©

s cos(kx) _ 1

k=1 k?'_az 202 2

>

asin(a)

(A10)

which is valid if a is not an integer and for
2m7=<x <(2m+2)m. Our case corresponds to k =n,
x =20t*, a=w,/w, which gives m =0 because
0<t* <m/w. Using the above information in (A10) and
differentiating both sides with respect to w,

S —_T cos(2opt * —Twy /@)
! 200}

sin(7Twy/w)

at* sinoyt* — 7wy /w)

0w} sin(7wg /)
2 cos(2wgt*)
T (A11)
20p0° sin“(Twy/w)

The sum S, can be performed by splitting it into two
sums with denominators w}—n’w? and 7,2+ n’w* by us-
ing the method of partial fractions. The first one can
then be obtained from (A10) and the second one can be
obtained either from (A10) by changing a to ia or by us-
ing the sum (1.445.2) from page 40 of Ref. [21]. In either
case, we get

T cos(2wot * —mwy/w)
S2:

o152+ w}) wesin(Twy/w)
Tpcosh[(2t* —m/w) /7, ]

sinh(7/7,0)

(A12)

Using all of the above tricks, the final result is that the
sum in (A1) is given by

(sinhf cosh8—8)+(C )4 (2d ;1 +d [ 1)S; ()

—(C"M(2d7 " —d; 1S3 (—wp) H(CP(2d5 ! +d TS, () —(CP)X2d5 ' —d; S (—w})

+C V(2451 +d1)Ss(wd)—CVCP(2d T —d; Ss(—wd) .

Here 6 is given by Eq. (31) and C'V, C'® by Egs. (A3)
and (A4). The constants d, d,, and d; are defined by

di=1,*4+0}, dy=7,"—0}, dy=0it+o), (A14)
and the sums S, S, and S by
i sin¥(nwt*)
Si3(a)= , Al5)
3 ,,:2_00 (@—n%0?) 1,2+ n’%w?) (
© 2 2 *
S.(a)= n-cos“(nwt*) ’ (A16)
4 ,,:2_00 (a—n2w0®) (1,2 +n%?)
o : * *
Ssa)= 3 2n sin(nwt*)cos(nwt *) (A17)

nem o (@—n%0?) (1,2 +n2w?)

(A13)

These sums can be expressed in terms of S; and S, as ex-
plained before.

We have tested our final result for £5(J) in two limits.
First of all, in the static case 7, —0, we should get [5]
e (J)=v,J /0. In this case only the first two terms in
(A13) survive and we get the expected result. Secondly
when E —E,, we should get Eq. (A2), irrespective of the
magnitude of 7,,. In this case, the only simplification is
that C'? goes to 0. After somewhat lengthy algebra, we
find that we indeed get (A2). As mentioned in Sec. III,
we evaluate the analytical expressions on a computer for
the purpose of calculating the final rate.
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