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Retarded accelerations of the self-organized front that separates two steady states of a continuous bistable system are
studied by considering the response of the “bistable” front (BF) to the step-like force of flexible steepness. The driven system
is described by a nonlinear differential equation of reaction—diffusion type, with the rate function approximated by the linear
pieces. The retarded response of BF is examined by considering the lag (delay) time between the driving force and the
propagation velocity of the driven front. The considered delay time is shown to be sensitive both to the rate (steepness) of the
driving force and to the characteristic relaxation time of the system that describes the rate of transient processes within it. At
low rates of driving force the response of BF is almost instantaneous. The delay time monotonically increases with increasing
the rate (steepness) of the driving force and approaches some fixed value that does not exceed the characteristic relaxation time
of the system. The dependence of delay time on the strength of the driving force is weak, insignificant. The derived results
evidently show that the ratchet-like transport of BF, previously discussed in [4], should be significantly suppressed in the case
of fast driving, when the frequency of applied zero-mean force exceeds the characteristic relaxation rates in the system.
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1. Introduction

Continuous bistable systems driven far beyond their
thermal equilibrium are widely studied as the simplest
examples of self-organization. The “bistable” fronts
(BFs), the spontaneously formed front structures join-
ing two steady spatially uniform states in a bistable
system, are widely known in physically diverse sys-
tems and have attracted increasing attention in many
branches of physics, chemistry, biophysics, etc. [1].
The free, undisturbed BF always propagates from the
state with the higher free energy to the state with the
lower free energy. In other words, it propagates in such
a way that the more stable state invades the less stable
one. The picture changes in the case of the system be-
ing acted upon by the temporally oscillating fields, both
noisy and regular ones. A topic currently receiving
much attention is the unidirectional transport of self-
ordered fronts under the temporally oscillating fields
of zero mean [2-4]. Two different mechanisms un-
derlying the “unforced” transport of BFs, two differ-
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ent possibilities of the spurious drift have been iden-
tified, namely, the parametrically (externally) and di-
rectly (internally) induced dc motion of the front. The
first, usually described by the “multiplicative” driving
force, comes through the action of the external zero-
mean field on the externally controllable parameter in
the system: the external, symmetrically oscillating field
is transformed into the “internal”, asymmetrically os-
cillating forcing, which “pushes” the front in the sys-
tem (e. g., see [2]). Differently, the directly stimulated
dc motion described by the additive force implies that
the mean value of the driving force, which acts on the
front in the system, equals zero [4]. The response of BF
to the additive force f(¢) is described by the following
equation of reaction—diffusion type:

U — Uy, — cuy + R(u) = f(t). (1)

Here the function wu(z,t) denotes the step-like field
of the front propagating at the instantaneous veloc-
ity c(t), z = x — ct is the travelling coordinate, and
the rate function R(u), which characterizes the rate
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of the transient processes in the system, has three ze-
roes at u = up,ug,us (say, u; < uz < wug). In
the considered case of bistable system one has that
R'(uy 3) > 0and R'(ug) < 0, where the prime denotes
the derivative. The front solution of the free, undis-
turbed BF u(z) joins two fixed points (steady uniform
states) u; and u3, namely, the following relations hold:
ug(z — —o00) — ug, and ug(z — 00) — ug.

The deterministic version of “front-ratchet”, namely,
the response of BF to the periodically oscillating force
f(t) of zero mean has been recently discussed in
[4]. Various types of the unforced dc motion of BFs
have been identified within the adiabatic approxima-
tion used. The considered approximation implies that
the driving force is slow enough, if compared to the
characteristic relaxation time of the system 7g, i.e.,
Tr > 7R , where by Tr we denote the characteris-
tic time (period) of the driving force f(¢). A rough
estimate of the parameter 7R, derived by use of the
perturbation technique, was presented in [4]. It reads
R = min{R'~!(uy), R~ (u3)}, where the prime de-
notes the derivative.

The response of BF to the slowly varying force is im-
mediate, almost instantaneous on the time scale of the
characteristic time 7¥. In contrast, a delay of response
of BF is expected in the case of fast driving, when in-
equality 77 < 7R is fulfilled. In particular, the propa-
gation velocity of the “rapidly” driven front will follow
the driving force with some retardation. Clearly, the
retardation discussed must influence the “size” of the
spurious drift of BF. The decrease of the average drift
velocity v of BF is expected with a rapidly oscillating
zero-mean force, similarly as in the case of ordinary
ratchets [5].

In the present report the delay of response of BF to
the fast driving is studied by considering the tempo-
ral relaxation of instantaneous velocity of the rapidly
driven front being under the action of step-like force of
a flexible “profile”. We approximate the step-like force
by the exponential forcing function f(¢) that is charac-
terized by adjustable parameters: the switching time T
and the magnitude F{y that govern the rate (steepness)
and the strength of the driving force, respectively. The
main subject of the present study is the speed relaxation
time 7g that characterizes the relaxation rate (rapidness)
of the instantaneous velocity ¢(t) of the front being un-
der the action of the step-like force. The “size” of retar-
dation discussed is described by the characteristic delay
time 7p defined by the relation 7p := 7 — TF. The in-
troduced parameter 7 describes the lag time between
the driving force f(t) and the instantaneous velocity

of the driven front, ¢(¢). In considering the retarded
accelerations of BF we derive the needed characteris-
tics 7¢ — Iy and 7g — Fp that are studied in a wide
interval of parameters Ty and Fp, for arbitrary rates
and strengths of the driving force. More exactly, the
immediate, instantaneous (7p = 0) response that takes
place in the limit 7 — oo is described analytically,
within the adiabatic approximation discussed. Differ-
ently, the retarded response, the case of fast driving
has been examined numerically by direct solution of
Eq. (1). By comparing the both discussed cases of the
quasi-statically slow and the fast driving that describe
instantaneous and retarded response, respectively, we
derive the required delay time 7. The retardation ef-
fects in the dynamics of self-organized fronts, as far as
we know, have not been considered as yet.

An analytic solution of the governing Eq. (1) with an
arbitrary rate function is not feasible even in the case
of the free (f = 0) system. Thus, when considering
the instantaneous response we introduce some simpli-
fying assumptions. The free front solutions of BF have
been derived analytically only in a few cases of the
rate function approximated by the cubic-polynomial,
sine-type and piecewise-linear functions. In the present
report the “pseudolinear” model of bistable system is
used. We approximate the rate function R(u) by linear
pieces, similarly as in the case of “front-ratchet” device
(see Refs. [4, 6]). The primary goal of the present study
is to present the main outlines of the retarded response
that may influence the “size” of the spurious drift.
Thus, we deal with the most frequently studied case of
the symmetrical (symmetrically shaped) rate functions
satisfying the relation R(ugs — Au) = R(ug + Au),
where the quantity Aw denotes the free variable (see
[4]). We note that both the cubic-polynomial and
the sine-type rate functions usually used in theoretical
studies of the driven fronts are symmetrical ones.

In Sect. 2 we discuss the model and the approxima-
tions. Section 3 deals with the retarded accelerations
of the front being under the action of step-like force.
The desired characteristics that describe dependence of
the lag time between the driving force and the propa-
gation velocity of BF on both the steepness (rate) and
the strength of step-like force are presented. The in-
fluence of retardation effect on the spurious drift of BF
is briefly discussed, too. Finally, we present the main
conclusions.
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2. Model, approximations, and techniques used

As noted, the pseudolinear model of bistable system
is used. Thus, we write

ar(u—uy), u<up,
R(u) =1 —ag(u—u2), upy <u<upy, ((2)
ag(u—us), uU> Uy,

where the free parameters u; and «; satisfy the relations
upy < ug < Uy < ugand a; > 0 (2 = 1,2,3), and
the extrema of the rate function, Ry; = R(ups) and
R,, = R(uy,), are given by the expression Rys,, =
ao(ug —upr,m). The free (f = 0) front solutions of the
pseudolinear model have been derived in [6].

Some interesting peculiarities of the spurious drift
of BFs have been identified with the periodically os-
cillating square-pulse force described by a “superposi-
tion” of the step-like functions f(t) = FyO(t — t,).
The square-wave ac force appeared to be very “effec-
tive”; the unforced dc drift induced by such an ex-
tremely steeply pulsating force is much more strongly
pronounced if compared to that in the case of a multi-
harmonic force (e. g., see [4]). Thus, we approximate
the driving force f(t) by the step-like function of a flex-
ible shape:

0, t<tg,
ft)= 3)
Fo{l —exp[—y(t —to)]}, t>to.

Here, as previously, the adjustable parameters v and
Fp describe the rate (steepness) and the strength (mag-
nitude) of the driving force, respectively, and the quan-
tity ¢y denotes the initial moment at which the driv-
ing force was switched on. The obvious relations hold:
Tr =~y tand f(t;y — o0) — FyO(t —ty,). The lim-
iting case of the quasi-statically slow driving that de-
scribes the instantaneous response implies that v — 0
and Tp = 75 — v~! — 0. The required delay time
that characterizes the retarded accelerations of BF may
be derived by a direct comparison of relaxation rates of
both functions, ¢(t; Fy,v — 0) and ¢(¢; Fo, 7).

In what follows we shall use the scaled units.
Namely, we introduce the scaled “variables” s(¢) and
f*(t) defined by the following relations: s(t) :=
c(t)/cp and f*(t) := f(t)/AR, where cp = 2,/az
and AR = Rjy; — R,,. It was shown in [4] that the
instantaneous velocity s(¢) scaled in the units of the
marginal velocity cp of the “pushed” front did not de-
pend on the “height” of the rate function AR if the

driving force f(t) was taken in the units of the height
AR. Thus, in what follows we take that AR = 1.
Hence, it follows that f*(¢) = f(t). Finally, the crite-
rion of the global stability of BF reads: |Fy| < Fc =
min{ Ry, —R,,}, the strength of the driving force (3)
cannot exceed the critical value Fc.

The immediate, instantaneous response takes place
in the limit 7p — oo. This implies that the lag time
between drive and response equals zero; the instan-
taneous velocity s(¢) immediately follows the driving
force f(t), without any delay, namely, Tp = 0. When
considering the case of quasi-statically slow driving we
drop the time derivative in Eq. (1). Then we get that

Uyy + CUy — RF[U; f(t)] =0, Rp:= R(u) - f(t) .

“)
The considered (adiabatic) approximation has already
been applied to the front-ratchet “device”; the unforced
transport of BF being under the action of a “slowly”
oscillating square-wave ac force has been recently dis-
cussed in [4]. As already noted, the adiabatic approx-
imation works well for large values of switching time
Tr. For the considered case of a pseudolinear rate func-
tion the approximate criterion of slow driving reads:
v < 7" =min{a; 3}

Quite similarly as in the case of the free system,
equation (4), when used in conjunction with the rate
function (2), is solvable by the rigorous analytic tools.
Both the front solution and the propagation velocity of
slowly driven BF may be derived analytically by the
direct solution of Eq. (4) used in conjunction with the
appropriate boundary and matching conditions. More
specifically, the propagation velocity of slowly driven
BF is described by the “speed equation” that may be
presented in the following manner (see [4]):

Sn(s) _hr—(+hr)f() 5)
exp[—¢(s)] sin ®(s) 1+ (1+hg)f(t) "’
where the parameter hr := —R)s/R,, denotes the ra-

tio of extreme values of the rate function, and the aux-
iliary functions are described by relations

~ 59(s)
#ls) = Qa(s)’
B(s) = {arctan Tyg(s), Tg(s)>0,
| 7w —arctan[-Tg(s)], Tg(s) <0,

Sn(s)=Fsn/Fyv, Tg(s) = Fsn/Fon 6)
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Here the unknown functions are given by the following
expressions:

Fsn=Q2(s)[01K1(s) — 03K3(s)],
Fon=—[Q3(s) + G1(s)G3(s)] ,
Fy=Q3(s) + Gi(s),

Gi3=—5+013K13(5), (7

where

QQ(S): \/1—82, K1,3:—8:|:\/7‘1,3+82. (8)

Here and in what follows we use the denotation r1 3 =
1/613 = oq3/as. Without loss of generality, the
following boundary conditions have been used in the
derivation of speed equation (5): u(z,t) — wvy(¢) if
z — —o0, and u(z,t) — wvs(t) if z — oo, where the
time-dependent quantities vy 3 = u1 3 + a1 3f(t) de-
note zeroes of the modified rate function Ryp. Clearly,
equation (4) neglects the retardation. As a conse-
quence, the asymptotic values of the front solution,
u(t;z — +oo) — wy3(t), immediately follow the
driving force f(t), without any delay. Furthermore,
Maxwellian rule holds: the instantaneous velocity of
slowly driven BF satisfies the relations s(¢) > 0 if
Sp > 0and s(t) < 0if Sp < 0, where the quantity S
denotes the area enclosed by the Rp—u characteristic in
the interval [v1,v3] of the variable u, as shown in [4].
Finally, the velocity s(t) of the quasi-statically driven
BF is a function of the relative parameters r13 and hp,
but not a function of the absolute values of slope co-
efficients {a; } and the heights Ry and R,,. Namely,
one has that s(t) = s[ry,rs, hg; f(t)]. Speed equation
(5) describes the instantaneous response and has been
used in derivation of the delay time 7p that describes
the retarded accelerations of BF.

The retarded response, namely, both the front solu-
tion and the instantaneous velocity of the driven BF
have been studied numerically, by direct solution of
the governing equation (1). The numerical simulations
have been used to derive the speed relaxation time 7g
for arbitrary rates and strengths of the driving force
(3). Let us touch briefly on the most important fea-
tures of the numerical technique [7]. We introduced a
uniform grid to find the numerical solution of Eq. (1).
Differential equation (1) was approximated by the fi-
nite difference scheme in the co-moving coordinates,
z=ux—c(t)t,

wi(z,t) = hi Hu(zi, t41) — u(zi, )],

uzz(z, ) = B 2 fu(zign, t) — 2ulzi, t)

+u(zi—1,t5)] . ©)

Here h, > 0 and h; > 0 are steps of the grid, ¢ and j
are integers, and the variables z; and ¢; are described
by the relations z; = ih, and t; = jh;. The “size”
of the nucleus (kernel) of BF, A, which characterizes
the spatial extension of the separation wall of BF, is de-
scribed by the derivative u,(z, t). Using the co-moving
frame we define the centre of “mass” of BF, zc, by the
relation

L
zC:N_l/dzzuz(z), with
L

L
N:/dzuz(z) A U3 — U1, (10)

-L
where the quantity L that indicates the spatial exten-
sion of the moving grid satisfies the relation L > Ag.

Hence, the instantaneous velocity of BF is given by the
expression

c(tj) ~ c(tj—1) + hy Hzc(t;) — zc(tj—1)] . (11)
Taking the limits .. — oo and h; — 0 one gets that
¢(tj) — c(t). Further, the speed relaxation time 7g is
derived from the following equation:

Soo — S(TS)

Soo

= Js, (12)

where the quantity s, := s(t — 00) = s(Fp) denotes
the limiting (extreme) value of the instantaneous veloc-
ity of the driven BF, and by ds we denote the relative
deviation satisfying the relation ds < 1. The required
parameter so, may be derived using both the govern-
ing equation (1) and the speed equation (5). Our direct
calculations have shown that both discussed values of
Soo, derived from (1) and from (5), coincide within the
accuracy of few tenths of percent. Clearly, the speed re-
laxation time 7g that is defined by relation (8) depends
on the parameter ds. To derive the “correct” value ds
we have considered the particular case of the slow driv-
ing that satisfies the relation v < «;. Evidently, the
instantaneous velocity of slowly driven BF almost in-
stantaneously follows the driving force f(¢), thus, the
following relation should be satisfied: 75 ~ Ty = v~ L.
The “adequate” value of the deviation ds has been de-
rived by use of both discussed relations. This implies
that the discussed parameters 7g and T practically co-
incide in the limit of slow driving. Our direct calcula-
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Fig. 1. Relaxation speed of the instantaneous velocity of BF for
some fixed values of the parameter ov. All curves corresponding
to the different values of the parameter, « = 0.2, 1.0, 5.0, strictly
coincide. The particular cases of (a) slow driving (3 = 0.2), (b)
fast driving (3 = 5.0) are presented. Parameter values are hr = 1,
Fy = —0.3, and t9 = 0. The results derived from numerical
solution of Eq. (1) are shown by curves /, and curves 2 show the
results received by the use of speed equation (5).
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tions carried out by use of Egs. (1) and (5) have shown
that the criterion of slow driving is fulfilled within the
accuracy of few percent if one takes that v < 0.1ay
(e. g., see Figs. 1 and 2 below).

3. Retarded accelerations of the driven front:
Lag time between drive and response

As noted, the particular case of symmetrical rate
functions is considered, thus, we take that ;7 = ag =
a3 = «. For brevity, we introduce the denotation
B := v/a. Now, the criterion of the slow driving reads

# < 1, and the limiting case of quasi-static driving
implies that § — 0.

One may expect that the response of BF will be al-
most immediate, namely, the lag time between the driv-
ing force f(t¢) and the instantaneous velocity s(t) will
be insignificant if the inequality § < 1 is satisfied. A
significant retardation effect is expected in the opposite
case of fast driving when the relation 5 > 1 holds. The
typical s—t characteristics, which describe the cases of
both the slow (8 = 0.2) and the fast (3 = 5.0) driving
discussed, are shown in Fig. 1. In considering the dis-
cussed characteristics we have used the scaled variable,
T = ~t; the time is scaled in the units of the switching
time 1. Curves [ in Fig. 1 represent the “exact” result
derived from the direct solution of the governing equa-
tion (1), whereas s—7 dependences shown by curves 2
have been derived by use of the speed equation (5),
within the adiabatic approximation discussed. As ex-
pected, the retardation effect is much more pronounced
with the fast driving. The response of BF to the slowly
varying force (8 = 0.2) is almost instantaneous; both
s—7 dependences shown in Fig. 1(a) practically coin-
cide within the accuracy of a few percent. Furthermore,
the s—7 characteristics on Fig. 1(a) instantaneously fol-
low the driving force shown by the dashed line in this
figure. Quite differently, the considered characteris-
tics presented in Fig. 1(b) (8 = 5.0) exhibit a signif-
icant retardation effect. Namely, the s—7 dependence
derived by numerical simulations (curve /) is much
more gently sloped if compared to that obtained by the
speed equation (5), within the quasi-static approxima-
tion used (curve 2). Moreover, all the s—7 dependences
that have been taken at the different slope coefficients
« strictly coincide if the parameter [ is taken fixed, as
shown by the curves on both Figs. 1(a) and 1(b). The
introduced parameter 3 := 7/« describes the relative
rate (rapidness) of the driving force. Or otherwise, it in-
dicates the ratio of the relaxation rates T and TR Lof
the driving force and the bistable system, respectively,
namely, one has that 3 = 7p/T¥. Thus, we conclude
that the “relative rate” ( is the basic parameter that gov-
erns the “size” of the delay; the lag time between drive
and response increases with the increase of parameter
s.

Let us turn to the quantitative characteristics of the
accelerations and discuss the required 7¢— and 75— Fj
dependences that describe the “size” of the retardation.
Evidently, the delay time mp may be derived by con-
sidering the speed relaxation time 7g, namely, one has
that 7p := 79 — T¥. The typical 79—y characteristics
derived by the numerical solution of Eq. (1) are shown
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Fig. 2. Dependence of relaxation time 7s on the steepness of the

driving force. Solid curves show the results obtained by the use of

governing equation (1); dashed curve shows the result received by

the use of quasi-static approximation. Parameter values are hr =

1, Fh = —0.3; « = 0.21in curve a; o« = 0.5 in curve b; o« = 1.0 in
curve ¢; « = 3.0 in curve d.

by curves a, b, ¢, and d in Fig. 2. All these encom-
pass both previously discussed cases of the slow and
the fast driving. The dashed curve derived by speed
equation (5) represents the instantaneous response that
satisfies the relation 73 = Ty = 7~ !. As expected, the
relaxation time 7g decreases with the increasing rate
(steepness) of the driving force. In the region of small
values of ~ satisfying the relation v < « the consid-
ered 7s—y dependences shown by the curves a, b, ¢, and
d approach the dashed curve that describes the instan-
taneous response of BF. As a consequence, the delay
time 7p tends to zero if the driving force becomes ex-
tremely slow. This implies that the adiabatic approxi-
mation fits well, and the response of BF may be treated
as almost instantaneous one if the inequality § < 1 is
satisfied. Differently, in the limiting region of large v’s
the considered 79—y dependences approach the fixed
value 79 ~ a1, as shown by the curves a, b, ¢, and d in
Fig. 2. Hence it follows that the delay time satisfies the
approximate relation p ~ a~' — 71 if 3 > 1. Fur-
thermore, the presented dependences evidently show
that the considered relaxation time 79 taken at some
fixed value of the parameter vy increases with the de-
creasing slope coefficient a. Hence, the delay time mp
decreases with the increasing «.

The considered 75—y dependences discussed above
have been verified more accurately. With this aim we
have introduced the scaled parameters defined by the
following relations: 74 := 75/TF and 7pr := ™ /TF.

TSF

9 4

Fig. 3. Dependence of the speed relaxation time 7s¢ on the pa-

rameter (3 (solid curves); dashed curve shows the result derived

by the use of speed equation (5). Parameter values are hr = 1,
a=0.2,1.0,3.0,and Fy = —0.3.

The obvious relation that encompasses both discussed
cases of the slow and the fast driving holds,

1, <1,
B=~ya~t, B>1.

The required 7.;r—3 dependences derived by the nu-
merical solution of Eq. (1) are presented by the solid
curves in Fig. 3. As previously, the dashed line shows
the result obtained by speed equation (5), within the
adiabatic approximation used. One can see that the pre-
sented characteristics that are taken for a wide interval
of the slope coefficients « give very close agreement
with expression (13). Consequently, the delay time in
non-scaled units, 7p, may be evaluated by the follow-
ing expressions: T ~ v~ 1(3—1)if 3 > 1,and Tp ~ 0
if < 1.

In closing the discussion of Tp—( dependences let
us touch briefly on the spurious drift of BF. We have
already noted that our previous results derived by the
use of speed equation (5) have showed that the square-
wave ac driving described by the “superposition” of the
step-like forcing functions appeared to be very “effec-
tive”. As noted, the speed equation (5) neglects the
retardation. It is quite obvious that the occurrence of
the lag time between the driving force and the propaga-
tion velocity of the front will shrink the spurious drift
discussed; the “front-ratchet” effect will be suppressed
if the retardation is large enough. From Eq. (13) it fol-
lows that the lag time 7 increases with the increasing
(3, namely, one has that 7p = oL if v > o & Tlgl.
Thus, one may expect that the spurious drift generated
by the square-wave ac force will decrease with the in-
creasing parameter 37 := (aT)~!, where by T we

TSFETDF—i-l%{ (13)
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Fig. 4. Dependence of relaxation time 7 on the strength of driving

force. Parameter values are hg = 1, « = 1.0; 8 = 0.2,1.0,5.0 in

solid curves a, b, ¢, respectively; dashed curve d was received by
speed equation (5).

denote the period of the force. This implies that the av-
erage drift velocity of the unforced transport of BF, v,
will decrease with the decreasing period of the driving
force and will vanish in the limit 7" — 0. Indeed, one
has that Tp — 7 = o~ if Tp — 0, hence, it follows
that (7p/T") — oo if T — 0. This implies that in the
high frequency range of the driving ac force the con-
sidered retardation, if taken in the relative units of the
period 7', becomes extremely large. Our preliminary
results derived by use of the square-wave forcing func-
tion confirm this conclusion: the drift velocity of the
spurious drift, v, decreases with the increasing “rate”
of the driving force, S7. The peculiarities of spurious
drift generated in the cases of both the slow and the fast
driving will be discussed more extensively elsewhere.
Let us turn to 74sp—F{ characteristics and discuss the
dependence of the lag time versus the strength of the
driving force f(t). As earlier, we shall use the scaled
units; the relaxation time 7g is scaled in the units of
the switching time 7x. We have already noted that
the peculiarities of 7;p—( characteristics do not depend
on the slope coefficient a (see Fig. 3). Thus, without
loss of generality, we take that « = 1. The consid-
ered 7sp—F( dependences derived by the numerical so-
lution of Eq. (1) are presented by curves a, b, and ¢ in
Fig. 4. The dashed curve d shows the result derived
by the speed equation (5). One can see that the relax-
ation time 7. is a gently sloped function of Fp; the
presented characteristics are flattened in the both cases
of slow and fast driving. The relative deviation of the
parameter 7,r does not exceed few tenths. Further, in
the case of slow driving (5 = 0.2) the propagation ve-
locity of BF immediately follows the driving force for

any strength Fp; the presented curves a and d that have
been derived by use of equations (1) and (5), respec-
tively, practically coincide. Finally, the increase of the
parameter J practically does not influence the slope of
Tsr—F( characteristics; the relaxation time 7gp slightly
increases with the increasing magnitude of Fj in the
both cases of slow and fast driving (compare curves a
and c). We conclude by noting that the influence of
the strength Fj on the considered lag time is insignif-
icant (within the pseudolinear model). Thus, it seems
to be most likely that the decrease of the spurious drift
of a rapidly driven BF would come basically through
the dependence of retardation on the rate (frequency)
of the applied zero-mean force.

4. Conclusions

The retarded accelerations of the self-organized
front in a continuous bistable system being under the
action of the step-like force have been studied by
considering the lag (delay) time between the driv-
ing force and the propagation velocity of the driven
front. The propagation of the “bistable” front sep-
arating two steady states of the bistable system has
been described by the nonlinear differential equation of
reaction-diffusion type, with the rate function approxi-
mated by linear pieces. The basic characteristics of the
retarded response, namely, the dependences of the de-
lay time on both the rate (steepness) and the strength
(magnitude) of the driving force have been derived in
a wide interval of governing parameters of the step-
like force, for arbitrary strengths and rates of the force.
By tuning the adjustable parameters of both the driving
force and the rate function we have found that the delay
time depends both on the steepness of the force and on
the slope coefficients of piecewise-linear rate function.
In contrast, the considered delay time practically does
not depend on the strength of the driving force. The
derived characteristics show that the considered retar-
dation is small if the characteristic relaxation rates in
the system significantly exceed the rate of the driving
force. The delay time increases with the increasing rate
of the driving force and approaches some fixed value
given by the slope coefficients of the rate function when
the step-like driving becomes extremely steep. The pre-
sented characteristics evidently show that the spurious
drift of BF in “front-ratchet” device should be sensi-
tive to the rate of zero-mean force. A decrease of the
average velocity of spurious drift is expected with the
increasing rate (frequency) of the ac force.
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Santrauka

Nagrinéjamas bistabilaus fronto (savaiminés frontinés sanda-
ros) atsakas i sparCiai kintancia jéga. Veikancioji jéga apraSoma
laipto pavidalo jégos funkcija, kurios ijungimo trukmé, nusakanti
jégos kitimo sparta, ir jos amplitudé, atitinkanti jégos stipri, yra
laisvai parenkami parametrai. Fronto sklidimas apraSomas ne-
tiesine reakcijos-difuzijos tipo diferencialine lygtimi, naudojant
“pseudotiesini” bistabilios terpés modeli, kurio spartos funkcija
yra visur tiesing, iSskyrus Sios funkcijos ekstremumo (liiZio) tas-
kus, kuriuose funkcijos iSvestiné yra truki. Naudojant skaitinius
bei analizinius metodus, parodyta, kad fronto atsakas (jo akimirki-
nio greicio relaksacija) smarkiai véluoja jégos atzvilgiu, jeigu jégos
jjungimo trukmé pakankamai maza, o jégos sparta didelé. Biidinga
atsako vélinimo trukmé, randama palyginimo biidu, — lyginant vei-

kiancios jégos bei fronto sklidimo greicio relaksacijos spartas, pri-
klauso tiek nuo jégos jjungimo trukmeés, jos augimo greicio, tiek
ir nuo spartos funkcijos parametry, nusakanciy “vidiniy” relaksa-
cijos vyksmy sparta bistabilioje terpéje. Parodyta, kad vélinimo
trukmé beveik nepriklauso nuo veikiancios jégos stiprio (ampli-
tudés). Gautieji rezultatai yra svarbiis, aprasant daznines “front-
ratchet’y” charakteristikas, kurios iki §iol dar néra tyrinétos. Tie-
sioginio veikimo “ratchet”-mechanizmas buvo apraSytas ankstes-
niuose miisy darbuose [4], naudojant kvazistatinj létai kintancios
jégos artini. Véluojancio fronty atsako charakteristikos, pateiktos
Siame darbe, rodo, kad kryptingas bistabilaus fronto dreifas “nuli-
nés” jégos lauke turéty gerokai sumazéti, esant pakankamai dide-
liems jégos dazniams, virSijantiems biidingas relaksacijos trukmes
sistemoje.



