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Abstract. The energy diffusion controlled reaction rate of a reacting particle with linear weak damping
and broad-band noise excitation is studied by using the stochastic averaging method. First, the stochastic
averaging method for strongly nonlinear oscillators under broad-band noise excitation using generalized
harmonic functions is briefly introduced. Then, the reaction rate of the classical Kramers’ reacting model
with linear weak damping and broad-band noise excitation is investigated by using the stochastic averaging
method. The averaged It6 stochastic differential equation describing the energy diffusion and the Pontryagin
equation governing the mean first-passage time (MFPT) are established. The energy diffusion controlled
reaction rate is obtained as the inverse of the MFPT by solving the Pontryagin equation. The results of
two special cases of broad-band noises, i.e. the harmonic noise and the exponentially corrected noise, are
discussed in details. It is demonstrated that the general expression of reaction rate derived by the authors
can be reduced to the classical ones via linear approximation and high potential barrier approximation.
The good agreement with the results of the Monte Carlo simulation verifies that the reaction rate can be
well predicted using the stochastic averaging method.

PACS. 02.50.-r Probability theory, stochastic processes, and statistics — 05.40.-a Fluctuation phenomena,

random processes, noise, and Brownian motion — 05.45.-a Nonlinear dynamics and chaos

1 Introduction

The development of the reaction rate theory began in the
19th century with the observation of Arrhenius that the
log of reaction rate is proportional to the reciprocal tem-
perature. Modern reaction rate theory is based on the pio-
neering research works performed by Eyring, Kramers and
etc., which are of basic importance for the understanding
of the features of reactions [1-3]. Kramers’ classical reac-
tion theory describes reaction as transiting potential bar-
rier of a particle under action of random force. One crucial
point in the Kramers’ theory on the transition rate is the
white noise assumption about the character of the random
force acting on the particle. In practice, especially under
the effect of nonlinear collision, however, the white noise
assumption may be not satisfied. As the real random force
may have various power spectral densities (PSD), it is sig-
nificant to investigate the transition rates in the case of
colored noises including the harmonic noise and exponen-
tially correlated noise [4-11].

The reaction rate of bistable potential driven by
colored noises has been obtained by dealing with the
Smoluchowski equation [3-7] short of the inertial term.
Although the formula so obtained is simpler, it is valid
only for overdamped cases. The explicit expression of es-
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cape rate in a Morse potential well with memory kernel
friction and exponentially correlated noise was derived by
Carmeli and Nitzan [12]. According to the view that the
escape dynamics is determined by the motion along the
unstable normal mode, Pollak et al. studied the turnover
problem of reacting particles moving in a piecewise con-
tinuous parabolic potential and exponentially decaying
memory [13]. In the case of exponentially correlated noise,
by using analogue computers, Marchesoni et al. have re-
ported that the 7-dependent of transition rate k(7) is dif-
ferent in the overdamped case (~exp(—koo7)) and under-
damped limit (~exp(—ko7?)) [5]. Other than the case of
overdamped friction and exponentially correlated noise,
there is no exhaustive theory to obtain the reaction rate
in the case of underdamped friction and general broad-
band colored noises.

In this paper, we apply the stochastic averaging
method to study the reaction rate of a reacting particle
driven by broad-band noises and with linear weak damp-
ing. In Section 2, the stochastic averaging method [14,15]
is introduced as well as the concept of generalized har-
monic functions, and the averaged It6 equation govern-
ing the energy diffusion process and the corresponding
Pontryagin equation governing the MFPT are established.
The analytical expression for the transition rate as the
inverse of the MFPT [16] is obtained by solving the
Pontryagin equation in Section 3. As PSD is included in
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the final formula for the transition rate, the analytical re-
sult is valid for all cases of broad-band noises. As two ex-
amples, the results for two special broad-band noises, i.e.,
the harmonic noise and exponentially correlated noise, are
discussed in Section 4. It is shown that the general ex-
pression of reaction rate obtained in this paper can be
reduced to the Kramers’ rate for Gaussian white noise
and Marchesoni’s approximate formula for exponentially
correlated noise through linear approximation and high
potential barrier approximation [5]. The corresponding
Monte Carlo simulation is conducted to verify the the-
oretical results and to determine the applicability range
of the stochastic averaging method.

2 Stochastic averaging method based
reaction rate prediction

For a strongly nonlinear system with single degree of free-
dom and subject to broad-band noises excitation, the gov-
erning equation can be written as

X +ey(X, X)X +g(X) =23 (X, X)&(t) (1)
k=1

where ¢g(X) is the strongly nonlinear conservative force,
¢ denotes a small parameter, ev(X, X ) is the coefficient
of quasi-linear weak damping, £'/2f(X, X) are the am-
plitudes of random weak excitations, and & (t) are the
stationary broad-band random processes with correlation
function Ry (1) = E[&k(t)&(t + 7)] or PSD Sk (w).

The conservative Hamiltonian system associated with
system (1) is governed by

Z+g(zx)=0. (2)
The potential U(z) is defined as

Ulz) = / " g(u)du. (3)

The functions g(z) and U(x) are assumed to satisfy the
following four conditions:

(i) 9(0)=0;

(ii) There exists a point xyp > 0 such that g(zo) # 0 and
U(zo) > 0;

(iii) A point z; < 0 can be found such that g(z1) # 0 and
U(x1) = U(zo);

(iv) For all z1 < = <z, U(x) < U(xo).

Under these conditions, the Hamiltonian system (2) has

periodic solution [14]

x(t) = acosp(t) + b,

L(t) = —av(a, ¢) sin ¢(t),

o(t) = ¥(t) +0(t) (4)
where a is the amplitude and b is the symmetric cen-
ter coordinate of displacement; v(a, ) is the instanta-

neous angular frequency; 0(t) is the phase angle differ-
ence. cos ¢(t) and sin ¢(t) are called generalized harmonic
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functions. From equations (3) and (4), one can derive the
following relations:

Ula +b) = U(—a +b) (5)
(e d) = dzz_it) _ \/Q(U(a—i—le—Sggc;cosqb-i-b)) ©)

a, b and v(a, ¢) can be obtained by solving equations (5)
and (6). It is noted that the instantaneous angular fre-
quency v(a, @) is a function of a and phase angle ¢. Sub-
sequently, a new variable h is introduced to denote db/da.
The explicit expression for A is

db g(—a+b)+gla+bd)

"Cw T gCarn gy O

The angular frequency v (a,¢) can be expanded into
Fourier series with respect to ¢

(0.9) = gun(a) + D vala)cosns ()
where vg(a)/2 is the mean angular frequency
1 1 2T
af0) = 5@ = 3= [ @ ©)

Based on this, the following approximate relation will be
used in the stochastic averaging operation:

o(t) = wola)t + 6(t).

For small e, the response of quasi Hamiltonian system (1)
is random periodic and of the form

(10)

X(t) = Acos®(t) + B,
X(t) = —Av(A, ) sin P(t),

B(t) = W(t) + O(t). (11)

By regarding equation (11) as a transformation from X,

X to A, @, the following equations about amplitude 4 and
phase angle ¢ can be obtained from equation (1) [14]:

dA

— = emi (A, @) + ' 201 (A, ®)Ex(t),

WP a4, ®) + €20 (A, D) (1)

= ema(4, o2k (A, )&k (1),
k:172’...’m, (12)

where

my = —A*Gy(Acosd + B, —Avsin &)v? sin’ &,

my = —AGy(Acos @+ B, — Avsin ®)v*(cos &+ H) sin &,
o1k = —AGfr(Acos® + B, —Avsin P)vsin §,
—Gfr(Acos® + B, —AvsinP)v(cos P + H). (13)

02k

in which v = v(A,®) and G =1/ [g(A+ B)(1 + H)].
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Based on the Stratonovich-Khasminskii limit theo-
rem [17,18], the amplitude process A(t) in equation (12)
converges weakly to a diffusion process as € — 0 in a time
interval T oc 0(¢~1). This limiting diffusion process is gov-
erned by the following averaged It6 equation:

dA = m(A)dt + o(A)dW (¢) (14)

where W (t) is unit Wiener process. The drift coefficient
and diffusion coefficient in equation (14) are

m(A) = <m1 + /_OOo <(301k/a‘4) ‘t0”|t+r

+(010/00) | 0w, ) R <T>dT> ,

t

)= ([ (el Butriar)

k,l=1,2,---,m. (15)
where (-), denotes the time averaging operation, i.e.,
1 /T
0= Jim £ [ ar (16)

In order to avoid the difficult time averaging, it is replaced
by space averaging with respect to the phase angle é. To
obtain the explicit expressions for m(A) and o2(A), first
expand those terms such as doy/0A, o1; and etc. into
Fourier series with respect to @, integrate with respect to 7
and then average with respect to @ using the approximate
relations in equation (10).

Note that there is a deterministic relation between the
amplitude A and the total energy F, i.e.,

E=U(A+B)=U(-A+B). (17)

Eliminating B in equation (17) yields deterministic func-
tion E = E(A). The It6 equation governing energy E can
be obtained from the Ité equation (14) by using the It6
differential rule as following:

dE = m(E)dt + ¢*(E)dW (t) (18)

where the drift coefficient and diffusion coefficient are

() mves () o}
52(E) = {(%)QUQ(A)}

Since we are interested in the behavior of transition over
a potential barrier, the Pontryagin equation governing
MFPT is derived from equation (18) as:

m(E) =

Y
A=U-1(E)-B

(19)

A=U-1(E)-B

0%

( O)é)—Eg:*l

(20)

where 7 is the MFPT which is a function of initial en-
ergy FEy. Here, the first-passage time of energy process

E(t) is defined as the time when energy reaches critical
value E¢ for the first time given the initial energy Ejy
(Emin < Ey < E¢). The boundary conditions associated
with equation (20) are

7(Eo = Epmin) = finite, 7(Eo = Ec)=0.  (21)
Under the boundary conditions in equation (21), the fol-
lowing solution to equation (20) can be obtained:

Ec w1 u -
T(Eo) = 2/ du/ —— exp {—2/ Z(w) dw] dv.
Eo 0 0%(v) v 0% (w)
(22)
Based on the equivalence of reaction rate and the inverse

of MFPT [16], the energy diffusion controlled transition
rate with initial energy Ej is

It should be noted that p = 1 is valid only in the case of
single metastable potential and in the case of bistable po-
tential with disregarding the backward transition. When
both of the forward and backward transition are consid-
ered, p for bistable potential is equal to 2 in symmetric
case and is determined by the ratio of phase volumes of
the two states in asymmetric case [3].

3 Reaction rate of a particle excited
by broad-band noise

In this section, the transition rate of a reacting particle
with one-dimensional general potential and broad-band
colored noise excitation is studied by using the stochastic
averaging method introduced in the previous section. The
equation of the system is of the form

X + ey X 4 g(X) = e'/2%¢(t) (24)

where g(X) = w2 X + X2 + aX? and the potential

U(X)=wiX?/2+BX3/3+aX*/4 (25)
satisfy the four conditions (i)—(iv) listed in the last section.
&(t) is a broad-band colored noise with PSD S(w). The
small parameter € in equation (24) is combined with the
damping coefficient v and noise £(¢) so that the damping
force and the random excitation are weak. Several pat-
terns of potentials such as single metastable, symmetric
and asymmetric bistable potentials can be obtained from
equation (25) through varying the parameters wp, 8 and a.

Following the procedure described in Section 2, we ob-
tain the following expression for MFPT:

AU u U =
1
7(0) = 2/ du/ ——— exp {—2/ 7_7;(111) dw] dv
0 0 0%(v) v 0% (w)
(26)
where initial energy Ey = 0 and potential barrier E¢ =

AU. The two coefficients m(E) and 5%(E) in equation (26)
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are evaluated as follows using equation (19):

TGA

—7GA?
S <8w3 +16BS + 5A% + 24BQa>+T

16
Xy {(Ui — Vit2)
1=0

+ (i + 1)(vs + 2Hvig1 + viq2)G

m(A)

d(GA(’Uz — Ui+2))

dA
S((i + 1)w0) }

o2(A) = ”GzAQ i [(ui - vi+2)25((i + 1)w0)] (27)

=0

where G, B, H, v; and @y can be obtained directly or
indirectly by replacing a, b and h in equations (7-9), (13)
with A, B and H, respectively.

The reaction rate is thus achieved using equation (23)
where 1 depends on the pattern of the potential and
whether or not the backward transition is considered.

4 Reaction rate in two special broad-band
noise cases

4.1 Harmonic noise

A harmonic noise can be produced from a harmonic oscil-
lator driven by a Gaussian white noise. The PSD of the
harmonic noise is of the form

D
T (W?T? + (w2 — 22)2)

Sw) = (28)
where I' and {2 are the damping coefficient and natu-
ral frequency of the harmonic oscillator, respectively; 2D
is the intensity of the input Gaussian white noise. The
Einstein relation D = vykgT is applicable here, where kp
is the Boltzmann constant, T is the temperature of the
thermal environment and « is the damping coefficient.
The PSD in equation (28) for three I" values are shown
in Figure 1 using solid line. It is seen that many kinds
of PSD including those for broad-band, flat narrow-band
and narrow-band noises can be produced by adjusting D,
I' and {2.

The classical Kramers bistable model is used in the
following to illuminate the prediction of transition rate
using the proposed method. A reacting particle moving
in Kramers bistable potential is shown in Figure 2. The
potential is defined as

UX)=e1X%— \[e162X3 + %X‘l, £1,62 > 0. (29)
The potential barrier between the two stable equilib-

rium positions is AU = €% /4e5. The parameters in equa-
tion (25) for this special case are

wo = V21, [=-3e162, a=¢es. (30)
Substituting equations (28) and (30) into equa-

tions (27), (19), (26) and (23) in sequence, the transition
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Fig. 1. The PSD of harmonic noise (28) with D = 0.2, 2 =3

denoted by solid line and the PSD of exponentially corre-
lated noise (37) with D = 0.002 denoted by dashed line ----- .

0.4

0.3
< L
= 0.2

Reacting Particle
0.1 -
0.... (AT SR ST T NN R S ST S BN R S
-0.5 0 0.5 NENER
X £

Fig. 2. A reacting particle moving in the classical Kramers
bistable potential governed by equation (29) with e1 = 1,
ea =1.

rate of a reacting particle in Kramers bistable potential
can be evaluated.

It is noted that the general expression for transition
rate in equations (26) and (23) can be reduced to the
classical Kramers rate [2] by the following reasoning: (i) In
the case of linear approximation, i.e., harmonic potential
approximation, the nonlinear parameters 6 and « vanish
and thus g(X) = w2 X?. The following parameters can be
obtained from equations (5-9)

wo(A) =wo, B=0, H=0, v;(A) =0, (i=1,2,--).
(31)
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Substituting equation (31) into equations (27) and (19),
one can obtain the reduced drift coefficients and diffusion
coefficients

1 s
A) = —yA+ T
m(A) = =574+ 573
m(E) = —vyE + 7S(wp),

7r
S(wo), 02(A) = —5(wo),
“o
o%(E) = 2rES(wo).  (32)
Substituting m(E) and 62(E) in equation (32) into equa-
tions (26) and (23), a simplified expression for the transi-
tion rate can be derived as:

~yAU

1 (Zet—1 \
kp=1|— dt 7 =
E (’y/o t ) ’ 7S (wo)

(ii) If the potential barrier AU is sufficiently high, i.e.,
~AU /7S(wp) > 1, considering the following limit

Z it
et —1 1
dt/]—e?| =1
Z~>oo|:/0 t /Ze‘|

(33)

lim (34)

we can obtain a simplified expression for the transition

rate: 2 AU AU
Y —
[
E 7S (wo) xp <7r5’(w0)>

(iii) Furthermore, in the case of white noise S(wo) = D/,
noting the Einstein relation D = ~vkpT', the transition rate

can be simplified as:
AU
P\ keT

which is the same as that given by Kramers for the case
of weak damping and white noise [2].

Some numerical results obtained by using the proposed
method and from Monte Carlo simulations are shown in
Figure 3, where solid lines represent for analytical results,
o, ¢, B for the simulation results of energy controlled tran-
sition rate, and o, <), O for the simulation results of spa-
tial transition rate. The spatial transition rate is the in-
verse of the MFPT for the first-passage of displacement
X(t) > y/e1/e2 (see Fig. 2). It is indicated that in the case
of weak damping the two rates are close to each other and
the analytical results agree well with both of simulation
results. It is shown in Figure 4 that equation (23) is valid
for various shapes of PSD S(w). However, we can see that
the reaction rate of a particle in bistable potential under
narrow-band random excitation can not be well predicted
by using the proposed method, especially when the PSD
peak is located near the natural frequency of the system.
In such cases, the external resonance should be considered
and the averaged It6 equations will be two-dimensional.

(35)

 yAU

k
E k’BT ex

(36)

4.2 Exponentially correlated noise

Another important colored noise model often used in the-
oretical analysis and analogical experiment is the expo-
nentially correlated noise [3,5]. This colored noise can be
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ke, ka

10 10 10" 10° 10

Fig. 3. The energy diffusion controlled transition rate kg in
equation (26) of system (24) subject to harmonic noise with
PSD (28). 2 =3, I' = 10, D is determined by equation (28)
and D = ~kgT. denotes the analytical results; o, ¢, H
denote the corresponding simulation results and o, ¢, [J denote
the spatial transition rate which defined by the random process

X(t) > \/e1/e2 for the first time.

ke

Fig. 4. The energy diffusion controlled transition rate kg in
equation (26) as the function of correlation time 7. 2 = 3,
v = 0.01. denotes the analytical results; o, ¢, B denote
the corresponding simulation results.

produced from one-dimensional linear system driven by
Gaussian white noise. The correlation function R(t) and
PSD S(w) of the exponentially correlated noise are

R(t) = Zexp <ﬂ> , Sw) = - D

e I
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kEs k(l

Fig. 5. The energy diffusion controlled transition rate kg in
equation (26) of system (24) subject to exponentially corre-
lated noise with PSD (37). 7 = 0.2. D is determined by equa-
tion (37) and D = vkgT. denotes the analytical results; e,
4, B denote the corresponding simulation results and o, &, O
denote the spatial transition rate which defined by the random
process X (t) > y/e1/e2 for the first time.

where 2D is the intensity of the input Gaussian white
noise; 7 is the correlation time. Some PSDs for exponen-
tially correlated noises are shown in Figure 1 using dotted
lines. It is shown that the bandwidth of the noise depends
on 7. As 7 — 0, the exponentially correlated noise ap-
proaches white noise.

By using analogue computer to investigate the tran-
sition rate, Marchesoni et al. have reported that the
7-dependent of transition rate k(7) is in proportion to
exp(—kor?). In the absence of an exhaustive theory,
Marchesoni et al. tested the plausibility of the simulation
findings and derived the following approximate prediction
for transition rate [5]:

k(1) = k(0)(1 4 wiT?) exp (;BA:Z{]LU%T2) (38)

where the transition rate k(7) is regarded as a function
of the correlation time 7 and k(0) is exactly the same as
Kramers transition rate kg in equation (36). It is noted
that in the limit 7 — 0, equation (38) reduces to the
experimental law k(7) ~ exp(—ko7?).

Noted that the general expression for transition rate
equations (26) and (23) can also be reduced to equa-
tion (38) under the same conditions. As shown in the last
section, after linear and high potential barrier approxima-
tions, the transition rate is given by equation (35). Sub-
stituting equation (37) into equation (35) yields

_ AU 2.2 —AU 2 2
= T (14 wiT*) exp T (14 wiT?)

kg (39)
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T

Fig. 6. The energy diffusion controlled transition rate kg in
equation (26) as the function of correlation time 7. v = 0.01.
denotes the analytical results (26); ------ denotes the
Marchensoni’s results (38); o, ¢, B denote the corresponding
simulation results.

which is exactly the same as that in equation (38) noting
that £(0) in equation (38) is equal to kg in equation (36).

Some numerical results are shown in Figure 5, where
solid lines represent for analytical results, o, ¢, B for the
corresponding simulation results of energy diffusion con-
trolled rate, and o, <, O for the simulation results of
spatial transition rate. With the correlation time 7 vary-
ing from 0 to 1.2, the noise with PSD (37) goes through
from white noise to broad-band noise. Figure 6 shows the
comparison of the analytical results obtained from equa-
tion (23), results from equation (38) and the simulation
results as function of correlation time 7. The satisfactory
prediction for transition rate using (23) can be achieved
even when broad-band noise has longer correlation time 7.

5 Conclusions

In the present paper, the stochastic averaging method us-
ing generalized harmonic functions has been applied to the
prediction of the energy diffusion controlled reaction rate
of a reacting particle subject to broad-band colored noise
excitation. In the case of weak damping and weak random
excitation, the amplitudes of displacement and energy of
the reacting particle are slowly varying processes that
converge to one-dimensional diffusion processes. The av-
eraged Ito stochastic differential equations governing the
amplitudes and energy diffusion processes have been es-
tablished. The MFPT of the energy diffusion process has
been obtained by solving the corresponding Pontryagin
equation. Then, the transition rate controlled by energy
diffusion was determined as the inverse of the MFPT.
As an example, the reaction rate of a particle in classi-
cal Kramers bistable potential and driven by a harmonic
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noise or an exponentially correlated noise has been stud-
ied in detail. It has been shown that the expression for
the transition rate is quite general and is applicable to
various potentials and broad-band colored noises and that
by taking linear approximation and high potential barrier
approximation the general expression for reaction rate ob-
tained in this paper can be reduced to the Kramers rate
for white noise and Marchesoni’s formula for exponentially
correlated noise. Monte Carlo simulations have been per-
formed to verify the analytical results. It is seen from the
figures that in the linear weak damping case, the proposed
theoretical method yields satisfactory results for the reac-
tion rate. However, in the case of narrow-band noise, the
proposed method fails to yield satisfactory results proba-
bly due to the external resonance.
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