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Kramers’ theory of activated processes yields expressions for the steady-state escape rate in the
large- and small-friction limits and for Markovian dynamics. The present work extends this theory
to non-Markovian dynamics and to the whole friction range. Kramers’ results are recovered in the

appropriate limits.

I. INTRODUCTION

Kramers’ approach to the theory of activated rate pro-
cesses,! using a model of a Brownian particle moving in a
one-dimensional potential well, has played a central role in
many areas of science.” This approach starts from the
Langevin equation

L dVix) —V*+ﬁR (1),

T M dx

where x is the coordinate of the particle of mass M mov-
ing in the potential ¥ (x), and where ¥ and R are the
damping rate and the (stationary Gaussian) random force
associated with the coupling to the thermal bath. ¥ and R
are related by the fluctuation-dissipation theorem

(R(O)R (1)) =2yMkpT8(t), (R(t))=0

(1.1)

(1.2)

where kp is the Boltzmann constant and T is the tempera-
ture. The Langevin equation (1.1) is equivalent to the
Fokker-Planck equation for the probability distribution
P =P(x,v,t)

3P 1 dV(x) 3P 9P

ksT 3%p
at M dx v ox
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(1.3)

The objective is to find the steady-state escape rate r out
of the potential well (Fig. 1). Kramers' has obtained dif-
ferent limiting results for this rate:

D008 ex —Es as y— (1.4a)
2y P |, T Y= :
r—
Es —Es 0 (1.4b)
4 kBTexp T as y— .

where @y and wp are the frequencies associated with the
second derivative of the potential at the bottom of the well
and at the barrier top, respectively, and where Ep is the
well depth. Equation (1.4b) is valid only for a truncated
harmonic potential. Note that Eg >>kpT is necessary for
the steady-state escape rate to be experimentally meaning-
ful. Kramers has also derived an expression which is sup-
posedly appropriate for “intermediate” values of y

(1.5)

This expression yields (1.4a) for ¥ >>wp while for y —0 it
goes to the transition state theory (TST) rate

—Ep
kT

(2]

’TST=;eXp (1.6)

In applying the Kramers model to problems in molecu-
lar physics the Markovian assumption inherent in Egs.
(1.1) and (1.2) is a serious drawback. In many situations
an internal time scale characterizing the system of interest
is shorter than that of the surrounding thermal bath. In
this case Eqgs. (1.1) and (1.2) should be replaced by their
non-Markovian analogs.
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FIG. 1. A schematic representation of the potential well. x,
and E; denote the position and energy associated with the
matching point discussed in Sec. II.
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The memory function Z(t) is characterized by its
Fourier-Laplace components

Z ()= fo"" dt Z (t)e —inot (1.9)
with
Zow)= [ dtz)=y . (1.10)

In addition, Z (¢) is associated with the correlation time 7,
which characterizes the time scale for its decay to zero.
For specificity we shall often refer to the simple case

Z(=Yexp | =L |, (1.11)
Te ¢

Zy(o)=—X— . (1.12)
1+inoT,

Several workers have recently treated different aspects
of the escape problem represented by Egs. (1.7) and (1.8).
Grote and Hynes,® and later Hanggi and Mojtabai* have
treated the non-Markovian behavior associated with the
barrier dynamics. This case corresponds to the limit
where the escape process at the top of the potential barrier
is considered to be the rate determining step, while the
particles in the well are taken to be in an equilibrium
Boltzmann distribution. This yields the result (1.5) in the
Markovian limit. In the non-Markovian case the escape
rate is obtained in the form*

600)\.0 —-—EB
r—z‘n_wBexp T |’ (1.13)
where
_ 2 172 _
Ao lim[ @ +33(0) —M], (1.14)
t— o
7(0)= — % e (1.15)
== ’ :
D3(0)=—6(t)/®(1) , (1.16)
&(1)=p(1) [1+w§ fo'drp(r)}—wﬁpz(r), (1.17)
0(t) =} [p(t)p(t) —pX(1)] , (1.18)
and where the function p(?) is defined from
plt)= 7! L (1.19)
s2— 0% +SZ(—is)

with .# ~! being the inverse Laplace transform. Note that
by Eq. (1.9)

Zy(~is)= [ dte=Z (1)
is the Laplace transform of Z (¢). In the Markovian limit

1
2

t=FL"1|—F—
P s —w%+sy

which may be used to show that 7(1)=y and @ 3(¢) =w}
in this limit. It may also be shown (see Appendix A) that
Ag, Eq. (1.14), is the largest (real and positive) root of the
equation
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A—w3+AZ(—id)=0. (1.20)

Equations (1.13) and (1.20) give the result in the form ob-
tained originally by Grote and Hynes.}

Carmeli and Nitzan,’ and Grote and Hynes,® have cal-
culated the steady-state escape rate associated with the
model of Egs. (1.7) and (1.8) and Fig. 1 for the case in
which the rate determining process is the energy accumu-
lation in the well. In this case which corresponds to the
¥—0 limit, the steady-state escape rate may be identified
with the inverse mean first passage time to reach the es-
cape energy. This limit is characterized by the reduced
Fokker-Planck equation for the probability distribution
P(J,t) for the action variable J°

3P 3 3P
08 =2 e [k TS +o(IP (1.21)
with €(J) given by
eN=2M 3 n?|x,(]) | Re(Z,[w(D]] , (1.22)

n=1

where x, are the coefficients of the Fourier expansion of
the deterministic motion [determined by Eq. (1.7) without
the Z and R terms]

x=x(J,@)= 3 x,(J)e™®

n=-—oo

(1.23)

(@ is the angle variable). Equation (1.21) implies the fol-
lowing expression for the mean first passage time 7(J,J,)
to reach a point J on the action axis starting from a point
Jo and given that there is a reflecting barrier at J=0 (the
bottom of the potential well):

o) =—= [ L e [ arre =BV kaT
O kT J 0 eJ’) Jo :
(1.24)
The escape rate is obtained using
"B -1
r= [ A dJOPSS(JO)T(J,Jo)] , (1.25)

where P (J,) is the steady-state distribution. From deep
wells the latter may be approximated by a Boltzmann dis-
tribution. In the Markovian limit (1.25) may be shown to
reduce to the Kramers result (1.4b) for the low-friction
limit.

Kramers’ treatment of the escape problem, as well as
generalizations of the Kramers theory like those described
above, have considered separately cases governed by either
well or barrier processes. Several works have tried to pro-
vide a unified theory. Skinner and Wolynes’ have sug-
gested an interpolation formula using Padé approximants
based on expansion in powers of the friction. Visscher®®
has investigated the Kramers model numerically and has
suggested an analytical form that fits his results in the
whole friction range. A similar approach was taken by
Larson and Kostin.®® Risken Vollmer and Denk® have
outlined an approach based on evaluating the eigenvalues
of the Kramers equation. This approach is, however, dif-
ficult to implement. Matkowsky, Schuss, and Ben-Jacob!°
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have suggested a form for the transition rate associated
with a double potential well problem. Even though their
form goes to the proper limits (~y for y—0, ~1/y for
¥—> o), the origin of the ¥—0 behavior in their model is
different from the one discussed here (and in the original
Kramers’ work). Biittiker et al.!! have described a pro-
cedure which connects between the results (1.4b) and (1.6).
All these works involve the Markovian approximation.

Recently'? we have described a procedure which, in the
Markovian limit, yields a unified expression for the
steady-state escape rate and which for deep wells is valid
in the entire friction range. In the present paper we ex-
tend our work to the non-Markovian situation, thus deriv-
ing a unified expression for the escape rate associated with
Eqgs. (1.7) and (1.8) which is valid for all frictions and
which reduces to the previously obtained results of Grote
and Hynes® and of Hanggi and Mojtabai* in the high
viscosity limit, and to the results of Carmeli and Nitzan®
and of Grote and Hynes® in the low viscosity limit.

In Sec. II we derived the unified result for the steady-
state rate in the Markovian limit and provide some details
of the procedure that are missing in the preliminary short
publication.!? The theory is extended in Sec. III to the
non-Markovian case. Numerical results and discussion
are given in Sec. IV.

II. STEADY-STATE RATE
IN THE MARKOVIAN LIMIT

Starting from Eq. (1.3) in the steady state (3P /9t=0)
we first divide our discussion into barrier and well dynam-
ics and, after obtaining results for the steady-state proba-
bility distributions and for the fluxes appropriate to the
two dynamical regimes, we join the solutions in a way that
satisfies essential continuity requirements.

Consider barrier dynamics first. In this case we follow
exactly Kramers’ procedure.! The essential points in this
procedure are as follows. Kramers approximates the po-
tential near the barrier top (x=0) by a parabula

V(x)=Eg— +Mw}x? 2.1

and looks for a steady-state solution Pg(x,v) (B denotes
the barrier) to Eq. (1.3) of the form

Mv2/24V(x)

— kpT F(x,v) . (2.2)

Pp(x,v)=exp

Using Egs. (1.3), (2.1), and (2.2), the “correction function”
F is shown to satisfy the equation

keT F _ OF _OF _, 8F _

V"M o e Yax P T

Kramers looks for a solution of the form F(x,v)=F(u)
with

u=v+Ix (2.4)

(2.3)

and finds that such a function F(u) should satisfy the
equation
ksT d’F dF

M dn? +au-dT=O (2.5)

with

a=— Tty (2.6)

Y

provided that T satisfies the equation

’—wi+Ty=0. 2.7)
A general solution of Eq. (2.5) is

u aMz?
F(u)=F;+F, fo dzexp |— 2k, T ] R (2.8)

where F; and F, are constants to be determined. We look
for a solution which vanishes for x — «. For this to hap-
pen the integral in (2.8) should remain finite for
|4 | —oo. This implies that a >0, namely, of the two
roots of (2.7) only

F=— ' Ly

2
2
+wp

1/2
XY
2 ) (2.9

is relevant. Then the requirement Pg(x,v)—0 for x —
implies

” T 172
— aMz B
F,-—szo dz exp T 2k,T = | 2l 2.
(2.10)
Thus,
wkyT 172
Pp(x,v)=F, S Y;
v—|T|x aMz?
+fo dzexp | — 2k, T
Mv*/24V(x)
_ 2.11
X exp ks T (2.11)

The current associated with this distribution is calculated
using

jp=[_dvvPy(x,v) (2.12)

which may be evaluated [using Egs. (2.1) and (2.11)] to
give

372 1/2

exp

ks T
M

21 B
kgT

a+1

js=F, (2.13)

This result is independent of the position x as expected of
a steady-state current.

Before proceeding to consider the steady-state distribu-
tion in the well, Py,, we notice that Kramers’ derivation of
Eq. (1.5) is based on Eq. (2.13) where F, is determined
from the requirement that the Py is an equilibrium
Boltzmann distribution obtained from (2.11) for x — —

Py (x,v)=Pp(x— — 0,v)

2Tl'kB T
aM

=42

172 "y
v/2+Vix)
exp [ ———————kBT

(2.14)
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For a deep well the total number N of particles in the well
is approximated by Kramers as

N=["av [~ axPy(x) (2.15)
which, taking ¥ (x)=Mao3x2/2 in (2.14), results in
yof2_ |ZmhaT - (2.16)
ooV a M )

Equation (1.5) results from taking r =jz /N, using Egs.
(2.6), (2.9), (2.13), and (2.16).

The inconsistency in Kramers’ derivation which leads
to the fact that Eq. (1.5) does not go over to (1.4b) as
¥—0, is seen in that the current associated with the distri-
bution (2.14) is zero, while in steady state the current
should be the same everywhere [and therefore given by jp
of Eq. (2.13)]. For y large enough Eq. (2.14) is neverthe-
less a good approximation for the well distribution which,
for a deep enough well yields a good approximation for
the total number of particles N, Eq. (2.16). For small fric-
tion the escape of particles over the barrier causes a distor-
tion in the distribution even deep down in the well:
Thermal relaxation due to the coupling with the thermal
bath cannot “keep up” with this escape which depletes the
well of the more energetic particles. In the extreme limit
this thermal relaxation (i.e., energy accumulation in the
well) becomes the rate determining step.

To take proper care of these effects we depart from
Kramers’ procedure by replacing Eq. (2.14) by a steady-
state distribution in the well corresponding to the ap-
propriate current. Our approach is based on the following
observations:

(a) For most problems in molecular dynamics one may
safely assume that deep in the well the oscillations are fast
relative to other relevant time scales (e.g., ¥, and for non-
Markovian cases f,,(a)) and 7,). This implies' that deep
in the well Eq. (1.3) may be reduced to a Smoluchowski
equation in the action J [the Markovian equivalent of
(1.21)]

E)PW 3
“ar Vs

TaPW (J)P
aJ +ow w

J

o) , (2.17)

where the action distribution function Py, (J,?) is related to
Py (x,v,t) by

PW(x,v,t)z—AiPW(J,t) . (2.18)
27

Equation (2.18) expresses the fact that because of the fast
oscillations deep in the well the distribution is uniform
[(277)~1] in the phase. The mass M is the Jacobian of the
(x,v)—(J, @) transformation.'®

(b) A steady state in the strict sense cannot exist in
Kramer’s model because the number of particles in the
well decreases as particles escape. The rates (1.4)—(1.6)
actually correspond to the quasi-steady-state situation
which exists if the well is deep enough so that the escape
is slow relative to the other time scales in the system. As
a mathematical convenience it is possible to convert this
into a real steady-state situation by providing a source at
or near the bottom of the well. As long as the quasi-
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steady-state concept is valid, this source should not
change any physical observable.

We thus use Eq. (2.17) and, in addition, assume that a
source exists at the bottom of the well such that the distri-
bution Py/(J) at 0<J <Jy is fixed and given by a Boltz-

man form!*

—E()/kyT

Py(J)=Aqe , 0<J<J, . (2.19)

This imposes a boundary condition on Eq. (2.17). For the
result to be meaningful the final rate should not depend
on the choice of Jy and 4,. We look for a steady-state
(3P /3t=0) solution in the form

Py =F(pe kT (2.20)
and [using dE (J)/dJ =w(J)] obtain for F(J)
d | yJ —EWnskgTdF |
a)(J)e o =0 (2.21)

whose general solution, which corresponds to (2.19), is

I o) EJN/kgT
F(J)=A¢g—A4 fJOdJ ——}_/Te
We anticipate the following steps by introducing a point
J =J;>J, (corresponding to E =E) and redefining

(2.22)

Ao o(J) AT
4 Bt f, aJ 7J (2.23)
so that [using (2.20), (2.22), and (2.23)]
Py(J)=de k8T f ,wu JEUkgT
(2.24)

The steady-state current in J space is obtained from (2.24)
using

= ——"—"" P 2.25
which yields
Jw=AkgT (2.26)

We now turn to the task of piecing together the two dis-
tributions Py [Eq. (2.11)] and Py, [Eq. (2.24)]. We assume
that there exists a region in phase space (x,v) in which
both results are valid. Since Pp is valid for x large enough
while Py, is valid for J (or E) small enough, we may as-
sume that there is a point in this region with v=0. We
thus carry our adjoining procedure at the point x,, v, =0
(Fig. 1) and denote the corresponding action and energy
by J; and E; [thus identifying the previously arbitrary
point J; in (2.23)]. These are related to each other by

J
E= [ "dJ w(J) (2.27)

and
=V(x;)=Ep—+Mwjx? . (2.28)

The “transition point” (x,E) is to be determined togeth-
er with the parameters F,, 4, and B of Egs. (2.11) and
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(2.24) from the continuity requirements. These are taken
to be

jB=Jjw (2.29)
M b (7))=Pp(x;,0 =0) (2.30)
2T
—'P = —= — —
aE B<x,v 0) x =X 277' aEPW(E) E=El
(2.31)

Equation (2.29) expresses the fact that in steady state
the number of particles crossing per unit time the line
E =E, (Fig. 1) in the upward direction (increasing energy)
should be the same as the number of particles crossing per
unit time the line x =x,; (Fig. 1) in the outward direction
(increasing x). This, in fact, is true for any horizontal and
perpendicular lines in Fig. 1. Equations (2.30) and (2.31)
are conditions on the continuity of the distribution at the
point (x,,E,), taken along the v=0 direction which, as
noted above, is the most likely direction for overlapping of
Py and Pp. The factors M and Mw(E) appearing in
(2.30) and (2.31) are the Jacobians of the (x,v)—(J,¢) and
(x,v)—(E,@) transformations, respectively.

Using Egs. (2.11), (2.13), (2.24), and (2.26), Egs. (2.29)
and (2.30) yield

a+1 2

eEB/kBT
27TkBT

Fy=AM3" , (2.32)

B =m(1+erf{[(a+1)(Eg—E,)/kgT]/?})

1 172
x |EEL | FalheT 2.33)
a
and Eq. (2.31) leads to
Ez—E, kyT Ez—E, |7
exp | —a kyT | yJyla+1)V7 kT
(2.34)

Equation (2.34) may be used to determine the transition
point energy E;. It is easy to show [using the fact that J,
monotonously increases while (Ez —E;)'/? monotonically
decreases with E ;] that Eq. (2.34) must have a single real
and positive solution E,. With E; known, Egs. (2.32) and
(2.33) determine the parameters F, and B, leaving A to be
determined from the normalization condition. The pro-
cedure and the approximations used to carry out this nor-
malization are described in Appendix B. There we show
that the number N defined by
N=["_ax [* dvPxv) (2.35)

with P(x,v) given by Egs. (2.11) or (2.18) and (2.24) in the
appropriate regimes is well approximated by
N =AkpT[r(J,Jo)+Srg'], (2.36)

where

w0 By dE  _E/gT
S= kBT fo w(E) ¢
X —“;R nE,—E)+q(E —E,)
2.37)
with
R =erf([(a+1)Eg—E;)/kpT]?) (2.38)

and with 7(E) being the step function (1 for £>0 and 0
for E>0). In Eq. (2.38) erf denotes the error function, rg
is the Kramers rate given by r of Eq. (1.5), and

1 Iy
(1, J0)= T fJO dJ

w(J) eE(J)/kBT
vJ

—E(J")/kyT (2.39)

J

X f o dJ'e

is the mean first passage time to reach J; [in a process

governed by Eq. (2.17)] starting from Jo, (J;>Jo>0)

given a reflecting barrier at J=0. 7 is the Markovian

equivalent of the result (1.24).

The steady-state escape rate is now obtained as the nor-

malized net current, » =j /N. Using Eq. (2.26) we obtain

r=[rJ,Jo)+Srg 17!

which is our final result for the escape rate in the Marko-
vian case. To investigate its behavior as a function of the
friction ¥y we refer to Fig. 2 which shows the typical
behavior of E; as a function of y. For large v, E;—0
and 7(J 1Jo)—>0E At the same time R—1 and [using
Ep >> kT, [ "dEw™\E)exp(—E /kyT)~ kpT /ao]
S—1 and we get r—rg. For small y, E;—Ep so that
r—[7(JgJo) + Qrg)~117'. However, for a deep well
(Jg,Jo) dominates so that —7(Jp,Jo)~!. For the model
Vix)= %Mco(z)(x —x0)% x <0 and V(x)=0, x >0 (truncat-

(2.40)

E,/Eg

003 -2 S o i

Ioglo()’/QJo)

FIG. 2. E|/Eg vs logo(y /wo) calculated from Eq. (4.7) in
the Markovian limit (w7, =0) and in the non-Markovian case
(wor. =10). Solid lines: Epz=10kzT. Dashed lines: Ep=4k;T.
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‘ed harmonic potential), it is easy to show! that 7(Jg,Jo) ™!
reduces to the result (1.4b) independent of J,. [For
Ey=E(Jy) <<Epg.] Our result (2.40) thus reduces properly
to the Kramers results in the appropriate limits. We defer
more discussion of this result to Sec. V and turn now to
consider the non-Markovian case.

III. STEADY-STATE RATE
IN THE NON-MARKOVIAN CASE

For the non-Markovian case described by Egs. (1.7) and
(1.8) we again consider first separately the barrier and the
well dynamics and after that join the solutions in a way
similar to that described in the Markovian case. For the
barrier dynamics we follow the formulation of Hanggi
and Majtabai* which is based on the generalized Fokker-
Planck equation obtained by Adelman'® for Egs. (1.7) and
(1.8) with a parabolic potential. Using Eq. (2.1) this equa-
tion takes the form

P___, op_ 3P 3 . kT &%

ar = OBy, TV T P T Ty 50
kyT |52 2
LAy b B s (3.1)
M 03 dx dv

where 7=7v(t) and &%= 5() are the functions of time
defined by Egs. (1.15)—(1.19). In looking for a steady-
state solution to Eq. (3.1) Hanggi and Mojtabai consider
the long-time limit of the functions @ % and 7. However,
it may be shown that these functions, though bounded, do
not always have a long-time limit. We are therefore
forced to proceed more cautiously using the observation
[Ref. 4(b) and Appendix A] that the limit defined by Eq.
(1.14) does exist. We again look for a solution of the form

2
P(x,v,t)=F(x,v,t)exp —M (3.2)
kgT
[with ¥V (x) given by (2.1)] and seek for F the form
F(x,v,t)=F(u,t), u=v+Ix. (3.3)
Inserting (3.3) and (3.2) in (3.1) we get
oF kT _ _3°%F .| @b |dF
—_—— e —— —4+A|lv——x|—, (B4
Y, M(A+F)au2+ v kx o (3.4)
where
—2
- @ (1)
X()=— |P()+T—> (3.5)
@p
We further require [as our choice for I in (3.3)] that
2
. @p
tll)n:) Alt)=— T (3.6

To prove that this requirement is possible we have to
show that this limit exists. This is done in Appendix C
‘where we further show that

lim A(¢)=A,, (3.7)
t— o

where Aq [defined in (1.14)] is identified (Appendix A) as
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the largest root of Eq. (1.20). In what follows we shall use
the relations

2 172
o= | L | +a3| -1 (3.8)
and
- w% Z Z 2 ., 172 (1)129
=_TO—=— > + ) +o3 l g;z;

(3.9)

with the understanding that the long-time limit has been
taken.

Equations (3.5)—(3.9) imply that Eq. (3.4) admits a
long-time steady-state solution which satisfies the equa-
tion

kyT 3°F _ OF

S —=0 3.10
M 3n? au— (3.10)
with
2
(0]
a:—% . (3.11)
r —wp

These results are identical in form to the expressions ob-
tained in the Markovian limit [Egs. (2.5) and (2.6)] [note
that Egs. (2.6) and (2.7) imply a=w3/(I'*—w3)]. In this
limit & 3 —w3%, 7—7, and T of Eq. (3.9) becomes indeed
identical to its Markovian equivalent [Eq. (2.9)]. We note,
however, that in the general non-Markovian case we can-
not ascertain that @ > O [thus making the solution of (3.10)
physically relevant] or that this is the only relevant solu-
tion. (See Appendix C.) We proceed with the assumption
that this is indeed so.

Since Egs. (3.10) and (3.11) are identical to their Marko-
vian counterparts, the calculation of Pz and of jp
proceeds as before, yielding

wkyT 12
Pg(x,v)=F,
2Ma
v—|T|x aMz?
Xexp | — {%{UZ-FV(JC) /kgT
(3.12)
and
32 1/2
kgT 2
in=F — exp(—Egp/kpgT) (3.13)
JB LAY arl p B/KpB

with T and @ given by Egs. (3.9) and (3.11).

Turning now to the well dynamics we again assume
that deep in the well the frequency is high enough so that
in the action-angle representation the angle distribution is
uniform and that the Smoluchowski equation for Py, (J,t)
is valid. Instead of Eq. (2.17) we now have to use Eq.
(1.21) which differs from its Markovian counterpart in
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that the function yJ/w(J) is replaced by e(J) defined by
Eq. (1.22). Py satisfies Eq. (2.18) and, adopting the same
source trick as in Sec. II, we take it also to satisfy the
boundary condition (2.19). With the change
vJ /w(J)—€(J) the calculation proceeds as in Sec. II and
we get

Py (J)=Ae —EWN/kgT |\ g fjjl dJ,ﬁeEu')/kBT
(J>Jo) (3.14)
and using
jw=—elJ) kBTdP;}(J) +ao(J)Py(J) (3.15)
Eq. (3.14) leads to
Iw=AksT - (3.16)

Equations (3.14)—(3.16) are the non-Markovian counter-
parts of Egs. (2.24)—(2.26).

To determine the constants F,, A, and B and the transi-
tion point [x =x,, v=0, E=E,, J=J; with E, and J,
satisfying Eqgs. (2.27) and (2.28)] we again use the con-
tinuity requirements (2.29)—(2.31) and the normalization
condition. Equations (2.29) and (2.30) now yield the ana-
logs (@ replaces a) of Egs. (2.32) and (2.33)

172
a+1 Ep/kpT
F,—AM?? |9+ /kpT 3.17
2 2ok T G.17
s 1V
B =m(1+erf{[(@+1)(Ey —E,)/ks T1/?}) | ZFL
a
we 8’k (3.18)

while Eq. (2.31) leads to the analog of (2.34) [which may
also be obtained directly from (2.34) by replacing yJ /w(J)
by e(J)]

_Ep—E, kgT
€X —Qa =
P kgT eJ Do Na+ 1)V
172
Ep—E,
o R 3.19
T (3.19)

For the normalization factor N [Eq. (2.35)] we now get
(see Appendix B)

N =Akp Ty (I, J0) +Srcane] » (3.20)

where S is given by Egs. (2.37) and (2.8) with a replaced
by &, rx,xum is the non-Markovian analog of the Kramers
rate, Eqgs. (1.13) and (1.14), and 7y (J1,Jp), the non-
Markovian analog of the 7 appearing in (2.39), is given by
Eq. (2.24).
The steady-state escape rate is obtained from
Jjw
=2

N
leading to the analog of Eq. (2.40)

(3.21)
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r=[ram (T Jo)+Srcam]™! . (3.22)

This, with 7x vy and Ty given by Egs. (1.13), (1.14), and
(1.24), respectively, is our final result for the escape rate in
the non-Markovian case.

IV. RESULTS AND DISCUSSION

Our final result is represented by the remarkably simple
expression for the escape rate

r=[r(J,Jo)+Sre 170, (4.1)
where
1 It o) E(J)
kpT [s, @ 77 P\ kT
I o EJ)
X fo dJ'exp |— Ky T
1 Jo)= (Niarkovjlan) (4.2a)
1 1 E(J)
d‘]__ o b
kBT f‘IO E(J) & kBT ]
I EWJ")
X fo dJ'exp | — Ky T
(non-Markovian) (4.2b)
®ohg
rg= exp(—Eg/kgT) , (4.3)
2mwp
2 172
12’— +0} ~—§ (Markovian)  (4.4a)
Ao= _ 2 2
. 7(2) — y(t)
tll»n:o [ 2 +w§] T2 J
(non-Markovian) (4.4b)
g Ey dE E 1+R
= — E,—E
S =T J; o) P | T || T2 1B
+2WE—Ey) |,
4.5)
erf{[(a"i‘1)(EB-—E1)/kBT]1/2}
R— (Markovian) (4.6a)
erf{[(&+1)(EB—E1 )/kBT]I/z}
(non-Markovian) . (4.6b)

The functions 7(¢) and @ 3(¢) and the parameters a and @
were defined in previous sections [Egs. (1.15)—(1.19)
(2.6)—(2.7), and (3.8)—(3.11)]. Ay is most easily deter-
mined as the largest positive root of Eq. (1.20) (note that
Ao is identical to the “reactive frequency” A, of Grote and
Hynes®). It should be noted that using the equivalent
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variables J (action) or E (energy) in the integrals of Egs.
(4.2) and (4.5) is done merely for convenience of presenta-
tion, and that «(E) denotes the frequency at energy E
which is equal to w(J) for J =J(E).

The “transition energy” E, and the corresponding ac-
tion J, are obtained as solutions to the equations

Ep—E, kgT Ep—E,
xp|—a kgT | yJila+1)V7 kT
(Markovian) (4.7a)
_Ey—E, kyT
e B a
B €(J1)(0(J1 )(a+1)\/1—r
_ Ez—E, 172
kgT
(non-Markovian) .  (4.7b)
Finally the function e(J) is given by
e)=2M 3 n?|X,(J) | Re{Z,[o(N]} (4.8a)
n=1
and may be shown (Appendix D) to be identical to
€)= [ arziwwonm), (4.8b)

21)

where the correlation function (v(0)v(¢)) corresponds to
the isolated system (no coupling to the heath bath) and
( - -+ ) denotes averaging over the initial phases.

The result (4.1) has the expected form of an overall rate
associated with two consecutive rate processes. 7(J,Jq) is
the mean first passage time to reach the pomt ]1 starting
from the source point J, in the well, while rK is the time
associated with the transition over the barrier. The transi-
tion point between the two regimes is the solution E; (or
Jy) of Eq. (4.7). This is a function of the systems parame-
ters. In particular, it varies between Ep and zero as the
friction ¢ (or the magnitude of the function €) increase
from zero to « (see Fig. 2).

The following points regarding these results should be
noticed:

(a) The result (4.1) yields all the previously derived Kra-
mers limits. To see this consider first the Markovian case.

In the low viscosity limit (y—0) E;—Ep. Equations
(4.3)—(4.5) yield'®
Srflag—exp(EB/kBT) (4.9)
(4]
while Eq. (4.2) leads to 7(J1,Jq)—7(J5,J0),
1 a)(J) EW)
(T Jo) = —= T f dJ T
I E(J')
X [ dr'exp a1 | “0o

which may be evaluated approximately' by noticing that
(for deep wells, Eg >>kpT) the largest contribution to the
integral comes from the neighborhood of J =Jp. Replac-
ing
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E(J’
kgT

—f dJ'ex

by its J =Jp value and evaluating it approximately as

1 E

E(J) B
dJ'ex ~1 _
f kT |~ Tpeo J dEew kpT
kT
~ Jpap
we get
E ksT  Eg/kyT
Jg,Jo)~ dE B°"B
T( B O) JB(I)() fEO exp kBT yJBa)oe

(4.11)

Comparing this to (4.9) we see that for y—0, 7 makes the
dominant contribution to Eq. (4.1) and the rate is given by

—i wolp _ Es
r—1"(Jg,Jo)y kpT exp KT (4.12)
This is a generalization of Eq. (1.4b) (wpJ3=Ejp for the

truncated harmonic-oscillator model).
In the high viscosity limit (y— ) E;—0, R—1, Eq.
(4.5) becomes

@9 EB
S=%T [, <E

exp(—E /kpT)=~1,

1
o(E)
7 becomes small and negligible relative to 5 !, and we re-
cover the familiar Kramers expression r =rg with rg
given by Eq. (4.3).

In the non-Markovian case the situation is very much
the same. In the low friction limit the rate again ap-
proaches 7~ (Jp,J,) now given by Eq. (1.24).17 For very
deep wells this may be shown>® to yield again Eq. (4.12),
where the non-Markovian effects disappear. For wells
which are not too deep the full expression (1.24) for = has
to be used and non-Markovian effects may be appreci-
able.>® In the high friction limit similar arguments as
above lead to r =rg, now given by Egs. (4.3) and (4.4b).

(b) The result, at least for low friction, appears to for-
mally depend on the source point J, that was chosen arbi-
trarily with the condition Eg=E(Jy) <<Eg. In fact, there
is no dependence on J, for those cases where the steady-
state rate is physically meaningful (i.e., where the escape
time scale is much longer than the time scale for thermal
relaxation in the well). In this case if 7(J,J,) in Eq. (4.1)
is not negligible [i.e., if E,=E (J;)>>kpT] then it is also
much larger than the thermal relaxation time. It is there-
fore independent of the starting point J, because starting
from any point on the J, surface a trajectory will first
thermally relax [on a time scale short relative to 7(J,Jp)].

We have checked this point numerically for the poten-
tial of Fig. 1 for the Markovian case and also for the
non-Markovian model, Eqgs. (1.10)—(1.12), for several
values of ¥ and 7.. This was done by calculating 7(J,J¢)
for fixed J; and different values of J, in the range
0,...,5J,. For E,=E(J,)=4kgT the variation in
7(J1,Jo) is about 5% in this range while for E, =10kpgT
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the variation is ~0.1%.
(c) Comparing Eqgs. (4.9) and (4.11) we may get a simple
condition for the validity of the low friction result (4.12)

7T‘}/JB

4.13
T (4.13)

<«<1.

In the truncated harmonic-oscillator model (wo/p=Epg)
this yields

T

—VYEp <<kpT . (4.14)

(2]
Noting that Ez =2(E;z ), where (Eyp ) is the average ki-
netic energy at the barrier, and that y{(E ) is the rate of
energy loss due to thermal relaxation, Eq. (4.14) states that
the amount of energy damped during one period of oscil-
lation should be much less than kg7T. For the Morse os-
cillator yJg =(y /wy)/(Eg/2) (Where wy is the well bottom
frequency) and the interpretation of (4.13) is not as simple.
However, quite generally, it is seen that the behavior is
determined by the dimensionless parameter yJg/kgT so
that departure from the low friction limit occurs on in-

creasing either y or Ep (= f G dJ w(J)). This conclusion
is valid also when Eq. (4.12) cannot be used and the more
rigorous expression (4.10) (or its non-Markovian analog) is
needed.

(d) The transition rate theory (TST) rate is obtained as
the zero friction limit for rg, Eq. (4.3). Equation (4.1) and
the above discussion imply that the rate » approaches zero
for both ¥y—0 and ¥— « and thus goes through a max-
imum for some intermediate y. Denoting this maximum
by 7max, it is easy to see that r,, <rrst (see also Figs. 4
and 5 below). This follows from the fact that r¢, Eq. (4.3)
is a decreasing function of y while S approaches 1 (as
R —1 when Ep —E| becomes large relative to kg T) faster
than rg attains its maximum value (=rrgt). 7. Will be
larger (hence closer to r1gt) for larger Ez. The reason for
this is that for larger Ep the range of validity of the ap-
proximation which neglects 7 relative to Srg ! in Eq. (4.1)
extends to lower values of ¥ and that, for large Eg, S—1
(Ref. 18) and rg becomes equal to rrgr [Eq. (1.6)]. Thus,
the transition state theory result is obtained from Eq. (4.1)
by taking first the large Ep limit, then the small y limit,
while the result (4.12) is approached as ¥ —0 for fixed Ejp.
As seen in the computations described below, for large
ranges of parameters r,,, and, of course, the actual rate »
are appreciably smaller than r1gt in agreement with obser-
vation made in many previous works.!”

(e) The dependence of the rate r on the friction (y or
generally Z), namely, the linear dependence on ¥ and on
y~! for y—0 and for y— w0, respectively, is related to
the presence of the two consecutive processes. The rate of
energy accumulation in the well is proportional to y
which measures the strength of coupling of the system to
the surrounding thermal bath. For low friction this be-
comes the rate determining step. For high friction the
barrier crossing becomes the rate determining step and it
becomes inversely proportional to the friction.

For a double well appropriate for modeling isomeriza-
tion processes there is another mechanism that makes the
rate linear in ¥ for small y—the back scattering of unre-
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laxed particles from the far wall of the product well. This
effect has been investigated numerically by Montgomery,
Chandler, and Berne®® and will be discussed within the
present formalism in a separate publication.?!

(f) A simple approximation to (4.1) may be tried. In
this approximation we replace 7(J;,Jy) by the Kramers
approximation

kT
(T, J o)~ WB exp(E, /kzT) (Markovian) (4.15a)

1@o

noting that the same kind of approximation also leads to

kT
7(J1,J0)=~ c = exp(E,/kgT) (non-Markovian) .

(Jo(J 1 )wg
(4.15b)
We also replace S by 1, noting that it takes this value if y

is large enough for the Srg! term to dominate Eq. (4.1).
With these approximations we get

kpT
= G(Jl )w(J1 )C()() ¢

—1

E /kgT (4.16)

2m0p  Ey/k,T
—e
Aowo

where A is given by (4.4) and where the factor e(J)w(J;)
goes to yJ; in the Markovian limit. Comparing results
based on (4.16) to those obtained using Eq. (4.1) we have
seen that Eq. (4.16) provides a reasonable approximation
(error less than 20%) in the Markovian limit; however, it
seems to fail in non-Markovian cases.

To further investigate the dependence of the steady-
state rate on the parameters characterizing the system we
have carried numerical computations of Eq. (4.1). This
involves numerical integrations of Eq. (4.2) and of Egs.
(4.5) and (4.6) and a numerical solution (by iteration) of
Eq. (4.7) to find E;. All these are simple numerical pro-
cedures. In the non-Markovian case we also have to ob-,
tain Aq [by solving Eq. (1.20)] and e(J). The procedure
used for the latter is described in Appendix D.

The potential used for these calculations is

2

V(x)=D |exp —exp (4.17)

b

for which we have taken a/b=20. This implies
Ep=0.658D and wy/wp=>5.236. This potential is shown
in Fig. 1. In Fig. 2 we show the results for E, as a func-
tion of the friction y obtained from Egs. (4.7) for the
Markovian case, wo7,=0, and for the non-Markovian
model, Egs. (1.10)—(1.12) with wyr,=10. As seen in Fig.
2, E, is close to Ep for low friction and is decreased
abruptly to zero in the range y ~0.1 - - - 1.0w,.
Non-Markovian effects enter into our results in the bar-
rier functions, Eq: (1.14)—(1.20), and in the well function
€(J), Egs. (1.22) and (D5). The former were investigated
by Grote and Hynes.® Figure 3 depicts the behavior of the
function e(J)w(J)/yJ (which is unity in the Markovian
limit) calculated for the potential of Fig. 1 and the model
(1.10)—(1.12). We see that the deviation of this function
from its Markovian limit are large through almost all the
energy range. It should be noted, however, that for cases
where the escape is dominated by the dynamics very close
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FIG. 3. e(J)o(J)/yJ vs J/Jg. Solid line: wor,=0. Dashed
line: wor,=2. Dotted-dashed line: wor,=4. Dotted line:
w7, =10.

to the barrier top (very deep wells and friction not too
small) this will not affect the escape rate (but will have
strong effects on the rate of energy relaxation in the well).

Figures 4 and 5 display the behavior of the escape rate,
Eq. (4.1) as a function of the friction for the potential
(4.17) with barrier energies 4kzT and 10k T and for dif-
ferent values of the correlation time 7.. These results
display the features discussed above. We have also com-
pared some of our results in Fig. 4 to numerical simula-
tions using stochastic classical trajectories based on Egs.
(1.7) and (1.8). Excellent agreement with the analytical re-
sults is obtained. Similar agreement in the non-
Maslrkovian low viscosity case has been obtained previous-
ly.

The numerical results obtained above (Figs. 4 and 5)
show that the range of weak dependence on the friction y

1.0 T T T

FIG. 4. Escape rate r as a function of friction y for a particle
moving in the potential (4.17) with a/b=20 (implying
Ep=0.6580 and wy/wp=5.236) and with Ez=4kzT. Solid line:
woT. =0. Dashed line: wor.=2. Dotted-dashed line: wqr.=4.
Dotted line: wy7,=10. Circles with error bars are results of nu-
merical simulations based on the Langevin equation (1.7).
Closed circles: wor, =0. Open circles: wgr, =4.
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FIG. 5. Same as for Fig. 4 with Eg=10kpT.

may be as large as one decade of the friction. This ex-
plains the success of transition state theory which, with a
corrective “steric” factor can account for many condensed
phase reactions. As seen from the present result this
correction factor is not necessarily steric in origin. To go
from the friction scale used in this study to the experi-
mental viscosity scale is a rather ambiguous process which
involves some bold assumptions.”? If we adopt the sim-
plest hard-sphere relation y =n7nR /M, where n is an in-
teger depending on the (slip or stick) boundary condition
on the particle’s surface and where 7 is the solvent’s
viscosity, we obtain ¥ ~10'2—10'* sec™! for a range of
normal solvents at normal temperature. Typical values of
the parameters characterizing the potential surface are
wo~ 10"*—10"° sec™! and wg ~ 10210 sec™!. In addi-
tion to this, it should be kept in mind that the actual time
scale for thermal relaxation is determined not by y but by
Z(w) [where w is the local frequency, i.e., w(J) in the well
and wp during the barrier crossing] which is less than y
and which, deep in the well, may be in fact orders of mag-
nitude smaller than 7.2* Unfortunately, no reliable results
for Z(w) in liquids exist in the molecular frequency
range.?*

There have been in recent years a number of experimen-
tal works?>~?7 in which chemical reaction rates were stud-
ied as functions of pressure and solvent viscosity. Most
relevant to the present work are the results of Velsko,
Waldeck, and Fleming?®® on the isomerization rate of
3.3’ diethyloxadicarbocyanine iodide which were interpret-
ed using non-Markovian barrier dynamics?*>2%2® and the
results of Hasha, Eguchi, and Jonas?’ which have demon-
strated for the conformational isomerization of cyclohex-
ane that the rate indeed goes through a maximum as a
function of the solvent viscosity, as implied by Eq. (4.1) or
the approximation (4.16). A fuller discussion of these re-
sults should, however, be made in terms of a double well
model.?!

V. CONCLUSION

In this paper we have derived a general expression for
the escape rate of a particle out of a potential well. Our
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result, Eq. (4.1), is valid for Markovian as well as for
non-Markovian dynamics and throughout all the friction
range. A simple approximation to (4.1), Eq. (4.16), has
been shown to be quite accurate for most applications.
These results should be useful as simple models for chemi-
cal reactions in condensed phases. The formalism used in
the present work is applicable also for more complicated
situations (double well, location dependent friction and

multimode dynamics). Work in these directions is
currently in progress.
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APPENDIX A

Here we show that A, appearing in Eq. (1.14),

. 2 172
Ao=t1_i:r:°[l Z;L’ +33(2) —3’%] (A1)

is the largest (real and positive) root of [Eq. (1.20)]

A2—0% +AZ(—ir)=0. (A2)

This result was previously obtained by Hanggi and is stat-
ed without proof in Eq. (4.20) of Ref. 4(b). The roots of
these equations are poles of p(A) [Eq. (1.19)]

1
2_ 2 Sy
A —wp+AZ(—i))

)= (A3)

The same poles govern the motion of a particle moving
according to the equation of motion

$=ohx— [ drZ(t—ni(r). (A4)

For this motion, on an inverted parabolic potential we ex-
pect the real part of some of the poles to be positive. The
imaginary part of the root with the largest positive real
part should vanish (otherwise the long-time motion would
appear as oscillation between the two sides of the potential
barrier). Turning to the calculation of the right-hand side
(rhs) of Eq. (A1) we first assume that Eq. (A3) may be
written in the following form:

M= E’;’ Com (A5)
P _n=0m=1 ()"_;‘n)m ’

where M, is the multiplicity of the nth pole. The poles

are in a decreasing order of their real part:

Ao>ReA;>Rery> -+« . (A6)

The function p(¢#) may be obtained by taking the inverse
Laplace transform of Eq. (AS5)

(=3 § Cnm_ym—1ghat
plt)= —_— e .
n=0m=1 (m —1)
We now use Eq. (A7) in Egs. (1.15)—(1.18) where we
keep in the above expansion only leading terms at a long
enough time. The procedure described below indicates

(A7)
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that the following terms should be considered:
PI NG i Wl VL
+ BT (A8)
where
B,=Cou,/(Mo—1),
B2=C0,M0_1/(M0—2)! )
(A9)

B3=C1,M1/(M1——1)! ’
B4=C2,M2/(M2—1)! .

Note that the term involving 97 in the rhs of Eq. (A8)
appears only if My > 1.

We distinguish between three different cases: case 1—
My=1 and A;=A}; case 2—My,=1 and ReA;>Rel,,
ImA,=0; case 3—M, > 1. For these three cases we evalu-
ate 7(¢) and @ (¢) in the limit t— co.

Case 1:
In this case M| =M, and B; =B, and we denote
AM=p+iv. (A10)
using this in Eq. (A8) we get
p(t)—B e’ +2e#t™1 7 Re(Bye ™) (A11)

and when we use Eq. (All) to evaluate Egs. (1.17) and
(1.18) we find

_ B3(Ao—A)?
D(1)—>203 By 0T M T IRe | 220 i |
Ao
(A12)
O(1)—20}Be "M M T Re(By(Ag— A, )2e ™) |
(A13)
Inserting the last results into Eqgs. (1.15) and (1.16) we get
7(t)—> —[Ag+u—vD(1)], (A14)
®%(t)—>—A[u—vD(1)], (A15)
where
_ 33(xo_x1)ze,.w]
Aoh
D= e~ (A16)
‘B3(}L0_}\'l) ivt
e|—————¢
AoA

Note that 7(z) and @ %(¢) do not approach any limit since
D (t) oscillates.

Case 2:
In this case the leading terms of Eq. (A8) are

p(t)——)B]ekot-FB:;tMl_leAlt .

Using this for Eq. (1.17) and (1.18) we find

(A17)
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B1B3(Ao—M)* M, —1 (hgihpr
—_—1 e ,

(1) —w} e (A18)
O(t)—>Aoh P(2) . (A19)
Inserting the last results into Eq. (1.15) and (1.16) we get
y(t)——(Ao+Ay) , (A20)
B 3(t)——Aoh, . (A21)

Case 3:
In this case only the first two terms of the rhs of Eq.
(A8) remain

p(1)— (B0 B0t (A22)
From Egs. (1.17) and (1.18) we get
2
w —
() — TB—(MO—I)BltM" M (A23)
0
O(t)—>A3d(1) . (A24)

By substituting Egs. (A23) and (A24) into Egs. (1.15) and
(1.16) we obtain

(A25)
By(1)——A35. (A26)

In all these cases [Egs. (Al4) and (A1l5) (A20) and
(A21), and (A25) and (A26)] we get

7([‘)—)—2)\0 >

2 172
3%’1 +330| — %qxo (A27)
which is the desired result.
APPENDIX B

Here we calculate approximately the normalization fac-
tor

N= fi)wdx f_:va(x,v) . (B1)

We use the expressions derived in Sec. III (non-Markovian
case) from which the Markovian counterparts may be
easily obtained by replacing @ by a and e(J) by yJ /w(J).
Thus,

M
M pon, J<J
P(x,v)=1 2 wll), J<Jy (B2)

Pp(x,v), x>x,

where Py (J) and Pg(x,v) are given by

—E(J)/kgT
Aoe B 5 JSJ()

Py ()= (B3)

—EW/kgT v dJ' EW/kgT
Ae B+ [, e ,
Jo<J <J,y

where

v d]  EW/kgT
Ao=4 B+ [, (B4)
and
172
mkpT v—|T|x aMz?
Pg(x,v)=F d —
5(%0)=F; | | =~ + [, zexp |~
xexp[ —E (x,v)/kgT] , (BS)
where
2
En=Y" 1 yix). (B6)

F, and B are given in terms of 4 by Egs. (3.17) and (3.18).
The required normalization factor will be calculated as a
sum of three terms

N=Ny+Ng+N'. (B7)
Ny is the contribution from the J <J; region
Ny= [dx [ dvP(x,0)n(E,—E (x,v)) (BS)

[7(E)=1 for E>0, n(E)=0 for E <0]. Using Eq. (B2)
this may also be written in the form (note that
dx dv—1/MdJ do)

Jl
Ny= [ dIPy(). (BY)

Np is the contribution from the barrier region

0 w
Np= fxldx f_wvaB(x,v). (B10)

N’ is the contribution from the region E > E{, x <X
N=["dx [ dwPxumExp—E). B

This is the most problematic contribution since we do not
actually have an expression for P (x,v) in this region.

Evaluation of Ny: Inserting Egs. (B3) and (B4) into
(B9) we get

J
Nw=4B [ 'dre """
Y1 dJ]  EW/kT —EW)/kgT
_ dJ B
Jo e Jy e
—E(J)/kBTf‘Il ar_,
J elJ’)

+4

Iy EUJ)/kgT
+4 [, dle :

Integrating the third term in this expression by parts it
can be shown to be equal to

le dJ eE(J)/kBTdeJ,e—E(J')/kBT
Jo €(J) Jo ’

Adding the second and third terms together we finally ob-
tain

—EW/kyT

J
Ny=4B [, "dre + Ak T, (B12)

where
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1 v dJ LEWV/ksT
kgT Y90 €J)

is the mean first passage time to reach J, starting from

Jo (0<Jy <J1) given a reflecting barrier at J=0.
Evaluatign of Np: First calculate the function

C(x)= f dv Pg(x,v). Using Egs. (B5) and (B6) it takes

(B13)

J —E(J")/kgT
T= fO dJ'e B

the form
—Vix kT
C(x)=Fye VT ——B—12—+L (x) (B14)
M@)"
where
® My?
L(x)= f_wdv exp | — 2k, T
v—|T|x aMz?
X fO dzexp | — m (B15)
L (x) is calculated by first evaluating its derivative
dL (x) ® My?
—==—|T d —
e N L R T
exp | @MW~ |T |x)
P 2y T
(B16)
The v integral may be evaluated to give
172
dLx) _ | 2mkpT exp | — Malx?
dx M(a+1) 2kpT(a+1)
(B17)

From (B15) it follows that L (x=0)=0 [the integrand in
(B15) is then an odd function of v]. Therefore, by in-
tegrating (B17) we get

172

Lix)—— wkgT . Mar?
M@)\? 2kpT(@+1)
_ wkgT er Marlx? 12
M(@)'? 2kpT(@+1)
for x <0. (B18)

Finally we use Eq. (3.11) to show that al'2/(@ + 1)=w3.
Equations (B14) and (B18) then give

C(x)=F2—MZ(%% —V(x)/kyT
1+erf M 1/2] ] (B19)
2kpT
for which N, B is obtained as
Np=J" 1, 9x Clx (B20)

Evaluation of N’. As noted above the exact form of the
distribution P(x,v) is not known in the x <x, E > E| re-
gion. However, an approximate expression for N’ valid
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for deep enough wells may be obtained using the observa-
tion that for low friction E; >>kpT [E,, the solution of
Eq. (3.19), is depicted in Fig. 2] and N’ (as well as Np) is
negligible relative to Ny, while for large friction (where
E, is smaller and N’ may contribute significantly) the dis-
tribution in the x <x;, E > E, region (as well as in the
E < E,| region) may be taken as the Boltzman distribution
from Pg(x,v) for x— — o [Eq. (2.14) with a replaced by
@]. This leads to

2ﬂ'kBT
Ma

E(x,v)
kpT

N'=F,

f_ dx f dvexp | —

Xﬂ(E(X,U)—El) .

(B21)

Using now Egs. (B7), (B12), (B19), (B20), (B21), and
(3.18) we obtain

172
N=dkpTr+a |[ZEL | 5™ 01, 41, +15)
a
(B22)
with
Il=;1;—(1+erf{[(c‘z+1)(EB—E1)/kBT]‘/2})
J
% foldje-—E(J)/kBT, (B23)
* o
I,= f_lwdx f_ dv exp[ —E (x,v) /kp T1n[E (x,v)
—-El] ’
(B24)
12
7wk T 0
= 2}"; fx1 dx exp[ —V(x)/kpT]
Lterf Maodx? |\
Xy 1l+4er kT .
(B25)
Consider first 7;. Denote
R =erf{[(@+ 1 )(Ep—E;)/kpT]'?} (B26)

and note that
27 [l f()=M [ dx [dvf[J(xp)].

Therefore,

0 ©
=238 (7 e [ v expl—E G017k T

Xn(E{—E(x,v)) . (B27)

Next consider I;. We remind ourselves that the term
containing I3(Np) may contribute significantly to the to-
tal sum N only for large enough ¥ (small E;; this is a
similar argument used before to evaluate N’). In the x in-
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tegral appearing in I the close neighborhood of x; contri-
butes dominantly and if

(%)MCO%X% =EB _El >>kET
we may replace the error function in I3 by unity. Hence,

172

21TkBT 0
f dx exp[ —V(x)/kpT]
X1

M

3~

0 ©
= fxldx f_wdvexp[—E(x,v)/kBT]. (B28)

Note that since x; is the lower limit in the x integration
the energy range in the latter integral is automatically lim-
ited to E(x,v) > E ;. From Egs. (B28) and (B24) we obtain
0
I,+I;= f dx fw dv exp[ —E (x,v)/kpT]
— —
Xn(E (x,v)—E) (B29)

and also using (B27) together with the transformation

1 2 dE
fdxfdv=—j‘;fdffd(p=—;;* ;(F)

(for an integrand which depends on E only), noting also
that for Eg>>kpT we can limit the E integration to
E <Ep, we get

2r E8 dE —E/T | 14R
Li4+L+1;="2 [ 7= B =B, —
1+L2+13 M Yo oE) 2 n(E,—E)
+ TI(E —Ex)
(B30)
Finally, we use Eq. (B22) and the identity
1/2
a1 o
af = 3 £ 72 (B31)
a — —
L) -
together with
2 172
Wo Y —
TRNM = 2rwp { % +w129
— % ]exp( —Ep/kgT) (B32)

to arrive at Eq. (3.20).

APPENDIX C

Define T'(¢) as the solution of the quadratic equation

;)(z) =y(t)+T(2) w;%t) , (C1)
namely,
T()=— ©f {7(t)+ 7(2) 2+5§(t)]1/2}.
o) | 2 7 2

(C2)
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These two roots may be written in the forms

—_ wpg

= 7 77 » (C3)
Y_||Z]| 452
2 2 | Tes

—_ Wp

Fzz _ [ _ ) i/2 - (C4)
J£—+ 12’— +3%

The condition (3.6) is equivalent to the requirement
I'= lim T(2) . (C5)
t— o0

If this limit exists then Eq. (3.4) admits a steady-state
solution which satisfies the equation
kgT d*Fr _ dF

M dn? -{—auE:O (C6)

with

wp

—F . (cn
r? —co%;

a=
The existence of a limit is insured for I'; (see Appendix
A). Note that T, is also the root which in the Markovian
limit (&% —w%,7—y) becomes T of Eq. (2.9) and which
in this limit yields @—a. In contrast to the Markovian
case we could neither prove generally that
03/(T?—w%)>0 nor that ©3/(T' 3—w%)>0. Thus, there
is no absolute insurance that only one of the roots ob-
tained here or that any of them corresponds to a physical-
ly relevant solution. The same problem exists in the for-
mations of Grote and Hynes® and of Hanggi and Mojta-
bai.* Here we follow these authors in choosing T'; as the
only relevant root and in assuming that the corresponding
@ is positive.

APPENDIX D

Here we provide some details concerning the numerical
evaluation of the function e(J) given by [cf. Eq. (1.22)]

eD=2M 3 n?| X,())| Re{Z, (0]} . (D)

n=1

Taking the derivative of Eq. (1.23) with respect to time
[using dp/dt =w(J)] we get

v=x=iw(J) i nx, (J)exp(ing) (D2)

n=—o
and hence,

V(0 (1) = —*(J) i i nmx,, (J)x,,(J)

n=—o Mm=—o

Xexpli(n +m)pg

+inw(J)t],
(D3)
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where @o=¢(t=0). Averaging (D3) over the initial

phases, using
2
fO d¢Oexp[i (n +m)eo] =27Tsn, —-m >

we get

(w0 (1)) =w*J) i n?| x,(J) | 2exp[ino(J)t] .

e (D4)
Comparing Egs. (D1) and (D4) we have
M ©
€=—" [, dtzwopm) . (D5)
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This result was originally obtained by Grote and Hynes.°
Since Z (t) is usually a rapidly decaying function of time,
this provides a convenient way to evaluate €(J). This is
done by solving for the isolated system trajectory for the
energy E(J) [using Eq. (1.7) without the Z and R terms],
evaluating (v (0)v(¢)) as

o(J)
- $druw+m)

(45 denotes integration over a period) and then perform-
ing the second integral in Eq. (D5) to obtain e(J).
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