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Rigidity generation by nonthermal fluctuations
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Active stabilization in systems with zero or negative stiffness is an essential element of a wide variety
of biological processes. We study a prototypical example of this phenomenon and show how active rigidity,
interpreted as a formation of a pseudowell in the effective energy landscape, can be generated in an overdamped
stochastic system. We link the transition from negative to positive rigidity with time correlations in the additive
noise, and we show that subtle differences in the out-of-equilibrium driving may compromise the emergence of

a pseudowell.
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I. INTRODUCTION

The response of biological systems to mechanical loading
depends not only on the load bearing properties of their
constituents, their connectivity and the temperature, but also on
the presence of nonthermal endogenous driving. For instance,
ATP-driven molecular motors can both stiffen the cytoskeleton
and fluidize it [1-4]. While it is clear that the nonequilibrium
environment modifies the nature of the statistical forces acting
in driven systems, the mesoscale thermomechanics of such
systems is not well understood, even in the case of steady
states [5-7].

At the level of a single cell, active rigidity may be
the outcome of tensegrity-type tightening [8], connectivity
change [9], steric interactions [10], or a general motor-induced
prestress coupled with extreme nonlinearity of the passive
response [11,12]. An example of ATP-induced stiffening at
larger scales is the Frank-Starling effect in cardiac muscles,
which cannot be explained by a simple filament overlap change
[13].

One of the most striking effects of active rigidity is the
stable mechanical functioning of the systems with negative
passive stiffness, as in the case of hair cells [14—16] and muscle
half-sarcomeres [17-19]. In these and other similar systems,
metabolic resources are used to modify the mechanical
susceptibility of the system and stabilize configurations that
would not have existed in the absence of ATP hydrolysis
[20-22].

The goal of this paper is to study the effect of an internal
driving on the pseudoelastic moduli that characterize the
slow mechanical response of active systems [23]. We show
that active rigidity, or, more generally, active susceptibility,
can emerge at the microscale through resonant nonthermal
excitation of molecular degrees of freedom. Our inspiration
comes from the inverted Kapitza pendulum [24], except
that in biological systems the inertial stabilization has to be
replaced by its overdamped analog. In both cases, however,
the macroscopic mechanical stiffness can be controlled by a
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time-correlated noise, which in a biological setting may serve
as a mechanical representation of a nonequilibrium chemical
reaction [25].

In the interest of analytical transparency, we limit our
attention to mean-field systems that can be described by
a single degree of freedom. In such systems, active sta-
bilization can be viewed as a creation of a noise-induced
pseudowell in an effective energy landscape. The proposed
mechanism of rigidity generation requires a finite distance
from thermodynamic equilibrium and is therefore different
from conventional entropic stabilization, which operates, for
instance, in rubber elasticity [26] and serves for stabilization
of body-centered-cubic (bcc) structures [27]. Our main result
is that the emergence of pseudowells is not an automatic
consequence of the violation of detailed balance but is a
phenomenon that is highly sensitive to the fine stochastic
signature of the nonequilibrium driving.

To justify our mean-field model, we consider in some
detail the case of skeletal muscle cells [28], where we
neglect the detachment of active cross-linkers (cross-bridges)
and model an elementary series element (half-sarcomere)
as a parallel array of molecular motors operating in stall
conditions. Due to the rigid connection between elements,
the interactions in this system are of long-range type, which is
responsible for negative passive stiffness of half-sarcomeres in
physiologically relevant conditions [19,29-31]. This creates a
stability problem for a myofibril, given that it can be viewed as
a series connection of half-sarcomeres, and one of the goals of
our paper is to link the stability of affine configurations in this
system [32,33] with the presence of directionless endogenous
noise fueled by ATP hydrolysis.

More specifically, we model attached myosin motors as
bistable springs, with two energy wells corresponding to pre-
and post-power-stroke configurations. Each “snap-spring” of
this kind acts against a linear spring, representing a structural
filament. The system is exposed to both uncorrelated agitation
(scaled with temperature-type parameter D) and a correlated
noise representing ATP hydrolysis (scaled with affinity-type
parameter A).

Building upon the idea of active drift [34], we consider
a family of stall states in this system parametrized by a
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mesoscopic measure of the total deformation. We compute
the time- and ensemble-averaged potential at the fixed value
of the deformation parameter, and we interpret the deformation
derivative of this potential as an effective stiffness. We show
that a nonequilibrium phase diagram in the space of parameters
(D,A) exhibits three different dynamic phases, including
the one associated with the activity-induced pseudoenergy
well. The overall behavior of the model is controlled by a
tricritical point with transitions of second order due to entropic
stabilization and of first order due to active stabilization.

We systematically study the sensitivity of the phenomenon
of active stabilization to the stochastic nature of the nonequi-
librium reservoir. We show that while in periodic (P) or
dichotomous (DC) environments, the pseudowell exists in an
extended domain of the parameter space; active stabilization
disappears if the noise is of Ornstein-Uhlenbeck (OU) type.
The sensitive dependence of the mechanical performance of
the molecular scale devices on the shape of the power spectrum
of the noise was observed in some studies of active drift
[35,36], and here we broaden the picture by covering molecular
machines generating active rigidity. Various features captured
by our minimal model are in common not only with inertial
stabilization [24], but also with the performance of the Ising
model in periodic magnetic field [37], the folding/unfolding of
proteins subjected to periodic forces [38], and the parametric
behavior of more complex actively driven systems [39-41].

The paper is organized as follows. In Sec. II we intro-
duce the simplest zero-dimensional system exhibiting active
stabilization, and we justify it from the perspective of
muscle mechanics. In Sec. III we study numerically the
finite-temperature behavior of the system subjected to three
different types of nonequilibrium driving: P, DC, and OU.
The analytically transparent zero-temperature limits in all
three problems are presented separately in Sec. IV. Our
conclusions are summarized in Sec. V. A short announcement
of our main results can be found in Ref. [42].

II. THE PROBLEM

We begin with a formal justification of a prototypical model
that we later study in full detail. While it schematizes a broad
class of active phenomena in endogenously driven nonequi-
librium systems, in this paper we justify it in the context of
mean-field modeling of muscle half-sarcomeres [43].

A. Mean-field model

As in typical experiments [3,4,25,44], we consider a probe
characterized by a (microscopic) coordinate x and placed in an
active environment. The probe is attached through an elastic
spring to a measuring device characterized by a (mesoscopic)
variable y. We assume that the variable y is slow and treat it
as a control parameter. Instead, the variable x(#) will undergo
fast stochastic motion that will have to be averaged out.

In the absence of noise, the environment will be character-
ized by the potential V(x), and we assume that the probe is
placed in an unstable configuration. One way to satisfy this
condition is to assume that V(x) has a double-well structure
with the reference position of a probe in a spinodal state.
We further assume that the probe is exposed to a fluctuating
surrounding medium with a quickly relaxing component rep-
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resented by an equilibrium thermostat and a relatively slower
relaxing component describing a nonequilibrium environment.
We study the mesoscopic force exerted by the probe on
the measuring device, which implies the transition from the
environment potential V(x) to the effective potential for the
measuring device F(y).

To be specific, consider the stochastic dynamics of a
variable x(¢) described by a dimensionless Langevin equation,

X = =8, E(x,y,1) + V2DE(), (1)

where £ (¢) is a standard white noise and D is a temperature-like
characteristic of the equilibrium thermostat. The potential
E(x,y,t) = Ep(x,t) + En(x,y) is a sum of two components:
Ep(x,t) = V(x) — xf(t), describing the probe in an out-of-
equilibrium environment, and E(x,y) = k(x — y)?/2, de-
scribing the linear elastic coupling with a measuring device
characterized by stiffness k. We assume that the energy is
supplied to the system through the rocking force f(z) with
zero average, which is characterized by an amplitude A and a
time scale 7. To obtain analytical results, we need to assume
further that the potential V(x) is biquadratic,

V() = (x| = 1/2)/2. @)

A similar framework has been used before in the studies of
directional motion of molecular motors [35].

To compute the effective potential F(y), we use an
observation that if the “measurements” are performed at a time
scale larger that 7, the resulting force is T(y) = k[y — m],
where the averaging is over the ensemble and time,

7 = Jim (1/1) / / p(e.ndo dr,

Here p(x,t) is the probability distribution for the variable
x, which solves an associated Fokker-Plank equation. The
primitive of the averaged tension,

F(y) = / - T(s)ds, 3)

can then be viewed as a nonequilibrium analog of the free
energy [45—48]. While in our case the mean-field nature of the
model ensures potentiality of the averaged tension, in a more
general setting the averaged stochastic forces will lose their
gradient structure, and even the effective “equations of states”
relating averaged forces with the corresponding generalized
coordinates may not be well defined [7,49-53].

It is clear that the effective potential F(y) will depend not
only on V(x) but also on the stochastic properties of the
driving f(¢). The question we pose is whether there exists
a nonbiased stochastic driving that ensures stabilization of
spinodal configurations that would be unstable in the absence
of the noise. In the equilibrium case, when f(¢) = 0, such
stabilization is possible because of entropic effects but only
at sufficiently large temperature D. The challenge is to find
a correlated (colored) noise f(¢) that ensures stabilization
at arbitrarily small D. The possibility of bimodality of the
marginal probability distribution p(x,t) in single-well poten-
tials is known for DC and Levi-type noises [54,55], however
this effect disappears after ensemble-averaging involved in the
computation of the effective potential F(y).
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FIG. 1. Schematic representation of a bistable snap-spring in
series with a linear spring.

Before we turn to the systematic study of the prototypical
problem (1), we present in the next section a justification of
this model from the viewpoint of the microscopic multibody
mechanics of skeletal muscles. In the case of muscles, the
mean-field interactions are due to the presence of parallel con-
nections between actomyosin cross-bridges realized through
relatively rigid myosin backbones [19].

B. Microscopic problem

According to Huxley-Simmons theory [43], individual half-
sarcomeres in skeletal muscles with attached cross-bridges can
be expected to operate in an unstable (spinodal) or near-critical
regime [18,19]. This warrants strain inhomogeneities at the
level of a myofibril [32,33] that have not been systematically
observed. Purely entropic stabilization is excluded in this
case because the temperature alone is not sufficiently high
to ensure positive stiffness of individual half-sarcomeres [18].
Here we discuss a possibility that the relative homogeneity
of the myofibril deformation is due to active stabilization of
individual half-sarcomeres.

Following [18,43], we present a myofibril as a chain of
half-sarcomeres arranged in series with each half-sarcomere
represented by a parallel array of N cross-bridges interacting
with a single actin filament; see Fig. 2. We assume that
the nontrivial dynamics of attached cross-bridges is due
exclusively to the conformational change in myosin heads
(power stroke) and model cross-bridges as bistable elements
in series with linear springs; see Fig. 1. We further assume that
the nonequilibrium driving is provided through the rocking of
the bistable elements [56].

A half-sarcomere in this model [see Fig. 2(b)] can be de-
scribed by the system of nondimensional Langevin equations

dx;/dt = —V, ® + vV2DE(1),
vdy/dt = —V,®,

“4)

FIG. 2. (a) Schematic representation of a muscle myofibril as a
series connection of half sarcomeres; (b) model of a single half-
sarcomere with attached cross-bridges arranged in parallel. Shaded
boxes in (b) represent bistable snap-springs shown in Fig. 1.
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where y is a macroscopic variable characterizing the strain
at the level of the half-sarcomere whose dynamics is slow
due to the large value of the relative viscosity v. The
variable y is coupled with N fast soft-spin-type variables
x; through identical springs with stiffness k. The potential
energy is ® = YN | E(x;,y,1) — foxty, Where fuu(r) is a
slowly varying macroscopic force. The ensuing problem is a
soft-spin generalization [29] of the Huxley-Simmons model
[43], and its applications are known to extend far beyond
muscles mechanics, from hair cell gating [15] and binding
of cell-adhesion patches [57] to mechanical denaturation of
RNA and DNA hairpins [58] and unzipping of biological
macromolecules [59].
The equation for y in Eq. (4) can be rewritten as

N
Udy 1 fexl
R , 5
N di (N,-zlx y)+N ©)

which makes the mean-field nature of the interaction between
y and x; explicit. If N is large, we can replace % ZIN=1 x; by (x)
using the fact that the variables x; are identically distributed
and exchangeable [60]. If vg = Vv/N and gext = fext/(kN)
remain finite in the limit N — oo, we can write

dy
dr

Assume for determinacy that the function f(#) is periodic
and choose its period 7 in such a way that I' = vy/k > 7.
Since gex(t) is a slowly varying function at the time scale
7, we can split the force k({x) —y) acting on y into a
slow component ki (y) = k({x) — y), which originates from
our effectﬂe potential, and a slow-fast component k¢(y,t) =

k({x) — (x)), which in the steady regime becomes a t periodic
function of time with zero average. We can then write

Vo k[((x) = ¥) + gext(D)].

d
F%=¢@H¢@ﬁ+hp ©6)

The next step is to average (6) over the time scale T. Toward
that end, we introduce a decomposition y(z) = z(t) + ¢(¢),
where z is the averaged (slow) part of the motion and ¢ is
a fast varying perturbation (with time scale 7) that is small
compared to z. Then, expanding (6) up to first order in ¢, we
obtain

dz d¢
*z+z)
=Y(2) + .Y ()¢ + ¢(z.t) + 0,02, 1) + gext.  (7)

Since gext(t) =~ 1 fttJrr gext(u)du, we obtain at a fast time
scale [61]

dc
FE = ¢(z,1).

Integrating this equation between f; and t < fy+ 7, we
can assume that z is fixed and therefore ¢(t) — ¢ (%) =
r-! flg ¢(z(tp),u)du. Given that ¢ is t-periodic with zero
average, we conclude that ¢(¢) is also t-periodic with zero
average.

If we now average (7) over the fast time scale 7, we obtain

Fdz/dt = ¥ (2) + 7 + gexts
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where

r =(Fr)’1/1/ 0.¢(z,1)p(z,u)du dt.
0 0

Since both ¢(z,¢) and 9,¢(z,t) are bounded, we can write
[r] < (r/TM)ec <« 1, where the “constant” ¢ depends on z but
not on 7 and I'. Therefore, if N > 1 and v/(kN) > t, the
equation for

t+t
z(t) = 7! / y(u)du

can be written directly in terms of the effective potential
introduced in Eq. (3)

(v/N)z = —0,F + fext/N.

To find the potential F(z), we need to average over the fast
and slow-fast dynamics in Eq. (1) while keeping the variable
y fixed.

C. Nondimensionalization

Equation (1), which constitutes the basis of our prototypical
model, is dimensionless. To translate the results back into
the context of muscles, we need to use the time scale T* =
n/ko ~ 0.1 ms, where n ~ 0.38 ms. pN/nm is the microscale
viscosity [19] and ky ~ 3 pN/nm is the passive stiffness of
the equivalent energy wells. The spatial scale is then [* = a,
where a ~ 10 nm is the distance between two minima of the
pre- and post-power-stroke wells [62] and the energy scale is
€* = koa® ~ 300 pN nm.

Following [19], we also assume that k = k,,/ky ~ 0.6,
where k,, ~ 2 pN/nm is the stiffness of the elastic part of
the myosin motor [63,64]. Hence D = kg® /(koa®) ~ 0.01,
where kg = 4.10 pNnm is the Boltzmann constant, ® ~
300 K is the ambient temperature, and a = 10 nm is the
characteristic size of a motor power-stroke [62]. For the active
driving, we obtain t = 7,/(n/ko) ~ 100, where 7, = 40 ms
is the characteristic time of ATP hydrolysis [28]. We can now
write that A = \/Au/(kopa?) ~ 0.5, where Ap = 20kp® is
the typical value of the degree of nonequilibrium in terms of
the affinity of the ATP hydrolysis reaction [28].

The knowledge of the set of dimensionless parameters A,
D, and 7 will be sufficient to locate the muscle system on the
phase (regime) diagram. Such diagrams will be constructed in
Sec. III for three different types of active driving.

III. PHASE DIAGRAMS

In this section, we consider the general problem (1) at finite
temperature (D > 0) when both equilibrium and nonequilib-
rium reservoirs are contributing to the microscopic dynamics
simultaneously. The limiting case of zero temperatures (D =
0) will be analyzed separately in Sec. IV.

A. Periodic (P) driving

Suppose first that the nonequilibrium driving is repre-
sented by a periodic (P) square-shaped external force f(¢) =
A(—1)"® with n(t) = [2¢/t], where the brackets denote the
integer part. While this choice of periodic driving ensures
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FIG. 3. Tension elongation curves 7'(z) in the case of periodic
driving (adiabatic limit). The equilibrium system (A = 0) is shown
in (a) and the out-of-equilibrium system (A 5 0) is shown in (b). The
insets show the effective potential F(z). Here k = 0.6.

a certain analytical simplicity, the obtained results will be
generic.

It will be convenient to rewrite the dynamic equation (1) in
the form

fl—: = =3, V(x,2) + f(t) + V2DE(1), ®

where
V(x,2) = 5(x| = 1/2) + 3k(x — 2)°.

The associated Fokker-Planck equation for the time-dependent
probability distribution p(x,t) reads

0:p = dx[pdy E(x,1) + Do, p]. 9

First of all, we note that an explicit solution of (9) can be
found in the adiabatic case when the correlation time 7 is much
larger than the escape time for the bistable potential V' [65,66].
The idea of this approximation is that the time average of the
steady-state probability can be computed from the mean of
the stationary probabilities with constant driving force [either
f() = Aor f(t) = —A]. The domain of applicability of the
adiabatic approximation in the case of bi-quadratic potential
is discussed in Appendix A.

Itis obvious that the adiabatic approximation becomes exact
in the special case of an equilibrium system with A = 0 when
the stationary probability distribution is known explicitly:

po(x) = 27 le VWP,
where Z = f_oooo exp[—V(x)/D]dx. The tension elongation
curve can then be computed analytically, since we know

_ o0
(x) = (x) = / xpo(x)dx
—00
The resulting curve T(z) and the corresponding potential
F(z) are shown in Fig. 3(a). At zero temperature the
equilibrium system with A = 0 exhibits negative stiffness
at z = 0 where the effective potential F(z) has a maximum
(spinodal state). As temperature increases, we observe a
standard entropic stabilization of the configuration z = 0; see
Fig. 3(a).
Computing the solution of the equation 9,7 |,—9 = 0, we
find an explicit expression for the critical temperature D, =
r/[8(1 + k)], where r is a root of a transcendental equation
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FIG. 4. The parameter dependence of the roots of the equation
T(z) = 0 in the adiabatic limit: (a) fixed D = 0.04 and varying A,
first-order phase transition [line C4 — M, in Fig. 5(a)]; (b) fixed
A = 0 and varying D, second-order phase transition [line D, — C4
in Fig. 5(a)]. The dashed lines correspond to unstable branches. Here
k= 0.6.

1+ /r/me™V"/[1 + erf(1/4/r)] = r/(2k). The behavior of
the roots of the equation T'(z) = —k(m —z)=0atA=0is
shown in Fig. 4(b). Itillustrates a second-order phase transition
taking place at D = D,.

In the case of constant force f = A, the stationary proba-
bility distribution is also known [67],

PA(X) — Z*lef(\?(x)fo)/D’

where again Z = f_oooo exp[—V(x)/D]dx. In the adiabatic
approximation, we can write the time-averaged stationary
distribution in the form pa(x) = $[pa(x) + p_a(x)], which
gives

(x) = 1[x)(A) + (x)(—A)]. (10)

In this equation, the expression for (x)(A) can be written
explicitly as

()(A) =27 " PunVruerfo(u;) — (1) e ™1,

i=1,2
where

P(M) = [D/(l + k)]e_%(%+k12—2l)uz),

U2 = (A +1/24kz)//2D(1 + k),

Z =\ +kr/2D) Yy Puperfel(—1)u;],
i=1,2

and erfc is the complementary error function.

The force-elongation curves 7'(z) and the corresponding
potentials F'(z) obtained for A # 0 are shown in Fig. 3(b). It
demonstrates the main effect: as the degree of nonequilibrium,
characterized by A, increases, not only does the stiffness in
the state z = 0 where the original double-well potential V
had a maximum change from negative to positive, but also
the effective potential F(z) develops the third well around
this point. We interpret this phenomenon as the emergence
of active rigidity because the new equilibrium state becomes
possible only at a finite value of the driving parameter A while
the temperature parameter D can be arbitrarily small. The
behavior of the roots of the equation 7'(z) = —k({x) —z) =0
at A # 0 is shown in Fig. 4(a). It illustrates the first-order
phase transitions taking place at increasing A (and small
fixed D).
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FIG. 5. Phase diagram in the (A, D) plane showing phases I, II,
and III: (a) adiabatic limit, (b) numerical solution at T = 100 (b).
C, is the tricritical point, D, is the point of a second-order phase
transition in the passive system. The “Maxwell line” for a first-order
phase transition in the active system is shown by dots. Here k = 0.6.

The full steady-state regime map (dynamic phase diagram)
summarizing the results obtained in the adiabatic approxi-
mation is presented in Fig. 5(a). There, the “paramagnetic”
phase I describes the regimes where the effective potential
F(z) is convex, the “ferromagnetic” phase II is a bistability
domain where the potential F(z) has a double-well structure,
and, finally, the “Kapitza” phase III is where the function F(z)
has three convex sections separated by two concave (spinodal)
regions. Note that the boundaries of the domain occupied by
phase III in this diagram are not defined by the number of
roots of T(z) = 0, as is usually done in the study of magnetic
systems, but by counting the number of effective “energy
wells” linked to convexity properties of the whole effective
potential F(z).

In view of the structure of the bifurcation diagrams shown
in Fig. 4, we can interpret the boundary C4 — D, separating
phases I and II as a line of (zero force) second-order phase
transitions and the dashed line C4 — M, as a Maxwell line
for the (zero force) first-order phase transition; see Fig. 4.
Then C4 can be interpreted as a tricritical point near which the
system can be described by a nonequilibrium (active) Landau
potential of the form

F(z) = Fy + rz® + qz4 + pz6,

where r,q,p are pseudothermodynamic parameters. Indeed,
while r represents the usual measure of temperature D and
p > 0 is a constant, the A-dependent parameter g is an
unconventional measure of the intensity of active driving.
A similar tricritical point appears in the periodically driven
mean-field Suzuki-Kubo model of magnetism, which can be
interpreted in our terms as a description of the zero tension
behavior [68].

The adiabatic approximation fails at low temperatures
(small D) where the escape time diverges, and in this range
the phase diagram has to be corrected numerically; see
Fig. 5(b). By simulating directly Eq. (1), we obtain that even
the moderate temperature features of the diagram (tricritical
point, point D,, and the vertical asymptote of the boundary
separating phases I and III at large values of A) are captured
adequately by the adiabatic approximation. For instance, the
value of temperature corresponding to point N (at infinite A)
obtained from the adiabatic approximation is Dy = ¢/[8(1 +
k)], where ¢ is a solution of a transcendental equation ¢ — k =
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(a) Phase I 0 (b) Phase I
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FIG. 6. (a)-(c) Typical tension-length relations in phases I, II,
and III. Points «, 8, and y are the same as in Fig. 5(b). Part (d)
shows the active component of the force. Insets show the behavior
of stochastic trajectories in each of the phases at z >~ 0 (gray lines)
superimposed on their ensemble averages (black lines): the stationary
hysteretic cycles, the structure of the effective potentials F(z), and
the active potential F,(z) defined as a primitive of the active force
T,(z). The parameters are k = 0.6, T = 100.

> /{J/q + "1y [1 + erf(1/q)]}, which agrees with our
numerics; for additional details, see Appendix A.

The new feature of the nonadiabatic phase diagram is a dip
of the boundary separating phases II and III at some D < D,
leading to an interesting reentrant behavior (cf. [69,70]). This
is an effect of stochastic resonance that is not captured by the
adiabatic approximation.

To verify our numerical results in the low-temperature
domain D — 0, we used Kramers’ approximation, valid when
the rocking period t is much smaller than the typical escape
time of the bistable potential V (see Appendix B and Sec. IV
for details). It allows one to compute explicitly the location of
point K (A = 1/2) and point M (A = 1/2 + k/4), which we
found to be in full agreement with our numerical simulations;
see Fig. 5(b). Because of the difference of the limits D — 0
and T — 00, these points are rather far from the corresponding
adiabatic predictions K 4 and M4 shown in Fig. 5(a).

Force-elongation relations characterizing the mechanical
response of the system at different points on the (A, D) plane
[Fig. 5(b)] are shown in Fig. 6, where the upper insets illustrate
the typical stochastic trajectories and the associated cycles
in the {(x(¢)), f(t)} coordinates. We observe that while in
phase I thermal fluctuations dominate periodic driving and
undermine the two-well structure of the potential, in phase I1I
the jumps between the two energy wells are fully synchronized
with the rocking force. In phase II, the system shows
intermediate behavior with uncorrelated jumps between the
wells.

PHYSICAL REVIEW E 93, 052604 (2016)

In Fig. 6(d) we illustrate the active component of the
force T,(z) = T(z; A) — T(z;0) in phases I, II, and III. A
salient feature of Fig. 6(d) is that active force generation
is significant only in the resonant (Kapitza) phase III. A
biologically beneficial plateau (tetanus) is a manifestation of
the triangular nature of a pseudowell in the active landscape
F,(2) = f “T,(s)ds; note also that only a slightly bigger
(f,{x)) hysteresis cycle in phase III, reflecting a moderate
increase of the extracted work, results in a considerably larger
active force. It is also of interest that the largest active rigidity
is generated in the state z = 0, where the active force is equal
to zero.

If we now estimate the nondimensional parameters of the
model by using the data on skeletal muscles (see Sec. I1C),
we obtain A = 0.5, D = 0.01, and t = 100. This means that
muscle myosins in stall conditions (isometric contractions)
may be functioning in resonant phase III. Our simple model
can therefore contribute to the explanation of the observed
stability of skeletal muscles in the negative stiffness regime
[19]; a similar mechanism may also be behind the titin-based
force generation at long sarcomere lengths [71].

B. Dichotomous (DC) driving

P driving is only one of the correlated signals that can
serve as a mechanical representation of an out-of-equilibrium
chemical reservoir. To ascertain the robustness of the results
obtained in the case of P driving, we now consider another
type of correlated forcing that is also characterized by two
parameters, namely the amplitude A and the characteristic
time 7. It is given by the explicit formula f(¢) = A(—1)"",
where n(t) is a Poisson process with P(n) = e~*A"/n! with
A =1/(27) and is known as symmetric dichotomous (DC)
noise or a random telegraph signal [72,73]. For this Markov
process, we have (f(¢)) = Aexp(—t/t) and (f(¥), f(s)) =
A% exp(—|t — s|/7).

The probability distribution can be written in the form
p(x,t) = p_(x,t) + p+(x,t), where py(x,t) are the probabil-
ity densities to be in a state x at time ¢ given that f = £A.
The DC driven system (1) is described by the two coupled
Fokker-Planck equations [74],

0 p+ = 0x(0xExp+ + Doxp+) + MFp+ £ p5), (1D

where E.(x) = V(x) F Ax. Note that in this interpretation,
the DC noise appears as a chemical reaction violating the
detailed balance [75]. The stationary version of the system
(12) can be written in a transparent form if in addition to
p(x) = p_(x) + p+(x) we introduce a complimentary vari-
able d(x) = p,(x) — p—(x). Then we obtain

9,Vp—Dd.p— Ad =0,
19,(8,Vd — Dd,d — Ap) =d. (12)

The numerical study of (1) with DC noise shows that the
qualitative structure of the phase diagram in the (A, D) plane
remains the same as in the case of P driving; see Fig. 7. We
again observe phases I, II, and III and the tricritical point at
about the same location as in the case of P noise.

To interpret the numerical results, it is instructive to con-
sider analytically tractable special cases. First of all, Eq. (11)
can be used to obtain the adiabatic (t — oo) limit when
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(b) 01

0.0 5

0.1

FIG. 7. (a) Phase diagram in the case of DC driving. The
identification of phases I, II, and III is the same as in Figs. 5(a)
and 5(b). (b) Typical tension-length relations in different phases (b).
Here t = 100 and £ = 0.6.

the two equations decouple and the steady-state probability
distributions take the form pi(x) ~ exp[—E+(x)/D] as in the
case of P driving. The resulting phase diagrams are therefore
identical; see Sec. IIT A. The second case, when the analytic
results are available, is the zero-temperature limit D — 0
considered in detail in Sec. IV A. Finally, the third analytically
tractable case is T — 0, A — 0o, with D = A7 remaining
finite. In this limit, we obtain that the nonequilibrium com-
ponent of the noise is represented by a Gaussian white noise
f(t) = ~2DE,(t) with the temperature D that is different from
the temperature of the equilibrium reservoir D. For instance,
one can think about a system exposed to a thermostat with
temperature D and a chemostat with temperature D. The
combined excitations are again represented by a white noise
/2D*&,(t) with effective temperature D* = /D2 + D2.

In contrast to the zero-temperature case, now the Kapitza
phase III, describing active stabilization, is absent. We obtain
only phases I and II separated by a second-order phase

transition line v/ D2 + D? = D, with the universal asymptotic
behavior D ~ (D, — D)'/? near equilibrium; see Fig. 8. The
system in this limit can undergo entropic stabilization only,
which means that the two-temperature model does not capture
the same range of phenomena as the D = 0 model. Note that
other two-temperature models can exhibit destabilization of a
single-well system [51].

C. Ornstein-Uhlenbeck driving

We have seen that the overall effect of the two bounded
noises P and DC on a mechanical system may be similar even

FIG. 8. Phase diagram for the case when the chemical reaction is
modeled by an effective temperature D. Here k = 0.6.
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FIG. 9. (a) Phase diagram in the case of OU driving. The
identification of phases I and II is the same as in Figs. 5(a) and
5(b). (b) The typical tension-length relations in different phases. Here
7 =100 and k = 0.6.

though one of them is highly correlated and non-Markovian
and the other is weakly correlated and Markovian. To show
that not all noises are “mechanically equivalent,” we now
consider an Ornstein-Uhlenbeck (OU) process, which is also
characterized by two parameters A and t [73,76].

In the case of OU driving, the function f () is a solution of
the stochastic equation

d
f“) fa»+A¢FEAo (13)

As in the case of the DC noise, we have for the first two
moments f(r) = (f(1)) = Aexp(=z/7) and (f(s)f(1)) =
A2 exp(—|t — s|/7), where we assumed for determinacy that
f(0) = A. The resulting process is also Markovian, however
now it is unbounded and is defined on a continuous state space.

The Fokker-Planck equation for the probability density
p(x, f,t) takes the form

& p = 9:(pdE + Dd;p)+ 1 '3,(fp + A%dsp). (14)

Our numerical results for the system driven by OU noise are
summarized in Fig. 9(a). At small intensity of driving A, we
observe the conventional picture of entropic stabilization. A
striking feature of this diagram is the absence of phase III,
which means that in contrast to the cases of P and DC driving,
the OU driven system does not support the phenomenon of
active stabilization. To understand these numerical results, it
is instructive to consider the already mentioned three limiting
cases that can be treated analytically.

In the adiabatic limit (t — ©00), Eq. (14) simplifies and can
be integrated. Then we obtain that p(x) ~ exp[—E(x)/D],
which shows that in this limit only entropic stabilization
remains possible.

Another analytically tractable limit is D — 0 (see
Sec. IV C), which shows again that in contrast to the cases
of P and DC driving, only phases I and II are present at the
zero-temperature phase diagram.

Finally, we can consider the double limit 7 — 0, A — o0,
with D = A27 fixed. As in the case of DC noise, we recover
in this limit a system subjected to an effective temperature and
showing phases I and II only; see Fig. 8.

The analysis of these special cases supports our numerical
results suggesting that in the OU-driven system the tricritical
point is absent. We can speculate that the failure to generate
active rigidity in such a system is due to the unbounded
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nature of the OU noise allowing the eventual escape from
a neighborhood of any resonant state.

IV. ZERO-TEMPERATURE LIMIT

To understand better the differences between our three
representations of nonequilibrium driving, we now compare
the behavior of the system in the analytically tractable limit
when the temperature of an equilibrium thermostat is equal
to zero, D = 0. In this limit, the role of passive stabilization
is minimized, which allows one to make the effect of active
terms more transparent. When D = 0, we are left with two
nondimensional parameters: the correlation time 7 and the
amplitude of the active signal A.

A. Dichotomous (DC) driving

In the case of DC driving with D = 0, the stationary
solution of the Fokker-Plank equation (12) can be written in
the form [77]

-1
p(x)0, V(x) + AZE - 3x(3x‘7(X)-)} dxp(x) =0, (15)

where the notation 9,(d,V-) should be understood in the
sense of differential operators. The formal solution of (15)
satisfying zero boundary conditions at infinity can be written
in quadratures [66,77],

p(x) = ) d )

Z—l 1 X
A2 [, VP P (_?/ A, vome”

where we still need to find the normalizing constant Z. For
this solution to be valid, we must also satisfy the inequality

18, V(x)| < A. (16)

When A =0, we recover the deterministic case in which
condition (16) selects between the points x 1(0) where the
force vanishes; see the precise definition in Appendix A. In
principle, the choice depends on the initial condition, but
in the limit of vanishing D and large time ¢, the trajectory
x(t) converges to the point minimizing the potential V. The
resulting tension elongation relation can then be obtained by
setting

_ %0 ﬁ; x1(0) + san(o)™ 0) ; %0

The effective energy F(z) emerges as a symmetric two-
parabolic bistable potential where z = 0 is a singular spinodal
point separating the energy wells at z = +1/2.

Another simple case is when 7 — 0 with A’ = D re-
maining finite. In this limit, activity disappears and driving
becomes equilibrium with temperature D. The steady-state
probability distribution is given by p(x) ~ exp[—V (x)/D] and
the effective energy exhibits a transition from phase II to phase
I at the critical temperature D, defined in Sec. III A.

To compute p(x) in the general case, we identify
the admissible set, where (16) holds, as Jxg(—A),
xo(A)[|J1x1(—A),x1(A)[, where parameters xq 1(+A) are in-
troduced in Appendix A. We can now integrate p(x) on each of

(x)

PHYSICAL REVIEW E 93, 052604 (2016)

the segments Jxo(—A),xo(A)[ and ]x;(—A),x;(A)[. The result
can be written in the form

o
p(x) = CoWo(x)P MOy rpan ()

+C W ()T @), (A7)

where Wo(x) = A2 —[(1 +k)x —kz+1/2]> and W¥;(x) =
A% — [+ k)x —kz — 1/2]°.

If the domain of definition is connected as in, say, case 2,
when xo(A) = x;(—A) = 0, a continuity condition relates Cy
and C;:

Co = 271\1,1(0)[21<1+k>]*‘
C, = Zfl\po(o)[Zr(lJrk)]’]. (18)

If instead either xo(A) or x;(—A) is different from zero, the
two sets Jxo(—A),xo(A)[ and Jx;(—A),x;(A)[ are separated by
a segment where the probability is equal to zero. This means
that the passage from one region to the other is impossible.
In this case, the coefficients Cy and C; depend on the initial
probability distribution as in the periodic case (at D = 0).
These cases are referred to as cases 1, 3, and 4 in Appendix B.

If we regularize the problem by adding a weak white
noise (small D s 0), the choice of constants again becomes
unambiguous as we can associate the support of the distribu-
tion with the side (0 or 1) opposite to the smallest potential
barrier. We can then write explicitly C; = Z~'max(0,sgn(z))
and Cy = Z~! — C;.In all cases, the constant Z is found from
normalization.

We illustrate the stationary probability distributions p(x)
in Fig. 10(a) for several choices of parameters. The analytical
expression for the tension elongation curves 7T'(z) involves
hypergeometric functions and is too complex to be presented
here. The resulting curves are illustrated in Fig. 10 for small
and large values of the correlation time. The phase diagram,
shown in Fig. 11(a), exhibits all three phases I, II, and III with
a tricritical point C’ located at 7o = [2(k + 1)]7" and D¢ =
D, + [2(k + 1)]7!/4. The behavior of the force-elongation
relations in different phases is illustrated in Fig. 11(b). As
we see, the DC-driven dynamics is sufficiently rich to capture
both active and entropic stabilization phenomena even in the
absence of the equilibrium reservoir (at D = 0).

B. Periodic (P) driving

The numerical simulations for the problem with P driving
and D — 0 show only phases II and III even for rapidly
oscillating external fields; see Fig. 11(c). To understand this
result, we can use Kramers’ approximation developed in
Appendix B under the assumption that the rocking period is
short compared to at least one of the escape times 7 | (£A).
The use of such an antiadiabatic limit is consistent with the
observation that in the limit D — 0 the escape times from the
energy wells diverge; see Appendix A.

A study of the purely mechanical problem with P driving
reveals that, since the potential E can have up to four
local minima, the dynamical system (8) can have up to
four stationary solutions. In the four cases introduced in
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(a) (b) o,
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(c)

30{ |A=06 [--7r=012=-05
—=-7=1.0,2=-0.5
—7=10,2z=0.

0.0 A

FIG. 10. (a) Examples of stationary probability distributions in the case of DC driving with A = 0.6. Dotted line: T = 0.1, z = —0.5.
Dashed line: 7 = 1, z = —0.5. Solid line: 7 = 1, z = 0. (b),(c) Tension elongation relations for different values of z.

Appendix B, these solutions give the following:

Case I: (x) = [xo(—A) + x0(A)]/2.

Case 2: (x) = [xo(—A) + x1(A)]/2.

Case 3: (x) = [x1(—A) + x1(A)]/2.
Case 4:

— [Alxo(=A) + x0(A)] ifz <O,
X) =
Hxi(=A) +x1(A)] ifz > 0.

To justify, for instance, the last expression (case 4), we use
(B2) to obtain

(—min [AE(£A)]+ min [AEg(£A)])/D
(nO) ~ e A +A.1,0 .

Then either minigAE;(£A) = minga 1 0AEo1(£A) and
(I’l()> =1 or miniAAEl(:tA) > mil’liA,LoAqul(ﬂ:A)

(a) =

lM’
0.8+
1T
.
0.4
LN’
«
0.0 £ |
0.0 e 0.2 _ 0.4
D
()
0.8+ 0.8+
- [ , |
0.4 0.4
III I
0.0 T T 0.0 o7 T
0.0 0.2 _ 0.4 0.0 e 0.2 _ 0.4
D D

FIG. 11. (a) Zero-temperature phase diagram in the case of DC
driving. The identification of phases I, II, and III is the same as in
Figs. 5(a) and 5(b). Tension-elongation relations in the case of DC
driving in different phases (b). Zero-temperature phase diagram in
the case of P driving (c) and OU driving (d). Parameters are k = 0.6
and D = 0.

and (ng) = 0. The  condition mingAE(+A) >
ming ; 0AEp 1(£A) introduces the dependence of the
stationary distribution on z. In the limit D — 0, the
distributions pg (x;+=A) become § functions concentrated at
the points x¢ ;(£A), which gives our formula for ().

If we now substitute the values for xg;(+A), given in
Appendix A, we obtain the analytic expressions for the tension
T (z). Then, by solving the equation 7'(z) = 0, we can locate
the line of the first-order phase transition separating phases 11
and III and show that A = % atpoint K and that A = %(1 + %)
at point M, both in agreement with the numerical phase
diagram presented in Fig. 12(c). The qualitative difference be-
tween the predictions of the adiabatic approximation implying
that D is large and the Kramers approximations corresponding
to small D is illustrated in Fig. 12.

In coordinates (r,f)), the phase diagram for the P-driven
system with zero temperature shows a single phase boundary
separating phases II and III; see Fig. 11(c). The entropically
stabilized phase II is absent because there is no stochastic
contribution allowing the system to cross arbitrary barriers.
For the same reason, the phase boundary between phases II
and III in the P-driven system is shifted compared to the case
of DC driving as the point D, does not exist anymore. This is
in contrast to the fact that at finite D the two systems (with P
and DC driving) behave quite similarly. In particular, they are
indistinguishable in the adiabatic limit T — oo.

C. Ornstein-Uhlenbeck (OU) driving

In the case of OU driving with D =0, an analytical
approximation of the stationary probability distribution is
available when 7 < 1 [66]. The main idea is to combine
Egs. (8) and (13) to obtain a new equation for a noisy inertial
oscillator,

—z i+ T8, VOOl + 8, V(x) = AV2tE4(1), (19)

where & is a standard white noise. At large times, the inertial
dynamics with additive noise (19) can be approximated by the
overdamped dynamics with multiplicative noise,

fl—f =1+ 10, V) (=8, V(x) + AV21E,(1)),
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Kramers |
"
'
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T T
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FIG. 12. (a) Examples of the stationary probability distributions in the case of P driving in adiabatic (dotted line) and Kramers (solid line)
approximations at A = 0.2, z = —0.01, D = 0.002. (b) Tension elongation relations for D = 0.01 and A = 0.2 expressed by the Kramers
solution (solid line) and the adiabatic solution (dotted line). (c) Tension elongation relations in the limit D — 0O for several value of A. For
0 < A < K, all curves collapse (dotted line) since the energy injected by the rocking is not sufficient to overcome the potential barriers.

which must be interpreted in the Stratanovitch sense [66]. The
corresponding Fokker-Planck equation

< 0,V )
azp - ax 1 3 X‘~,p
A2T

1
0 —0 - 20
* ’“[Hra“v ’“(1+ra”vp>} 20

has an explicit stationary solution [66]:

V(x) + 73, V()P /2
A2t )

p(x)=Z "1 + 13, V(x) exp (—

Notice again that when 7 — 0 with D = tA? fixed, f(¢)
becomes a white noise and the distribution p(x) takes the
classical Boltzmann form.

In Fig. 13(a), we show examples of the stationary distri-
butions for specific values of parameters. The corresponding
tension curves 7 (z) are illustrated in Figs. 13(b) and 13(c) for
large and small correlation times.

Figure 11(d) shows the resulting phase diagram, which,
as expected, exhibits only phases I and II. This is again a
confirmation of the fact that in the case of OU driving, the
crucial phase III, describing the phenomenon of active rigidity,
is absent. When 7 is small (at a fixed D), the OU noise
becomes a white noise and, as in the case of the DC driving, the
phase boundary separating phases I and II passes through the
point D,.

(a) (b)

The comparison of all three phase diagrams, shown in
Figs. 11(a), 11(c), and 11(d), suggests that at zero temperature
the system with DC driving is an intricate amalgam of the
systems with OU and P driving.

V. CONCLUSIONS

Our model of a molecular device generating active rigidity
complements the existing models of molecular machines
generating active force. Instead of a single stall state, we study
a family of stall states depending on a parameter, and we
quantify the energetic cost of varying this parameter. Since in
our case this parameter is mesoscopic strain, the associated
derivative of the time-averaged energy is the effective rigidity.

The prototypical model presented in this paper shows that
by controlling the degree of nonequilibrium in the system,
one can stabilize apparently unstable or marginally stable me-
chanical configurations, and in this way modify the structure
of the effective energy landscape (when it can be defined).
The associated pseudoenergy wells with a resonant nature
may be crucially involved not only in muscle contraction but
also in hair cell gating [14], integrin binding [57], and other
internally driven biological and nonbiological phenomena
[39-41]. While it is often assumed that the mechanical effect
of a nonequilibrium chemical reservoir is a colored noise, our
analysis supports the idea that apparently similar noises can
generate qualitatively different mechanical effects that may be

()

0.3
A=0.5 sz =01, 2=-05
3] —=7=1.0,2=00
—7=01,2=-05
P T T
\ 0.0
h
I
14 h
Iy
Ao
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oy
v o
0 T T T T T -03
2 1 0 1 2
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FIG. 13. (a) Examples of stationary probability distributions in the case of OU driving at A = 0.5. Dotted line: T = 1, z = —0.5. Dashed
line: T = 1, z = 0. Solid line: T = 0.1, z = —0.5. (b),(c) Tension elongation relations in the OU cases for small (b) and large (c) correlation
times. Large correlation times are formally outside of the domain of validity of the approximation.
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ultrasensitive to the higher order correlations of the stochastic
forces.

The experimental verification of the proposed model
requires quantitative monitoring of the rigidity of a biological
system (say, a cytoskeleton) combined with the control of
activity elements (say, molecular motors), and the correspond-
ing experimental techniques are already available [4,44]. The
mastery of tunable rigidity will open interesting prospects not
only in biomechanics [78] but also in engineering design,
incorporating negative stiffness [79] or aiming at synthetic
materials involving dynamic stabilization [80,81].
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APPENDIX A: ADIABATIC APPROXIMATION FOR
SQUARE-SHAPED PERIODIC DRIVING

In the case of biquadratic potential, the driving time scale T
should be compared with the mean exit times from each of the
energy wells at both positive and negative values of the tilting
force. To find these times, one may consider the four auxiliary
potentials (see Fig. 14),

Eo1(x,2A) = Vo 1(x) F Ax,
where
N Vox) ifx <0,
Vix) =1 .
Vix) ifx > 0.

Notice that the bottoms of these quadratic potentials are
located at xg (£ A), where

—1/24+kz—A
xo(—A) = min(O,%) < xo(A),
. —1/2+kz+ A
xo(A) = mln(O,/lT> < 0,
1/2+kz—A
n(—A) = max(0, L2 TR AN S
1+k
1/24+kz+ A
x1(A) = max(O,/lT> = x1(—A).

Case 1:A=0.2, 2=-0.6 Case 2:4=0.6, 2=0
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The four mean exit times 7t ;(£A) can then be written in the
form [82]

1 0 Eg(xi£A) x Eg(yikA)
To(£A) = —/ e D / e~ b dydx,
X —Q

o(£A)
1 0 Etd) [ Bz
T1(£A) = — e D e " b dydx.
x1(£A) oo

For the adiabatic approximation to work, we need to require
that

T > 10,1(£A).

First, it is clear that the adiabatic approximation holds for
sufficiently large D because in this case 79 1(£A) — 0. It also
works when 7 > 1 and A > 1 as in this case

0(A) =11(—A) =0 and

1 0 Car X ,
n(A)=ro(—A>~5/ e3/ Bdyde=1.
—A —00

APPENDIX B: KRAMERS APPROXIMATION FOR
SQUARE-SHAPED PERIODIC DRIVING

Here we assume that 7 < 719;(+A), where the escape
times 19 1(£A) were introduced in Appendix A. With the four
potentials Ey j(£A) discussed in Appendix A, we associate
four activation barriers AEy ;(£A). We then distinguish the
four cases illustrated in Fig. 14:

Case I:If x;(—A) = 0and xo(A) < 0, then AE;(—A) does
not exist.

Case 2:If x1(—A) = 0and xg(A) = 0, thenboth AE;(—A)
and AEy(A) do not exist.

Case 3: If x;(—A) > 0 and x¢p(A) =0, AEy(A) does not
exist.

Case 4: If x;(—A) > 0 and xo(A) < 0 and all four barriers
exist:

(1 £2A — 2kz)?

AEy(£A) = 0o

2

AE(+4) = (E24+ 2%k
8(1 + k)

We first consider the generic Case 4, in which we can
apply the rate theory for a rocked bistable system [83,84].

Case 3:4=0.2, z=0.6 Case 4:A4=0.2, z=0

1.0 1Y \ \
1.0 4 \\\E(—/—A) 1.0 4 \\\E<+A) \\\E(+A)
\ E(A) 051
\\
0.5 1
0.5 - 0.5 -
0.0 A
0.0 - - 0.0 - 00 4
1 0 1 -I1 0 1I 1 0 1 -I1 0 1
T T T x

FIG. 14. Four typical potentials E(£A). Case I: x;(—A) = 0 and xo(A) < 0; AE(—A) does not exist. Case 2: x;(—A) = 0 and x¢(A) = 0;
AE;(—A) and AEy(A) do not exist. Case 3: x;(—A) > 0 and x¢o(A) = 0; AEy(A) does not exist. Case 4: x;(—A) > 0 and xy(A) < 0; all four

barriers exist.
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Denote by ng(t) the number of particles in the 0 well. When
D < A = Ey1(£A), we can write the reaction equation

ny = —(W + Wolno + Wi. (BD

Here W, (¢) and Wy(¢) are the reaction rates given by [85]

1424 "0 —2kz)2

Wo(t) = Up(t)e™ s

and
_ 24 )" O 42k
Wi(t) = Ui(t)e S(I-+h)D

where

1 [(1+0[1/2+ A(=1)"© — k2]

UO(I) = —\/ /

2 2nD

and

1 [(L+[1/2+ A(=1)"®O 4k
Um:g/( L1/ 2M() 'O + kel

In what follows, we also use the notation W = Wy + W, and
introduce four characteristic times: Wy 1(A) = 1/7p,1(A) when
n(t) is even and Wy 1(—A) = 1/79,1(—A) when n(t) is odd.
In the limit T W(£A) < 1 (high-frequency rocking), we can
formally average (B1) over a period of the driving force [84]
to obtain

d(no)

| 1 -
= =5 W+ W(no) + S (W' + Wp).

Then in the steady state,

Wi(A) + Wi(=A)
{no) = 7 = .
(A) + W(=4)

(B2)
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After time-averaging, the steady-state probability distribution
takes the form

o),

px) = po(x; —A) + po(x; A)]
1 — (no) ] )
+ T[Pl(x, —A)+ pi(x; A)],  (B3)
where
po(x: £A) = i exp[—Eo(x; £A)/ D] ’
f_oo exp[—Eo(x; £A)/Dldx
i £A) = exp[—E(x;£A)/D]

fooo exp[—E(x; £A)/Dldx”

Now consider cases 1, 2, and 3 when at least one of the
barriers is absent.

Case I: Each time the rocking flashes to —A, all particles
that are in the 1 side are drifted toward the O side before the
rocking flashes to +A again. As both AEy(A) and AEy(—A)
exist, particles stay much longer to the 0 side, and even if they
go the 1 side, they would drift back when the rocking flashes
to —A again. So all particles get “ratcheted” to the O side, and
the stationary (averaged over time) probability reads

Prr(x) = po(x; —A)/2 4 po(x; A)/2.

Case 2: Each time the rocking flashes to —A, as AE (—A)
does not exist, a particle in the 1 gets to the 0 side. In the same
way, each time the rocking flashes to +A, as AEy(A) do not
exist, a particle in the O side gets to the 1 side. The stationary
distribution averaged over time reads

Prr(x) = po(x; —A)/2 4+ pi(x; A)/2.

Case 3: This case is symmetric to case 1. The stationary
distribution reads

Pre(x) = pi(x; —A)/2 4+ pi(x; A)/2.

The tension curves for small D can now be computed
using the first moment of probability density (B3), (x) =
J70 xpxe(x)dx.
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