Chapter 4

Stochastic Equations

4.1 Langevin equation

To explain the idea of introduction of the Langevin equation, let us consider the concrete example taken
from surface physics: motion of an atom (adatom) adsorbed on a crystal surface. The role of the substrate
in this case may be reduced to the following four factors.

(a) First of all, the surface atoms of the substrate produce some potential V() which plays the role of
the external potential for the adatom. At the same time we have to take into account that the coordinates of
substrate atoms are not rigidly fixed, the surface atoms can “adjust” themselves to the adatom position by
shifting in such a way that to lower the total potential energy of the system (the so-called “polaronic effect”).
Such “adiabatic” potential V' (#) may be introduced in a rigorous way only when the adatom velocity is much
lower than a characteristic velocity of substrate atoms. In the opposite case we have to take into account
the retarded effects of the substrate response, and the potential V() will depend on the whole previous
trajectory of the adatom.

(b) When T # 0, the substrate atoms oscillate near their equilibrium positions. Owing to this, the
potential produced by the substrate atoms is “smoothed”, the corresponding “effective” potential Vg (7)
differs from the “bare” potential V' (7) by the Debye-Waller factor.

(c) There always exists an energy exchange between the adatom and the substrate, in a result of which
the moving adatom may lose a part of its kinetic energy for excitation of various substrate degrees of freedom
(phonons, plasmons, electron-hole pairs, etc.). This effect may be approximately described with the help
of a friction force F/ (t) applying to the adatom. When the adatom velocity is small, this force may be
approximated by the linear expression,

FI(t) = —mnra(t), (4.1)

where 7 is the viscous friction coefficient.

(d) Besides the energy flux from the adatom to the substrate, at 7" # 0 there always exists the reverse
flux from the substrate to the adatom. Namely, the surface atoms of the substrate due to their thermal
vibrations “push” the adatom in random directions. This effect may be modeled by introduction of some
random force F "(t) acting on the adatom. Evidently, the following equation should be satisfied,

(F"(t) =0, (4.2)

4

because in the opposite case we may redefine the “regular” force

= [3%ﬁ(f7

or ] Fera(t)

In the simplest approximation the random force is assumed to correspond to the Gaussian white noise, so
that its correlator is taken to be

Flt) = — (4.3)

(Fa(t) F3(t')) = Adagd(t —t') (4.4)
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where a and (8 are the Cartesian coordinates, and
A=2nmkpgT. (4.5)

The coefficient A is determined uniquely by the condition that the system must tend to thermal equilibrium
as t — oo (the so-called fluctuation-dissipation theorem, see [76]).

In a general case, the friction force may be non-Markovian as well as nonlinear with respect to particle’s
velocity. For example, the non-Markovian friction force Ff (t) is introduced with the help of the following

expression,
v

Flt)=-mY) /OOO dr Niys (7) 5t — 7). (4.6)
A=1

where N,3(7) is known as the response tensor, or the memory kernel. In this case the random force Frowill
be non-Gaussian: according to the fluctuation-dissipation theorem, its correlator should be equal to

(Falt) F5(t)) = Nap(lt — ') mkpT. (4.7)
Equations (4.6) and (4.7) reduce to Egs. (4.1), (4.4) and (4.5), if we put
Nap(t) = 2160 6(1). (48)

Note also that in a general case the friction coefficient depends on the adatom coordinate, n — 1 (7, (t)), so
that in the case of using of a constant friction coefficient we should assume that 7 is some effective friction
averaged over the trajectory of adatom motion.

Of course, in order to calculate the functions Veg(7) and N,g(7), we must solve the full system of
Newtonian motion equations for the adatom and all substrate atoms with the help of the MD method as it
was described above in Sec. 3.3. Often, however, these functions may be properly modeled. For example, for
the adatom problem described above, Vg (7) is a periodic function along the surface which is characterized
by the symmetry determined by the corresponding crystallographic face of the substrate (if the surface is not
reconstructed). The amplitude of the function Veg(7) determines the activation energy of diffusion of a single
adatom, &,, while the shape of V,g(7) may be approximated if the frequencies w, of the adatom vibrations
at the minimum of the substrate potential well are known. Besides, the value of the friction coefficient 7 is
coupled with the width of vibrational line I'. Thus, all necessary parameters in Eqs. (4.1) to (4.3) may be
properly approximated if we know the parameters €4, w, and I' from independent experiments.

So, instead of the consideration of motion of the whole system “adatom plus substrate”, we may consider
the motion of the singled out subsystem, for example, the adatom only as we have done above. Thus, the
adatom motion is modeled by the following equations,

m Ta(t) + mnra(t) + Ve (7a) /072 = F (1),
(F7(1) =0, (4.9)
(Fo(t) F5(t)) =2nmkpT 0apo(t —t') .

The set of equations (4.9) is called the Langevin equation. It must be emphasized from the very beginning
that this equation is the stochastic equation, not an ordinary differential equation (see below Sec. 4.4).

In some particular cases, Eq. (4.9) has an analytical solution. For example, when the external potential
is absent, Veg(7) = 0, the solution of Eq. (4.9) is

t N
3(t) = 0(to) e 10 4 L[ gy et VET(t), (4.10)

m Jtg

where tg is the initial time moment.
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The memory on the initial velocity is lost for a time ~ n~!, therefore at ¢t — tg > n~! the first term
in the right-hand side of Eq. (4.10) may be neglected. Then, the velocity autocorrelation function may be
written in the following way,

Kaﬁ (T) = <Uo¢ (t + 7') vg (t)>
= m_2 fi-io_;- dt/ fioo dt” e_n(t+7—t/+t—t//) <Fa'r‘ (t/) FE (t//)>
= Gop (20 kT /m) ([ o dt" 27" ) e=1(2147)
= 5aﬁ (]{ZBT/m) e ",

(4.11)

where we assumed 7 > 0. Thus, the correlation function decays exponentially, and it holds the relationship
im(?) = vikpT.
From Eq. (4.11) we can easily find the mean-square displacement of the particle,

([F(0) —7(t0)]2) = S (S di'va(t)))

= v f{dt’ [}, d"(va(t) valt") (4.12)
=2v [} dt [ dt'Kao(t' —1")
= 2u(kpT/mn)t.

Thus, the Langevin equation for the particle subjected to a viscous medium describes its Brownian motion
with the diffusion coefficient

D:DfEkBT/mn. (4.13)

Besides, the solution of the Langevin equation for the harmonic potential Vog(7) o 72 is known too.
Namely, for the one-dimensional equation

5t + na(t) + w2 a(t) = % ) (4.14)

1

for times ¢ > 1™, when a memory on the initial state is lost, the solution has the following form,

(t) = / ' R(t— ) F(), (4.15)
where
R(t) = mlw* exp (—; nt) sin(wst) (4.16)

and w? = w2 — n?/4. If wy < 1/2, we have to make the substitutions w, = iw, and sinw.t = i sinhw,t in
Eq. (4.16), where o, = n?/4 — w3. With the help of Eqgs. (4.15) and (4.16) we may calculate the correlation
functions of coordinates or velocities. The Fourier transform of the correlation function gives the following
expression:

(W —w?) —inw
3 — PP+ )

o
K@) = [ dte K (1) (4.17)
—0o
Thus, Eq. (4.14) leads to the Lorentz shape of the vibrational line with the half-width I' = n (the so-
called “full width at half maximum”, or FWHM). Recall that in real physical systems the inhomogeneous
broadening (leading to the Gaussian line shape) as well as the broadening owing to dephasing effects are
presented additionally.
In a general case the Langevin equation (4.9) may be solved by numerical methods.
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4.2 Numerical solution of the Langevin equation

In order to solve the Langevin equation with a computer, first of all we need of a subroutine that produces
the normal random numbers, i.e. the sequence {£,} of random numbers with Gaussian distribution,

Prob (&,) = (2m) Y2 exp(—£2/2) , (4.18)

which also satisfy the conditions
<€n> =0 and <§n €m> = 6nm . (4.19)

Such random numbers may be obtained from the standard random numbers {7, }, i.e., the random numbers
uniformly distributed in the interval (0,1), with the help of the formula

12
&n = <Z 'Ym) -6, (4.20)
m=1

i.e. we obtain one normal random number from twelve standard random numbers (see details below in
Sec. 5.1.2).

The further integration of the stochastic equation is carried out practically in the same way as it does in
the case of an ordinary differential equation [106]. The only difference is that we have to choose a Runge-
Kutta scheme with the constant time step At, and then at each time step t, = n At we should add the
random force

F = B¢, (4.21)

to the sum of the regular force F,, = F(t,) and the friction force Ff = F/(t,). The coefficient B in Eq. (4.21)
is defined by the integration of Eq. (4.4),

/ Tt () FT () = 2nm kpT; (4.22)

—00

with accounting of Egs. (4.19) and (4.21) that gives the expression
B = (2nmkpT/ At)Y/2. (4.23)

The appearance of the time step At in the expression for the random force is caused by the fact that the
Langevin equation is the stochastic one. Emphasize that At in Eq. (4.23) corresponds to the time between
the consequential calls of the subroutine which calculates the forces. Therefore, if we use the forth-order
RK method (which calls the “force subroutine” 4 times in one step) with the time step 7, then we must
take At = 7/4 in Eq. (4.23). Note also that the described method works as well if the damping coefficient
1 depends on the coordinates of moving particles. However, when 1 depends on the velocities, the problem
becomes more involved [193].

To control the work of the computer program, one may test, for example, the condition of the equally
distribution of the kinetic energy among all degrees of freedom in the stationary regime.

In a result of the numerical solution of the Langevin equation we obtain one particular realization of the
temporal trajectory of system motion. When we are studying the stationary state of the system, we have to
remove some initial part of the trajectory, and then to use the remainder for calculation of different averages
similarly as it was done in the MD method. Note that the equilibrium solution of the Langevin equation
does not depend on the friction coefficient 7, thus the value of 1 may be chosen appropriately in order
to accelerate the approaching to equilibrium (usually 77 ~ wg is taken). In investigation of nonstationary
(e.g., relaxation) processes, the whole trajectory is used, and sometimes we have to make the averaging
over the initial states of the system. Besides, to get reliable results, it is always useful to carry out also
the averaging over an ensemble of different realizations of the trajectory, i.e. to average over the set of
trajectories calculated with different sequences of random numbers.
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4.3 Generalized Langevin equation

In a general case, the idea of simulation with the help of stochastic equations consists in the separation of
the whole system into two parts, the “main” one and the “thermostat”. A part of the whole system that
is the most interesting one for the problem under investigation, is singled out as the main part, and its
evolution is modeled with the help of rigorous solution of motion equations. The remainder of the whole
system is related to the thermostat, and it is assumed that the influence of the thermostat on the main
part reduces to creation of some external potential, and to arising of the energy exchange (dissipation of
the kinetic energy) and the corresponding random force. Of course, we have to be sure that a “developed
chaos” really exist in the remainder which we have modeled as the thermostat. A rigorous introducing of
the Langevin equation is possible only in the case when there exists a hierarchy of times in the system.
This means that a characteristic time 74 of motion of the singled out subsystem (e.g., the adatom in the
example described above) must essentially exceed the characteristic time 7g of the thermostat (e.g., the
substrate). As the time 74 of the main subsystem we may take, for example, the period of its characteristic
oscillations, while as the time 7g of the thermostat, the time of decay of temporal fluctuations. In the case
T4 > Tg the fluctuations in the thermostat are fast, and the action of the thermostat on the main subsystem
may be approximately described by the d-correlated random force. Otherwise, in the case of 74 < 7g, the
employing of Gaussian random force is not rigorous, and we have to use Eqs. (4.6) to (4.8) corresponded to
non-Markovian dynamics.

The simplest way to carry out the described program is to assume that the motion of atoms situated at
the boundary between the main subsystem and the thermostat, undergoes the Langevin motion equations
instead of Newtonian ones. A more rigorous approach developed by Adelman and Doll [107] and Tully [108],
is based on the Zwanzig-Mori-Kubo technique [109, 110, 111]. Namely, let the whole system consists of N
atoms, and N4 atoms belong to the singled out subsystem A, while Ng atoms, to the thermostat S. Let
Z denote the array (vector) of coordinates of all atoms, 4 denote the coordinates of the main subsystem,
and g denote the thermostat coordinates. Introduce also the projection operators P and Q which separate
the atoms of the main subsystem and the thermostat respectively, i.e. £4 = PZ and s = Q. To reduce
notations, let us introduce the displacements @ of atoms from the equilibrium positions Z(?), the latter
correspond to the absolute minimum of the potential energy V (Z) of the system. Then, the rigorous motion
equations may be written in the following form,

—

. <—)2 —
i=F@) =-q @) a+6F (@), (4.24)

S 2
where F = —0V/0Z, and ) is the dynamical matrix which describes the system evolution in the harmonic
approximation. If we neglect all nonlinear effects in the thermostat, Eq. (4.24) may be rewritten in the
following form,

. (—}2 (—)2 p—y

iih = — Quiia— Qagils + 0Fa(@a, 7)), (4.25)
. —2 —2
lis = — Qgts— Ngatia, (4.26)

where 5?4: P 5277, 52: Q 52Q, 5,245: P 52Q, and 62,4: Q 5273.
A formal solution of the linear equation (4.26) is
ug(t) = cos(Qst) us(0) + Qg sin(Qst) 15(0)
—Q% 0% ua(t) + Qg2 cos(Qst) Q% 4 ua(0)
+ / L 05 cos[Qs(t — )] Q% ia(t) (4.27)

The substitution of Eq. (4.27) into Eq. (4.25) gives the generalized Langevin equation (GLE) which describes
the evolution of N4 atoms of the singled out subsystem only:
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+FT(t) 4 0F4 (fA(t),fg))) , (4.28)

where
Qeff:QA—N(O) :QA— QAsgg QSA’ (4.29)
N () :ilAsCOS(QSt) Qs Nga, (4.30)

= 2 > —2 > .
Fr(t) = — Qus cos (Qst) 1s(0) — Qg sin (Qst) is(0), (4.31)

and, as it should be according to the fluctuation-dissipation theorem,
(F(t) F(0)) = kpT N (t) - (4.32)

The generalized Langevin equation (4.28) is the matrix equation for N4 atoms only. But this equation
includes the response matrix ,/(\7 (t), and to calculate the latter, the full system of N motion equations must
be solved. The idea of simulation with the help of the GLE consists in the following trick: let us take
artificially for N (t) some simple expression which (we hope) describes the thermostat dynamics quite well.

For example, we may assume that the thermostat consists of a set of Brownian harmonic oscillators, that
leads analogously to Eqgs. (4.14-4.16) to the approximation

N Ny 1< — 1 -1 . —
N (t) =No exp (—2 n t) {COS (w*t) + B Nw, sin (w*tﬂ . (4.33)
At the same time, j\7’ (t) satisfies the differential equation
< —2 & — &
N(t) == woN ()= 1 N(), (4.34)
where
—2 —2 1 <2
Wo =W, +Z no. (435)

>

The approximation (4.33) depends on three matrices, /T/ 0, 1, and 3*, each of them has the dimension
vIN4 x VN 4. They should be chosen in such a way that, for example, to describe correctly the vibrational
spectrum of the thermostat.

The employing of the non-Markovian random force (4.32) in computations is not convenient. Using
Eq. (4.34), the set of equations (4.28), (4.29), (4.32) and (4.33) may be reduced to the set of Markovian
stochastic equations but, however, already for 2N4 particles (N4 atoms of the main subsystem and N4
“fictitious” atoms with the coordinates 5(t)):

o1/2,,

a(t) = Fa@a(t). 7) + No &0 (1), (4.36)
-, —=1/2., R =2 . —
S(t) =Ny wota(t)— wy s(t)—n §(t)+ F'(t), (4.37)
where the random force F”(t) is now Markovian,
(F(0)F"(t)) = 2ksT 1 8(t). (4.38)

Methods of numerical solution of the system of stochastic equations (4.36) to (4.38) are described, e.g.,
in the works [112] and [113].

Note also that the separation of the whole system into the main part and the thermostat may be changed
during the system evolution. For example, if we included into the main part the adatom together with a few
nearest neighboring atoms of the substrate, then during the adatom diffusion on the surface, its surrounding
will change, i.e. some surface atoms will “pass out” into the thermostat, while the others that occur to be
in the nearest surrounding of the adatom at the given instant, should “pass into” from the thermostat to
the main subsystem. The method of accounting of such an effect was described by Tully [108].
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4.4 Fokker-Planck-Kramers equation

Emphasize ones more that the Langevin equation is the stochastic one, it differs from an ordinary differential
equation by the existence of random force. The stochastic equation may be reduced to a differential equation,
but the latter will be the differential equation with partial derivatives called the Fokker-Planck (FP) equation.
In the present section we deduce the FP equation from the Langevin one (for a more detailed description of
the theory of stochastic processes see, for example, the monograph [114]).

Temporarily, let us turn from the continuous time t to the discrete time variable t, = n At. Then, the
stochastic equation for some measurable quantity ¢(¢) in a general case may be written in the following way,

Aq(tn) = q(tn) — q(tn1) = K (q(t)) At + G (q(t)) Aw(tn), (4.39)

where the first term in the right-hand side of Eq. (4.39) called the drift term describes the action of the
regular force, and the second term called the diffusion term, the action of the random force. According to
its definition, the quantity Aw(¢,) must satisfy the following two conditions,

(Aw(ty)) =0,
{ (Aw(ty) Aw(ty)) = bpm At (4.40)

where d,,,,, is Kronecker’s delta symbol.

Note, however, that the functions K and G in Eq. (4.39) depend on the coordinates which in turn are
the functions of time. Therefore, the question arises, at which time instant ¢ they should be calculated.
There may be two variants:

(a) In the so-called Ito’s calculus, one takes t = t,_1. In this case the calculation of different averages
is significantly simplified, because, for example,

(G (q(tn-1)) Aw(tn)) = (G (q(1))) (Aw(t)) = 0. (4.41)

(b) In the Stratonovich calculus the time instant ¢ is taken at the middle between the n-th and (n—1)-th
steps, t = %(tn + t,—1). This calculus is convenient by that differentiation and integration operations are
carried out with the same rules as in the ordinary differential and integral calculi.

Returning to the continuous time, At — dt, Egs. (4.39) and (4.40) are rewritten in the following form,

dq(t) = K(q)dt + G(q)dw,  (a)
(dw) =0, (b) (4.42)
(dw(t) dw(t)) = dt. (c)

From Eq. (4.42c) one can see that the stochastic equation differs from a differential one by existence of the
diffusion term such that (dw) ~ v/dt.

When we solved the Langevin equation, we calculated the trajectory of system motion which then was
used for calculation of temporal averages. For stochastic processes, however, it is more natural to use a
distribution function f(q,t|qo,to) which is the conditional probability that the system is in the state ¢ at
the instant ¢, if at the previous time moment tg it was in the state qg. Let us deduce now an equation for
the distribution function f(q,t|qo,to). For this, we take an arbitrary function u(g) which depends on the
coordinates, and write down its average (over the ensemble) quantity (u) at time ¢ as

Then the derivative of u(q) with respect to time is equal to
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On the other hand, the differential of the function u(g) with an accuracy up to dt, with the help of
Eq. (4.42a) may be written in the form

du = (0u/dq) dg + 3(9°u/8¢?) dg dg

= (0u/9q) [K(q )dt—i- G(q) dw(t)] + 1(0%u/0¢?) G*(q) dw(t) dw(t), (4.45)

where the appearance of the second derivatives is caused by the fact that in the stochastic equation (dw) ~

Vat.

Averaging Eq. (4.45) over time with the help of the Ito calculus, dividing both sides of the equation by
dt, and taking into account Eqs. (4.42b,c), we obtain

The first term in the right-hand side of Eq. (4.46) may be rewritten as

(k@) = [ dastatlanto) Kl 5
~ [ dquta) (fq[mq) F(a o to)] (4.47)

where we also have carried out the integration by parts. Analogously, the second term in the right-hand
side of Eq. (4.46) may be transformed, if we carry out the integration by parts two times. Then, comparing
the obtained expression for (du)/dt with Eq. (4.44) and taking into account that the function u(q) is an
arbitrary one, we obtain that the distribution function f(q,t|---) must satisfy the following equation,

8f(q,75|"‘)_ 0 1 82
= 5 K@ flastl )+ 55

Eq. (4.48) is called the Fokker-Planck (FP) equation.
The described deduction may easily be generalized for a system of many variables, ¢ — ¢ = {¢;}. The
stochastic equation in this case takes the following form,

dQZ(t) = KZ(Q) dt + Em Glm(Q) dwm(t) y
(dwp(t)) =0, (4.49)
<dwl<t) dwm(t)> = (5lm dt,

[G*(q) f(q,t]---)]. (4.48)

and the Fokker-Planck equation, the form

L) - -5 k@ s(ae] o)
l

5 Z (Z ka Glm (qv t| )) (450)

As an example, let us consider the Langevin equation (4.9). For a single degree of freedom z(t), Eq. (4.9)
may be rewritten as the set of equations

3% oq

{ Q";—;71)— dg(x)/m+ Fr(t). (4.51)

Putting ¢; = = and g2 = v, one can see that the system (4.51) takes the form of the stochastic equations
(4.49) with the following parameters,

Ky =v, Ko=-nv—Vig(z)/m,
Gi1=0, Gi2=0, Go1 =0, (4.52)
Gay = (21 kgT/m)*/2.
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Thus, in this case the FP equation for the function f(z,v,t) has the form
1 kT
ot oo 2) ).

o Vo m Ver® “m Bo

av o (4.53)

Equation (4.53) is known as the Fokker-Planck-Kramers (FPK) equation. The generalization for the system
with many degrees of freedom in the present case looks as
of _of 1ovaof 0 |:<?7< kT 8)(4

gol o~ 9 R

ot ' 0F m OF 06 O m 0v (4.54)

Note that if the left-hand side of Eq. (4.54) is put to zero,

of L zoF 1 OVor_ (4.55)
ot 0¥ m 0% 0v
then we obtain nothing else that the Liouville equation, but for the “singled out” subsystem only which
undergoes the Newtonian motion equations. Thus, the right-hand side of Eq. (4.54) describes the influence
of the thermostat on the “main” subsystem.
In the case of strong friction, > wp, where wy is a characteristic frequency of system vibrations, we
may neglect by the first (inertial) term in the Langevin equation. Then, comparing the equation

mn i+ Vig(z) = F'(t) (4.56)
with the stochastic equation (4.42), we see that now K(z) = —V/g(2)/mn and G = (2kgT/mn)*/2, so that
the FP equation takes the form

of (xz,t) 0 () ) 0? kT
_ 9 (V@) oo, 9 ey ) BB 457
o = 50 (P @) + (G s ) 2 (157

Equation (4.57) is called the Smoluchowsky equation.

Thus, on the one hand, the stochastic dynamics may be investigated with the help of solution of the
Langevin equation using the random number generator and calculating as large as possible number of
trajectories. On the other hand, we may solve the FPK equation, i.e. the equation with partial derivatives.
Both the approaches are mathematically equivalent, and they must lead to the same final results.

For solution of the FP equation, a number of approximate methods have been developed which are
described, e.g., in Risken’s monograph [115]. As an example, in the next section we describe the results of
numerical solution of the FPK equation.

4.5 Kramers theory

4.5.1 The problem

Perhaps, the most known application of stochastic equations is connected with the theory of thermally
activated processes firstly developed by Kramers [116].

Let V(z1,...,zy) denote the potential energy of the system with N degrees of freedom, and let the
function V(x1,...,zy) has minima (the absolute minimum as well as relative, or local minima), maxima
and saddle points. If this system is in contact with a thermostat having a temperature T, then it will stay
mainly near one of the minima of V, the absolute minimum (the ground state of the system) or a local
minimum (a metastable state). However, when 7" # 0, then, owing to action of random (fluctuating) forces,
the system may pass from a given minimum A to a nearest neighboring minimum B as shown in Fig. 4.1.
Thus, it emerges the question about the probability R of such a transition per unit of time.

Approximately we may suppose that the transition from A to B is carried out along the adiabatic
trajectory. To construct it, first we have to find the saddle trajectory, i.e. the trajectory which connects the
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Figure 4.1: Escape of an atom from a potential well.

points of the minima A and B on the surface y = V(z1,...,2zx) in the (N + 1)-dimensional space passing
through a nearest saddle point S. The saddle trajectory is determined by solution of the equation
ox oV
- 4.58
or oz (4.58)

(where 7 is a parameter varying along the trajectory), i.e. it is the curve of steepest descent, and it describes
non-inertial (i.e. with the infinitely large friction) motion of the system from the saddle point S to the
nearest minima A and B. If there are several saddle trajectories, as the adiabatic trajectory we have to
select that saddle trajectory which is characterized by the minimum energy barrier. Motion along the
adiabatic trajectory will occur with the lowest energy losses and, therefore, it will take place with the
highest probability. Along the adiabatic trajectory we may introduce a coordinate £ (which is a curved
coordinate in a general case), so that the potential energy becomes the function of a single variable, V (),
and the problem reduces to one-dimensional one.

Thus, the problem under investigation is reduced approximately to solution of the one-dimensional
Langevin equation or the corresponding FPK equation for the potential V' (&) schematically shown in Fig. 4.1.
As an initial condition we may assume that at the initial instant ¢ = 0 the system is near the minimum A
in the “thermal equilibrium” state, i.e. that

oy mwa m&/2+ Va(€)
f(€,€t=0) = kT P ( T , (4.59)
where m is the reduced mass, and the function
1 2 2
Va(§) = 5 mwy(§ —&a) (4.60)

approximates V' (£) near the minimum point £ = £4. To define the probability R of the transition A—B per
time unit, we have to calculate the flux of particles through the saddle point £ = &g from the left-hand to
the right-hand side,

it = [ T AL f(es Et). (4.61)



4.5. KRAMERS THEORY 69

Pix.v,t}u10
£ v o

hrd

Figure 4.2: The initial state probability density function P(z,v,t) at ¢ = 0, the Maxwell-Boltzmann dis-
tribution with €4/kpT = 4 and corresponding to the equilibrium state if only the left minimum of the
potential V(z) in Fig. 4.1 were present (from [119]).

Then, taking into account the normalization of the function (4.59), we find
R~ j(t) for t~wy'. (4.62)

The approximate solution obtained by Kramers for the case of e4 = V(£s) — V(€4) > kpT, has the
Arrhenius form,

R = Ryexp(—ea/kpT), (4.63)

where

(wa/2m)(n/n*)  for n < n* = (wa/2m)(kpT/ea),  (a)
Ry~ < (wa/27) for n* < n<ws, (b) (4.64)
(wo/2m)(ws/n)  for n>ws, (c)
and the value wg determines the curvature of the barrier near the saddle point, V(§) ~ —%m wi(€—E&s)? at
& ~ £g. Thus, the rate of escape from the potential well reaches the maximum and approximately does not
depend on the friction 7 in the case of intermediate friction (4.64b). Note that this case corresponds to the
region where the Eyring absolute rate theory [117] may be applied, and that namely this case corresponds
to a majority of real situations in physics and chemistry. In the case of small friction, n < n*, the rate of
the process is slowed, because in order to overcome the barrier, the system must (fluctuationally) get from
the thermostat an energy which exceeds the activation barrier € 4, and this process is carried out during too
long time in the case of small 7. On the other hand, in the case of strong friction, n > wg, the rate of the
escape from the potential well is small due to a small velocity of the system motion in the configuration
space when it overcomes the saddle point.
However, the solution obtained by Kramers is an approximate one. It was checked and made more
precise in a number of works (e.g., see the survey [118]). Below we describe the results of one of such works,
where the computer simulation was used.
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Figure 4.3: The time evolution of the probability density function P(z,v,t) in the phase space as determined

from the Fokker-Planck-Kramers equation for the potential (4.65) and from the initial state in Fig. 4.2 as
calculated by Cartling [119]. The damping constant 7 = 0.01 and the sequence of times is: (a) 4, (b) 10,
(c) 40, and (d) 200.
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Figure 4.4: As in Fig. 4.3, but for the damping constant 7
(c) 20, and (d) 100 (after [119]).
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Figure 4.5: As in Fig. 4.3, but for the damping constant 7

= 10.0 and the sequence of times: (a) 20 and
(b) 100 (after [119]).
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4.5.2 Numerical solution of the FPK equation
To check the Kramers theory, Cartling [119] solved numerically the FPK equation for the potential

Fx+2)?%  if z<—1,
Viz) =< 1- 122 if |z| <1, (4.65)
(x—2)% if 2 >1,
i.e. it was chosen m =1, 24 = -2, 25 =2, 25 =0,¢c4 = 1, and wg = wg = 1. The region of variation of

the variables was restricted to the rectangle |z| <5, |v| < 3, and at the border of the rectangle, the function
f(z,v,t) was put to zero. The transformation of the differential FPK equation to the difference equation was
carried out by standard numerical method with the help of introducing a mesh (e.g., see [120]). The mesh
step was taken as h, = h, = 0.02, and the time step was chosen as At = 0.025. As an initial condition, it
was taken the Maxwell-Boltzmann distribution (4.59) shown in Fig. 4.2. Evolution of the function f(x,v,t)
for different friction coefficients 7 (the small friction = 0.01, the intermediate friction n = 0.4, and the
strong friction n = 10) for the temperature kT = 0.25 is shown in Figs. 4.3 to 4.5. To determine the rate
R, there were calculated the probabilities to find the particle at each of the minima, at the left minimum
Q1 and the right one Qg,

QL(t):/o:odv /Oooda:f(x,v,t), QR(t):/O:Odv /Ooodxf(x,v,t), (4.66)

so that Qr(t) + Qr(t) = 1, and then the transition rates Ry .z and Rr_.1 were found with the help of the
kinetic equation,

DL _ By 5 Qult) ~ Rn-Qnlt) (4.67)

The simulation has shown that the approximate Kramers expressions (4.63), (4.64) describe the numerical
results with a sufficient accuracy.




