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Work fluctuations for a Brownian particle driven by a correlated external random force
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We have considered the underdamped motion of a Brownian particle in the presence of a correlated external
random force. The force is modeled by an Ornstein-Uhlenbeck process. We investigate the fluctuations of the
work done by the external force on the Brownian particle in a given time interval in the steady state. We calculate
the large deviation functions as well as the complete asymptotic form of the probability density function of the
performed work. We also discuss the symmetry properties of the large deviation functions for this system. Finally

we perform numerical simulations and they are in a very good agreement with the analytic results.
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I. INTRODUCTION

In recent times the fluctuation theorem (FT) has generated
a great deal of excitement in the field of nonequilibrium
statistical mechanics, as it allows thermodynamic concepts to
be applied to also small systems, as well as to systems that are
arbitrarily far from equilibrium. The FT expresses universal
properties of the probability density function (PDF) p(£2) for
functional Q[x(7)], such as work, heat, power flux, or entropy
production, evaluated along the fluctuating trajectories x(t)
taken from ensembles with well-specified initial distributions.
There have been a number of theoretical [2-28] and experi-
mental [29-39] studies to elucidate different aspects of FT. We
refer to the recent review [1] which contains an extensive list
of references both from the theoretical and the experimental
aspects.

The FT can be broadly classified into two groups, namely,
the transient FT (TFT) and the steady-state FT (SSFT). The
TFT pioneered by Evans and Searles [2] applies to relaxation
towards a steady state but at finite time. In this work, they
obtain the symmetries of the PDF of “entropy production”
at the transient. On the other hand the SSFT quantifies
the “entropy production” €., in a time duration 7, in the
nonequilibrium steady state as

P = wr) w
—_— ~ ™ (1)
p(Q; = —or)

This was first found by Evans ef al. in simulations of two-
dimensional sheared fluids [3] and then proven by Gallavotti
and Cohen [4,5] using assumptions about chaotic dynamics.
Kurchan [6] and Lebowitz and Spohn [7] have established this
theorem for stochastic diffusive dynamics. In all these early
works, the total entropy production has been identified with
the entropy production in the medium. However, it was shown
in [8] that the SSFT holds even for finite times in the steady
state if one incorporates the entropy production of the system
in the total entropy production. Though the FT for total entropy
production has been found to be robust under rather general
conditions, it is not so universal for the observables such as
work, heat, power, etc. [9-12,14-17,20-26]. While the FT,
as given in Eq. (1), deals only with the symmetry properties
of the probability distributions, it does not offer a detailed
description of the full probability distributions. Therefore,
one is also interested in going beyond FT and characterizing
the stochastic properties of these observables in detail. The
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reason that these observables are mostly accompanied by
non-Gaussian fluctuations rather than the Gaussian one makes
the computation of these distributions highly nontrivial and
only a few cases are available where one can do so [22-26].
The long-time behavior of the PDF is often expressed in
terms of the the so-called large deviation function (LDF) [41],
and in the recent years, many efforts have been devoted to
the computation of LDFs in nontrivial models [18,19]. In
this paper, we study such a model system, which can be
experimentally realizable, and the work fluctuations can be
investigated in great detail.

Another important feature of this paper is to study the
effects of stochastic driving in work statistics. There have been
several works to understand the effect of deterministic driving,
such as constant dragging, linear and nonlinear time depen-
dent forcing, sinusoidal oscillations, nonconserving driving,
anisotropic shear flow, applying an electric field or a magnetic
field, etc., on work statistics. Surprisingly, only a few attempts
have been made on the issue of “stochastic driving” [22,23,26].
Stochastic driving is an issue which raises interest both
conceptually and on practical purposes. The conceptual barrier
lies on the very nature of the stochastic driving: What kinds
of drivings are feasible? Is the stochasticity reversible or
irreversible by nature? How much entropy production is then
associated with the driving? Second, absolute deterministic
driving is a hypothetical concept in an experimental setup.
Any kind of deterministic driving will be always accompanied
by minute fluctuations and thus it is very important to take
them into account [40].

In this article, we consider an underdamped Brownian
particle driven by a correlated random external field. We study
the PDF of the work done by the external random field in
a given duration. The exact LDF associated with the PDF is
found to have a nontrivial form and a nontrivial dependence
on the driving parameter. The SSFT corresponding to the work
fluctuations is found to be held in a restrictive parameter space
of the model, confirming the fact that the FT for work and
heat is nongeneric although the SSFT total entropy production
remains unaffected.

The paper is organized as follows. In the following
section, we define the model. In Sec. III we compute the
moment-generating function (MGF) of work W, performed
in a given time t in steady state, which has the form
(e™W) ~ g(L)e™P In Sec. IV, we invert the MGF to obtain
the asymptotic form (for large t) of the PDF of the work.
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We discuss the symmetry properties of the large deviation
functions and its connection with the FT in Sec. V. Finally we
conclude in Sec. VI. Some details of the calculation has been
relegated to the Appendix.

II. MODEL

Consider a Brownian particle of mass m, in the presence of
an external fluctuating time-dependent field, at a temperature
T. The velocity v(t) of the particle evolves according to the
underdamped Langevin equation, given by

dv

mdt

+yv=fO)+m, @)

where y is the friction coefficient. The viscous relaxation
time scale for the particle is 7, = m/y. The thermal noise
n is taken to be a Gaussian white noise with mean zero
and correlation(n(t)n;(s)) = 2D&(t — s), where diffusion
constant D = ykgT and kg is the Boltzmann constant.
The external stochastic field f is modeled by an Ornstein-
Uhlenbeck process,

af f

i + 2, 3)
where 1, is another Gaussian white noise with mean zero and
correlation (1n(#)n2(s)) = 2A8(¢ — s). This system reaches a
steady state and in the steady state the external force has zero
mean and covariance ( f(?) f(s)) = Argexp(—|t — s|/70).

The heat current flowing from the bath to the particle is the

force exerted by the bath times the velocity of the particle [42].
Therefore, in a given time 7, the total amount of heat flow (in
units of KpT) is given by

1

Qt:kB_T

/o (=yv+nv(nde. “)

On the other hand, the change in the internal energy of the
particle in this finite interval 7 is given by

= L e — L
AU(t) = KT 2mv (7) 2mv ) |. 5

Then the first law of the thermodynamics (conservation of
energy) gives AU(t) = W, + Q., where W, is the work done
on the particle by the external force, which is given by

1

= kB_Tfo Ffv(t)dte. (6)

T

This work is a stochastic quantity and our goal is to compute
its PDF P(W;).

It will prove convenient to introduce the following two
dimensionless parameters:

2
TH A

To
0 =—"— d §=—. 7
D an (7)

Ty

Effects of stochastic modulation on the work statistics will be
quantified in term of these two parameters.
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III. MOMENT-GENERATING FUNCTION
We begin by writing Egs. (2) and (3) in the matrix form
du
dr
where U = (v, f)T and n = (1,12)7 are column vectors, and
A and B are 2x2 matrices given by

(1), —1/m _(1/m O
A‘(o o ) B=lo 1) O
To compute the PDF of W;, we first consider its moment-

generating function, constrained to fixed initial and final
configurations Uy and U, respectively:

ZO\ Ut |Up) = (e 8[U — U(D))u,, (10)

— —AU + By, (8)

where the averaging is over the histories of the thermal noises
starting from the initial condition Uy and A is the conjugate
variable. It is easy to show that this restricted moment-
generating function satisfies the Fokker-Planck equation

— =47, (11
ot

with the initial condition Z(A,U,0|Uy) = §(U — Uy). The
Fokker-Planck operator is given by

Do Do 19 19
== 27 2,42
P o T Tt
9o Ay
L A ) 12
m ov va (12)

The solution of this equation can be formally expressed in
the eigenbases of the operator .Z; and the large-t behavior is
dominated by the term containing the largest eigenvalue. Thus,
for large 7, one can write

ZOLU,T|Up) = x(Uo, WU, A)e™ ™ 4 ... (13)

where w(A) is the largest eigenvalue and W(U,A),x(U,A)
are the corresponding right and left eigenfunctions of the
Fokker-Planck operator .Z;. Then, £, W(U,A) = u(M)W(U,A)
and [ dU x(U,2)¥(U,A) = 1 from the orthonormal condition
of the eigenfunctions. Following the detailed calculation given
in the Appendix, we find that

1
n) = 2—[1 - b(A)], (14a)
Ty
where
(L) = é[\/l + 82 4+ 28v(A) — 11, (14b)
with
v(d) =1 +401(1 — Q). (14¢)

We note that p()) obeys the so-called Gallavotti-Cohen
symmetry, u(x) = u(l — X).

Computation of the largest eigenvalue and the eigen-
functions in this problem relies on the “finite-time Fourier
transform” method developed in [20,22,23] since the direct
diagonalization is a formidable task here. On the other hand,
scenarios dealing with systems having a bounded configuration
space (such as energy or particle exchanging lattice exclusion
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models, multilevel systems with finite energy states), one
deals with a finite-dimensional Markov evolution operator for
which several diagonalization methods (e.g., Ferrari method)
are available. A few such instances of computing the largest
eigenvalues for discrete finite state systems are discussed in
the literature [18,19,25,26].

That said, the moment-generating function can now be
obtained by averaging the restricted generating function
over the initial variables U, with respect to the steady-
state distribution Pss(Up) and integrating out the the final
variables U,

Z()»,‘L'):/dU/dUoPss(Uo)Z()»,U,ﬂUo), (15)

where Pss(Up) = W (Uy,0). This yields
Z(t) = (e ) = g™ - (16)

where
gA) = /dU/dUO\IJ(Uo,O)X(UO,A)\IJ(U,A). 17

The full forms of W(U,)) and x (Up,)) are given by Eq. (A31).
Using these we find the g(1) as given by Eqs. (A35) and (A36)
in the Appendix.

IV. PROBABILITY DISTRIBUTION FUNCTION

The PDF P(W;) is related to the moment-generating
function Z(A,7) as

P(W)—L +mzu Ye Ve d, (18)
T) — 27[[’ a 5‘[ e )

ioco
where the integration is done in the complex A plane. Inserting
the large-t form of Z(A,7) given by Eq. (16), we obtain

1 +ioco
P(W, =wt/1) ~ — g Py (19)
2mi —ico
where
fw@) = 3[1 = D) + Aw. (20)

In the large-t limit, we can use the saddle-point approximation,
in which one chooses the contour of integration along the
steepest descent path through the saddle point A*. The saddle
point can be obtained solving the equation

[ =0, (2D
or equivalently,
v'(A*) = 2w. (22)

The above equation yields

0(1 — 20) = wo(AHV1 + 62+ 28v(A%).  (23)

Since 6, §, and v(A) are always positive, it is clear that
sgn(l — 21*) = sgn(w). The above equation can be simplified
to the cubic form

VO 4+ av’(W) — b =0, (24)
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where
6 4 (1 + 8*)w?
N (230
6 + 62
= EY (25b)

We observe that one of the roots of the cubic equation for
v(A*) is real while the other two are complex. Equation (23)
suggests the root to be real, and it is given by

V) = —%[1 — (1 + 2k + 3v/31k) '3

— (14 2k + 3+/31k)'73], (26a)

where ! = b/a’ and k = (27/4)1 — 1. Note that / > 0. There-
fore, v(1*) is evidently real for k > 0. On the other hand, when
k < 0, it can be simplified to the evidently real form

V(L) = — %[1 —2cos(¢/3)], (26b)
where ¢ = tan~'[3./31[k]/(1 + 2k)] € [0,7].

In the limit w — £o0, from Eq. (25) we have, a —
(1+46%)/(28) and b — 0. Therefore, I — 0 and k — —1,
giving ¢ — . This yields v(A*) — 0. On the other hand,
for w — 0, we have a ~ 0/(28w2). Using this we find that
V(A*) = /1 4 6. Itis also evident as Eq. (23) gives A* = 1/2
for w = 0, and then, from Eq. (14c), we get v(1/2) = /1 + 6.

Now using Eq. (23), the saddle point A*(w) can be expressed
in terms of v(A*). Therefore, the function f,,()1) at the saddle
point A* can be expressed in terms of v(1*), and is given by

hs(w) = fw()‘*)
_ 111 1
= E[g +1+ wi|

2
_ 1[1 N w_v(m} ST+ 8 128000, @7)

206 0

To find the region in which A* lies, it is useful to express v(A)
in the form

V(L) = V400 — M)A — A), (28)

where

A =1+V1+071. (29)

Clearly, v(A) has two branch points on the real-A line at A..
Moreover, it is real and positive in the (real) interval A €
(A_,Ay). Since A, —A_ =+/14+0"1, as A — Ay, we have
v(d) = 2[6(1 4+ 0)]'/4|x — A+|'/2. Therefore, from Eq. (23)
we get
ba+o1 .,
w— F Wirwy [A Al as
In other words, A*(w) merges to A as one takes the limit w —
Foo. This also agrees with the observation that v(A*) — 0 as
|w| — oo. For any finite w the saddle point A* € (A_,A). In
Fig. 1 we plot the saddle point A* as a function of w using
Eq. (23).
Now, if g(A) is analytic in the range A € (0,A*), we can
deform the contour along the path of the steepest descent
through the saddle point, and obtain P(W,) using the usual

A= Ar. (30)
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FIG. 1. (Color online) The behavior of A* is shown (solid line) as
a function of w, for a set of parameters 0 = 4,5 = 2, which merges
to A+ (dashed lines) as w — Foo.

saddle-point method. However, more sophistication is needed
when g(A) contains singularities. Therefore it is essential to
analyze g(}) for possible singularities.

We first recall g(A) from Egs. (A35) and (A36),

g = [Ai(,0,017 2 f(r,0,8)]7 /2. 31)

Following the Appendix, we also recall that f1(A,0,5) does not
change its sign and always stays positive in the region [A_,A].
This is not the case for f,(A,0,5). While f>(1,6,6) > 0 for
A_ < A <0, in some region in the (6,6) space, f2(A4,0,8) <
0. Therefore, in that (6,8) region, f>(A,0,5) must have a zero at
some intermediate A = Xy > 0, which gives rise to a branch-
point singularity in g(A). Figure 2 shows parameter region
in which g(A) possesses a singularity. The phase boundary
between the region in which g(}) has a singularity and the
singularity-free region is given by the equation f>(14,6,8)=0.
In the limit 6 — O we get6 — 1/3.

5
4 L
No Singularities

3 L
© JSStlean

2F Pt 1

1F /// Singularities 1

I,,
,/
I/ 1 1 1 1
0 2 4 6 8 10

FIG. 2. (Color online) This plot depicts the analytic properties
of g(1). In the shaded region of the (6,5) plane, g(X) possesses a
singularity, where f>(1,0,6) < 0.On the other hand, in the unshaded
region g(A) does not have any singularities, where f,(1;,0,6) > 0.
These two domains are separated by the boundary given by the
equation f>(A,6,8) = 0.
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FIG. 3. (Color online) The (red) dashed line plots the analytical
result of P(W;) against the scaled variable w = W, /(t/7,), while
the (blue) points are numerical simulation results.

A. Case of no singularities

In the singularity-free region (Fig. 2), the asymptotic PDF
of the work done is obtained using the standard saddle-point
method, which gives

—hs(w)
ANew
PO, = wejr,) ~ S8 (32)
NS
where h;(w) is given by Eq. (27) and
1_)//()\.*)
fu65) = =27
2 0 2[1 4 8% + 38v(\*
_ + w1 + 87 + 38v( )]’ (33)

V() [+ 82 + 28v(a*)]1/2

which is expressed in terms of w and v(A*) given by
Eq. (26). Figure 3 shows a very good agreement be-
tween the analytic result given by Eq. (32) and numerical
simulations.

B. Case of a singularity

For a given value of § and 0, the location of the branch
point A is fixed between the origin and A.. On the other
hand, the saddle point A* increases monotonically along the
real-A line from A_ to A as w decreases from 400 to —oo. For
sufficiently large w, the saddle-point lies in the interval (A_, o)
and therefore the contour of integration can be deformed into
the steepest-descent path, which passes through the saddle
point, without touching Xy. However, as w decreases, the
saddle point hits the branch point at some specific value
w = w* given by

Af(w*) = Ao. (34)

For w < w*, the steepest-descent contour wraps around the

branch cut between 1 and A*. We here present the results for

both regimes w < w* and w > w* respectively, applying the
method developed in [23].

1. w> w*

For w > w*, the contour is deformed through the
saddle point without touching the singularity and we
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obtain

P(W, =wt/1,)

~ 8B g <\/ T Iho(w) — hs<w>1), (35)
/2n%f,ﬁj(k*) Ty

where f(1*) is given by Eq. (33) and the function R;(z) is
given by

Ri(z) = %e*/21<1/4(z2/2>, (36)

with Ky ,4(z) being the modified Bessel function of the second
kind.

2. w< w*

For w < w*, the contribution comes from both the branch
point and the saddle point; i.e.,

P(W:) ~ Pp(W:) + Ps(W-), (37
where the branch point contribution is

Pp(W; = wt/T1),)

~ = ho(w)
Ao)e™
. 8() Rz(

T Iho(w) — hs(w)]), (38)

where
ho(w) = fullo) = 311 — 200 + 2w, (39)
fo) = —2C0 1y, (40)
g00) = lim |V/A—Rog()l, @1
and

2 1 2
Ry(2) =/ ;Z/ ﬁe_zwﬂ du. (42)
0

The contribution coming from the saddle point is given by

Ps(W: = wt/1,)

= hy(w)
_ lg@H)ler ™

ls@le™  p, (\/ ™ tho(w) — hs<w>]), (43)
Prfifyon W o

where the function R4(z) is given by

R4(2) = \/gzezz/z[l—m(zz/z) + 11422 /2)]

4z 2
— —2F(1/2,1;3/4,5/4;27), (44)
4

and I41,4(z) are modified Bessel functions of the first kind
and ,F>(ay,a2;b1,by;7) is the generalized hypergeometric
function. We again find a very good agreement between the
analytical results and numerical simulations; see Fig. 4.

In the following we analyze the § = 0 case, which becomes
a special case of the problem of a single Brownian particle
connected with two heat baths at different temperatures studied
by Visco [16]. Here, we obtain the PDF.
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FIG. 4. (Color online) The (red) dashed line plots the analytical
result for P(W,), while the (blue) points are numerical simulation
results. The vertical dashed line marks the position of the singularity
w* = —0.801661... for the values of 6 = 7,6 = 1.

C.i=0

We first note that g(A) takes a simple form in the limit
6 — 0, given by

V2V «/§
SV F1+200 /v +1-220

It is easy to show [22] that g(A) is completely analytic for 8 <
1/3, and the PDF is obtained using the saddle-point method as

g = (45)

(et

fam Z fy )

where the second derivative of f,,(A) along the real-A axis at
A* is given by [22]

P(W, = wt/t)) ~ (46)

2w’ 4 6)*?

" )\’* —
Jw®) VO +6)

(47)

and

hy(w) = f,(A*) = %[1 +w—vw2+6,/1+ %i| (48)

On the other hand, if 6 > 1/3, it is easy to show that g(A)
picks up a branch point singularity at A = Ao = 2/(1 4 6),
which corresponds to [22]

_ 60 —3)
C30-1
Then one needs to perform a contour integration avoiding the

branch cut as mentioned in the last section. For w > w*, using
the same prescription [23], we find the PDF as

*

(49)

P(W, =wrt/t,)

—hs(w)

)\* Ty
~ 8<>6—R1( \/i[hoou) - hs(wﬂ), (50)
where
o = fuG= L0 4 B
olw .—fw 0 _1+9+1+9
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For w < w?*, the contribution to the PDF comes both from the
saddle and the branch point,

P(Wr) =~ Pg(Wr) + Ps(W-), (52)
where the branch point contribution is
Pg(W, = wt/T),)

Zho(w)

. &ole

CER

R, <\/ o) - hs(wn), (53)
Y

where
oy = P 1
A N T T,

and the function R,(z) is given by Eq. (42). The contribution
coming from the saddle point is given by

fu@o)=w—w",  (54)

Ps(W, = wt/7,)

3 #hs(w)
< O ([t - ). 65
Y

[2m =10

where the function R4(z) is given by Eq. (44). Figure 5
compares the analytical results with the numerical simulations.

1k (2)
6=0.1
— 5=0
W
E 1072 (T/Ty)zzo
I
=
o107
]
-05 0.0 0.5 1.0
w
I—
! (b)
| 6=3.1
. | 5=0
~ 10—2_ :
E | (t/ry)=20
I
S
= 1077
i
—6 i L
10 5 10 15
w

FIG. 5. (Color online) The (red) dashed lines plot analytical
results for P(W,), while the (blue) points are numerical simulation
results, for the § = O case. The vertical dashed line in (b) marks the
position of the singularity which is w* = 0.037... in this case.
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V. LARGE DEVIATION FUNCTION
AND THE FLUCTUATION THEOREMS

The LDF, associated with the PDF, is defined as

h(w) = In P(W, = wt/7,).  (56)

im
(t/ty) =00 (T/T)
Due to the large deviation form of the PDF, P(W; = wt/T1,) ~

/7 hW) the FT given by Eq. (1) is equivalent to the following
symmetry relation of the LDF:

h(w) — h(—w) = w. (57)

Now, in the parameter region where g(A) is analytic (see
Fig. 2), the LDF is given by h(w) = hy(w). In this case, it
is clear from Eq. (27) that the above symmetry relation (57)
holds, as v(A*) is an even function of w.

On the other hand, in the parameter region where g(A) has
a singularity, the LDF is given by

_ Jhs(w) for
h(w)_{ho(w) for

Therefore, it is evident that if w* < 0, the symmetry relation
(57) holds only in the specific range w* < w < —w™*. Other-
wise, it fails to satisfy. Nevertheless, even for w > w*, one
still gets a linear relation 2(w) — h(—w) = 2 ow, in the range
w € (—w*,w*).

The physical origin of the singularities can be understood by
examining the moment-generating function Z(\) = (e=*) ~
g(M)e™™*)_ The prefactor g(1) is computed by integrating
out the relevant degrees of freedom at the final time and at
the initial time suitably averaging over the initial condition.
Whenever the PDF P(€2) has an exponential tail, the integral
[, e P(Q)dQ diverges for some specific value of A,
which manifests as a singularity in the complex A plane. The
value of A where the singularity arises indeed gives the decay
rate of P(Q2).

w > w*,
w < w*.

(58)

VI. SUMMARY

In this paper, we have discussed an underdamped Brownian
particle driven by an external correlated stochastic force,
modeled by an Ornstein-Uhlenbeck process. We have studied
the probability density function (PDF) of the work done W, on
the particle by the external random force, in a given time 7. The
behavior can be characterized in terms of two dimensionless
parameters, namely, (i) 6, which gives the relative strength
between the external random force and the thermal noise,
and (ii) §, which characterizes the ratio between the viscous
relaxation time and the correlation time of the external force.
In the large-t limit, we have obtained the moment-generating
function (MGF) in the form (e %) ~ g(1)e™* While (1)
is analytic in the relevant region of A (where the saddle point
lies), the prefactor g(1) shows analytical as well as singular
behavior in different parts of the parameter space spanned
by (0,5). We have obtained the PDF in both analytic and
nonanalytic regions of (6,5) space, by carefully inverting the
MGE . The entire analytical results have been supported by
numerical simulations. In the limit § — 0, our model becomes
a special case of a problem of a single Brownian particle
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coupled to two distinct reservoirs, first proposed by Derrida
and Brunet [43] and later studied by Visco [16].

We have also looked at the validity of the fluctuation
theorem (FT) for work, in terms of the symmetry properties of
the large deviation function. We have found that in the (6,5)
region where g(A) is analytic, the FT is satisfied. On the other
hand, in the nonanalytic region, the symmetry of the large
deviation function breaks down. In particular, the PDF picks
up an exponential tail characterized by the singularity and this
leads to the violation of the steady-state fluctuation theorems.

Finally, we have provided a nontrivial example where the
exact LDF as well as the complete asymptotic form of the
PDF of the work done by a correlated stochastic force can be
computed.
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APPENDIX: DETAILED CALCULATION OF THE MGF

We recall Egs. (8) and (9),
du
dt

where U = (v, f)T and n = (n1,12)7 are column vectors and
A, B are 2 x 2 matrices given by

1/, —1/m 1I/m O
A=<0y 1/10)’ B=<0 1)'

The expression for W can then be expressed in terms of these
matrices,

= —AU + By, (A1)

(A2)

T
w, =2 | avTauU, (A3)
2D Jy
where A is a real symmetric matrix
0 1
A = (1 0). (A4)

Using the integral representation of the delta function, we
rewrite the moment-generating function

d*c ioTU ;  ~aW,—iacTU(T)
27[)26 (e™*"r Nuu,.  (AS)

Z(A\U,t|Uy) = / (

Now, we proceed by defining the finite-time Fourier transforms
and inverses as follows:

- 1 [°
LU (@n).ii(wn)] = ;/0 di[U(t),n(®)] exp(—iw,t),  (Aba)

U@ = Y [U(@n).iiwn)] explion?),

n=—00

(A6b)

with w, = 27n/t.

In the frequency domain, the Gaussian noise configurations
denoted by {n(¢) : 0 <t < t} can be well described by the
infinite sequence {7j(w,) : n = —oo, ...,—1,0,+1, ...,00} of
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Gaussian random variables having the following correlations:

2D )
(@) (@) = =8+ &)diag(1,0 /7). (A7)
The Fourier transform of U(¢) is then straightforward and
henceforth the expression for W; becomes

3 1
U =GBii— _GAUW,

YT N 7
=55 2 V@A @, (A8)

n=—0o0

where G(w) = (iwl + A)~! and AU = U(r) — U(0), with
I being the identity matrix. The elements of G are G| =
T, (ot, + )7, Gy = ot + 1)7,Gn = G11Gn/m,
G, = 0. Substituting U from the above expression in W, and
grouping the negative indices into their positive counterparts,

we obtain

_rr

We =3 [ﬁg(BGgAlGOB)ﬁO — %AUT(GgAlGOB)ﬁO

1
+§AUT(G5A,GO)AU]
YT o
~T T * ~
+3;[n (BG” A,G*B)if*

1
— —AUT(GTA,G*B)ii* — =i (BGT A|G"AU
T

Q| =

1 T T *
+§AU (G"A1GH)AU |, (A9)

where Gy = G(w = 0) = A~! 1y = 7j(0). The finite time
Fourier series can be written for U(t) as well:

o0
=1 & —iw, €
U@=lim 3 U@ne

n=—0o0

ind 1
= lim <GB;7 — —GAU)e—W
e—0 T
n=—0oo
= li § G Bij)e '®, A10
Sgl‘l)n:_oo( e (A10)

where we observe that 7! > G(wy)e ¢ =0 for large
7. This is because while converting the summation into an
integral we note that all the poles of G(w) lie in the upper
half plane. In other words, the function G(w) is analytic in the
lower half. Using this expression we obtain

o0
oTU(x) = o7 GyBijy + Z[e*ferEﬁT(BGTU)

n=1

+ e (a7 G*B)ij*]. (Al1)
The average quantity then can be rewritten as
oo
(W UO) = Tem), (A12)
n=0
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where
Sp = — )\Tﬁ’rcnﬁ* + ﬁran + aznﬁ*

Ay

— —BAUT(GTAIG*)AU for n>1 (Al3)
and
AT B B Ay
S0 = —?77({00770 + OloT??o - ZBAUT(GgAIGO)AU’
(A14)
in which we have used the following definitions:
¢, = %BGTAIG*B, (A15)
oy = k%(BGTAIG*)AU —ie " *BGT . (A16)

We can now calculate the average (e*") independently for
each n > 1 with respect to the Gaussian PDF P(7) =

J

o0 1 o.¢]
l_[(es") = exp <_§ Z ln[det(AQ,J]) exp <E
n=0 n=-—00
The determinant in Eq. (A20) is found to be
40X(1 — A)
det(AQ,) = 1+ —5—IGul’IGul>.  (A21)
0T,

Now in large-t limit, we can replace the summations over n
into an integral over w; i.e., Zn -1 f g—;’. The first part of
the summation is then

Tu(h) = —% / ‘;—;Uln{det[z\sz(w)]}, (A22)

where w(A) is given by Eq. (14a). Similarly, the second part of
the summation can be converted into an integral. Finally, after
doing some manipulations, we obtain

o0

1
H(ew ~ eTHM exp|:—§0TH10 +iAUT Hyo
n=0
1 T
+ EAU H3AU |, (A23)
in which we have defined the following matrices:
Fdo —1 T
H, = —G*B(tQ")BG", (A24)
oo 2TC
A o0 ;
H, = — lim — — dwe™* G A GBxQ ) BGT,
=027 D J_o
(A25)
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7 2(det A) "' exp(—T A1) with Al = %diag(l,@/foz),
which gives
exp[al, @', — 2L AUT(GT A1G)AU ]

(e} = det(A2,)

)

(A17)
where Q, = Atc, + A~!. Similarly, calculating the average
of n =0 term with respect to the Gaussian PDF P(7jy) =
(2m)~"(det A)~'/2 exp(— 37§ A~ 7o), we get

_ exp 3052 o0 — 3 FAUT (G AIG) AU

J/det(A ) '

(A18)
The restricted moment-generating function can now be
rewritten as

(")

dZO. icTU u S,
Z(A,U,t|Up) = / ik n]l(e ", (A19)
where using the fact (e™) = (e*), we can write
oo
3 [afnrsznla,, - AlAUTGTA,G*AUD . (A20)
n=—00 D
[
and
)\‘ [o.¢]
y=——2L | 4wGT A,G*
2 D J_o
)‘42 }/2

(o]
- / doGT A,G*BrQ HBGTA|G*. (A26)
27 D? J_o
We then evaluate the matrices by performing the integral by
the method of contours. For convenience, we write down the
elements of the matrices respectively:

Dt 1 1+6
H!'= —Z 8 . (A27
! m? 1+8D< + v > (A27)
D6 1-2A
H?=H'= ————— (A27b)
m v(l + )
, DO 1 1+5 (A270
= — - ). c
! 70 1+ 6D %
The elements of the H, matrix are
H!' = ! A0 + 1(1 —v)+ 18v(1 —9) |, (A28a)
2 7T (1 +6D) 2 2 ’
Ay
HP? = - (A28b)
v(l +67D)
AS 8(1 —
H' = — - d=w_ (A28¢)
yv(l +6v)  2pv(l +6D)
5(1 —vp
»n _ 8d—vb) (A28d)

27T 201 +61)

052116-8



WORK FLUCTUATIONS FOR A BROWNIAN PARTICLE ...

The elements of the H3 matrix are given by

PHYSICAL REVIEW E 90, 052116 (2014)

22092
A = 2T (A29)
- Dv(1 +6v)
ji g 7B B0+ (86— 80— 2) A29b)
: 3 T 2Dv(1 + ov) [1+60—6—v]
Al — 1)
H2 = _ M= Wdm (A29¢)
Dv(1 4+ 6v)

We note that the matrices H; and Hj; are symmetric and
they satisfy the relation H3z = (I + Hy)H| IHZT . Inserting
Eq. (A23) into Eq. (A19) and performing the Gaussian integral
over o, we obtain

etH()

27 4/det(H; (L))

LT LT
ZOU,t|Ug) ~ —SUTLIOI =3 U LG

(A30)
where Li(A) = H;'(I + H]) and Ly(A) = —H;'H]. We

immediately identify the right and left eigenfunctions respec-
tively as

WU\ = —lUTLl()L)U}, (A31a)

1
27 AU HL () eXp[ 2

x(Uo,A) = exp[—%U{Lz(x)Uo]. (A31b)

It is then straightforward to verify 2, W (U,A) = uw(A)W(U,))
and f dU x(U,\)¥(U,Ar) = 1. The steady-state distribution is
given by

Pss(U) = Z(A = 0,U,t — oo|Up)

= W(U,x=0)
! [1WL@4 (A32)
= ———exp|—= ,
2 JaetH 0y P T27
where L;(0) and given by
1 D (2049 —w
LiO)= —————|" - :
det Hi(0) 146 ‘ Z(1+5+06)

(A33)

It is worth noting that the deviation of the system from
equilibrium can also be measured using Eq. (A32):

—1, (A34)

where (v?) is the velocity variance in the steady state which
can be found from Eq. (A33) and (v2)eq is that of in equilibrium
in the absence of the external driving. Hence, one finds
a=0/1+3).

Now, averaging the restricted generating function with
respect to the steady-state distribution Psg(U), we get back
Eq. (16), where g(1) is given by

g = [det (1 + HI)]"

x {det[I — H/O)H'G)HI W]} %, (A35)

(

where the first and second terms are due to tracing out the
final and initial variables, respectively. Using the forms of the
matrices given by Eqs. (A27) and (A28), we obtain

fi(x,0.8) :=det (I + H))

1

4v(1 + 80y (A36a)
£(1,0,8) := det[I — H\(O)H; ' (W H; (V)]
T A Jlra)z o+ (11+ soyp ") 202,
(A36b)
where
PO =24 20481+ )1 +8+3v+8v0),  (A37a)
qO) =2480—1)=1+/1+62+260—8, (A37b)

and

r(x) = 20(1 4+ v) +2(1 + v)(1 4 8)> + [0 + (1 + 8)*]

x [8(1 4+ D) + 8(1 4+ v)(1 + 8D)(v + )], (A38a)
s(A) = —[2 4260 + 308 + 8D + 067]

+[8+28%Q2+ D)+ 831 +3D)]. (A38b)

Let us now analyze the functions f(),0,5) and f>(A,0,5)
in detail. We note that the prefactors outside the square
brackets of fi(A,0,8) and f»(A,0,5) are always positive.
Moreover, p(A) and g(A) are again clearly positive in the
region A € [A_,A4]. In particular, they take the minimum
values at Ay, given by p(Ar) =24a; and g(ly) =1+
ay=2—as,wherea; =(1+8)B++/1+82—-1)>0,1>
ay=+14+8-8§>0,and 1 >a3 =(1+38)—+/1+82 > 0.
Therefore, f1(A+,0,6) > 0 as A, > 0. On the other hand, at
A= A_ we get

PO)+200_qOh_) = 2 +a1) +20A_(2 — a3)
=a; + (_2039)\._) + 2(1 + 29)»_).

The first two summands in the last line of the above expression
are clearly positive (note that A_ < 0). Moreover, it can be
shown that

14200 =1+0[/1+6 —0]>0. (A39)
This also implies that
14204 >0 for Ael[i_,hil. (A40)

Therefore, fi(A_,60,5) > 0, which implies that f1(A,0,6) stays
positive in the region A € [A_, A, ].
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Similarly, we can analyze the second term f,(A,0,8).
Clearly, r(1) is always positive in the region A € [A_,A;]. On
the other hand, the first line in the expression of s(1) given by
Eq. (A38b) is negative whereas the second line is positive; s(A)
can take both positive and negative values in the (6,5,1) space.
Writing Eq. (A38b) as s(A) = —b; + b, with both b; > 0 and
b, > 0, we get

F(A) + 20As(A) = [r(A) — bo] + (1 + 200)bs + (—2b,610).

By explicitly expanding r(A), it can be seen that all the
terms appearing in b, completely cancel with some of the

PHYSICAL REVIEW E 90, 052116 (2014)

terms of r(A). Therefore, r(A) — by > 0 for A € [A_,1 ]
Similarly, according to Eq. (A40), the second summand is
positive. Finally, the last summand is clearly positive for A < 0.
Therefore, f>(1,0,6) > 0 for A_ < A < 0.

At A = A4, we find that r(A,) + 2601, s(1;) changes sign
in the parameter space of (6,6). The phase boundary that
separates the two regions where this function stays positive
and negative respectively is given by

f2()\'+9978) = 01

which is shown in Fig. 2.
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