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In this paper we address the problem of consistently constructing Langevin equations to describe

fluctuations in nonlinear systems.

Detailed balance severely restricts the choice of the random

force, but we prove that this property, together with the macroscopic knowledge of the system, is
not enough to determine all the properties of the random force. If the cause of the fluctuations
is weakly coupled to the fluctuating variable, then the statistical properties of the random force
can be completely specified. For variables odd under time reversal, microscopic reversibility and
weak coupling impose symmetry relations on the variable-dependent Onsager coefficients. We then
analyze the fluctuations in two cases: Brownian motion in position space and an asymmetric diode,
for which the analysis based in the master equation approach is known. We find that, to the order
of validity of the Langevin equation proposed here, the phenomenological theory is in agreement
with the results predicted by more microscopic models.

PACS number(s): 05.40.+j, 05.70.Ln, 02.50.—r

I. INTRODUCTION

A widely used method to study fluctuations is the so-
called Langevin approach, introduced by Langevin [1] as
a way to study Brownian motion [2,3]. In his treatment,
the interaction force between the Brownian particle and
the bath particles is split into two contributions. The
first one corresponds to the damping due to the frictional
force exerted by the bath. The second one arises from the
thermal motion of the bath molecules. The Brownian
particle then experiences a large number of collisions per
unit of time with the bath molecules, which give rise to a
rapidly varying contribution, responsible for the observed
erratic motion of the particle. Then, the equation for
the velocity of a Brownian particle of unit mass can be
written as

a(t) = —€u(t) + F(t) . (1.1)

The first term of the right-hand side is the friction force.
This force is a linear function of the variable u, £ being
the friction coefficient. The second term stands for the
Langevin complementary force or random force, whose
nature is unknown a priori. Beyond Langevin’s original
treatment and with the aim of determining u(t), several
assumptions have been made on the nature of the ran-
dom force. The most basic one is that F(t), being an
unpredictable rapidly varying function of time, is taken
as a stochastic process, often assumed to be Gaussian and
white with zero mean [2]. The second moment of F(t) is
determined by means of the fluctuation-dissipation the-
orem, which relates the strength of the random force to
the dissipation, i.e., the friction coefficient, £&. This cru-
cial point ensures that the law of equipartition of energy
is satisfied by the system under the effect of F(t). With
all these assumptions, the statistical properties of the
random variable u(t) can be obtained [2].

1063-651X/95/52(6)/5881(12)/$06.00 52

Let us consider here a generic macroscopic variable,
X (t), whose relaxation is phenomenologically described
by the equation

X(t) = -A(X()) , (1.2)
where A(X (t)) is the flux of the variable which can be a
nonlinear function of X (¢). In this paper, we will be inter-
ested in the dynamics of the fluctuations of that variable.
The fluctuating counterpart of X (¢) will be denoted by
z(t), the former being obtained from the latter by some
averaging procedure. It has been then proposed that z(t)
satisfies the equation

#(t) = —A(=(t)) + F(t) (1.3)

obtained by replacing X (t) by z(t) in the phenomeno-
logical equation (1.2) and adding a Langevin force, as-
sumed to be Gaussian and white. This approach has
been used for systems in which A(z) is a linear function
of the variable z [4-6]. However, when A(z) is nonlin-
ear, the addition of a random force F'(t) to Eq. (1.2),
as a procedure to describe the random process z(t), has
often been questioned. We want to emphasize two main
criticisms [7]:

(i) The Gaussian nature of the random process F(t)
is postulated [2], but a more general character of the
process could in principle be equally plausible.

(ii) Averaging Eq. (1.3) with respect to the realizations
of the F'(t) given an initial condition z¢, identifying X (¢)
with (z(t)),, and comparing with the phenomenological
equation (1.2), one finds that

(A(z())) e, # A(X())

if A(z) is not a linear function of z. It is then argued
that this difference arises from the fact that the use of
A(z) also in the equation for the fluctuations (1.3) is

(1.4)
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not justified because A(z) is phenomenological, that is,
it is known except a function of the order of the strength
of the fluctuations. (See also the comments in Ref. [9]
about this point.) In view of these criticisms, it is often
concluded that the Langevin approach is not valid for
the case of internal (thermal) noise in nonlinear systems
and that a more microscopic description is necessary to
derive the proper equation for the fluctuations [8].
Recently, however, some attention has been paid to
the properties of the Langevin random force in the case
of thermal noise for a physical system bearing a nonlinear
A(z). Let us write A(z) under the form
d
A(z) = —,B(w)a In P, (x) , (1.5)
where P, () is the equilibrium probability density of the
variable z, supposed known, and 3(z) is a given function
of . Equation (1.5) emphasizes the fact that the macro-
scopic flux is a function of the thermodynamic force

F(z) = 32 In P, (x) (1.6)

i
such that the flux vanishes when the thermodynamic
force also vanishes. Near equilibrium, 3 tends to a con-
stant and A(x) takes the form of a linear function of
the thermodynamic force F, in the spirit of Onsager’s
theory of irreversible processes. Thus, 8(z) is the corre-
sponding variable-dependent Onsager coefficient. Mazur
and Bedeaux have proved that the underlying micro-
scopic reversibility, when applied to the Langevin equa-
tion, severely restricts the properties of the Langevin
complementary force, contrary to what is stated in the
first remark. Indeed, if x(t) in Eq. (1.3) is a variable
even or odd under time-reversal and if F(t) is indepen-
dent of the variable z(t), it is found that [9] (1) F'(¢) must
be a Gaussian process and (2) 8(z) must be a constant.
Note that if P.(x) is not Gaussian, then A(z) is nonlin-
ear even if 3 is a constant and, however, F'(t) still must
be a Gaussian process. Furthermore, another conclusion
that can be drawn from this result is that if 8(z) is not a

(L(z,t))e =0,

i i (E(wl,tl)?(mzyt:)))c = &3(1,72)8(t1 — t2) ,
<L(Z1,t1)L(IB2,tz) e L((I}n,tn))c = En(:ltl,:ltg, e ,.’cn)é(tn - t1)6(tn - tz) R (S(t-n - tn-—l) .

Note that while L(z,t) is independent of the process z(t),
the statistical properties of F(z(t), t) will depend on the
evolution equation for z(t).

The second contribution is a function T'(z), standing
for a possible modification of the phenomenological flux
A(z) due to fluctuations. The proposed Langevin equa-
tion then reads

&(t) = —A(z(t)) + T(z(t)) + F(z(t),t) . (1.12)

A priori, both T'(z) and the set of functions & ({z;})
are undetermined. We will specialize in the simplest,
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constant, F'(t) cannot be independent of x(t). This case
will be referred to as genuinely nonlinear.

A simple way to construct a random force depending
on the variable z(t) is to assume that [10,11]

F(t) = &a() L) (L.7)
often referred to as multiplicative noise. Here, L(t) is a
stationary white process, independent of z(t) and é(z) is
a given nonvanishing function of z.

In general, when proposing a Langevin equation to
study thermal fluctuations in a given system, one would
wish that the properties of the random force would fol-
low from the phenomenological knowledge of the system.
It is clear, as claimed in Ref. [3], that if a detailed mi-
croscopic description is available, there are ways to de-
rive the equation for the fluctuations of a given variable
without ambiguity. However, we are interested in the
situations where this information is lacking, although it
will be assumed that there exists an underlying micro-
scopic description in terms of Hamilton or Schrédinger
equations, and that a relation like Eq. (1.2) is known.
The aim of this paper is to use the information at hand
to consistently determine a Langevin equation for z(t)
in the genuinely nonlinear case. To this end and in the
same spirit as in Refs. [9-11], we will use generally valid
properties such as microscopic reversibility to fix the na-
ture of the random force. Furthermore, we will discuss
the range of applicability of the theory developed. To
that purpose, we will consider that the equation for the
evolution of z(t) is given again by the phenomenological
law (1.2) plus two additional contributions. The first one
is a variable-dependent random force, F'((zt),t), defined
by

F(a(t),t) = / dzé(z — o(t)L(z, 1) , (1.8)

where i(m, t) is a stationary and white random process,
depending on a parameter z but independent of random
process z(t), which is characterized by its cumulants (3]

(1.9)
(1.10)
(1.11)

[

although very important, case in which the random pro-
cess L(z,t) depends only on one single function ¢(z), all
the cumulants present in Egs. (1.9)—(1.11) being related
with ¢(z). This case will be later identified with the
widely used multiplicative noise [10,11]. The general case
will be analyzed elsewhere. The presence of the unknown
function I'(z) in Eq. (1.12) as well as the treatment to
be developed are the main differences with respect to the
analysis given in Refs. [9-11], permitting a larger degree
of freedom with important consequences.

The paper is organized as follows. In the next sec-
tion we will obtain the master equation for the one-
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dimensional process z(t) described by Eq. (1.12) with
multiplicative noise. In Sec. III we apply detailed bal-
ance to the master equation to show that L(x,t) needs to
be Gaussian, which constitutes an alternative derivation
of the results of Ref. [11]. In addition, we will also obtain
a differential equation involving &(z) and T'(z), as well as
the symmetries imposed to these functions, reminiscent
of the Onsager symmetry relations. In our context, such
an equation serves to fix neither &(z) nor I'(z) but it is a
mere relationship between them. This suggests that de-
tailed balance alone is not enough to unequivocally deter-
mine the properties of the additional terms in Eq. (1.12).
In Sec. IV, we will analyze Brownian motion in position
space to illustrate the main ideas exposed so far. This
particular example will serve us to illustrate that if the
mechanisms causing the fluctuations are weakly coupled
to the fluctuating variable, then we can unequivocally
determine &(x) and I'(x). This will be called the weak
coupling assumption. In the same section, we also ap-
ply these ideas to Alkemade’s diode [12,13], often used
to show the failure of the phenomenological treatment of
the fluctuations. This last example will permit us to an-
alyze the phenomenological theory developed along the
paper to the light of a more microscopic description and,
therefore, determine its range of applicability. Section V
is devoted to the conclusions and to a brief summary of
the ideas sketched in this paper.

II. THE MASTER EQUATION

Let us assume that the dynamics of the one-
dimensional variable x(t), even or odd under time re-
versal, is described phenomenologically, that is, in the
absence of fluctuations, by Eq. (1.2). Note that this
statement constitutes a definition of the phenomenologi-
cal equation. For the fluctuations we have the Langevin
equation given in Eq. (1.12), which we rewrite as

&(t) = —B(z(t)) + F(z(t),t) (2.1)

with

B(z) = —ﬁ(z)% InP.(z) — D(z) , (2.2)

where the form (1.5) for A(z) is used. Note that the
“renormalized” flux B(z) is not completely determined
since it depends on the unknown I'(z). We will define
an acceptable B(x) as such that, after fixing f‘(:z:), it still
retains some dependence on the macroscopically relevant
Onsager coefficient 8(z).

The random force F(z(t),t), as it stands in Eq. (1.8),
cannot be unequivocally interpreted unless a rule to com-
pute averages of the form (g(z(t))L(z,t)), g(z) being
an arbitrary function, is provided [3]. In the literature,
this ambiguity is often referred to as the It6-Stratonovich
dilemma. For causality reasons, we demand [9,10] that
the state of the system at t is not correlated with the
random force at the same time, that is,
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(F(x(t), 1) = / do(3(z — () (E(@ 1) =0, (23)

which in fact prescribes Ité’s rule. However, from
the mathematical point of view, the It6-Stratonovich
dilemma is immaterial in our case since I'(z), and the
properties of f/(:c,t) are a priori unknowns that will be
determined later on, on the basis of physical arguments
and in agreement with the chosen interpretation rule.

For simplicity’s sake, in the calculation which follows
we will assume Stratonovich’s rule. Then, for clarity,
we introduce I'(xz), F(z(t),t), L(x,t), and the cumu-
lants {cn(z1,...,%.)}, as the quantities consistent with
Stratonovich’s rule while T'(x), F(:c(t),t), f,(m,t), and
{én(z1,...,2,)} will be those consistent with It6’s rule.
Since both describe the same physical situation, we must
have that the equations

m(t) = —A(.’L’(t)) + F(m) + F(m(t)’t)IStratonovich ,
&(t) = —A(z(t)) + T(z) + F(z(t),t) -

(2.4)
(2.5)

are equivalent.

Assuming thus Stratonovich’s rule, we introduce the
multiplicative noise as the particular case in which the
set of cumulants in Egs. (1.9)—(1.11) takes the form

en(Z1,&2y. .., Tn) = ane(zy)e(z2) - - c(zn) , (2.6)
o, being constants. This particular choice of the ran-
dom process L(z,t) makes it equivalent to c(z)L(t) as in
Eq. (1.7), with L(t) a stationary white random process
whose cumulants are the set of constants {a;}. Note that
the choice done in Eq. (2.6) does not imply a Gaussian
nature of the random process L(z,t) which, in turn, is
going to be Gaussian if a; = 0 for ¢ > 3.

To obtain the master equation for the probability, we
will essentially follow Ref. [9]. Let us first consider the
density distribution

p(z,t) = 6(z — z(t)) ,

where z(t) is the solution of Eq. (2.4) for a particular
realization of L(x,t) and a given initial condition zo =
z(t = 0). Then, the conditional probability P(x,t|zo) for
the random variable z(t) to be at the point z at ¢, given
that it was at the point zo at t = 0, is related to p(z,t)
by

(2.7)

P(z,tlzo) = (p(@1))zo » (2.8)

where, again, the averages are over all the realizations
of L(z,t) and the subindex zo indicates that the same
initial condition x¢ is considered. Clearly,

P(z,t =0|xzo) = 6(x — o) - (2.9)

In Appendix A we show that P(z,t|zo) satisfies

d 3 > a1 d "
57 P (@ tlz0) = EB(:::)—{-,;Z(—I) —on (ac(m)) ]

x P(z,t|zo) (2.10)



5884

which is the Kramers-Moyal expansion of the master
equation [3]

-g—tP(m,ﬂxo) = /da:' [w(z' = z)P(z’, t|zo)
— w(z = z')P(z, t|zo)]

= /dw'W(a:|x')P(m',t]a:o) . (2.11)

Here, w(z — 2') stands for the transition probability
from the state = to 2, and the operator W(z|z') is de-
fined as

W(zlz') = w(z' = z) — §(z — ') /d:c”w(:z: —z").

(2.12)

Equation (2.10) can be expressed in a more compact form
by introducing the operator £(z):

L(z)= C%B(m) + Z(—l)"%an (%c(z)) . (2.13)

Then
%P(m,ﬂmo) = L(z)P(z, t|zo) . (2.14)

We thus identify
W(z|e') = L(z) 6(z — ') . (2.15)

Furthermore, due to the Markovian nature of the pro-
cess under discussion, we can write

Pa,t) = / da' P(z,d|z',¢) P(z/,t'),  (2.16)
where P(x,t) is the one-point probability density. Set-
ting ' = ¢ and ¢/ = 0 in this last equation, multiplying
both sides of Eq. (2.14) by P(zo,0) and integrating over
Zo one gets the evolution equation for P(z,t),

a ~
5 P(@:1) = L(@)P(=,1) . (2.17)

III. DETAILED BALANCE

A consequence of the time reversibility of the micro-
scopic equations of motion in a closed system in equi-
librium is the so-called detailed balance [14]. When the
dynamics of the variable z(t) is described by a master
equation like Eq. (2.11), detailed balance is the condi-
tion imposing that for each pair of states z and z’ the
transitions must balance:

J
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w(z' = z)Pe(z') = w(ex — ez’)P.(ex) (3.1)
with € = 1 for even and € = —1 for odd variables under
time reversal. Furthermore, the equilibrium probability
distribution satisfies P, () = Pe(ex).

Detailed balance as shown in Eq. (3.1) leads to a sim-
ilar relationship for the operator W(z|z') defined in the
preceding section [Eq. (2.15)] [3],

W(z|z')P.(z') = W(ez'|ex)P.(z) , (3.2)
which, in turn, leads to the relationship
L(@) Pe(z) $() = Pe(z) L (ez)dp(2) , (3.3)

where 9 (z) is an arbitrary function. The operator £1(z)
is the adjoint of £L(x) in the usual sense and is given by

o

i(z) = —B(m)% +3 %an (c(m)éz) L (3.4)

Even variables
Let us first discuss the case of even variables and thus

replace € by 1 in Eq. (3.3). Making use now of Egs.
(2.13) and (3.4) in Eq. (3.3) we get

d — nl d "
{5;3(90) +n;2(“1) 1o (a—wc(z)) } Pe(z)y(z)
_P.(@) {—-B(z)% + 3 men (@57 } ¥) -
(3.5)

‘We now multiply both sides of this last equation by c(z)
obtaining

+ Z(—l)"éan’l)"c(z)} P.(z)y(x)

n=2

{DB(z)

—p (m){—B(w)D + i %anc(w)D"}d)(z‘)

n=2
(3.6)
where we have introduced the operator D as
D= c(x)f% . (3.7

Expressing the left-hand side of Eq. (3.6) in terms of the
independent operators D™, one has

[PB@)P.(a)]9(a) + B@)Pe(e)D¥(z) + 3 (1) e 3 (1) [P "ela)P(@)] D™ (o)

n=2

~ P.(z) {—B(m)D +3 %anc(w)D"} ¥(@) .

m=0

(3.8)
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Since 9 () is arbitrary, we can now equate the coefficients
of the terms proportional to D™ (z) in both sides of this
last equation. From the coefficient of D% (z) = v¥(z), we
obtain

[DB(z)P.(e)] + 3 (~1)" ~an [D"e(2) Po(2)] = 0 .

n=2

(3.9)

Dividing this equation by c¢(z) and using Eq. (3.7), one
gets the stationarity condition £(z)P.(z) = 0 as follows
from Eq. (2.17). Similarly, from the coeffcient of Dy(z)
we get

B(@)P.(a) + 3 (~1)" - ann [D"e(a) Pe(2)]
= —B(z)P.(z) (3.10)

Finally, the coeflicient of D™ (z) for m > 2 gives

oo

> e (1) [P me(o)Pufo)]

n=m

= aliamc(a:)Pe(w) form>2. (3.11)

This last expression stands for an homogeneous system
of equations for the set of constants «; for < > 2 whose
coefficients are functions of z. Note that ay can only
appear in the equation for m = 2 in view of the lower
limit of the sum on the left-hand side of Eq. (3.11).
However, for m = 2 the term containing a; in the sum is
exactly canceled by the term on the right-hand side, so
that a3 is not determined by this system of equations. In
Appendix B we prove that the only acceptable solution
of Egs. (3.11) is a; = 0 for ¢ > 3. Therefore, L(z,t) in
Eq. (2.4) must be Gaussian. This important result was
already found in Ref. [11] by using a different procedure.

Thus, Egs. (3.9) and (3.10) now take, respectively, the
form

2 {B@P.@) + joa [o0) peterPa@)] } =0,

(3.12)
2B(z)Pe(z) + a2 [c(w)%c(w)Pe(z)] =0,
(3.13)

according to the definition of D. Notice that Eq. (3.12)
can be obtained from Eq. (3.13) by differentiating with
respect to z. While the former is the stationarity condi-
tion which states that the divergence of the probability
flux must be zero in equilibrium, the latter says that the
probability flux itself must also vanish.

Odd variables

The treatment of the case of odd variables cannot be
carried out following the same procedure as done for even
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variables for a general nonvanishing ¢(z). It is, however,
of particular importance the situation in which ¢(z) ver-
ifies ¢(z) = c¢(—z) since we will prove that L(z,t) is
Gaussian if and only if c(x) is an even function of its
argument. [This was implicitly assumed in Eq. (2.7) of
Ref. [11].] Furthermore, we will also determine the cor-
responding symmetry properties of B(z) and discuss the
consequences that arise from these facts.

Let us replace € by —1 in Eq. (3.3) and assume that
¢(z) is even. We then get

{f—wB(m) +nz=:2(—1>"$an (;%c(w)) } P.(2)¥(2)
- Pu(o) {B(-a)

+ i(——l)"%an (c(w)%) }¢(w) . (3.14)

n=2

Using again the operator D and equating the coef-
ficients of the functions D™ (z) at both sides of Eq.
(3.14), we arrive at

[DB@)P.(z)] + 3 (1) —n [D"c(2) Pu(2)] = 0

n=2

(3.15)

for the coefficient of D% (z). From the term proportional
to Dy (x) we get

B(z)P.(z) + i(—l)"%an n [D™ le(x) Pe(x)]

n=2

= B(~z)P.(z) . (3.16)

The coefficient of D™ (x) for m > 2 gives

oo

S 20 (1) [P me(@)P()]

n=m

= (—l)mr—rll—!amc(m)Pe(x) form>2. (3.17)
In Appendix B we also prove that the only acceptable
solution of this last equation is a; = 0 for ¢ > 3, so that
L(z,t) is again a Gaussian process.

The reverse implication is not difficult to prove. Let
us assume that L(z,t) is a Gaussian process or, what is
the same, that a; = 0 for ¢ > 3. From Eq. (3.3) with
€ = —1, making use of Egs. (2.13) and (3.4) we obtain

{(,%B(m) + 3o (5*3—())} P.(=)b(z)

= P.(a) {B(—m)% + Lag (4-@%) }¢(m) :

(3.18)
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where now c(x) is a general nonvanishing function.
Equating the coefficients of the terms proportional to

8% (z)/0x2, we get

10p P (z) Pe(z) = Laz c?(—z) Pe(z) (3.19)
and since c¢(z) is assumed nonvanishing, then c(z) =
c(—z). Therefore, if detailed balance is satisfied and z(t)
is an odd variable under time reversal, L(x, t) is Gaussian
if and only if ¢(z) is an even function.

Making use of the Gaussian nature of L(z,t), Egs.

(3.15) and (3.16) become

% {B () Pe(2) + 502 [c(w)%c(w)Pe(w)” =

(3.20)

[B(z) — B(~2)]Pe() + o2 [c(w)(%c(w)Pe(w)] -
(3.21)

Again, Eq. (3.20) has the structure of the divergence
of a flux equal to zero. Since this flux itself is zero in
equilibrium, we get

B(z) = —B(—xz) . (3.22)
Thus, under these conditions Egs. (3.20) and (3.21) re-
duce to Egs. (3.12) and (3.13) and, therefore, under these
circumstances the subsequent discussion will be valid for
even as well as for odd variables.

While Eq. (3.22) follows from detailed balance, we will
prove in the next section that if weak coupling is satisfied,

this previous symmetry implies in turn
F(:L‘) =-T(-z),
B(z) = B(-=) .

(3.23)
(3.24)

The Fokker-Planck equation

Let us consider again Eq. (3.13). In view of Eq. (2.2)
it can be written as

(Ze2(@) - () Ed; In P.(c) = [(z) — %%%cz(:ﬂ) :
(3.25)

Note that the factor a3 /2 may be absorbed into c?(z). In
what follows, we will, without loss of generality, choose
the scale of L(z,t) such that az = 2. Then, Eq. (3.25)
turns into

[¢*(2)

With the aim of discussing the original Langevin Eq.
(1.12) or, equivalently, Eq. (2.5), we have to relate the
previous results with those corresponding to Ito’s pre-
scription. It is easy to show [3], although we will not do
it here, that for f‘(a:), é(z), and E(:v, t), one can find that
(i) L(z,t) is also Gaussian with éx(z,z') = é(z)é(z’), (i)

— B(z)] Eda-: InP.(z) =T(z) — = dic2 (z) . (3.26)

JOSEP BONET AVALOS AND IGNACIO PAGONABARRAGA 52

['(z) and &(z) are related by the equation

[&*(=) -

and, for odd variables, (iii) the same symmetries as in
Egs. (3.22)-(3.24) hold.

Equation (3.28), bearing two unknown functions I'(x)
and é(x), indicates that for our Langevin equation, mi-
croscopic reversibility alone cannot unequivocally de-
termine the properties of the random force F'(z(t),t).
Rather, it relates the functions I'(z) and &(z) with the
thermodynamic force and the phenomenological coeffi-
cient B(z). In the next section we will introduce a plau-
sible way to determine these two functions based on phys-
ical grounds.

Equation (3.27), the fact that the random process
L(z,t) must be Gaussian as well as the symmetries of
['(z), &), and B(z) for odd variables, constitute the
main results of this section. Some consequences follow.

First, in view of the fact that L(z,t) must be a Gaus-
sian process, then Eq. (1.12) is equivalent to a Fokker-
Planck equation of the form

Bx)] = nPu(a) = T(e) ~ 2&(a), (327)

7] 0

(B(z) P(z,t) + %&Z(a:) P(z, t)) .
(3.28)

Second, integrating Eq. (3.27) we get

&*(z) = + B(z)

( )

d ~
) {Z5pe) - Te)]
= f(z) — A(z) , (3.29)
where 2 is an integration constant. In this last expression
we have gathered in A(z) all the terms that explicitly
depend on the equilibrium probability distribution P.(z).
Note that, in general, the properties of the random force
are then dependent on the Onsager coefficient B(z) as
well as on the equilibrium probability distribution.
Inserting this last expression for é2(z) into Eq. (3.28),
after some algebra, one gets

5P(@0 = 5 [8) ~ AE) [P0 5w )
4 %P(w,t)] : (3.30)

Note that this equation depends on the still unknown
function I'(z) in view of Eq. (3.29). Nevertheless, inde-
pendently of that function, the equilibrium probability
distribution P.(z) is always a solution of this equation.

Finally, after remark 2 and due to the fact that I'(z) is
not necessarily zero for a linear A(x), we have no objec-
tive reason at this point to consider the theory for linear
A(x) as substantially different from that of the genuinely
nonlinear case.
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IV. TWO EXAMPLES

In this section we will analyze two nontrivial examples
for which a more detailed analysis exists. The first one
is the diffusion of a Brownian particle with a position-
dependent friction coefficient in a general potential field.
The second one is a diode with a nonsymmetric nonlinear
characteristic function I = I(V).

Diffusion of Brownian particles

Here, we will study the case in which the variable
z(t) is the position of a Brownian particle in a one-
dimensional system in equilibrium with a reservoir that
keeps constant the temperature T. The particle is sen-
sitive to a potential field V(z). Thus, the equilibrium
distribution function is given by

P.(z) = 1 v ’

(4.1)
where N is the normalization constant and k is Boltz-
mann’s constant. The phenomenological equation in this
case is the relationship between the velocity of the parti-
cle and the force acting on it,

1 d

X®) =~ £(X) dX

—V(X) = -A(X), (4.2)

&(X) being the friction coefficient which is assumed to
be position-dependent. Physical examples could be ei-
ther motion in an inhomogeneous medium, or an anal-
ogy with the three-dimensional situation where hydrody-
namic interactions with other particles or with the walls
of the container cause the friction coefficient of a Brow-
nian particle to change from one point to another. From
these two equations we can rewrite A(X) as

1 d kT d

A =y ax TE(X) ax

V(X) = InP.(X) (4.3)

which permits us to identify B(X) = kT/£(X). To de-
scribe the fluctuations, let us replace X by z and rewrite
an equation of the form of Eq. (2.1),

:i:(t):[ kT

&(z(t)) dz P, (””)”(m(t))] + F(z(t),1)

(4.4)
where the term between brackets is B(z(t)). If detailed

balance has to be satisfied, the corresponding Fokker-
Planck equation then reads

d 8 (kT 8 V()
5 P@D =5 (5() Az )) [P( ) 5 o7

+ %P(z,t)]

(4.5)

Note that this equation does not coincide with the well-
known Smoluchowski equation that describes the diffu-

-assumed that &(z) is even, Eqgs.
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sion of Brownian particles with position-dependent fric-
tion coefficient (see, for instance, Refs. [3,15]) unless A(x)
identically vanishes.

At this point we will further assume that the proper-
ties of the random force need to be independent of P.(z).
(This statement will be referred to as “weak coupling”
from now on.) If this is the case, from Eq. (3.27) we get
that, in general,

&(x)
f‘(a:) =

= B(z) ,
d
%ﬂ(“’) s

(4.6)
(4.7)

so that the random force is completely characterized. To
get a more intuitive picture of the physical nature of this
statement, in the case of Brownian motion, we may say
that weak coupling is equivalent to state that the random
force should be a property of the bath system and then it
must be independent of the potential force, —dV (z)/dxz,
externally applied to the Brownian particle. Then, if Eq.
(4.7) is satisfied, A(z) identically vanishes and the usual
diffusion equation is recovered.

Note that in the case of odd variables, since we have
(4.6) and (4.7) lead to
the symmetry properties shown in Eqs. (3.23) and (3.24).

We can then conclude that our Langevin equation
(1.12) is completely determined when detailed balance
and weak coupling are imposed, leading us to the Gaus-
sian nature of L(z,t) and to Egs. (4.6) and (4.7). We
have also found that such a Langevin equation is equiv-
alent to the Fokker-Planck equation

2P@t) = 500 [Pat) (~5m 1 Pute)

+ 2L, t)] (4.8)

for the probability distribution.

Diode

We will next consider the problem proposed in
Refs. [12,13], where an extensive analysis on more mi-
croscopic grounds can be found. One is now interested
in the study of charge fluctuations in a condenser of ca-
pacity C in parallel with a vacuum diode which is in
thermal equilibrium with a reservoir at a temperature T'.
The diode is constructed by facing two electrodes of met-
als with different work functions (the work functions are
defined as the work needed to extract an electron from
the metal) for the electrons, W; and W, with W, > W,.
The system is described in the scheme of Fig. 1. It is
important to note that we have explicitly included in the
figure the contact potential barrier, equal to the differ-
ence in electrochemical potential per unit charge, when
one electron passes from one metal to the other. This
contact potential is AW /e, where AW = W; — W, and
e is the electron’s elementary charge. For the system of
the figure we have the I(V) characteristics
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FIG. 1. Alkemade’s diode. Thick lines represent plates and wires of metal 1 while thin lines represent plates and wires of
metal 2. The system enclosed by the frame corresponds to the diode and it is kept at constant temperature 7. The figure on
the right-hand side represents a schematic view of the system. Note that the junction of metals 1 and 2 give rise to a potential

barrier.

IV)=1Io (eeV/ KT _ 1) . (4.9)
The relation between the intensity and the voltage dif-
ference v between the diode plates is obtained by using
in Eq. (4.9) the fact that V = AW/e + v as it follows
from the figure. It then reads

I(w) = Io (eAW/ KT gev/kT _ 1) . (4.10)

One way to proceed is to connect a condenser of capac-
ity C in parallel with the system of Fig. 1 to study charge
fluctuations in the condenser originated in the diode. In
that case, the equilibrium distribution for the charge in
the condenser follows by standard equilibrium statistical
mechanics. Effectively, the energy of the condenser when
storing a charge q is purely electrostatic and equal to
E = ¢?/2C. Then, the equilibrium distribution is given
by

2

Pe(q) ~ e~ 7rC | (4.11)
With the equilibrium distribution (4.11) and the phe-
nomenological law (4.9), one can obtain the equation for
the fluctuations following the same procedure as in the
previous example. The system studied in Refs. [12,13] is,
however, slightly different and corresponds to that shown
in Fig. 2. Note that since the system has no contacts,
the plates of the condenser need to be of different metals.
This crucial point leads us to the equilibrium distribu-
tion function for the charge in the condenser. One con-
siders again the energy of the condenser when a charge
q is stored. To discharge the condenser, on one hand,
the electrons lose electrostatic energy in traveling from
metal 2 (where the voltage is 0 according to Fig. 2) to
metal 1 (where the voltage is v = ¢/C). On the other
hand, there is an additional loss of energy due to the fact
that the chemical potential of the electrons in metal 2
is higher (lower work function) than in metal 1 (higher
work function). The energy stored in the condenser is
thus E = ¢2/2C + AWgq/e and the equilibrium distribu-
tion reads

Pe(q) ~ e_ﬁq;‘_c_%e’ .

(4.12)

The equilibrium charge go of the condenser is thus

AWC
9o = — .
€

(4.13)

These results obtained using equilibrium statistical me-
chanics are also found in Ref. [13] from the master equa-
tion proposed to describe the system under discussion.
Moreover, the fact that the condenser in equilibrium
bears a charge go could be interpreted as a violation of
the second law of thermodynamics. It is clear from the
fact that the two plates of the condenser are of different
metals that, in equilibrium, no work can be obtained by
connecting them with a wire since the equilibrium volt-
age vg = qo/C = —AW/e would exactly be compensated
by a contact voltage barrier due to the difference in elec-
trochemical potentials.

Consequently, in order to study charge fluctuations in
this system, we have to use Eq. (4.12) together with
Eq. (4.10). In view of Fig. 2, note that the charge in
the condenser decreases when I is positive. Thus, the
phenomenological equation for this system is obtained
from Eq. (4.10) and reads

i=—I(w) = I (1 - ee(q-%)/m) , (4.14)
where Eq. (4.13) has been used. Finally, with the aim
of comparing with the results obtained in Ref. [13], we
rewrite Egs. (4.12) and (4.14) in terms of the dimension-
less variable z = —e!/2(q — qo)/e, where € = €2/kTC is
a small parameter that is related to the amplitude of the
fluctuations. (This parameter is related to the inverse
of the size of the system, in this case the capacity of the
condenser C [3]. Physically, € measures the ratio between
the difference in electrostatic energy between two consec-
utive electron jumps and k7. The jump probability of a
second electron is strongly affected by the jump of the

first one if € ~ 1.) We get

FIG. 2. Alkemade’s diode in parallel with a condenser. To
avoid the junction in the wires, the plates of the condenser
are of different metals. We study the charge fluctuations q in
the condenser of capacity C.

1
9 r—t——
2
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—a?/2

P.(z)~e (4.15)

and

&= (e—e”’ac - 1) , (4.16)
where j = Iy e'/? /e. As in the previous example, from

these two equations we obtain the phenomenological co-
efficient 3(zx),
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Finally, making use of Egs. (4.15) and (4.17) in Eq. (4.8)
we arrive at

2P = gl (1-e9"%) [eP@t) + 5 PG, ).

(4.18)

To end this section, we compare Eq. (4.18) with the
expansion of the master equation for this model. We thus

B(z) = J ( —€t/ 2m) ) (4.17) expand our Fokker-Planck equation in powers of €/2. We
T obtain
|

1 9 1.1/2( 2 1.3 9 1,1/2 1.2 3/2

ey 8t P(z,t) = %[m —3€/%(z* = 1) + ze(z® — 2z)] P(x,t) + ﬁ(l — 3%z + gex®)P(z,t) + O(e™/%) . (4.19)
On the other hand, Eq. (45) of Ref. [13] has the form
0 0 1.1/2(,2 1.3 9* 1.1/2 1,02
b;P(:c,t) = a[w — e’z -1)+ —e(m — 3z)|P(x,t) + —2—[1 — 3€%z + 2e(x® — 1)|P(z,t)
33

+5—(3ex)P(z,t) + P(z t) + O(e%/?) . (4.20)

Ox3 1234

Comparing these last two equations we see that they
agree up to order €1/2, while up to first order the equation
for the fluctuations is not even a Fokker-Planck equation
but higher order derivatives have appeared. We then
conclude first that to the order of validity of the Fokker-
Planck equation itself, (¢!/2), the fluctuations are cor-
rectly described by the phenomenological theory devel-
oped in this paper without ambiguity. Second, up to this
order, the coefficients of the Fokker-Planck equation are
functions of the variable z, corresponding to a so-called
nonlinear Fokker-Planck equation. The possibility of cor-
rectly set nonlinear Fokker-Planck equations from a phe-
nomenological theory is the main result of this paper. As
we have seen, however, the validity of the Fokker-Planck
equation to describe fluctuations in nonlinear systems is
restricted to small fluctuations.

V. CONCLUSIONS

In this paper we have tried to answer the question of
whether it is possible or not to write a Langevin equation
to describe the equilibrium fluctuations of a given macro-
scopic variable X with only a phenomenological knowl-
edge of the system. To this end, we have proposed the
Langevin equation (1.12) containing two terms account-
ing for the existence of fluctuations. In the first place,
we have a function I'(z) which plays the role of a mod-
ification of the phenomenological law at the scale of the
fluctuations. This answers one of the major criticisms
of the use of Langevin equation to describe fluctuations
in nonlinear systems [3]. In the second place, we have
introduced a causal random force as given in Eq. (1.8).
We have then analyzed the particular case in which the
cumulants of L(z,t) depend on a single function &(z),
which is equivalent to a multiplicative noise, which is the

simplest case of variable-dependent random force. Then,
the function é(z) can be interpreted as an amplitude of
the random force that can vary from point to point. We
have proved that detailed balance leads, first, to the re-
sult that L(z,t) must be a Gaussian process. One im-
portant consequence of this result is that our Langevin
equation (1.12) is equivalent to a Fokker-Planck equa-
tion. Second, we have obtained the relationship between
the functions I'(z) and é(z) given in Eq. (3.27). While
these are general results for even variables, we have seen
that they are only satisfied for odd variables under cer-
tain symmetry conditions. In fact, in this last situation
we have proved that L(z,t) is a Gaussian process if and
only if ¢(z) is an even function, which also implies that
B(w) must be odd. The symmetry of this “renormalized”
flux leads in turn to the fact that I'(z) has to be odd and
the Onsager coefficient 3(z) has to be an even function.
This is an important condition on the phenomenological
coefficient that arises from microscopic reversibility and
weak coupling, which has the same origin as the symme-
try of the Onsager coefficients for the crossed terms in
the linear case [6].

Moreover, we have seen that the phenomenological
knowledge of the system together with detailed balance
are not enough to determine the properties of the random
force. The existence of this ambiguity indicates that, at
this level, different equations for the fluctuations could
be proposed, all satisfying detailed balance and having
the same equilibrium probability distribution, but lead-
ing to different dynamics for the fluctuations [13]. We
have then shown that, if the internal mechanism that
causes the random force is weakly coupled with the vari-
able that fluctuates, as it has clearly been shown in the
case of Brownian motion, detailed balance together with
this weak coupling assumption suffices to completely de-
termine the Langevin equation.
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In our analysis we have imposed weak coupling only at
a later stage of the discussion in order to completely spec-
ify the properties of the random force, after having ap-
plied detailed balance. It is important to note, however,
that if we had imposed detailed balance together with
weak coupling from the beginning, we would have seen
that the Gaussian nature of L(z,t) follows both for vari-
ables even and odd under time-reversal, that the “renor-
malized” flux is automatically acceptable, and that the
symmetry property of 3(z) is a natural consequence of
both principles. [This can be proved by treating in Eq.
(8.3) both 9(z) and P.(x) as arbitrary functions and fol-
lowing the same reasoning as in Appendix B but for a
general c¢(z).]

The results derived from the previous analysis have
been applied to two nontrivial examples. To the range of
validity of the form assumed for the random force in Eq.
(1.8), the results coincide with more detailed models for
the dynamics of the fluctuations in those systems. Tak-
ing into account that for a general process the validity of
the Fokker-Planck equation as an approximation of the
master equation is restricted to small fluctuations [3], in
the second example of Sec. IV we have seen that, to
the range of validity of the Fokker-Planck equation itself,
our approach is correct and furnishes a description of the
fluctuations in a genuinely nonlinear system. Therefore,
all the results found here by means of a phenomenologi-
cal analysis are consistent with those obtained from the
expansion of the master equation.

Let us analyze the case 8 constant in more detail. From
Egs. (4.6) and (4.7), we get that é2 = 3 (also constant)
and T' = 0, in agreement with Ref. [9] which, for linear
Langevin equations, reduces to the standard results. It is
important to realize that detailed balance alone ensures,
in view of Eq. (3.27), that (I'(z)) = 0, but still I'(z) and
é(z) can be nonconstant functions related by Eq. (3.27).
Therefore, the standard theory for Langevin equations,
either linear or with constant (3, relies on an implicit
weak coupling assumption. [This implicit weak coupling
assumption is formulated by demanding that the random
force F(z(t),t) is independent of the variable z(¢).]

On the basis of causality and stationarity, the second
moment of the random force in a nonlinear Langevin
equation of the type (2.1), has been proved to satisfy
[10]

(F(x(t),t)F (z(t),t)) = (E(m(tZ»t)i(w(t'),t'))
= 2(z(t)B(z()))d(t —t') . (5.1)
Inserting the definition of B(z) in the right-hand side of
this equation, after partial integration we get
@) B(0) = (Ba0)) + <w(t> @) )>
—(@(O)T(2(¥))) - (52)

If detailed balance applies, one can make use of Eq. (4.7).
Then, the second and third terms in this last equation
cancel and we finally obtain [16]

(F(z(), ) F(=(t),t')) = 2(B(=(1)) 6(t — t') .

(5.3)
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Again, if @ is constant, only now we recover the
fluctuation-dissipation theorem as a consequence of both
detailed balance and weak coupling. In the genuinely
nonlinear case, Eq. (5.3) as well as Eq. (4.6) are remi-
niscent of the fluctuation-dissipation theorem existing for
linear systems. In particular, Eq. (4.6) relates the ampli-
tude of the random force, é(z), to the phenomenological
coefficient B(x) at every point.

Finally, one can calculate the average of the flux in
equilibrium from Eq. (1.12). Effectively, from causality
and Eq. (3.27) it follows that

|
laete

> =0
z=z(t)

as expected. Notice that the underlined term is the mod-
ification of the phenomenological law due to the fluctua-
tions and ensures that (&) is zero in equilibrium, so that
there is no violation of the second law as is the case in
the so-called “Brillouin paradox” [3].

(@0 = (B0 7 10 P

+Jixﬂ(z) (5.4)
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APPENDIX A: DERIVATION OF THE MASTER
EQUATION

The density distribution given in Eq. (2.7) satisfies a
continuity equation

0 0 .

ézp(m,t) = —é—m-:c(a;, t) p(z, t). (A1)
In view of Eq. (2.7), and due to the properties of the
d-function, to compute &(z,t) we can use Eq. (2.4) re-
placing the random variable z(t) by the field variable z,
giving

2 p(e.t) =~ 2 [-B(&) + Lz, )] (2, 1)

where use has been made of Eq. (1.8). Equation (A2)
can be formally solved, obtaining

(A2)

p(z,t) = {exp /Ot dt’ ;9% [B(z) — L(=, t)}} §(z — zo) ,
(A3)

where use has been made of p(z,t = 0) = §(z —x0). Note
that the term between curly brackets is independent of
the initial condition zo since z is not a random variable
but a field point and the process L(x,t) has been assumed
to be independent of z(t), so that it is also independent
of z(t = 0) = zo. Thus, we can average both members
of this last equation and use Eq. (2.8) to also derive the
formal solution for the conditional probability density
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P(z,t|zo) = <exp/ dt' —

B(x L(a:,t)]> P(z,t = 0|zo) .

(A4)

The average is performed over all the realizations of L(z,t) and it is independent of zo. This last expression can also

be written in terms of the cumulants

P(x, t|zo) = exp {Z % <(/ ar 2 " [B(a) - L(w,t)]) > }P(z,t — 0zo) .

n=1

For n =1 one has

< (/Ot dt’ a% [B(z) - L(z, t)]) >

- A dt’:,%[B(z)—(L(z,t))d:t%B(z). (A6)
For n > 2 one has
t 9 n
<( [} @ 5 8@ ~ L) >
=(-1)"ta, (%c(m)) , (A7)

where in deriving the last line use has been made of Eqgs.
(1.11) and (2.6). Therefore, substituting these results
into Eq. (A5) one gets

J

(45)
[
P(,t|z0) = exp{t[%B(w)
St (o))
<Pz, t = Ofzo). (A8)

Differentiating with respect to time, one arrives at Eq.
(2.10).

APPENDIX B: PROOF OF a;y =0FOR I >3

In this appendix we will show the possible solutions of
the system of Egs. (3.11) and (3.17) for the parameters
a;, 1 > 2. Once removed ay (recall that the coefficient of
the only term involving this constant is zero), the system
is a homogeneous set of equations for a; for ¢ > 3 with
z-dependent coefficients. Its solution is a; = 0 for s > 3
if the determinant is nonzero and, therefore, L(z,t) is a
Gaussian process. However, if its determinant is zero,
then other solutions with some «a; # 0 may exist. In
order to find the expression of the determinant, let us
separately write the equations for m even and odd. From
(3.11) and (3.17) it follows that

(2k),Dy(w)a2k+1 + Z = (2k ) D" ?*y(z)a, =0, m =2k, (B1)
n=2k+2
l+e n n—(2k+1)
(2k T 1)’y(a:)a2k+1 + _:L;Lz 2%k + 1 D y(@)o, =0, m=2k+1, (B2)
[
with k = 1,2,... . We have defined the function y(z) = 2 dy 2
¢(z) P.(x) for ease of notation. —c*(x) (a;) +c(z )Z’l(“’) + ¢ (m)y(z)— =0,
Let us first consider the case of even variables. We
thus replace € by 1 in Eq. (B2). Making use of this last (B4)
equation, we can express the coefficient of ai2x41 in terms h luti
of all higher ones. If one then proceeds to substitute Eq. whose sofutions are
(B2) systematically for all k in Eq. (B1), one arrives at a
set of equations only for the even coefficients. Moreover, y(@) = c(@)Pe(x) = v+ p / Pe(z)dz (B5)

this new set of equations is triangular and it is then suf-
ficient to calculate the terms of the diagonal in order to
know its determinant. One can see that the determinant
is zero only if

y(@)[~(Dy(x))* + y(2)Dy(2)] = 0

which implies that some «; may be nonzero if y(z) sat-
isfies the nonlinear differential equation

(B3)

v and p being integration constants. This last equa-
tion determines c(z), since P.(z) has been considered as
given. Note that in this particular case, c(z) is indepen-
dent of the phenomenological coefficient 8(z). Further-
more, these solutions are eigenfunctions of the differential
operator D,

Dy(z) = py(x) . (B6)



5892

In order to determine the set of cumulants «o;, we will use
this last property in Egs. (3.9) and (3.10). We get

DB(w)P (=) _ i

o) n‘ u n , (B7)
BEP) S (1 o,
y(z) Z " (88)
Let us introduce the function
Y(p) = (;nl!)—nu"an (B9)
n=2
in terms of which Egs. (B7) and (B8) become
TR
2B(z)P(z) _ _9%(n)
y(@) 9 (B11)

Thus, eliminating B(z) between Eqgs. (B10) and (B11),
we obtain a differential equation for ¥ (u),

W _ 2

=0, B12
i (B12)

which indicates that v is a quadratic function of the pa-
rameter p. This implies that all the cumulants of L(z, t)
should be zero except for the second one. Therefore, we
have proved that also in this case L(z,t) is Gaussian.
Moreover, from Eqgs. (B9)—-(B11) we arrive at the corre-
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sponding Langevin equation

dz _ c(z)
dt 2
Now, in view of Eq. (B5), we see that Eq. (B13) is inde-
pendent of the phenomenological coefficient 8(z), corre-
sponding to a situation which is out of the scope of this
work.
Let us finally point out that the special case p = 0
leads to a Langevin equation of the form

,t) . (B13)

dx

T = L(z,t) , (B14)
which is again nonacceptable. In this case, however, de-
tailed balance does no s;:fhce to completely fix the prop-
erties of L(z,t). Althoug: all the odd cumulants are zero,
the even ones remain undetermined, allowing therefore
for non-Gaussian noises.

For odd variables, we have to replace ¢ by —1 in Eqgs.
(B1) and (B2). In this case, the first term in Eq. (B2)
vanishes. Therefore, the homogeneous system of equa-
tions is already triangular, showing that a; = 0 for 7 > 3,
unless the determinant is zero. This happens only if

Dy=0. (B15)
In this case, nothing can be said about the set of cu-
mulants o;, since in view of Eq. (B15), in Egs. (B1)
and (B2) all the coefficients vanish. The corresponding
Langevin equation also has the form given in Eq. (B14),
again nonacceptable.
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