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Preaveraging description of polymer nonequilibrium stretching
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This article focuses on a preaveraging description of polymer nonequilibrium stretching, where a single
polymer undergoes a transient process from equilibrium to nonequilibrium steady state by pulling one chain
end. The preaveraging method combined with mode analysis reduces the original Langevin equation to a
simplified form for both a stretched steady state and an equilibrium state, even in the presence of self-avoiding
repulsive interactions spanning a long range. However, the transient stretching process exhibits evolution of a
hierarchal regime structure, which means a qualitative temporal change in probabilistic distributions assumed in
preaveraging. We investigate the preaveraging method for evolution of the regime structure with consideration
of the nonequilibrium work relations and deviations from the fluctuation-dissipation relation.
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I. INTRODUCTION

Ubiquitous phenomena from small to large scale observed
in the materials and life sciences through to the geosciences
are discovered as stochastic systems [1-9], of which appro-
priate simple descriptions may be formulated to meet with
spatiotemporal resolutions. In dealing with systems that have
large internal degrees of freedom, discerning noise in a coarse-
grained picture and in the structural regimes based on scale
separation is crucial.

Soft matter, as exemplified by a polymer, may exhibit
viscous or elastic motion depending on the spatiotemporal
scale, and involves some characteristic scale quantities that
classify multiple regimes. Let us consider a single polymer. A
dynamical regime is intimately associated with static spatial
structures. A global structure forms a fractal referred to as
a random coil that does not rely on local specificities such
as proper chemical bonds [10-12]. The fractal regime creates
a remarkable dynamical feature called anomalous diffusion,
which is defined as the nonlinear growth of the mean-square
displacement (MSD) [7,8], while a Brownian particle exhibits
only normal diffusion that is linearly proportional to time.
An important issue in polymer physics is to incorporate long-
range repulsive interaction that yields nonlinear self-avoiding
(SA) effects, and mode analyses utilized for the chained
structure [11,13—17] have been developed to allow the re-
production of polymer anomalous diffusion by employing a
preaveraging method [11], where the probability distribution
in variables other than those of interest is assumed in advance.

In the equilibrium for a simple polymer, the global struc-
ture has a few stationary fractal regimes. However, the
nonequilibrium conditions do not ensure the same case, as
illustrated in polymer stretching (see Fig. 1) [18,19]. Turning
our attention to SA polymers with nonlocal interaction, we are
aware that polymer stretching undergoes a qualitative tempo-
ral change in the fractal regime structure due to the effective
emergence of a distinct interaction range [17,20-24], which
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should modify the distribution assumed in preaveraging. This
article focuses on the preaveraging description relevant to the
temporal evolution of the fractal regime structure [18,19].
This is an interesting issue in stochastic energetics [2] be-
cause an interpretation of the energy balance is inherent in the
resolution scales, while multiple scales involve the polymer
stochastic processes.

The paper is organized as follows. Section II introduces
polymer stretching with a concept for the evolution of the
regime structure, and then we give the mode description
with an effective Langevin equation based on preaveraging.
We then discuss the nonequilibrium work relation [25-30]
and the deviations from the fluctuation-dissipation relation
(FDR) [31-34], which play a crucial role in the progress on
nonequilibrium physics at the small scale. Section III dis-
cusses applications and perspectives. Finally, we summarize
the study in Sec. IV. Supplemental information is provided in
the Appendix.

II. EVOLUTION OF REGIME STRUCTURE

We begin with the physical mechanism of polymer stretch-
ing [17,20-22], as shown by the schematic representation
in Fig. 1. A linear homopolymer chain is suspended in a
solution that serves as a thermal bath. (0) The polymer is
initially in equilibrium. One chain end starts being pulled
with force magnitude f at + = 0. (i) At the beginning, only
the monomers close to the forced monomer along the chain
are set in motion, and then the moving domain [shaded in
Fig. 1(1)], where tension has propagated, grows in time while
qualitatively retaining the equilibrium shape. However, a force
magnitude larger than a threshold f ~ kzT /Ry is applied, so
that the polymer cannot sustain the equilibrium shape for
approximately 7 > 7;.! Note that Ry denotes the spatial size

'Relaxation time for a monomer unit or for a blob is denoted by
7, or Ty >~ 7,(§7/a)*, respectively. Note that z is referred to as the
dynamical exponent that relates the relaxation time to the correlation
length &, [see also the discussion after Eq. (9)].

©2022 American Physical Society


https://orcid.org/0000-0002-9819-0628
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.105.014502&domain=pdf&date_stamp=2022-01-03
https://doi.org/10.1103/PhysRevE.105.014502

TAKUYA SAITO

PHYSICAL REVIEW E 105, 014502 (2022)

t

A\ 4

FIG. 1. Schematic representation of polymer stretching. (0) Ini-
tial equilibrium coil. (i) Early blob formation for 0 <t < 7. (ii)
Stretching transient for 7, < ¢ < 7. (iii) Nonequilibrium steady state
for + > t. Dashed circles represent blobs (local coilings), and an
entire moving domain is shaded.

of the equilibrium polymer [see Fig. 1(0)]. (ii) The poly-
mer is largely deformed, i.e., the nonequilibrium stretched
shape appears around ¢ = 7;. The moving domain [shaded in
Fig. 1(ii)] grows, accompanied by the propagation of tension
along the chain, i.e., undergoing a transient stretching process.
(iii) When the tension eventually arrives at the other chain end,
the entire polymer enters a stretching nonequilibrium steady
state [18,19].

There are a few scale-dependent regimes to express the
static conformation for equilibrium [see (0) and (i)]: (a) local
specific structures smaller than the monomer (or less than the
Kuhn length); (b) global fractals, for which asymptotic behav-
ior does not rely on local specific characteristics, such as the
chemical bonds. Note that this article considers only a flexible
polymer for simplicity; therefore, we may treat just a single
fractal regime in the equilibrium.? On the other hand, the non-
equilibrium stretching state exhibits a different hierarchal

2For a semiflexible polymer with local bending stiffness such as
double-stranded DNA, two fractal regimes may be observed due to
the SA effects, even in equilibrium dependent on the chain length
[10]. Using the Flory exponent v, the short polymer chain assumes
v = 1/2, while the longer polymer chain assumes those of the SA
polymer, i.e., v =3/4 or v >~ 0.588. .. in two or three dimensions,
respectively.

organization of a regime structure, which adds one more level
[see (ii) and (iii)]. The fractal structure, in a broad sense, is
represented by a blob (dashed circle) at the intermediate scale
and global one-dimensional deformation is represented by a
sequence of these blobs (the entire shaded domain). There-
fore, the stretching transient process intrinsically reorganizes
the regime structure.

A. Formulation

We formulate the large-scale dynamics with the Langevin
equation. The linear polymer is written with N 4+ 1 monomer
units being a in each size.> Monomer indices are denoted by n
assigned from a chain end. A subscript # indicates a variable
of the nth monomer; e.g., x,(¢) is the position of the nth
monomer along the x-axis. No subscript indicates a variable
of the forced monomer x(t) = xy(¢) (the Nth monomer is
pulled). In addition, for compact notation, we introduce a
difference from the time origin or the mean value, which are
respectively denoted by

Ax(t) = x() —x(0), x()=x(t)— {x(@)), 1)

where ((-)) denotes the ensemble average.

An elementary expression for overdamped Langevin mo-
tion in real space is translated into the preaveraged description
in mode space:

dx, A& ({X; 5 -
PRRLERER xd(t)=— ST L A e
- t 0X,

U

dX, (1) 3E,(Xy k(1))
e X,

Yq (1) + Fy(t) +Z,(1). (3)

X, (1)

A transformation rule between the real space variable x,(t)
and the normal mode X, (¢) is defined as in Ref. [11]:

N N
X,(t) = fo Anx,(Ohgn,  xa(t) =Y X Oh} . (4)

q=0
hyn = ]ivcos (%), h;n = C;l cos (%), 5)
after taking the continuum limit for n (refer to the Appendix
Sec. 1 or Refs. [23,35-37]).# Note that if a vector notation
drops like X,, — x,, one-dimensional coordinate along x-axis
is traced. In Eq. (5), the numerical factors ¢y = 1 for ¢ =0

and ¢, = 1/2 for g > 1 are introduced.

The left-hand side of Eq. (2), a tensor y[X,, X,y] denotes
the original (incompressive-fluid) frictional kernel with X,, and
Xy, which may reflect the fluid-flow-mediated interactions.
There are two important models: free-draining, and nondrain-
ing. The free-draining model employs local friction such as

3The way of counting determines the total number of monomers;
however, a difference between N and N + 1 does not cause a signifi-
cant problem in the long chain limit of interest.

“4Technically, the conversion rule in Refs. [23,35,36] (by factors) is
defined in a different way from the conventional rule that appears in
Ref. [11].
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Y[Xu, X lij = y8ur8ij with i, j denoting Cartesian component
in a discrete expression, which means that Stokes drag is
exerted on each monomer. On the other hand, the nondrain-
ing model has a long-range hydrodynamic interaction, which
yields friction heat due to the motion of distant monomers.
Regardless of the model, in a random fractal polymer, the
asymptotics of a two-point long-range correlation are replaced
with a function of a contour distance along the chain: (|x, —
Xy |?) ~ |n — n|?” with the Flory exponent v [see discussion
after Eq. (9) for details]. The integral kernels are thus averaged
in advance, or preaveraged. This enables the use of an approx-
imation such as y[x,, xy1ij = Vu—w(t)d;;, which technically
makes a convolution on the integral transform available, as
reduced to Eq. (3).

On the right-hand side, the external driving force exerted
along x-axis is f,(t) = f8,8y®(t) with the Heaviside step
function, and F;(t) is converted from f,(t) through Eq. (4).
£u(t) or Z,(t) denotes the Gaussian-distributed random noise
with zero mean in the real or mode space, respectively, and the
covariance is assumed to satisfy the FDR of the second kind
(Z,t)Zy(5)) = [2¢4y4(t)/N1kpT 844 5(t — s) with correlation
of the temporal § function in the mode space.

The first term &£ ({X,}) or £,(X,; k,(t)) on the right-hand
side is called the effective Hamiltonian, which produces a
conservative force between monomers as a function of {X,},
where the subscript (e) represents the elementary description
before preaveraging. A general polymer model necessarily has
the bonding potential that connects monomers to form the
chain. In this article, we also consider a repulsive potential
between the monomers that gives rise to the SA effects, unless
otherwise specified. A point in the approximation for the
mode analyses is that, even under the long-range SA (and un-
der hydrodynamic interaction), we may diagonalize the modal
motion with harmonic potentials:

Eq(Xyikg(1)) = ky()X]. (6)

Notation &, with subscript ¢ is employed as the effective
Hamiltonian for the g-mode component, which originally
arises from the approximation ) >~ > g Ncq&,(Xq)(h;N)z.
The mode diagonalization for the equilibrium SA polymer has
been numerically verified as a good approximation [38].

The friction coefficient y,(¢) or the spring constant k,(z)
may vary with time such that Eq. (3) can contain nonstationary
dynamics. Polymer stretching is described by specifying the
time-dependent coefficients [17] for the internal modes g > 1
with

k(g/N)>+! forr < 74
ko) =3 [KD(q/NY (g < qy) , (D
h@mvwl<q>w> fort > 7y
y(g/N) v+l fort < ts
Ya) =4 [y (q < q5) . (8)
meww“1@>w>“”>”

or for the center-of-mass mode ¢ = 0 with
ko(r) =0, @) =n(), )

where k) = kg/(&;/a)® ~ k(fa/ksgT)>~D/",
y(fa/kgT)>=+1/V) are the force-dependent components of

y o~

the coefficients. Here v denotes the Flory exponent, which
is used to express the polymer extension Ry ~ NV being
the static properties, while its inverse, 1/v, is the fractal
dimension in N ~ R(l)/ . v = 1/2 for an ideal polymer chain,
or v =3/4 and v ~ 0.588 for the SA chain in the respective
two and three dimensions [10,11,38]. On the dynamics
side, the scaling of the characteristic relaxation time 7 is
expressed with the dynamical exponent z as T ~ Rj (z =3
for nondraining or z = 2 4 1 /v for free-draining) [10,11]. The
top lines of Egs. (7) and (8) for¢ < 7 are the same of those for
the equilibrium mode, as in Refs. [11,37,38]. The coefficients
for t > 7 capture the nonequilibrium characteristics relevant
to the transient (ii) or the steady-state (iii) regimes. Note that
qr = N(fa/kpT)"" is a threshold mode index that separates
the global nonequilibrium and intermediate equilibrium
modes.’ Bear in mind that the characteristic time ¢ = 7,
signifies the change in the distributions assumed in the
preaveraging.
B. Nonequilibrium work relations

An issue of nonequilibrium work relations is addressed
here. Small particles such as colloids suspended in a solu-
tion undergo stochastic motion induced by thermal agitation,
where work, heat, and internal energy may be defined as the
stochastic quantities according to the stochastic motion and
the respective trajectories [2]. For such thermal stochastic
motion, the nonequilibrium work relations [25-28] claim that
averaging an exponential of work divided by thermal energy
over the nonequilibrium processes between equilibrium states
satisfies the integral relations, which is known as the Jarzyn-
ski equality [25], or the Bochkov-Kuzovlev relation [27,28],
according to the work definition [26]. The former nonequi-
librium average is identified with a free energy difference
specified by the system equilibrium, and the latter relation
takes the form of an identity.

In discussing application of the nonequilibrium work rela-
tion to the present system, there are some points to be aware
of. The first point is heat for the internal modes. The stretch-
ing polymer finally arrives at the nonequilibrium steady state
shape, in which the internal modes (¢ > 1) could evolve as
if they equilibrated whereas the center of mass mode (¢ = 0)
maintains the translational motion. This indicates that the heat
for the internal modal motions (¢ > 1) is found as the fluc-
tuating quantity, but do not produce mean heat as in the equi-
librium. On the other hand, the center of mass mode motion
(g = 0) keeps producing dissipative heat. Accordingly, we are
restricted to considering an application of the Jarzynski equal-
ity or the Bochkov-Kuzovlev relation to the internal modes,
while the Hatano-Sasa equality is the integral relation between
(genuine) nonequilibrium steady states [29,30].

The second point concerns the definition of the work
[26,39,40]. While the Bochkov-Kuzovlev relation employs
mechanical work, as discussed later, our attention is first fo-
cused on an analog of the Jarzynski equality by introducing
the work defined as the change in the effective Hamiltonian

SLet &; or g/ be the blob size or the number of monomers in the
blob, respectively. The threshold mode number is estimated by g, >~

N/gyand §y >~ ag).
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varied by the external parameters:
t ag(f) dk (t/)
W)= | dr N| L —1—=
® /0 Xq:C’f [ ok, dr

AES dF, (1)
—4_ 9 Z (WD) 10
aF, dr (g.n) (19)
where the effective Hamiltonian is replaced so as to include
the coupling term of the position with the external force:

EV({Xyi kg, Fp}) = € — f(0)x(t)
= ZchS;f Y(Xy. k)R] (11

=1
with the g-mode components denoted by
EP (Kyikg, Fy) = €4 — FyX,. (12)

The third point is the time dependence of the spring con-
stants k,(t) for the SA polymer, while the nonequilibrium
work relation is rigorously discussed for the Rouse polymer
with a time-independent spring constant [41—43]. The second
term in the brackets in Eq. (10) is the explicit work done by
the applied force, which is literally given by changes in the
external parameters. On the other hand, we note that the work
[Eq. (10)] has nonconventional contributions. Considering
the original elementary structure of the nonequilibrium poly-
mer stretching, the temporal variation in the spring constants
should be envisaged as the spontaneous change, not the exter-
nally controlled change. Nonetheless, the preaveraged view
virtually considers the spring constants k,(f) as externally
controlled parameters embedded in the effective Hamiltonian.
The preaveraging procedure modifies the original probability
distribution, and the preaveraged probability distribution is
expressed with k,(¢) based on the SA blob picture, where
the change in the repulsive interaction range is incorporated
into k,(t). From the preaveraged-level point of view built by
observers, it looks as if the interaction manner were externally
varied, and the changes in the spring constants show up as
an indirect external parameters (see also the last paragraph in
Sec. IIB).

Using Eqgs. (10) and (11), the energy conservation for each
stochastic process is written as

AED X (1);ky(t), Fy (1)) = W(t) — Q(t),  (13)

where heat is defined through the mode space as®

Q(t):/ dr'y " cyN ( Z(t))

g0

with o denoting Stratonovich multiplication type. Equation
(14) is motivated by the definition of the real space with Gaus-
sian white noise [2]. From the equation of motion [Eq. (3)],
we can confirm that the energy balance (13) holds under
Egs. (10)—(12) and Eq. (14). Note that the heat flow from the
system to the external environment is assigned to be positive
in Eq. (14).

ax, .
— (B y)7, (14)

SReference [37] considers reinterpretation of heat in equilibrium
through projection of degrees of freedom in the polymer chain.

As with the first point, extraction of the internal mode com-
ponents (g > 1) from W and rewriting them as W,>; leads to
the expectation of an analog to the Jarzynski equality [25,26]
fort > t:

™Mot GaT)) = =A@/ GaT), (15)

The ensemble average is taken over the initial configurations,
and all the paths from the initial to the final equilibrium (or
nonequilibrium steady) states. In addition, & is referred to as
the thermodynamic potential for the fixed-tension ensemble
[1], defined as follows:
c,kgT
® == [N )] q;

g=1

+oo g;f)
1 dx, ——__ 1|, a6
x 08 /_oo a SXP cqkpT /N (16)

where the factor c,kgT /N corresponds to the effective tem-
perature of the g-mode space (see the consistency with
(Z,)Zy () = [2¢4Y4@)/N1kpT 849 8(t — 5)). AD = P(t) —
®(0) represents a difference written as follows:

ksT
AD = § [ — —log ](hT 2, (17)
) ) N
il ANk 4 TV kg

where the first and second terms in brackets, which are derived
from changes in the external force and in the spring constants,
respectively, appear as additive forms (see the Appendix
Sec. 2). The present system evolves under Gaussian processes,
of which the calculi for the ensemble average may be per-
formed through path integrals with reference to Refs. [44—46].
We next consider the distinct nonequilibrium work relation
referred to as the Bochkov-Kuzovlev relation [27,28], where
the work is defined as mechanical work (i.e., force times
displacement as conventionally found in textbooks of classical
mechanics). In the same way as in the integral relation of
Eq. (15), the change in the spring constant must be incorpo-
rated into the mechanical work as a fictive part, and then the
Bochkov-Kuzovlev relation written for the internal modes:

<e_W;§)|/(kBT)> =1, (18)

where the mechanical work for g >

1 d[X,(t")?
Wq@l_fdt D N [ ~ Aky(t )M

1 is introduced as

=
+ R Y (”}(h;,jv)z (19)
such that
W + W = "N [ %Akq(t)Xq(t)z
=
+Fq<r>xq(r)}(hj,w)2 (20)

with dW(>1/dt|t —o = 0 as in Ref. [26]. Note that in the work
deﬁmtlon of Eq. (19), F,(t) = F,0(t — €) with infinitesimal
positive €, so that we can have F,(0) = 0 required for an
applicable condition in the Bochkov—Kuzovlev relation.
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A short summary of this section is that the preaveraging
description may become associated with the nonequilibrium
work relations [Egs. (15) and (18)] if we assume that the
changes in the spring constants that do not originally belong
to the external parameters contribute to the work. Imposing
the external force induces the blobs, but, once the stochastic
motion is written with the preaveraged quantities like k,, the
fact that the blob formation spontaneously occurs is no longer
discerned from the preaveraged-level point of view, where the
characteristic quantities of the blobs should be rather viewed
as externally controlled parameters since the preaveraged
picture is created by observers. The preaveraging procedure
modifies the original probability distributions, accompanying
the effective time-dependent spring constants. If the system
contains the effective elastic Hamiltonian, the elastic Hamil-
tonian variation due to the change in the spring constant may
be interpreted as work (see the Appendix Secs. 3 and 4 for an
observation from the elementary to the preaveraged Langevin
equations). In addition, the energy balance at each respective
mode in the present regime structure, or at each respective
hierarchal level with the characteristic scale, is independently
interpreted so that the interactions between the distinct modes
or regimes may be reduced to the external parameter changes.

C. Transient deviations from FDR

The next issue is the transient side on the regime struc-
ture relevant to the FDR. Two integral forms of the FDR
are utilized here: (a) The first integral form is the equality
often involved in anomalous diffusion by monitoring of the
displacement Ax(t). The conventional approach is to observe
the MSD (Ax(¢)?) as a primary statistic [7,13—16]; however,
we may look at the variance (§Ax(¢)?) in the context of the
driven system [16,17]. (b) The other integral form is expressed
as a convolution of the friction kernel with the difference
between the response function and the velocity correlation.
The deviation from the FDR in the integral form (b) is de-
termined to be compatible with the energetics [31-34]. Note
that derivations from the FDRs between (a) and (b) appear
as distinct integral forms that are built by the deviation from
the response function and the velocity correlation, not through
incorporation of a § function type, but through another type
kernel due to degree of non-Markovity in the polymer.’

"In the presence of the step force f(t) = f for t > 0, the g-mode
component (A, (¢)) of (A(t)) [Eq. (23)] is obtained from the follow-
ing integration:

(Ag0)) / / |:<dX L) dX, (s >>O /
—5)
kBT (kBT/]V)2 dt’ ds’'

. quB

(AX, (1)) (21)

fults ’}—ww

Note that a part of the kernel in the double integral corresponds
to the FDR deviation between the response function and velocity
correlation, where the integrand does not have the kernel y,(t")
like Eq. (32). It should be noted that the velocity correlation is not

covariance (8( d)Z’t(,t ) V(= dX"(Y ) ).

1. Anomalous diffusion

We begin with a review of the polymer dynamics around
the integral form (a). The anomalous diffusion is defined as
the temporal nonlinear power-law growth of, e.g., the MSD
(Ax(t)*) ~t* (a # 1) [7,13-16]. A formalism with the gen-
eralized Langevin equation (GLE) facilitates understanding.
Unless otherwise indicated, the forced Nth monomer is traced
and referred to as a tagged monomer. Solutions to Eq. (3) are
superimposed to give the equation of motion for x(¢) = xy(¢)
as follows:

dx(t) !
7 =/ dsu(t, s)f(s) +n(), (22)
—0oQ

where 7(¢) denotes colored noise, and w(¢, s) is a memory
kernel. The equilibrium condition assures time translational
symmetry and the FDR of the second kind kg7 u(t —s) =
(n(t)n(s)); i.e., Eq. (22) is reduced to the conventional GLE
[15,16]. The MSD absent force, () = 0, is calculated from
the solutions to Eq. (3), which gives the anomalous diffusion
(Ax(1)?) fHy=0 "~ t2/7 that reproduces the well-known results
for the Rouse model, (Ax(¢)?) sy=o0 ~ t1/2 [13,14] with v =
1/2 and z = 4. In the presence of the step force f(¢) = f for
t > 0and f(zr) = 0 for ¢t < 0, the variance serves as a substi-
tute for the MSD and shows the same power law (§ Ax(¢)?) ~
t2/%. Furthermore, with focus on the displacement, the FDR
for the integral form (a) is confirmed as 2kgT (Ax(t)) =
f{8Ax(t)?). However, these are not necessary conditions for
nonequilibrium polymer stretching; the SA polymer does not
satisfy these conditions. Let us then quantify the FDR devia-
tions for the integral form (a) with the index®

F28Ax(t)?
2kgT
of which the expected value becomes (A(z)) = 0 when the
FDR holds (see the Appendix Sec. 5). On the other hand,
placing the solutions to Eq. (3) [or together with Egs. (7) and
(8)] into Eq. (23), we may find a nonzero value (A(#)) # O in

the nonequilibrium:

A(t) = fAX(t) — , (23)

2

F,
(A1) = Zch/ dsTy(t, s)— <2k G ))(h’ V29
g=1
0 et < Ty)
— =Y, wer | 4 - 4 . @5)
X[l N U T/)(q/N)Z/T/]Z(hT )2
-t > 1yp)

where the integral kernel is expressed as

2
T,(t,s) = [/ ds’ k (s) o= v s k(s )/m,(s”)}
! RRNTON

=[1- e—L ds' ky(s' )/Vq(S’)]Z. (26)

Note that an integration by parts and the equipartition of
energy (Xq(O)z) = kgT /(2Nky) for g > 1 att = 0 are applied

8The stochasticity related to A(¢) will be addressed later.
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to obtain Eq. (24). Equation (25) is the same as Eq. (73)
in Ref. [17] with the coefficients Eqs. (7) and (8), while in
practice we can arrive at Eqgs. (24) and (26), even without
specifying the time-dependent coefficients [Egs. (7) and (8)].

The analytical results (A(#)) that show the FDR devi-
ation for the SA polymer are numerically investigated by
molecular dynamics simulation on the plot of dimension-
less effective temperature f(8Ax(t)?)/[kgT (Ax(t))] =2 —
2(A@))/1f(Ax())] [17], which takes a value of 2 if the
FDR holds. The analytical consideration predicts three regime
evolution:

(i) The FDR is maintained until about 7, after being
pulled, which corresponds to the equilibrium regime (i).

(i1) Then, (A(z)) clearly deviates and exhibits a positive
value, which is interpreted as the transient stretching regime
(ii) accompanied by the tension propagation.

(iii) Finally, F8Ax(t)?)/[kgT (Ax(1))] — 2, ie.,
(A@))Y/[f(Ax(t))] - 0, where the mean displacement
of the center of mass keeps growing linearly along with
(Ax(t)) ~ t and then overwhelms the eventual finite value of
the FDR deviations (A(+00)) ~ const > O produced by the
internal modes [see Eq. (25)]. This implies that the internal
modes relax whereas only the center of mass mode survives
the regime (iii).

As suggested by Eq. (25), the FDR deviations are larger in
two dimensions with v = 3 /4 than three dimensions with v =
0.588. Indeed, the numerical results in Ref. [17] observed the
manifest FDR deviations in two dimensions, which supports
the dimensionality predicted by the analyses. On the other
hand, whether or not the FDR deviates is not clearly confirmed
in three dimensions, which may arise from the finite length
N = 100 employed in the numerical simulation [17].

2. Harada-Sasa equality

Let us next consider the integral form (b). The FDR devi-
ation with the integral form (b) is quantified with an energy
input rate under the nonequilibrium steady state, which is
referred to as the Harada-Sasa (HS) equality [31]. Although
the scope of application is appropriate in the steady state,
we attempt to move forward along an analogous line, even
towards the transient processes. The following calculations
are performed in accordance with Ref. [47], which mainly
investigates the GLE for the non-Markovian process.

A response function on the mode space is defined with a
functional derivative as follows:

5 <qu(t)>‘ o7
3F,(s)\ di

Ry(t,5) =
The path integral formulation is combined in a subsequent
calculation. Ensemble averages (- --) are taken over the dis-
tributions of the initial configurations and trajectories for each
mode space. The probability of a trajectory given X,(0) in the
mode space is denoted by P,[X,(-)|X,(0)], which is obtained
through the occurrence probability generated by a temporal
sequence of noise {Z,(t")}, gives the following:

' ’ 1 N2
Pq[Zq()] exp (—/(; dt qu(t ) ) (28)

Z,(t') in Eq. (28) is transformed into X,(¢') with Eq. (3)
[48-50]° and combining a functional derivative with respect
to the external force, the difference of the response function
with a velocity correlation for ¢ > 0 is reduced to

t+ey
/ ds y,(s)8(t — )
0

2¢,kpT dX,(t) dX,(s)
x|: “e Rq(t,s)—2<# dss >®( —s)j|

N

B <qu(t) ]

0E,(Xy, ky(1))
dt 0

X - Fq(t):| > (30)

Integrating over time and superimposing the mode compo-
nents, we then organize for r > 0:

(fAx@®) = (AY90) + (AE®))

5(f)
_Zcqzv/ dt< >(h*N)2, 31)

g=1

where the first term on the right side of Eq. (31) is given by

= e [ anr| (£ 45

ZquBT
N

R,(t, t/)j| (h) ). (32)

The HS equality focuses on (A#5)(¢)), which consists of the
difference between the velocity correlation and the response
functions. Furthermore, the extra terms on the right-hand side
of Eq. (31) arise as a consequence of the chainlike internal
degrees of freedom, i.e., the global polymer configurations.
The stretching polymer eventually settles into the steady state
with finite variance (Xq(t)z), which is eliminated when tak-
ing a long time limit in the time average of the second
term of Eq. (31). This indicates lim,_, . o (AE(¢))/t = 0 and
lim,_, oo (1/1) i dt’ [3(E (1)) /31'] = 0. We thus arrive at
lim,_, oo [(fAx(2)) — (AHS)(2))]/t = 0. This means that the
energy input rate (fAx(t))/t that corresponds to the rate of
genuine mechanical work for the present system is balanced

°Substitution of Eq. (3) reinterprets Eq. (28) as
PyX, ()X, (0)]

! 1
~ Jexp —/ il ——————
0 4c.kgTy,(t')/N

’ ’ 2
5 [yq(t/)qu(t ) 9E, (X, k(1) _Fq(t,)] ) 29

dt’ X,
. . ' 82E,(Xy kq(1))
where the Jacobian is J=exp[f,dr’ 21/4('/)%]"
The functional derivative of (dX,(t)/dt) =

J dX,(0)P,[X,(0)] [ DX, (s") Xy (5 )Pyl X4 ()X, (0)] is with respect
to the force F,(t') to give Eq. (30). Note that X,(r) = dX,(t)/dt,
and P,[X,(0)] denotes the probability density function for the initial
condition.
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with (AH5) (1)) /t fort — +00, as expressed by the HS equal-
ity that quantifies the FDR violation with the energy input rate.

Equation (31) is rewritten as (W) = (AW9) 4+ (AED) at
time ¢ with Eq. (10) and (11). Considering the transient pro-
cess carefully, we identify (A%5)(¢)) by comparison with an
ensemble average of Eq. (13) as

(AT (@) = (0@)). (33)

When g-mode components are represented with the subscript
g, the approximated description (or the rigorous description
for the Rouse polymer) also satisfies each energy balance
(Wo) = (AT + (AEY) with the analogous interpretation
(AEIHS)(t)) = (Q,(1)). Thus, (A75(t)) or (A’;S(t)) is identi-
fied as the mean heat within the present definition of the work
and the effective Hamiltonian.

Recall the observation of (A(#)) [Egs. (24) and (25)] with
the integral form (a) in order to see an association with the
integral form (b). Here we directly compare Eq. (31) with
(A(t)) by the introduction of an elasticity-related term as

. ! A&, dX,(t")
A(eld)(t) = [/ dt' e. N222 q
; 0 TTax,  dr
2F2
7 5AX, ho% 34
T 4(1) }( ~) (34)

where the second term in the square brackets on the right-
hand side represents the mode components decomposed
from the quadratic term in Eq. (23), i.e., f2(8Ax(t)2) =
Zq Nquz((SAXq(t)z)(h;NY, of which the terminal vari-
ance (§AX,(+00)?) = kpT /[2Nky(+00)] is written with the
equipartition of energy as the static quantities (see the Ap-
pendix Sec. 5). We then organize the FDR deviations as

(A@) = (A"D@)) + (A @), 35)

where

(85w) = [ ar [ an [ an vt

—ZkBTf dr /dn oy 2 )

Sfn)’
(A @) = / dn’ / dn” f dr’

Ky (') d
X—
2 dt’

_ A8Ax@))

2kgT
in which «,,_,(t) = Z =14 Y kghg nhg v denotes the spring
kernel in real space. An interesting point is that (A%S(¢))
is in contrast to (A©®(¢)) because the former and latter are
closely related to the dynamical and static quantities, respec-
tively. The former, as one of the cases, even includes the
hydrodynamic long-range interaction, in which the dissipation
mechanism is incorporated as the convolution of the power-
law-decaying frictional kernel y,,_, (¢). The latter has the
convolution of a spring kernel «, _, () with the monomer
indices n’ and n”, which is derived from the effective Hamil-

(xn (t ))C,,/r(t )>

) (36)

tonian based on the mode description. Thus, the difference
between (A(t)) and (A5 (¢)), ie., between the integral
forms (a) and (b), is (A®¥(¢)), which is closely associated
with the static quantity. The terminal difference is thus given
only by the static quantities.

As another significant point, an analog to the Bochkov-
Kuzovlev relation could possibly be introduced. The ensemble
average (-) taken over the preaveraged Gaussian distribution
gives a simple analytical expression with the FDR deviations
(A@)):

<e—fo(l)/kBT> — e_<A(t)>/kBT’ (37)

whereas generally a non-Gaussian distribution without preav-
eraging, or an incorporation of the fictive part of the
mechanical work (the first term in the bracket of Eq. (19))
due to the preaveraging in the left side of Eq. (37) replaces
the right side with identity 1 and provides the well-known
Bochkov-Kuzovlev relation for t = +o00. Note that the de-
coupled component of the center of mass is added as from
fIAx(t) — AXp(¢)] to fAx(¢) in the argument of the left
exponential of Eq. (37). Although the Rouse polymer satisfies
the identity (e=/2*@/kTy = 1 because (A(t)) = 0, it is not
always the case for the SA polymer. In the literature [17], a
direct numerical calculation of (A(¢)) for the free-draining
SA polymer without the preaveraging exhibits the manifest
FDR deviation in two dimensions (at least not yet numerically
clear in three dimensions), and the temporal evolution and
force dependence are in qualitatively good agreement with
the analytical results with the preaveraging [Eq. (25)]. This
suggests that the preaveraging Gaussian approximation works
qualitatively well from a viewpoint of the FDR deviations that
concern up to second moment. The temporal change in the
spring constant incorporated into Eqgs. (18) and (19) may be
interpreted as compensating for the effects of the coupling
between the internal modes and the nonlinearity eliminated
by preaveraging. Incidentally, if (A(f)) on the right-hand
side were viewed as a thermodynamic function defined with
Eq. (37), then a downward concavity of the exponential math-
ematically would lead to the following inequality: (f Ax(t)) >
—kpT log e~ AOV/ksT ' \where the derivation calculus appears
similar to that of the second law of thermodynamics (W) >
AF from (e W/ksTy = ¢=AF/ksT with AF denoting the free
energy difference. As in e 2F/ksT | if o= (AOV/ksT g consid-
ered as a ratio of the partition-function-like quantities, then
e~ AO)/ksT corresponds to a ratio of deviations of normaliza-
tions in the Gaussian distributions due to the — fx term.!°

10Explicitly, we can write

o~ (AO)/kgT

¢ (h‘; o

f dx, exp zxq —FyXq
\/ZJTr'qu T cqkpT /N
Nkg
= H &
q f dXy exp | — 2 Xq —FgXq
\/27“»,1@1‘ cqkpT /N

(]
Nk

(33)

In the absence of the —fx term, i.e., F;, = 0, the Gaussian distribu-
tions of the integrands appearing above are normalized, and then we
find (A(r)) = 0.

014502-7



TAKUYA SAITO

PHYSICAL REVIEW E 105, 014502 (2022)

II1. DISCUSSION

The preceding sections have been devoted to analytical
investigation based on a priori assumption, which should
necessitate a numerical verification with molecular dynamics
(MD) or Brownian dynamics (BD) simulation in the polymer
stretching. There are two schemes (a) and (b) with or without
the preaveraging from the numerically obtained data, since the
probability distributions are altered by the preaveraging.

(a) A first scheme employs the elementary Langevin
equation (2) without a priori preaveraging assumption and
observes the positions of monomers {x,(f)} (or {X,(t)}).
What to verify is (e”W/®7T)) = ¢=A%®@  where the ensem-
ble average ((-)) is taken over an initial distribution {x,(0)}
and trajectories of monomers {x,(-)}. We can redefine and
compute work W, = fot dt'[xy(t") — Xo(t")](df /dt") by sub-
tracting the center of mass Xo(t) = (1/N)>_, x,(t) from the
respective position, and the thermodynamic potential &) =
—kpT log ], [ dx,e=€«/®sT) may be computed without the
preaveraging. Besides, the average operation for the verifica-
tion of the FDR (A(¢)) is taken in the same way as above
procedure, which was employed in the numerical investiga-
tion of Ref. [17].

(b) The other scheme involves the preaveraging. From the
observed positions {x,(¢)}, we first construct {X,(¢)}, and then
the preaveraging procedure assumes decoupling the probabil-
ity distribution for each normal mode. To get the statistical
relation (e~ "o/*sT)) = ¢=A% of the work W, () with the
thermodynamic potential ®, for g-component, the ensemble
average is taken over only g-mode X,(-) by projecting the
other normal modes X, (-) for ¢’ # ¢. Then the production
of all ]_[q(e’wq/(kBT)) =TI, e~2% turns out to be Eq. (15)
in a priori preaveraging procedure with the temporal change
in the effective spring constants. Note that we estimate the
polymer parameters k;, ¥, kf,f >, and yq(f ) from the initial
equilibrium and the terminal nonequilibrium steady states.
In addition, we may similarly numerically estimate (A,(1))
from the observation of X,, where the ensemble average is
taken over only g-mode X, (-), and then constructs (A(?)) =
Zq ch(Aq(t))(h;N)z. The crossover time 7y >~ 7,(N/g)*"
and the threshold mode gy may be numerically estimated from
the onset, when the FDR (A(t)) deviates.

The observation of the change in the effective spring con-
stants is a key in the numerical verification. Since the global
conformation with the low modes experiences the change
in the Flory exponents to v = 1/2 from v = 3/4 in two di-
mensions or >~ (0.588 in three dimensions, the 2-dimensional
simulation anticipates the larger change in the spring con-
stants. Indeed, the FDR deviations are observed for N = 100
in two dimensions, but not clear in three dimensions at least
for the length according to the numerical MD simulations
[17].

The analyses in Sec. II, a knot formation and its conse-
quence, have not been considered for simplicity. However, the
knots for the longer linear chain in equilibrium are expected
in three dimensions [51]. The knot formation is to emerge
during the polymer stretching, and thus, the topological issues
are inevitable. It would be the necessary future research to
integrate the previous studies [52-58]. On the other hand,
the knot formations do not occur in the two-dimensional

simulation. Hence, the two-dimensional simulation could be
one of the candidates just to see if the statement about the
preaveraging picture with the temporal change in the effective
spring constants is reasonable.

Preaveraging the hydrodynamic interactions is introduced
in this article. The subsequent arguments about the heat are
based on the FDR of the second kind with the preaveraged
frictional coefficients y,, which provides the consistent def-
inition with Eq. (14). The present preaveraging approach
has room for improvement. Indeed, as f-shell model was
proposed in Refs. [59,60], the asymptotic prediction of the
nondraining model does not totally meet with the numerical
results at least for finite chain length. In addition, “static
dynamics approach” in Ref. [61] is notable as the way to
develop the preaveraging method. Nonetheless, if we find
the improvement to satisfy the FDR of the second kind in
the Markov process under the hydrodynamic interactions, the
same strategy to investigate nonequilibrium work relation or
the FDR deviations based on the preaveraging is applicable.

Section II C discussed the ensemble average quantities. Let
us consider Eq. (33). The equality emerging on the average
statistics suggests to look for A7S)(¢) = Q(t) at the stochastic
level. If an instantaneous stochastic response function in the
mode space is introduced for the Langevin dynamics with

8{—kplog P [X, ()]} dX,(t)
8F,(1) dr

R, 1) = —kg' (39)

then under Gaussian white noise, we may define

t
A(HS)(f) = Zch/ df/)/q(t,)
0
q

dx,t"y dx,t') 2c.ksgT
X o —
dt’ dt’ N

Ri(t', ﬂ)} (h) v)?
(40)

such that A"%)(r) = Q(r). Calculation of R:(z,1) (see the
Appendix Sec. 6) and comparison with Eq. (14) reveals equiv-
alence under the Gaussian white noise:

AF(@) = Q4(0). (41)

We confirm that (R; (t,1)) = Ry(¢,t). In addition, the function
54(t) = —kplog Py[X,(¢)] that appears in Eq. (39) corre-
sponds to the stochastic entropy [62,63]. If the equivalent time
quantities [e.g., t = s in Eq. (27)] are focused on exclusively,
then the ensemble average level with R,(z,t) = (R; (t, 1))
leads us to a special case of the FDR expression with the
stochastic entropy [62,63].

To reveal the FDR deviations, this study has so far dealt
with an SA polymer, of which the effective interaction range is
nonlocal. Howeyver, it is stressed that the nonlocal interaction
is not a necessary condition to cause the FDR deviations. For
example, let us modify the Rouse model such that the elastic
force varies with time, such as £ = k(t)d%x,/dn*, while
the range is kept local (the second derivative with respect to
n indicates the local interaction). However, analogous argu-
ments can be made, and then we find the FDR deviations
A(t) # 0. In practice, temporal changes in the stiffness could
be widely observed, probably in intracell situations.
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IV. CONCLUDING REMARKS

This article has discussed the preaveraging description
of the temporal evolution of the regime structure for poly-
mer stretching in terms of the nonequilibrium work relation
and the FDR deviations. The effective spring constants are
considered as spontaneously varying in the sense of the phys-
ical origin. However, the preaveraging hides the spontaneous
properties of the elemental degrees of freedom and modifies
the original representations of the probability distributions,
introducing the effective spring constants. An observer di-
rectly controls the applied force, whereas the change in the
effective spring constants for the SA polymer may turn to an
attribution of indirect control from the preaveraged-level point
of view, if the system includes the effective elastic Hamil-
tonian. In applying the preaveraging description, consistency
may require the effective spring constants to be interpreted as
fictive external parameters. In the present mode formalism, the
interactions from different modes or from the other structure
regimes are given via the parameters (the spring constants
and the friction coefficients) based on preaveraging, and the
respective regime levels are rather viewed as distinct systems
independent of each other. Therefore, a change in the effective
Hamiltonian may be considered as an energy transfer from the
exterior, even if it is actually from the interior in light of the
entire regime system.

This study has considered a significantly simplified
nonequilibrium polymer system, e.g., compared to biological
systems. Nonetheless, we hope that the basic idea would be
helpful for diverse polymer systems.
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APPENDIX

1. Rouse polymer

A Rouse model illustrates a rigorous analysis. The equation
of motion in real space for the discrete model is governed by

9, (1)

= = [0 + fult) + &),

(AL)

where ¢ = —9€/dx, denotes the elastic force produced
by harmonic potentials & = (k/Z)ZQI,:_l(x,,/H —x,)%. To
maintain a free boundary condition in the discrete form, the
additional end monomers are assumed such that x_; = x( and
Xy+1 = xy. Taking the continuum limit, we see that frfela) =
k(xp1 — 2%, + X,—1) — kd>x,/9dn>. Unless otherwise noted,
the main text employs the continuum picture.

The integer exponent is “2” in the spring constant k, =
k(g/N)* with v =1/2 in the mode space for the Rouse
polymer, which is followed by the second-order derivative
—kd%x,/dn? in real space. The integer exponent indicates
the local interaction. On the other hand, the SA effects or the
hydrodynamic interactions (HIs) are long-range interactions,
which are represented by, roughly speaking, fractional deriva-
tives with noninteger exponent v in real space.

2. Difference in thermodynamic potential

A difference in the thermodynamic potential for fixed-
tension ensemble is calculated from Egs. (6) and (11). For
t > 1, ®(¢) is obtained as

+00
(1) = — Z[ch(hTN) 1-="— log [/ dXx,
g>1 -
géf)
X exp|——F——=
(cgkgT /N)
. cq kT 2mwc kgT
==Y [e,N(h] 1= log [ e
= q N ng(]f)
qu
X exXp| ——— 5~
2¢,ksTky /N
F? ksT ksT
=2 | - e [ ()0 (A2)
=L AGg /N Nk
with Eq(f)(Xq, kq(t), Fy(1)). Also, for t = 0, we get

@(0):-’%21

From A® = o(¢r) — &(0), we then arrive at Eq. (17).
For the Rouse model, the left-and side of Eq. (15) is easily
calculated as follows:

T JTkBT 2
og (hq N (A3)
=1

<e*Wq21/(kBT))

D)
_ <exp [_ZNFq(asqu/ﬁFq)lt S N)ZD
q

(e[t

FHX,(00%) , .
= exp |:Z Nzﬁcg(%w)“]
g1

f2
o [Z 4Nk, hyn)* |
g>1 4

where ¢ il v = (—=1)7 and (3E /0F, )| = [y d’ F,5(t" —
€4) are used. In the case of the Rouse polymer with the
invariant coefficients k,(t) = k, and y,(t) = y,, only the first
term in brackets on the right-hand side of Eq. (17) survives.

(A4)

3. Energy balance modified by preaveraging

We consider energy balance modified by preaveraging.
There are two descriptions for the Langevin equations: (i)
an elementary expression before preaveraging and (ii) that
after preaveraging. While the latter is extensively discussed
in the main text [e.g., see Eq. (3) with Eq. (6)], the elementary
equation of motion for the former is represented by Eq. (2).
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The elementary effective Hamiltonian before preaveraging is
explicitly expressed by

EL) = E)— faw, (AS)

1
Eiop =D Sk =% + ) _Usa(I%i — %)), (A6)

n i>j

where  Usa(|X; — X;|) represents the SA interaction
potential similar to the Lennard-Jones potentials, hard
core interaction potentials, or a corresponding part
(vsa/2) [ dn [ dn' 8(X, — %) of the Edwards Hamiltonian
with vgs being the SA interaction parameter [64]. The energy
balance for the respective Langevin equations is maintained
as

A&l = d'Wiy —d' Qo) (AT)

dED =d'w —d'Q. (A8)

Note that Eq. (A8) is repeated and essentially the same as
Eq. (13).

As in Sekimoto’s definition of heat [2], we similarly intro-
duce

d' Qe = Z (Z YIE, Bl — — cnu)) o dz,, (A9)

where the dot product and Stratonovich multiplication are
taken by odX, from right. To make clear the point about an
origin of the temporal change in the spring constants, Carte-
sian components except x are projected even in the elementary
Langevin equation, and we focus on only x-component as
Y[Xu, Xulij = v[xu, x418;; below unless otherwise specified.
We require the condition that the elementary heat changes into
the preaveraged heat as

Pd'Qw) =d0,

where the preaveraging operator is introduced with P(-) =
> 4 Pq()- Let Py(-) be the preaveraging operator extracting
the g-mode defined as

f)q(.) Z/deq,pq({xq/(r)})(-), (A11)

q'#q

(A10)

where

P(e)({Xq’ (t )})
2q Xy Po[(Xp ()]

pg({Xy ()}) = T (A12)

and

P (X, 0)}) = / [ [ Xy dx,0)

q

X Pio)[{Xg (IXg (0} P [{Xy (0)}]. (A13)

Here P)[{X;(-)|1X,(0)}] denotes the probability of the
path from {X,(0)} = {X0(0), X;(0), ..., Xy (0)} to {X, (1)} =
{Xo(®), X1 (), ..., Xn(®)}, and Py ({X, (0)}) is the probability
density of the initial condition. Keep in mind that Eq. (A12)

is normalized to unity for each mode g:

[ THaxs putixn = 1.

q'#q

(A14)

The operator does not essentially alter the dissipation for a
free-draining polymer, because ls(d’Q(g)) =d'Qe =dQex-
actly, whereas the nonlocal kernel y [x,, x,,] with the relative
monomer position for the nondraining polymer is reduced to
y (n — m) with the relative monomer index. Equation (A10)
is the assumption of the preaveraging, and the noise with
the viscous friction is transformed such that the FDR of the
second kind is maintained (refer to the Appendix Sec. 4).

In addition, a condition is imposed on the effective Hamil-
tonian as

PEY) = £
which also indicates that the value of the effective Hamilto-
nian is maintained after preaveraging.

We move on to observation of an infinitesimal. A key point
is that f’(d/Q(e)) =d’'Q and 15(5((3))) = £Y); however, gener-
ally P(d 8((':))) # dEY). A change in the effective Hamiltonian
by preaveraging is obtained as

de" = Blae()

+ Z |:/ 1_[ dX E(e) ({Xq’})dpq({xq’})j| , (A16)
q

q'#q

(A15)

where

P(agl) Z / [ [ %y po(XHdELD) (X h.  (A17)

q9'#q
If dp,({Xy}) =0 holds, then Eq. (Al6) indicates
dev) — ls(dé'(('ef))); however,  generally  dp,({X,}) =
Zq(apq/an)qu + (0p4/0t)dt #0. Application of the
preaveraging operator into Eq. (A7) gives

blag)) =

where  P(d'W,) — d' Q) = P(d'W(,)) — P(d'Qr)) is fol-
lowed from the linearity of P(-). Recalling Egs. (A10) and
(A16), we find

d'W = Pd'W,)

x|/

Thus, the work may also be modified via preaveraging.

The linearity of the term with the “genuine” external
parameter f(f)xy = f(¢) Zq th;’N indicates f’[f(t)xN] =
f(t)xy under a transformation with Eq. (A12). Thus, in the
discussion on how the fictive external parameters emerge,
the genuine external parameter f(z) is separated from the
effective Hamiltonian, as in

EX ) = ELAXN )+ £ Xghl
q

P(d'W)) — P(d' Q). (A18)

[ ]ax, 5§é’§><{xqf})dpq<{xqf})} (A19)

q#q

(A20)

Defined as &)({X,}), which does not have the external param-
eters, an infinitesimal in the effective Hamiltonian is generally
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given by

A
Aoy =Y —2 odX,, (A21)

and the preaveraged infinitesimal is formally written as

dS:Z—odX—i—Z gdt,

q rg=kq

where {A;} = {ki, ks, ..., ky} represents a set of the “fictive”
external parameters that emerge after preaveraging. The force
balance is assumed to be sustained after the preaveraging, i.e.,
—0&)/0X, is converted to —d& /90X, from the elementary to
the preaveraged levels, and then

85(6)
- Z — odX, = (— Z X,

q

(A22)

o dx,,). (A23)

Comparlson of the preaveraged Eq. (A21) with Eq. (A22)
indicates

. &
d€ = PEe) + ) ——di
A=k, 4
Recalling Eq. (A16), and comparing it with Eq. (A24), the

additional term is identified as

sdny = [ TTaX €0 Doy, (a2)

q'#q

(A24)

Ay

which means that dp,({X,}) becomes the time-dependent
term mediated by the fictive external parameters.

4. Heat modified by preaveraging

We see the preaveraging assumption regarding the heat
from a viewpoint of the Crooks fluctuation theorem (FT) [65].
The Crooks FT for the elementary Langevin dynamics from
initial time O to ¢ is written as

PiolXy ()X, 0)}; £]

PoliX{ OIX] 0): f1]
where P [{X,(-)1X,(0)}; f1 denotes the probability of the
path from {X,(0)} = {Xo(0), X1(0), ..., Xy(0)} to {X,(t)} =
{Xo(), X1(¢), ..., Xn(2)} under the protocol with the external
parameter f(z), and P(e)[{XqT(-)|X;(0)}; f] denotes the proba-
bility of the reverse path from {X(0)} = {X, (1)} to (X, (1)} =
{Xq (0)} under the reverse protocol f(t') = f(t —t") for 0 <
t' < t. Q) denotes heat that satisfies the first law of ther-
modynamics, AS(e) = Wey — Q). Note that in the present
notation, the external parameter f(¢) explicitly appears in the
argument of the probability of path.

In an analogous way, we expect the FT for the preaveraged
Langevin dynamics:

I PaliX, ()}X,(0); Ayl
o PallX] ()}X] (0); A

— tee)/kBT,

(A26)

= ¢Q/ksT | (A27)

where A, = (A4, f) includes both the fictive and gen-
uine external parameters, P,[{X,(-)}|X;(0); A,] denotes the
probability of the path from X,(0) to X,(¢) on g-mode,
and the probability of the reverse path is represented by

’Pq[XqT(-)|XJ(O); A;’]. The first law of thermodynamics is
transformed as AEY) =W — Q.
The preaveraging assumption P(Q(.)) = Q means
p <log P(e)[{Xq(‘NX({(O)};f] ): Pq[Xf,_(JIXq*(O);A,{].
N Pl O1X] () £7] PyX] ()IX] (0); Af]
(A28)

Equation (A28) holds if the preaveraging is performed so as

to ||[ai]ltai]l
Z (t) o —
e).q

([Z yIX,, XN
X
(r)] ! (A29)

dX,
Yo di

and the FDR of the second kind describes the noise distri-
bution P, [{Z,(-)}] ~ exp[— fé dt' Z,(t')*/2y,ksT)]. Thatis,
if the preaveraging satisfies Eq. (A29) and the FDR of the
second kind is under Gaussian white noise, then we find the
FT for the preaveraged description [Eq. (A27)]. Note that

Z(¢),4(t), and y[X,, {X, }] are formal expressions before preav-
eraging.

5. FDR deviation

Provided that the system is in equilibrium, the FDR for
each mode holds:

2 (8AX, (1))

Fy(AXy () = 2( ks T /N)

(A30)
with the external force in the mode space being given by F, =
(=1)4f/N. Bear in mind that the FDR in the real space is
written as (A(¢)) = 0.

Expansion of the cumulant facilitates understanding the an-
alytical structure by using a property of the Gaussian process.
In the real space, we know that a characteristic function is
written with first and second moments:

J{Ax(®))

(oo [T ) = (-
P\ =T || TP knT

The conversion rule rewrites the argument of the exponential
on the left-hand side as

JAx()
wr ~ NG

-y (—1)chFqqu(t)hT
cqksT /N oN?

FP8Ax())
2(ksT)? )
(A31)

F,AX, (t)(hTN)2

(A32)
where cqh;N = (—1)7 is used. Then Eq. (A31) is calculated

in the mode space:
_ fAx@) Z (=1)ic,FyAX, (t)h

<exp[ kT D < P [ (cqksT/N) %ND
(=D by AX, (1)

1:[<exp[ cksT/N thD
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N (_])‘/chq(AXq(t»h;N
= exp <Z |:_ (cgkgT /N)

q=0

1 (cqFy Y (8AX, (1)) () \)?
2 (csksT /N)? '

(A33)
Inspecting Eqs. (A31) and (A33), we find

F(Ax@)  fA8Ax()?)
ksT 2(ksT )2

_y [_C FAAX,(0) | (BAX, (1))
L " ksT/N

p 2(kBT/N)2}(h;N)2' (A34)

If the FDR in the mode space, i.e., Eq. (A30), holds, then we
arrive at the FDR in real space (A(¢)) = 0. It should be noted
that Eq. (A34) is obtained under the assumption of a Gaussian
distribution.

6. Instantaneous response

Let us consider our motivation for the stochastic response
function.

Looking back at Eq. (28), we have the path probability
given X, (0), which is written with X, for ¢ € [0, ¢]:

PglXq(-)1X4(0)]

t
1
~ Jex —/ dtfl ———————
p( o " AcksTyy()/N

dX,(t")
dr’

2
x [Vq(t') +kq(t')Xq(t’)—Fq(t')] ) (A35)

where the Jacobian is denoted by J = |6Z,(t")/6X,(t')|. Note
that we consider the overdamped Langevin (3), with which the
Jacobian is specified as

! 1 9%5,[X,, k, (&'
J =exp |;/ dt’ ol Xg: Ky (1]
0 2y ax;

As well as for the case that &,(X,, k,(¢t")) is the harmonic
potential, the Jacobian does not matter in the following cal-
culations, because

}. (A36)

5J 18 [a2gq[xq, ky ()]

8F,(1) N JZ)/q(t) 8F,(1) 0x2 } =0. (A37)

With Eq. (A37) in mind, we calculate
§{—log Py [X,(-)|X,(0)]}
8F,(t)

8 /’ 1
= d[/ e
8Fq(t)( 0 4cykpTy,(t")/N

dX, (1) BENX,. k() , T)
x| vyt ——— + — F,(t)
[ ! dt X, 1
_ N [qu(t) 1 3&,(X,, kQ(t))_Fq(t)}
2c4kgT | dt V(@) 0X, Ye@®) |
(A38)
Substituting Eq. (3) of motion into Eq. (A38) gives
${=log Py[X,()IX, (O} _ Z,1) L (A39)
SF,(t) 2¢4kpT y,(t)/N
In addition, noting Py(Xy(1)) =

deq(O) f DX, (s") Py[X,()1X,(0)]P,[X,(0)], we discover
8{_ IOg Pq[Xq()|Xq(0)]} _ 3{_ IOg Pq[Xq(t)]}
SF,(t) B SF,(t)
Combining Eq. (A40) with Egs. (39) and (A39), we find that
the right-hand side of Eq. (40) is Q(¢) [Eq. (14)].
Next, we consider the ensemble _average relation
(RZ(t, 1)) = R,(t,t). With the notation X,(t) = dX,(t)/dt,
we transform the response function by integration by parts:

<5)’(q(t)>
SF,(s)

/ dX,(0) P,[X,(0)] / DZ,(1')

. (A40)

8X,(t)
8F,(s)
8X,(t)
8Z,(s)

Pq [Zq()]

Pq [Zq()]

/ dX,(0) P,[X,(0)] / DZ,(t')

5Z,(s)

- / dX,(0) P,[X,(0)] / DZ,(t") X,(t)

: )
= <Xq(l)—{—10g7’q[Zq(')]}>, (A41)

8Z,(s)
where, on the third line of the right-hand side, the boundary
terms that appear through integration by parts are assumed to
be ignored. The term in brackets on the last line resembles
Eq. (39) but is still distinct. Recalling Eq. (28), we apply
functional differentiation to —log P,[Z,(-)] with respect to
Z4(t). Comparing the result with Eq. (A39), we find

3{—1og Py X, O)IX, O]} 3{—log Py[Z,()]}
8F, (1) - 8Z,(t)

with attention to the sign. Application of Egs. (39), (A40), and
(A42) to Eq. (A41) verifies that (RZ (t, 1)) = Ry(t,1).

(A42)

[1] R. Kubo, M. Toda, and N. Hashitsume, Statistical Physics II,
Nonequilibrium Statistical Physics (Springer, Berlin, 1991).
[2] K. Sekimoto, Stochastic Energetics (Springer, Berlin, 2010).

[3] N. G. van Kampen, Stochastic Processes
and Chemistry, 3rd ed. (Elsevier,
2007).

in  Physics
Amsterdam,

014502-12



PREAVERAGING DESCRIPTION OF POLYMER ...

PHYSICAL REVIEW E 105, 014502 (2022)

[4] G. W. Gardiner, Handbook of Stochastic Methods for Physics,
Chemistry and the Natural Sciences, 3rd ed. (Springer, Berlin,
2004).

[5] S. Ide, Geophys. Res. Lett. 35, L17301 (2008).

[6] H. Schiessel, J. Phys.: Condens. Matter 15, R699 (2003).

[7] E. Barkai, Y. Garini, and R. Metzler, Phys. Today 65, 29 (2012).

[8] I. M. Sokolov, Soft Matter 8, 9043 (2012).

[9] B. B. Mandelbrot and J. W. van Ness, SIAM Rev. 10, 422
(1968).

[10] P.-G. de Gennes, Scaling Concepts in Polymer Physics (Cornell
University Press, Ithaca, NY, 1979).

[11] M. Doi and S. F. Edwards, The Theory of Polymer Dynamics
(Clarendon, Oxford 1986).

[12] M. Doi, Soft Matter Physics (Clarendon, Oxford 2013).

[13] H. Schiessel, G. Oshanin, and A. Blumen, J. Chem. Phys. 103,
5070 (1995).

[14] L. Lizana, T. Ambjornsson, A. Taloni, E. Barkai, and M. A.
Lombholt, Phys. Rev. E 81, 051118 (2010).

[15] D. Panja, J. Stat. Mech. (2010) PO6011.

[16] T. Sakaue, Phys. Rev. E 87, 040601(R) (2013).

[17] T. Saito and T. Sakaue, Phys. Rev. E 92, 012601 (2015).

[18] E. Brochard-Wyart, Europhys. Lett. 23, 105 (1993).

[19] Y. Marciano and F. Brochard-Wyart, Macromolecules 28, 985
(1995).

[20] T. Sakaue, Phys. Rev. E 76, 021803 (2007); 81, 041808 (2010).

[21] T. Sakaue, T. Saito, and H. Wada, Phys. Rev. E 86, 011804
(2012).

[22] T. Saito and T. Sakaue, Phys. Rev. E 85, 061803 (2012).

[23] T. Saito, Phys. Rev. E 96, 032502 (2017).

[24] P. Rowghanian and A. Y. Grosberg, Phys. Rev. E 86, 011803
(2012).

[25] C. Jarzynski, Phys. Rev. Lett. 78, 2690 (1997).

[26] C. Jarzynski, C. R. Phys. 8, 495 (2007).

[27] G. N. Bochkov and Y. E. Kuzovlev, Sov. Phys. JETP 45, 125
(1977).

[28] G. N. Bochkov and Y. E. Kuzovlev, Sov. Phys. JETP 49, 543
(1979).

[29] T. Hatano, Phys. Rev. E 60, R5017 (1999).

[30] T. Hatano and S. I. Sasa, Phys. Rev. Lett. 86, 3463 (2001).

[31] T. Harada and S. I. Sasa, Phys. Rev. Lett. 95, 130602 (2005).

[32] T. Speck and U. Seifert, Europhys. Lett. 74, 391 (2006).

[33] T. Harada and S. 1. Sasa, Phys. Rev. E 73, 026131 (2006).

[34] J. M. Deutsch and O. Narayan, Phys. Rev. E 74, 026112 (2006).

[35] T. Saito and T. Sakaue, Phys. Rev. E 95, 042143 (2017).

[36] T. Saito and T. Sakaue, Polymers 11, 2 (2019).

[37] T. Saito, Phys. Rev. E 105, 014501 (2022).

[38] D. Panja and G. T. Barkema, J. Chem. Phys. 131, 154903
(2009).

[39] C. Jarzynski, Prog. Theor. Phys. Supp. 165, 1 (2006).

[40] G. Hummer and A. Szabo, Proc. Natl. Acad. Sci. USA 98, 3658
(2001).

[41] T. Speck and U. Seifert, Eur. Phys. J. B 43, 521 (2005).

[42] A. Dhar, Phys. Rev. E 71, 036126 (2005).

[43] R. Sharma and B. J. Cherayil, Phys. Rev. E 83, 041805 (2011).

[44] D. D. L. Minh and A. B. Adib, Phys. Rev. E 79, 021122 (2009).

[45] M. Chaichian and A. Demichev, Path Integrals in Physics,
Volume I: Stochastic Process and Qantum Mechanics (Institute
of Physics, London, 2001).

[46] R. P. Feynman and A. R. Hibbs, Quantum Mechanics and Path
Integrals (McGraw-Hill, New York, 1965).

[47] T. Ohkuma and T. Ohta, J. Stat. Mech. (2007) P10010.

[48] K. Furutsu, J. Res. Natl. Bur. Stand. 67, 303 (1963).

[49] E. A. Novikov, Zh. Eksp. Teor. Fz. 47, 1919 (1963).

[50] M. Donsker, in Proc. Conf. on the Theory and Applications of
Analysis in Function Space (MIT Press, Cambridge, MA, 1964).

[51] A. Y. Grosberg, Polymer Sci. Ser. A 51, 70 (2009).

[52] C. Plesa, D. Verschueren, S. Pud, J. van der Torre, J. W.
Ruitenberg, M. J. Witteveen, M. P. Josson, A. Y. Grosberg, Y.
Rabin, and C. Dekker, Nat. Nanotechnol. 11, 1093 (2016).

[53] V. Narsimhan, A. R. Klotz, and P. S. Doyle, Macro Lett. 6, 1285
(2017).

[54] A. R. Klotz, B. W. Soh, and P. S. Doyle, Phys. Rev. Lett. 120,
188003 (2018).

[55] B. W. Soh, A. R. Klotz, L. Dai, and P. S. Doyle, Macro Lett. 8,
905 (2019).

[56] A. Suma, A. Rosa, L. Dai, and C. Micheletti, Macro Lett. 4,
1420 (2015).

[57] A.Y. Grosberg, Phys. Rev. Lett. 85, 3858 (2000).

[58] A. Y. Grosberg and Y. Rabin, Phys. Rev. Lett. 99, 217801
(2007).

[59] R. Rzehak, D. Kienle, T. Kawakatsu, and W. Zimmermann,
Europhys. Lett. 46, 821 (1999).

[60] R. Rzehak, W. Kromen, T. Kawakatsu, and W. Zimmermann,
Eur. Phys. J. E 2, 3 (2000).

[61] R. Rzehak and W. Zimmermann, Phys. Rev. E 68, 021804
(2003).

[62] U. Seifert, Rep. Prog. Phys. 75, 126001 (2012).

[63] U. Seifert and T. Speck, Europhys. Lett. 89, 10007 (2010).

[64] T. A. Vilgis, Phys. Rep. 336, 167 (2000).

[65] G. E. Crooks, Phys. Rev. E 60, 2721 (1999).

014502-13


https://doi.org/10.1029/2008GL034821
https://doi.org/10.1088/0953-8984/15/19/203
https://doi.org/10.1063/PT.3.1677
https://doi.org/10.1039/c2sm25701g
https://doi.org/10.1137/1010093
https://doi.org/10.1063/1.470593
https://doi.org/10.1103/PhysRevE.81.051118
https://doi.org/10.1088/1742-5468/2010/06/P06011
https://doi.org/10.1103/PhysRevE.87.040601
https://doi.org/10.1103/PhysRevE.92.012601
https://doi.org/10.1209/0295-5075/23/2/005
https://doi.org/10.1021/ma00108a028
https://doi.org/10.1103/PhysRevE.76.021803
https://doi.org/10.1103/PhysRevE.81.041808
https://doi.org/10.1103/PhysRevE.86.011804
https://doi.org/10.1103/PhysRevE.85.061803
https://doi.org/10.1103/PhysRevE.96.032502
https://doi.org/10.1103/PhysRevE.86.011803
https://doi.org/10.1103/PhysRevLett.78.2690
https://doi.org/10.1016/j.crhy.2007.04.010
https://doi.org/10.1103/PhysRevE.60.R5017
https://doi.org/10.1103/PhysRevLett.86.3463
https://doi.org/10.1103/PhysRevLett.95.130602
https://doi.org/10.1209/epl/i2005-10549-4
https://doi.org/10.1103/PhysRevE.73.026131
https://doi.org/10.1103/PhysRevE.74.026112
https://doi.org/10.1103/PhysRevE.95.042143
https://doi.org/10.3390/polym11010002
https://doi.org/10.1103/PhysRevE.105.014501
https://doi.org/10.1063/1.3244678
https://doi.org/10.1143/PTPS.165.1
https://doi.org/10.1073/pnas.071034098
https://doi.org/10.1140/epjb/e2005-00086-6
https://doi.org/10.1103/PhysRevE.71.036126
https://doi.org/10.1103/PhysRevE.83.041805
https://doi.org/10.1103/PhysRevE.79.021122
https://doi.org/10.1088/1742-5468/2007/10/P10010
https://doi.org/10.1134/S0965545X09010064
https://doi.org/10.1038/nnano.2016.153
https://doi.org/10.1021/acsmacrolett.7b00600
https://doi.org/10.1103/PhysRevLett.120.188003
https://doi.org/10.1021/acsmacrolett.9b00462
https://doi.org/10.1021/acsmacrolett.5b00747
https://doi.org/10.1103/PhysRevLett.85.3858
https://doi.org/10.1103/PhysRevLett.99.217801
https://doi.org/10.1209/epl/i1999-00338-1
https://doi.org/10.1007/s101890050036
https://doi.org/10.1103/PhysRevE.68.021804
https://doi.org/10.1088/0034-4885/75/12/126001
https://doi.org/10.1209/0295-5075/89/10007
https://doi.org/10.1016/S0370-1573(99)00122-2
https://doi.org/10.1103/PhysRevE.60.2721

