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Transient behavior of particle transport in a Brownian motor
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The transient behavior of a Brownian motor is investigated for more detailed particle transport occurring
therein. The asymmetric nature of the time-dependent mean particle velocity is examined during the transition
between two different levels of thermal noise. The possibility of current inversion is also investigated. It is
found that the detailed shape of the asymmetric potential is crucial for such an inversion to occur.
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I. INTRODUCTION . 10t
. (X) = Iim—j E[x(t)]dt. (4)
The phenomenon of the Brownian motor, also known as a -t Jg

rqtchet, has been investiga}ted intensively ip recent years. .It LFhe two averaging procedures, i.e., the ensemble averaging
directed particle transport in a system not in thermal equilib- o

fum and with a sptial ssymmeny due o an asymmetncafr " (e AYEGNG, <uppress man detals o e parcl

potential, nonequilibrium perturbation, or a special type Ofnomenon és well as identify and construct different t eps of

coupling. A comprehensive review of the general concept ’ ) ; ypP
rgtchets, more detailed knowledge of the particle movement

types of ratchets, fundamental theories, and their application : e o
was given by Reimanfd]. may be required. The present paper is aimed at obtaining a

Consider a one-dimensional system governed by th reater insight into th_e p?‘rtic'e motion by _c_arrying out only

equation e qnsemble averaglrE{x(t_)], wnhout additional time av-
eraging. In what followsE[x(t)] will be referred to as the

transient mean velocity, which is generally time dependent
and is a constant only in an invariant temperature field.

For the present temperature ratchet model, the transient
mean velocity can be obtained from the governing equation
(1) as follows:

7x==V'(X) + &), (1)

wherex(t) is the location of a particley is the friction co-
efficient, (1) is the thermal noisey(x) is the potential, and
the inertia of the particle is neglected. The thermal ngise

in Eqg. (1) is modeled as a Gaussian white noise with the R S B
following correlation function1,2]: Ex®]=- nE[V ()] =~ 7 _xV (¥)p(x,dx, ()
E[£() &+ 7] = 29k T(1) 8(7), (2)  wherep(x,t) is the probability density of the particle dis-

placementx(t). Since the input(t) in Eqg. (1) is a nonsta-
where E[ ] denotes an ensemble avera@ig,is a constant, tionary stochastic process, analytical solutions are obtainable
and T(t) is the environmental temperature assumed to b@nly for their asymptotic forms. In general, detailed results
periodically varying in time. The potential(x) is spatially ~Must be obtained by way of numerical simulatig-3]. In
periodic with a period_ and is asymmetric within each pe- thiS paper, samples for the input thermal noise are first gen-
riod L. The functional form o(x) depends on the physical erated, and the governing differential equations are solved

problem involved. The system governed by Ed3.and (2) numerically using the fourth-order Runge-Kutta method. The
is a typical température ratchet. ' output samples so obtained are then used to calculate the

It is known that particle transport in a temperature ratchefatnse.'ﬁnble averages. 'I_'he time step in the numencal_ calqula—
is caused by two factors: the asymmetric potential and Jion is ch.osen ac_:cordlng to b_oth _the system relaxation time
time-dependent temperature field. In earlier investigation&"d the time period of the noise intensity.

[1], interest has been focused on the long-term average of the

particle current, defined as
Il. PARTICLE TRANSPORT IN A TEMPERATURE

el x(t) - x(0) . x(t) ; RATCHET
(x)= tm t - tm (3) Let the period of the changing temperature field e
namely,
where x(t) is the particle location in an unbounded one- Tty =Tt + 7). 6)

dimensional space. Note that both time average and en-

semble average are applied in E@); thus, the initial state Since the noise intensity is time dependent, the system will
has no effect on the result. Equatig®) can also be ex- never reach a statistically stationary state, i.e., a thermal
pressed as equilibrium state. However, due to the periodicity of the
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FIG. 1. Potential9) and corresponding force.
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FIG. 3. Transient mean velocity for noise peri@é 1.

noise intensity, the particle transient mean velocity also tendgorresponding to two consecutive maxima ‘fx). The
to be periodic in time, as the effect of the initial state dimin-minimum of V(x) within this period is found ax,~-0.19..

ishes. The long-term particle curre() can be calculated

from

S 1(7_ .
(%) = lim 7 fo E[x(®)]dt=" f E[x()]dt.

0

Consider the following temperature figld]:

whereT andA are constants, and gghdenotes the signum
function. According to Eq(8), the system is subjected alter-

natively to two different noise level¥=T(1-A) and T
=T(1+A). A typical example for the periodic potential is

(1.2
V(X)

T(t) = T{1 + A sgrsin(2mt/T) ]}

= V[sin(2mx/L) + 0.25 sirtdmx/L)].

)

8

9

Numerical calculations were carried out for the tempera-
ture ratchet governed by Eggl), (2), (8), and (9) with »
=1,L=1, kg=1, Vo=(1/2)7, T=0.1, andA=0.7, where all
parameters are nondimensional and were selected following
[1]. Several values were assumed for the noise pefidthe
transient mean velociti[x(t)] is depicted in Fig. 2 for the
case of7=4 and for two periods betwedr 16 andt=24. It
indeed exhibits a periodic behavior. Since the peflocho-
sen is long enough, the system transits between two nearly
stationary states corresponding to the two noise levels. It is
seen that the mean velocity is negative when the noise inten-
sity is increased from a lower level to a higher one and
positive when the noise intensity is reversed to the lower
one. Moreover, the transition from the lower noise level to
the higher level is much shorter than the reverse transition.
The two transition processes exhibit a clear asymmetric char-
acteristic, and the difference in the two transition times leads
to a positive long-term overall particle currefx). Figure 3

This potential is illustrated in Fig. 1, as well as the corre-shows the transient mean velocity for the cas@®i in two
sponding force ¥'(x) within one period. Here a typical pe- periods aftert=16. With a shorter period, the system is

riod is considered to be betweegn=-0.81L andx,~0.19.,

0.2

0.15

0.1

E[%]

0.05

IEAEE ERREE RS R

Transition from high
noise to low noise

Proure e e,

-0.05

-0.1

(AN ERRRE SRSRE RRRE

e v =</

Transition from low
noise to high noise

-
[

18 20 22

t

FIG. 2. Transient mean velocity for noise peride4.
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FIG. 4. Long-term particle current vs noise periddor differ-
ent values ofA.
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FIG. 5. Potential10) and corresponding force. potential(10).

unable to transit between two early stationary states, and the

magnitude for both the positive and negative mean velocities IIil. CURRENT INVERSION

also decreases. The long-term particle velodity is still Now consider another ratchet potential given[hy
positive.

The long-term(x) has been calculated from E¢{) for ] X ] X
three cases 0A=1, 0.7, and 0.5, and the results are depicted ~ V(X) = Vo] sin| 2~ | + 0.2 sin) 4| - = 0.45

in Fig. 4. In the case oA=1, the system undergoes loading

and unloading processes, while in other cases the noise in- ; X

tensity is changed periodically between two different levels. +o1 5”{677< L 0'45)”' (10

A lower A value indicates a smaller change in the noise

intensity, leading to a smaller difference in the two transitionThis potential and the generated force are shown in Fig. 5.
periods between two noise levels. As a result, the long-ternfhe potential has a similar but slightly different asymmetric
particle current is also reduced. In every case, the particlehape compared to that of Fig. 1, with the two maxima at
current reaches a maximum at a certdinalue. When7Tis X ~-0.8077L and x,~0.1922%, and a minimum atx,
large and is increasing, the net area under Efe] curve  ~-0.2434%. The transient mean velociti€$x] of the sys-
within one period remains the same; thus, the time-averagei@m, with potentia(10) and under the same temperature field
value (x) decreases with an increasing time period. In the(8), are depicted in Figs. 6-9 for several different noise pe-
limiting case of a very largeZ; the system approaches a riods 7. In the case of7=6, shown in Fig. 6, the system is
stationary state. On the other handZifis very small, the ~able to transit between two nearly stationary states, corre-
system does not have enough time to respond to the Chan%@ondmg to the two noise levels. However, the transient be-

of the noise level, leading also to a low long-term particlehavior is different from that shown in Fig. 2. During the
current. In the entire range of th& value, the long-term transition from the low noise level to the high one, the mean

particle current is always in on@ositive) direction. velocity is first positive and then turns negative until reach-
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FIG. 6. Transient mean velocity for noise perid@d&6 and FIG. 8. Transient mean velocity for noise peri@é0.2 and
potential(10). potential(10).
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FIG. 9. Transient mean velocity for noise peri@eé0.15 and
potential(10). FIG. 10. Current inversion for the case of potentitD).

ing the nearly stationary state. The behavior is reversed du
ing the transition period from the high noise level to the low
one. Overall, the long-term time averagé during one cycle

is positive. However, if the perio@ is not long enough, the
transition pattern will be broken. Figures 7-9 show the tran-
sient mean particle velocitl[x] for three7 values of 1, 0.2,

and 0.15. It is clear that the long-term particle curreatis This Brief Report is aimed at explaining the directed
positive for the case df=1, and is negative fof=0.15. Itis  transport behavior of temperature ratchets by examining the
difficult to reach a conclusion just by inspection for the caseransient mean particle velocity without additional time av-
of 7=0.2. The phenomenon that the direction of the particleeraging. It is found that the transient mean particle velocity
current changes at a certain parameter value is known as tigay be in one direction during one time period and in the
current inversion{6]. Figure 10 shows the calculated long- opposite direction during another time period. It is the over-
term particle currentx) for different values of period’. It all effect, namely, the time average of the mean velocity, that
indicates that a current inversion occurs at abibu0.21. determines the long-term particle current. For cases in which

The physical mechanism for the current inversion is notthe system statistical behaviors are periodic in time, like the
clear. As seen from Figs. 1 and 5, the shapes of the twtemperature ratchet models investigated in the paper, both
potentials(9) and(10) are different only in some minor de- the direction and magnitude of the long-term particle current
tails. The current inversion occurs for the case of potentiatan be predicted by investigating the behavior of the tran-
(10), but not for the case of potenti@P). Therefore, the sient mean particle velocity in one period.

etailed shape of the asymmetric potential is crucial for cur-
rent inversion.

IV. CONCLUSION
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