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We study the underdamped motion of a passive particle in an active environment. Using the phase space
path integral method we find the probability distribution function of position and velocity for a free and a
harmonically bound particle. The environment is characterized by an active noise which is described as the
Ornstein-Uhlenbeck process (OUP). Taking two similar, yet slightly different OUP models, it is shown how
inertia along with other relevant parameters affect the dynamics of the particle. Further we investigate the work
fluctuations of a harmonically trapped particle by considering the trap center being pulled at a constant speed.
Finally, the fluctuation theorem of work is validated with an effective temperature in the steady-state limit.
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I. INTRODUCTION

Over the past few decades, there has been a growing in-
terest in understanding active particles from their dynamical
and energetic perspective. An active particle is basically a
system that moves on its own harnessing the energy from
its environment. Recently, it has been widely studied due to
its applicability and ubiquitous presence in nature, e.g., from
swarming bacteria to flocking of birds—all these phenomena
can be perceived within the purview of active matters [1-5].
The models that have been extensively used to describe the
processes are active Brownian particles (ABP) [6-8], active
Ornstein-Uhlenbeck particles (AOUPs) [9-12], and run-and-
tumble particles (RTPs) [13—15]. Most of the studies with
these models deal with the overdamped dynamics of such
particles which neglects inertial contributions due to their
movement in a fluid at a low Reynolds number. However, for
a self-driven particle moving in a low-density environment
such as in a gaseous medium, or for a particle with a large
Stokes number, its motion is inertia-dominated and thus its
self-propulsion gets coupled with inertial effects displaying
distinctive, nonlinear behavior [16]. For instance, inertia of
squirmers such as marine plankton changes their swimming
speed depending on the location of thrust generation, and it
also induces hydrodynamic interaction between two squirm-
ers [17,18]. Some other natural realizations where inertia is
important include insect aerial flight, swimming of living
organisms in water, autorotating motion of helicopter fruits
in air, etc. [19-22]. With recent advances in constructing
artificial self-propelled objects, the field of active matters in
the underdamped regime (at intermediate and high Reynolds
numbers) has been further invigorated from the experimental
point of view. Examples of such objects are rotating robots,
vibrobots, artificial bugs, to name a few [23-25].

More recently, several groups have theoretically inves-
tigated the underdamped motion of self-propelled particles
[26-29]. In Ref. [26], it has been elucidated theoretically that
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inertia of a self-propelled particle induces a delay between
orientation and its velocity, which has been experimentally
observed earlier [24]. Recently, Lowen et al. have studied
the self-organization of repulsively interacting active parti-
cles with inertia, famously known as “motility-induced phase
separation” (MIPS) where it has been found that there coex-
ists two phases, but with two different kinetic temperatures,
termed as “hot-cold coexistence,” which is missing in the
overdamped description [30]. In other studies, the effect of
inertia on several properties such as mean-square displace-
ment (MSD), mean-square speed, and swim pressure has been
investigated [27,28,31,32].

In recent years, studies on passive particles immersed in
an active environment have received a considerable atten-
tion [33-35]. However, its motion in the underdamped limit
remains almost unexplored. Like a single active particle, it
can also be modeled in a simplistic way by the Ornstein-
Uhlenbeck process (OUP) where the particle is subjected to
Gaussian driving with a finite correlation time [36,37]. Note
that the OUP model has been widely used as it turns out to be
successful in explaining some interesting collective behavior
of self-propelled particles such as accumulation near bound-
aries and MIPS [38,39]. In this paper, we study the dynamics
of a passive particle in the underdamped limit in a fluid as
it experiences active noise which are characterized here by
the OU process. We consider two OUP models with slight
variations in the strength of the noise. Though the treatments
for both models are the same, the results as well as interpre-
tations may differ. The dynamics along with OUP models are
discussed in Sec. II. With these models, the motion of a free
particle and a harmonically confined particle is investigated
theoretically. Employing the phase-space path integral (PSPI)
method, we find exact results for the probability distribution
function in position and velocity, and then we analyze the ef-
fects of relevant dynamical variables, as discussed in Sec. III.
It is worth mentioning here that though our discussions will
mostly be focused on dynamics of a passive particle in an

©2022 American Physical Society


https://orcid.org/0000-0002-0632-9654
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.105.044123&domain=pdf&date_stamp=2022-04-15
https://doi.org/10.1103/PhysRevE.105.044123

KOUSHIK GOSWAMI

PHYSICAL REVIEW E 105, 044123 (2022)

active bath, the formalism presented here can be applicable
to an active inertial particle as well. For such cases, the active
noise corresponds to the swim (or self-propulsion) velocity
which has a fixed average value, e.g., see Ref. [27].

It is well established that the particle subjected to active
fluctuations is driven out of equilibrium. In other words, de-
tailed balance as well as fluctuation-dissipation relation break
down. Recently, it has been found experimentally as well as
theoretically that the fluctuation theorems (FT), in general, do
not hold for such systems, but a specific kind of relation do ex-
ist in the steady-state limit [33,40,41]. Work fluctuations and
related FTs in equilibrium baths have been studied previously
by few groups in the underdamped limit [42—44]. However, in
active baths and at intermediate and high Reynolds numbers,
similar studies are lacking. Along these lines, there have been
some recent studies which looked into the stochastic ener-
getics of inertial active systems [45,46]. As previous studies
suggest, the steady state of active systems can be mapped to an
effective equilibrium, and therefore, thermodynamic variables
may follow equivalent equilibrium properties with renormal-
ized parameters. In Sec. IV, we study work fluctuations for
a specific protocol, and compute the work distribution using
the PSPI technique. Then we verify the fluctuation theorem of
work in the underdamped limit. All results are summarized in
Sec. V. Other useful information in support of the main results
is presented in Appendices. The characteristic functional for
the OU process is derived in Appendix A. For the sake of
completeness, some preliminary idea on the path integration
method is discussed in Appendix B. The complete expres-
sions of distributions in position and velocity are shown in
Appendix C, and the detailed calculation of work distribution
is given in Appendix D.

II. DYNAMICS

Here we consider that a passive particle is diffusing under a
potential U (x) in a bath containing active particles at temper-
ature 7. So in addition to the thermal fluctuations, an active
force is present in the environment, thereby referring to it as
an active bath. Without neglecting the inertial contribution to
the dynamics of the particle, the stochastic equation for its
motion in the underdamped limit can be expressed as

U’ ,
% = nr () + na(0). )

l)‘c'(t) + x() +
14

Here the first term accounts for the inertial force, and m
is the mass of the particle. The drag force is given by
myx, where y is the viscosity coefficient which is re-
lated to the diffusion coefficient Dy due to the presence
of thermal noise nr(¢) only, through the Einstein relation
Dy = %, with kg being the Boltzmann constant. Naturally,
the (second) fluctuation-dissipation theorem (FDT) follows:
(nr(Onr(t")) = 2Dr8(t —t'). Henceforth, the mass m is
taken to be unity. The active force is denoted here as 14(t),
which introduces nonequilibrium elements to the system. In
the following two models of 74(¢) are discussed.

Here n4(t) is taken as a Gaussian colored noise whose
evolution can be described by the Ornstein-Uhlenbeck process

(OUP) [47,48], viz.,

1 1
Na(t) = ——nalt) + —§(@), @)
TA TA

where & (¢) is the white Gaussian noise obeying (¢ (¢)) = 0 and
(E@)E(t")) = 2Dt — '), with D4 being the active diffusiv-
ity, that is, the diffusion coefficient when the particle diffuses

only in the presence of active noise 74(¢). From Eq. (2) one
Itj =171

can see that (4(1)) =0 and {na(t)na(2)) = e 7,7y
being the persistence time of the active noise. Notice that, for
a very small persistence time, i.e., for 74 — 0, the noise 1, (¢)
becomes §-correlated, and so it behaves like a Gaussian white
noise.

The other way to realize n4(t) is by writing a dynamical
equation similar to OUP for the active force f4(¢), where
fa(t) = yna(t), as follows [11,27]:

. 1 1
fat) = ——fa(0) + [ —&a(0), 3)
TA TA

where (£4(1)) =0 and (£4(1)E(1')) = 2f28(t —1'), which
-

implies that (f4 (1) fa(t2)) = foze_HT. The average of active
force fa(t) is denoted here as fy, and its value is considered
to be fixed in this model. It is relevant when a system in
motion (e.g., a self-propelled particle) maintains a constant
average speed throughout its journey. Now it is easy to see that

the autocorrelation of 74(¢) is also an exponential function
It =t

of the form (n4(#1)na(t2)) = i—‘ieiT. In the limit 74 — 0,
the noise disappears, which clearly differs from the OUP
model [Eq. (2)] discussed earlier. To distinguish it from the
previous OUP model, one may term it [Eq. (3)] as the mod-
ified Ornstein-Uhlenbeck process, or in short, MOUP model.
Notice that one can map these two models by defining the
strengths of the autocorrelation functions in such as way that

2
D,y = ‘Jf/—"er. It is useful to note that the characteristic func-

tional of the noise 714 (¢) corresponding to any of these models
can be calculated using the relation [49]

<ei Jydn P(ll)nA(fl))nA — e*% Jodn [y dn P(ll)(ﬂA(ll)m(h))ﬂ(fz)’ )

where p(t) is the conjugate variable to 714, and the angular
bracket (---) denotes the average over all histories of 74(¢).
For the sake of clarity, an alternative derivation of Eq. (4)
considering an exponential correlation of 14 (¢) is provided in
Appendix A.

III. PROBABILITY DISTRIBUTION FUNCTION
OF DISPLACEMENT x AND VELOCITY v

Here we compute the probability distribution function
(PDF) of finding the particle at some position x at time ?.
To do so, we employ the PSPI method [50,51] (see also
Appendix B), and write the probability density functional for
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the white noise 17 (t) as
P[UT] — / Dpe—Dr f(; dl]pz(ll)—if[; dt p(ty )’IT(’I), (Sa)

U'lx(t)), 1]

P[x] ~ / DpePr Jo (=i fy di "“'){%x(rl)m(n) + —m(u)}, (5b)

Plx] = / DpePr Jodnr @) (gi Jy i pam)y o1 Jo dn xS p)=pa] =3 [y d pe)U'Lx(t),n]

% e~ FHOPO=HOPO)]=ix()p(t) = HOHixONpO)~ £ HO)] (5¢)

In Eq. (5b), we have replaced nr(¢) by using Eq. (1) and consequently, the functional has been expressed in terms of trajectories
of x(¢). In Eq. (5¢), integration by parts has been performed. As 74(¢) evolves independently of x(¢), one needs to do the
averaging over all trajectories of 14 (¢), and the average is denoted by the angular bracket in Eq. (5¢). Therefore, the PDF (or the

propagator) can be obtained on doing the path integration over x(¢), and it reads

x(t)=x,

P(x;, v, t5x0, v, 0) =/
x(0)=xq

_ L
xXe v

where v, = x(¢), vp = x(0). With this formalism, we study
the dynamics of the particle in two different potentials.

A. Free particle, U(x) =0

Taking U(x) = 0 and xyp = 0 in Eq. (6), the PDF can be
written as

x(1)=x,

P(x;, v, t500) = f

'Dx/‘DpefDTf(;dt‘pz(")
x(0)=0

X <eif(; dn P(ll)nA(t1)> e—if(; dn x(ll)[%ﬁ(ll)—ﬁ(ll )]
nA

% e 3 PO=v0pO)=ix [p)= 3 pO] (7)
The path integration over x produces a § functional, 5[p(#;) —
yp(t))], which implies p(t)= (%) + (B=Lr)er,
p(0) = po, p(t) = p,. Therefore, the path integration over p
becomes a double integration with respect to py and p,, and
so Eq. (7) can be rewritten as

P(-xt7 Uy, t;x07 Vo, O)
:/dpt/dpoe—Dngdzm%m(eifgdzlp(mm(n))m

X e_é(vrpf_vopo)_ixr(Pr_%I.’r) (8)

Using Eq. (4) the ensemble average over 14 can be calculated.
With this, the probability distribution function of finding the
particle at position x; with velocity v, at time ¢ provided
that the initial velocity vy follows the Boltzmann distribution,

P(vo) =,/ .

_ e
D € 7 Y and P(xo) = 8(xp), can be com-

puted as

PG, v 1) = / dxo / dvoP (5, Uy, 15 30, Vo, 0)P(u0)P(x0)

1 _LxTc—lX
= mmae 2 T )
\ oGy

Dx / DpePr Jo dnp*an) <eif(; dn pmm(zl))m o~ Jo dn xS ) —pien)]

Jo dtn pan)U'x(e),n] = [ p@)—vo pO) =i [p(t) = pO)1+ixo[ p(0)— 3 p(0)] (6)

(

with |C| being the determinant of the matrix C; as given in
Appendix C 1. The PDF for velocity v, considering the final
position x, to be anywhere in the space can be obtained as

1 _
Plo,1) = f dPGs,0,0) = [ o—sse 0, (10)
v

where o2(t) is the variance of velocity v,, expressed as

) —1Qy+;) )
o, (1) = J/m[(ym —De ™ u
2

X (yDrta + Dr + Da) — 2Day tae”’
+ Da(yta + De/™].

In the long time limit, i.e., for t > % and r > 14, the variance
is given by

Dy vyt
0l(t)=Dry + —————

o= lim .
Ty yTa+ 1

1D

y>1t/ta>1
So in the OUP bath, it has the stationary probability dis-
tribution function of velocity associated with an effective

temperature Dy + ” 3 4. Notice that in the absence of active

noise 14, crvz(t) ~ D7y = kgT, which means that the system
remains in equilibrium, thereby having the Boltzmann distri-
bution. For the case where the persistence time (t4) is very
small compared to the inertial time 1/y, i.e., for y7y < 1,
the system can still be understood through the equilibrium
theory incorporating an effective temperature T = T + Ty,
where Ty = D,y . Now one can compute the distribution of
displacement as

1 g
P(xtat):fdvlp(xtavtat): me 20'3(’)7 (12)
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FIG. 1. Plots of the probability distribution function (PDF) for the free particle in panels (a, b) the OUP bath, and in panels (c, d) the MOUP
bath. The PDFs of velocity v, [given in Eq. (10)] are plotted as a function of v, at time ¢t = 10 for different values of 74 in panels (a, c) for
the OUP and MOUP models, respectively. In panel (a) the values of fixed parameters are y = 1.0, Dy = 1.0 while varying the values of Dy,
whereas in the panel (c) fj is varied, keeping the other parameters constant at 7 = 1.0, y = 1.0. Panels (b, d) show the PDFs of displacement
X, [given in Eq. (12)] at time ¢+ = 10 in the OUP and MOUP baths, respectively. In panel (b) the fixed parameters are Dy = 1.0, D4 = 5.0, and

in panel (d) we have taken 7 = 1.0, fo = 5.

where

1
y e—t(2y+ o

206y —
mO o)

[—ZyZDA rje}” + 2)/2DA tjez’”

(vta+ 1)+ Dalyta + Des +2(yt4 + 1)

1 1
x & Wy ta(Da 4 Dr) — 2Ds — Dyl + (yta — D' a7 D2y [—ta(yta 4 2) + y11a +1]

—3}+2Dr(yt — D(ya + 1))

In the long-time limit, the MSD can be expressed as

lim  o2(t) ~ 2(Dr + D). (13)
yt> 1t /1> 1

This suggests a diffusive behavior with enhanced diffusivity.
For short times, i.e., for yr < 1, /74 > 1, axz(t) ~ DTytz,
indicating a ballistic regime due to thermal fluctuations.
However, if one considers that initial velocity had a nonequi-
librium stationary distribution with the effective temperature
given in Eq. (11), then active fluctuations contribute to the
ballistic behavior, viz., o2(t) ~ (Dry + ?—:%)tz. This is
consistent with the recent result reported in Ref. [27] for a
self-propelled particle with inertia. The results for the MOUP
bath can also be obtained in a similar way as discussed

above. The only change one needs to do is to replace Dy

2
by the term ‘)’j—“er. However, the role of dynamical parame-

ters differs in these two models. For example, in the limit

(

yTa > 1, 02 o« L for the OUP model, whereas o2 has no

dependence on 1:: for the MOUP model and is given by
avz ~T+ ;—(z

The marginal distributions of x; and v, for the free particle
are plotted in Fig. 1. In the OUP bath, the width of the
distribution of v, grows with D, for fixed persistence time t,4,
as the presence of active noise results in an enhanced diffu-
sivity. However, the width becomes narrower as t4 increases,
as shown in Figs. 1(a) and 1(b) for the distribution of x;. One
can also observe from Fig. 1(b) that the spatial distribution
has a wider spread for a large value of y and fixed values
of diffusivities as the effective temperature is also increased.
Figure 1(c) shows the distribution of velocity in the MOUP
bath for different values of active force fj and t4, keeping Dy
and y fixed. Evidently the particle travels a longer distance
on average as fy takes a higher value. In contrast to the OUP
model, the Widths—axz(t) and avz(t) decrease as the motion
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transits from the underdamped to an overdamped regime (with
the increment of y) as well as with the decrease of 4, as
can be viewed in Fig. 1(d). It suggests that t4 and 1/y play
a similar role in both models.

J

x(t)=x,

P(-xtv Ur, t;x07 Vo, 0) :/

x(0)=xo

X e v

where A = A / y. Doing the path integration over x, one gets
p(t)) = pre 2~ sinh(X)esch(2) + po eE" [cosh(tl) —
sinh(5%) cosh( 5 )esch( FZ’ )], where = Jy(y —4n).
Therefore, the functional integration over p reduces to a
double integration with respect to py and py, viz.,

P(-xts U[9t;x07 UO’O)

Z/dpffdpo e*D7‘j;dflpz(f])(eij;dllp(tl)nA(tl)>nA

X e 7 3 v p()—vo p(0)]—ix; [p(t)—fp(t)]-s-tx[)[p(O)—fp(O)] (15)
Here we only consider the case where y > 4A. One may also
take the opposite case, viz. y < 4A, for which I' is a complex
quantity and so some distinct properties such as oscillations
in the time correlations of x(#) may be observed, but for
our present work, the analysis with the first case serves the
purpose. Now, Eq. (15) can be computed exactly, and using
the result, the PDFs in x; and v; can be found easily as shown
in Appendix C 2.

Now we analyze the stationary limit by taking ¢ — oo.
From Eq. (C3) the PDF of velocity at the steady state can be
written as

1
\/ZW(DT + )

2
Y )]. (16)

1+yrA+ykrA

Py(vy) =

X exp
[ 2y(Dr +

Note that the system follows the above distribution whether it
is initially at equilibrium or it evolves from a nonequilibrium
stationary state. Notice that, in the absence of active noise 74,
it again follows the Boltzmann distribution with the ambient
temperature, which is a quick test of the correctness of
our result. Let us now check a few other cases. For an

unconfined  particle, A — 0, and the  distribu-

tion becomes A— independent, viz., P(v;) ~
2

! exp[— “—1], which is the same as

27y (Dr+ DAy

[EEZN 2y(Dr+

)

Eq. (10) involving the variance given in Eq. (11). However,
for A — oo, the variance is inversely related to A, viz.,
o}~ Dry + rl;% The limiting cases just addressed above
are applicable for both OUP and MOUP models. However,
the results differ significantly for the variations in 74 and
y. In the OUP bath, the active noise becomes uncorrelated
in the limit 74 — 0, as mentioned earlier, and therefore
the distribution is of Boltzmannian type with an enhanced

THy14

B. In a harmonic potential, U (x) = 3x?

Here we consider the dynamics of a partrcle in a harmonic
potential of the form: U(x) = £x2, with stiffness A. From
Eq. (6), the propagator can be expressed as

Dx / Dpe 1 N dan(z,)(eifg dn p<z1)nA<n>>nA o~ o At X)L ) —p)+ipn)]

— L v p(t)=vo p(O)]—ix: [p() — & p(O)+ixo[p(0)— *P(O)] (14)

(

temperature (D7 + D)y . On the contrary, it approaches the
equilibrium distribution in this limit for the MOUP model.
Now let us consider the limit yt4 > Atqa > 1. In the OUP
bath, 0> can be approximated as 02 ~ Dry + 2 AA, which
1s similar to the liming case of A — oo. Substrtutlng D4 with
y2 74 for the MOUP bath leads to 02 ~T + Ly— dictating
1/74 dependence for a fixed value of fj. Clearly, the effect
of 74 on velocity is different for the unconfined and confined
particle.

Now we turn to the marginal distribution of x; at the steady
state. Taking the limit + — oo in Eq. (C5), one gets the sta-
tionary PDF as

1
Py(x,) = 2no§e i (17)
with o =D =+ Dy Lty For a free particle (A — 0),

% Tryatril
the system cannot reach a steady state, as one can expect. In
the large A limit or for yT4 > Aty > 1, 02 ~ DT + TIA %‘,
implying the inverse-dependence on A. In partrcular for the
case where the active noise is dominant, i.e., D4 > Dr, the
variance strongly depends on the stiffness, viz., o2 o 1/A%.
In the OUP bath, o2 is inversely proportional to rA, but it is
independent of 74 in the case of MOUP bath, i.e., 0> ~ T +

Az’yo . For a very small persistence time (14 — 0), o 2 ~ L T+DA

in the OUP bath, corresponding here to a purely Gau551an
white bath characterized by an enhanced diffusivity Dy + Djy.
However, the active contribution vanishes in this limit for
the MOUP model, and the system reaches near equilibrium.
In the overdamped limit, i.e., for yt4 > land Aty > 1, one
can recover the known result for the effective temperature in
the OUP model as reported in Ref. [52], and it is given by
I = 7* ~ Dr + 12—

Figure 2 shows the c/hstrrbutlons of position and velocity at
a large time. It is evident that the confinement keeps the par-
ticle near the origin, thus resulting the narrower distribution.
Like the potential-free case, the effect of 74 (or 1/y) is reverse
in the two models. However, 7, influences the dynamics more
in the OUP model, while y does the same in the MOUP
model.

IV. WORK FLUCTUATIONS

Here we analyze the effect of active noise on work fluctu-
ations of a passive particle in the underdamped limit. First,
we compute the probability distribution function of work,
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FIG. 2. Plots of the probability distribution functions (PDF) [Eqgs. (C3) and (C5)] for a harmonically bound particle at time ¢+ = 10 for
different values of parameters. The distributions of v, and x, for the OUP model are shown in panels (a, b), respectively, for fixed values of
diffusivities Dy = 1.0, D4 = 25. Panels (c, d) show the PDFs of v, and x, in the MOUP bath considering 7 = 1, f; = 25. The values of

parameter y in panels (a, ¢) are y = 25.0 and y = 5.0, respectively.

considering a specific protocol for the performed work. Using
the results, we look into the fluctuation theorem.

A. Probability distribution function of work W

Here we assume that the passive particle is confined in
a harmonic potential with stiffness A, and the center of the
potential is pulled at a constant speed u# for a time period
t. Therefore, the particle experiences a time-dependent force
F(x,t) = 0U (x,t)/0x, where the potential is given by

A 2
Ulx(t),nl = E[x(tl) —uty]”. (18)

Within an interval [0, ¢], the work performed on the particle
can be expressed as [53]

Wx(1)] =/ wml = &u2t2 —Au/ dt; x(ty).
0 3] 0
(19)

So one can define the probability distribution function
(PDF) of work as follows:

400
PW) = (8{W — W[x(]}) = % / da W (WOl
(20)

Here the angular bracket (- - - ) denotes the ensemble average
over all possible trajectories of x(¢). After some mathemati-
cal steps, one can find the distribution P(W), as detailed in
Appendix D. The result [Eq. (D5)] is graphically illustrated
over a range of parameters in Fig. 3. With time, the peak of

the distribution shifts towards the larger values of W, implying
that the performed work on average takes higher values if it is
done for longer times, as anticipated. In the OUP bath, the
distribution is more concentrated around the mean at shorter
times, or for that matter, at any timescale in the underdamped
regime compared to an overdamped case, considering that
the particle has the same diffusivities for both cases. Note
that a similar feature has been observed for the spatial dis-
tribution of a free particle in Fig. 1(b). On the contrary, the
distribution comparatively spreads more in the low-friction
(underdamped) limit for the MOUP model, as can be seen in
Fig. 3(c). Like other cases, t4 has similar role as 1/y, which
is displayed in Figs. 3(b) and 3(d).

Now we analyze the result for work distribution at the
stationary limit by taking y¢ > 1, At > 1, andt > 4. In
this limit, one can approximate the average (mean) work as
W (t) ~ u?t, and the variance as

Dyi*[1 — yta + AyT}]
202t — 2 4+ 2yati + 1

o (t) ~ 2Dru’t + y
1 2
X —)L[Z)»y Ta(ATat +1) + 21y 1]
14
~ 2(Dy + Dp)u’t.

The results in the stationary limit hold true for both OUP and
MOUP models, and so we shall not specify the model further
in the following discussion.
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FIG. 3. The probability distribution function (PDF) of work [Eq. (D5)] is plotted as a function of work W performed on the particle trapped
in a harmonic potential with stiffness A = 0.5, and the trap-center is set in motion with a constant speed # = 1. In panels (a, c) the PDFs at
different times are shown for the OUP and MOUP models, respectively taking the persistence time fixed at 7, = 0.5. In the OUP bath, we keep
the values of diffusivities fixed at Dy = 1.0, D, = 25, and the set {T' = 1.0, f; = 25.0} is taken for the MOUP model in panel (c). Panels (b,
d) depict the distributions of work at time ¢ = 10 for different values of parameters in the OUP and MOUP baths, respectively. In panel (b) we
take Dy = 1.0, and in panel (d) the ambient temperature is fixed at 7 = 1.0.

Using the above mean and variance, the work distribution
given in Eq. (D5) can be simplified to

1
P =\ &m0 Do ¢

which can also be obtained in the Gaussian white bath char-
acterized by an elevated diffusivity Dy + D4. Note that, in
the stationary limit, the inertial effect dies out as t > 1/y,
and therefore, the distribution resembles the one in the over-
damped case [54].

o wouki)?
4D 4Dy itt
s

2L

B. Work fluctuation theorem

A number of macroscopic properties can be extracted from
the fluctuations of thermodynamic variables such as work at
a trajectory level, and it is quantified with the application of
fluctuation theorems (FTs). In the thermal bath, the distribu-
tions of positive and negative work are related via the work
fluctuation theorem, viz. [55,56],

PEW) _ -usm (22)
P(W)

For the protocol that we have employed in this paper to
perform the work, there is no change of free energy £, i.e.,
AF = 0. Also note that the potential has been rescaled by

y, and so alternatively, we can write Dy in place of thermal
energy kzT. Here Eq. (22) represents the conventional FT.
Now, in a nonthermal bath, Eq. (22) is usually violated due to
the presence of an additional noise, e.g., see Refs. [54,57,58].
But the system satisfies an equivalent relation at the steady
state, viz.,

P(=W)
PW)

— p Dr+D
= e DPr+ba

(23)

with D4 being the diffusivity solely due to the additional
noise. The above equation is referred to as the extended
steady-state fluctuation theorem (ESSFT).

To validate the FT, we have plotted the ratio of PDFs of
positive and negative work in Fig. 4. Notice that Eq. (22)
is satisfied at a very shorter timescale. This is obvious as
we have assumed that the system was initially in thermal
equilibrium with the surroundings (before the introduction
of active noise). As time passes, active fluctuations push the
system out of equilibrium, and consequently, the system fails
to obey Eq. (22). However, it attains a nonequilibrium steady
state at long times, and at this condition, it obeys the ESSFT
given in Eq. (23), as graphically shown in Fig. 4. This can
be easily understood from the steady-state distribution given
in Eq. (21), involving an effective temperature Dy + D4. Not
surprisingly, the FT is satisfied with the same temperature.
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FIG. 4. Logarithmic plot of ratio of distributions for positive and
negative work as a function of performed work. The curves with
symbols are drawn using Eq. (D5) for different times. The two solid
lines [cyan (light gray) and black] correspond to fluctuation theorems
given by Egs. (22) and (23), respectively. Other parameters are as
follows: Dy =1, Dy =20, y =25, =05, 54 =5 u=1.

V. CONCLUSION

In this paper, we have investigated the dynamics of an
inertial particle in an active bath characterized by two types of
Ornstein-Uhlenbeck (OU) processes. Two timescales, namely,
inertial time and correlation time are found to be important
and have almost similar effect on the dynamics. In the bath
modeled by the usual OU process, the particle covers a shorter
average distance if the motion is highly persistent. On the
contrary, long-range correlations (or low dragging) cause the
particle to travel longer distances if the bath is described
by the modified Ornstein-Uhlenbeck process. Similar effects
have been found on the work fluctuations. However, in the
steady-state limit, the dynamical parameters become irrele-
vant, and the system follows the extended fluctuation theorem
with an effective temperature.

Here we present a simple but effective formalism to deal
with an underdamped particle in the presence of an active
(extra) noise. This method can also be applied to obtain
other dynamical quantities of inertial active particles such

eral thermodynamic properties such as energy fluctuations,
entropy productions, etc.
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APPENDIX A: CHARACTERISTIC FUNCTIONAL
OF GAUSSIAN NOISE 5,4 (¢)

As discussed earlier, the noise 14(¢) can be expressed in
terms of the Ornstein-Uhlenbeck process (OUP) as given in
Eq. (2). The analytical solution for the OUP is known and
well documented, e.g., see Ref. [59]. It can be represented as

o 1 [ i
nat) = na(0)e +—/ dne WE@), (A
TA Jo

where 14(0) follows the initial distribution P[n4(0)],
TA 2

Plna(0)] = /55~ ¢ MO Here £(t) is the white Gaus-

sian noise and it has the following probability distribution

functional: P[£] = ¢~ s Jo g W), By virtue of Eq. (A1), the
characteristic functional of n4(¢) can be expressed as

t . t 7;—1
(el dnptomy — (pim©) fydnpte Ty

% (ei,f(;dtl P(fl),/;)rl dtzgilr;/“zf(lz))S (AZ)

Using the distributions of 7(0) and £(¢), one can derive the
averages as follows:

. ¢ -
(elnA(O)fo dty p(t)e A >TIA(0)

o -0
=/ dna(0) PLya(0)Je™ O o drrpee ™

— | / dna(0) e D RO) gina(0) fg dr Pt
ZJTDA

i _07/1 t t 7”TL
as mean-square speed and swim pressure. Apart from work = ¢z Jodn fydnptie T ple) (A3)
fluctuations, one can employ this technique to explore sev-
1 —t ‘
(e oot [ e‘JﬁZsaz))g
o . _n=n
= (e Jo dn&®) [y diy pt))O@—1)O—n)e A e
. . i i
_ / dt e—ﬁfo‘ dngX )+ [y dn€() i dn p)O@—1)O—n)e ™
Dy gt t 1 _h-l3 413
=2 Jodts [ydn [y dn pt)p)Ot—6)0(0—t3)e T e T
= e A
min(ty .z, 23 ot _hth
. 671:72 Jo ) gy T Jodn [y dt pt)p(t)e
Dy [ t 4 2minGy.h)
= CXp|:——/ dn dt; p(t))p(tr)e = (e A — 1)
214 Jo 0
Dy (! ! _ ] _ntn
= exp|:——/ dty / dt, p(t))p(tz) (e W o—e w ) . (A4)
274 Jo 0
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In the third steps of Egs. (A3) and (A4), we have performed
the standard Gaussian integration. Substituting the results of
Egs. (A3) and (A4) in Eq. (A2), one can obtain

. _lIn-nl
DA [rdy fydnpie” A pn)

(eifé di P(h)ﬂA(h))n — e T
A )

(A5)

which is the characteristic functional of noise 14(¢) with the

_In-nl
autocorrelation function (9 (t;)na(t)) = %‘e Za

APPENDIX B: PROBABILITY DISTRIBUTION
FUNCTIONAL P[x]

For the reader’s convenience, here we briefly discuss
the path integration technique applied to our case. To start
with, we write down the probability distribution functional
of white noise nr(¢) in Eq. (1), which is given by P[nr] =

¢~ 7 ) \ith the help of Eq. (1), the functional can be
rewritten in terms of path x(¢), and it reads

L L) () L0 2
Po[x(2)] ~ e 1 Jo dnlEO+i(O)+ =128 —na ()] ) (BI)

Since x(z) and na(¢) follow different trajectories, one needs
to take into account the distribution for n4 as well. So the
probability distribution functional for the whole process is

P{lx(®), na(O]}
b Jy A EO+OF TS0 —ny (0= g [ din[Taia (4 )

~ ¢ 1
(B2)

where the exponent in the above equation corresponds to the
stochastic action. Now one can express the propagator as a
path integral of P[{x, n4}] with respect to x(¢) and n,(¢) [60],

J

and it reads

x(t)=x,, v(t)=v,

P(-xt’ Uy, t|x03 Vo, O) = / D-X]P)[x]’ (B3)

x(0)=x0, v(0)=vg

where

na(t)=nas

Px] Z/nAt/nAOP(nAO)/ Dy P{[x(), na(®)]},
4(0)=n40
n n, (B4)

with P(n40) being the initial distribution of n4(¢). Without
the noise 14 (), one can employ semiclassical approximations
for the path integration to get exact result [60,61]. How-
ever, a more convenient way to treat the problem where an
extra noise 74(¢) is involved is the phase-space path integra-
tion (PSPI) technique. Here one first finds the characteristic
functional of the white noise which can be computed as fol-
lows:

(ot peomr ey /Dnr oo dn s P
= /DUT eiﬁj;d“n%(“)eiﬂ;dﬁ pt)nz (t)

— e—DTfUtdflpz(tl)' (B5)

Now we can perform inverse Fourier transform of the above,
and it yields

Plnrl = /’Dpe_DTf(;dllpz(ll)_if(jd’l panr(t) (B6)

Substituting n7 by using Eq. (1), one can obtain Eq. (5b),
and finally, doing the ensemble average over all possible
paths of na(t), we arrive at Eq. (5c¢) which is equivalent
to Eq. (B4). So the propagator is P(x;, vy, t;x0, Vg, 0) =
A xg;:j;ig));?o DxP[x], as given by Eq. (6). The reader is
referred to Refs. [36,51] for detailed discussions on this topic.

APPENDIX C: PROBABILITY DISTRIBUTION FUNCTION (PDF), P(x;, v, t)

The details of the PDFs for two cases (free particle and harmonically confined particle) studied in Sec. III of this article are

given below.

1. Free particle, U(x) =0

In Sec. III A, the PDF has the form of Eq. (9) with X being the column matrix, and its transpose, X” = (x,, v;). The inverse

of matrix Cy is given by

f

where

-1 (O
C,' = C-

Cg)
C- ] (CD)

vV

t

c-! — L[yzDT(yzrj _ 1)2ezt(y+§) _ 2y3DArA(y2r§ _ l)eVHrA T yzDA(yzrj _ 1)()/TA + 1)6’271

ped CO
1
+ ¥ Da(yta — Dy} — 1)),
_ _ 1 2 2
Cnl=C,= C—O{y(yzrj — D)yt + DV Uyt — DDy + D) — Dal — yDr(y?z} — 1)
x 0T — 7/3DAT/§(V2@§ - 1)ew+é + VzDATA(szj — 1)yt + 1)€2yt+i — ¥’ Data

t

X (yzt/f — 1)ey’+u — yDA(yzrf —

1227750 4 yDa(y?t2 — 1) (yta + Dets ),
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_ 1 2 2
C, = C—{z(yzrj — D)yt + D" [(yta — D(Dr + Dy) — Dal +2Dr (232 — 1) (1 — 1)
0

x 2T 4 2y°Dati (vt — 1) (yta + et — 2y*Daty(v?ti — l)eyﬂrﬁ +Da(y?ti — 1)
< (yta+ et +Dalyta — D(y2t2 = 1)@V =2y ta(yta +2) + 2yt (yra + 1) — 31}
and
Co=—y((rea+ 12 (D3 (s — 1) — DrDa(yta — )(=2y T4 + 21 + 5) + D3
x {y[Byti —2t(yt +3)+2t] +4}) + (yra — 1)2e2’(y+é){DTDA(yrA + D[2ytalyta +3) — 2yt
x (yta+2)+ 7] = D72yt = 3)(yta + 1> + D3 [3ytalyta +2) — 2yt(yta + 1) + 4]} +2y°Data
X et(Hi)[DT (v?ti — 1)t + 31a) + 2Da(y?1it — 2t — 1)] — 2y Data(y’t® — D" [(yta — 1)
% (Dr +2Ds) + Dal — 2y Data(y?2 — 1) 0Dy (ya + 12 + 2y Doty + Dal — 2(y?72 — 1)
x YTyt — D(Dr + Da) — Dall(yta + D@Dr + Da) + Dl + y*Diti(ya — 1)
+ ¥’ Diti(yTa + 12 + 2y Diti (s — 1)),
2

2. In a harmonic potential, U (x) = %x

The distribution of velocity can be obtained after integrating the propagator given in Eq. (15) of Sec. III B over the initial and
final positions and initial velocity, as follows:

Py, t) = /dxr/dvo/dxoP(xz,vz,tlxo, vo, 0)Py(x0, o)

_ /dxt/dUO/de/dpt/dpoe—Drfgdrlpz(m(eifgdzl p(rl)nA(t1)>nA Po(x0, Vo)

= ¥ UPO=0pO)=ix [p0)= 5 PO+x PO KO (C2)

where Py(xo, vo) is the initial distribution of both position and velocity of the particle. Here we consider that the initial velocity
2
1
2nyDr

__% .
has the Boltzmann distribution, and the particle was initially at position xy = 0, i.e., Py(xo, vo) = 8(xp) e 2Pr . Taking

initial conditions into account, Eq. (C2) can be computed analytically, and it reads

N S
P(vtv t) = anz(t)g 207) s (C3)
v

—1(F+)

with

ye

204y —
oy () = 2I2(—yta +Tta — 2)(=yta + Tta + 2)[ta(y +T) — 2][za(y + 1) + 2]

I't
|:—32y I'Dytae”’ sinh <7>

2 2 / I't 2 (L3
X [y(yta +2) — T7tq] + 64yT“Dytpe”’ cosh > +2I°(—=yta + Tta + 2)[ta(y + ) —2]e " " 2
1
x ADr(—yta +Tta = Dltaly + ) +2] = 4Da} — (yta — Tta + Dltaly + ) + 21+
x (cosh(Tt){4yDaly 2 — y1a) + T?1al + (T — y)(¥ + DDy (—yta + T'ta + 2)[ta(y +T) — 21}
1,y
— 8yT'D, sinh(T'1)) + (y — D)(y + Dltaly + 1)+ 21(yta — Tta + 2)¢ % 2 [22(y — D)y + DDy
—4yta(Da + Dr) +8Ds + 4DT]i|7
where I' = /y (y — 4A). The distribution of displacement can be expressed as

P(x,t) = /dvt/dvo/dxop(xnvz,tlxo, vo, 0)Py(x0, Vo)

:/dvt/de/de/dpt/dpoe*Drfédllpz(tl)(eif;dflP(ll)ﬂA(t1)>nA Po(x0, Vo)

x e~ FLPO=00pO)=ix [p(0)= PO [p(0)= 4 HO) (C4)
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1 _ g
P(xz,t)=,/2naz(t)@ 250, (C5)

2y e V!
2y =)y + D)(yta —Tta = 2)(yta — Fta + D)[ta(y +T) = 2][ta(y + ) + 2]

and the integration over the variables leads to

with

ol(t) =

X <2F2e”(—yrA +Tta +2)[taly + 1) = 21[zi (T — y)(y + D)Dr — 4yta(Da + Dr) — 4(Ds + Dr)]

e\ 1,,_2
—16yIDati(y — I)(y + ') cosh <7>e5'(" W cosh(T#)(—yta + Tta — 2)[taly + T) + 2]
x {4yDalta(y* +T2) = 2y1+ (> + T)Dr(—yta + Tta + 2)[ta(y + ) — 2]} —2yT

{SDATA(V D)(y + T)(yta + 2)sinh < 5 )e2 =) sinh(T)[ta(y +T) +21(yta —Tta +2)
x [ti(y = T)(y + T)Dr — 4yta(Da + Dr) + 4(Dy +DT)]} —T =)y +D)(—yta+T1a—-2)
X [ta(y +T) 4+ 21{4Ds(yta — 2) + Dr(=yta + T1g + 2)[ta(y +T) — 2]}>-

APPENDIX D: COMPUTATION OF P(W)

To compute Eq. (20), one needs to find the characteristic function of work which is given by

C (@) = (7O

= /dxf/dxo/dvf/dUO/Dxe_i“W[x(’)]IP’[x(l)] P(xg, vo), (D)

where P (xg, vg) is initial probability distribution function of the particle. By aid of Egs. (5¢) and (18), one can write

Plx()] = /qu—i%%’—ix,(q: )+1CIO +lx0(q0—*) *DT fo dn q(t|)2< l'ﬁ; dn Q(IIMA(t')>nA(t|)

x oM Jo dtitig() e—ifot dn X(fl)[@—é(h )+rq(t )]. (D2)

Therefore, Eq. (D1) can be rewritten explicitly, using Eq. (D2), as
Cw(a) = /dx, /dxo / dv, / dvy / Dx / Dge 'y _ix’(q’_%)+iq°7n+ix°(q°_q7o)'P(xo, Vo)
—Dr [y dii q(t1)? (e i Jydn q(tl)m(n)> L € Jodnnign) piagute? =i [y dn x(o N — o, )Hhg()—aru] (D3)

One can perform the path integration over x(¢), which yields a § functional, viz.,

.ot G(ty) .
/ Dixe—t o dtn @O — g +ag()—aa) _ [‘I(yl) — () + Aq(t) — a M]

Further, the integration over v, and x, can be done easily, as follows: | dv,e_iq’% = 8(%), which implies ¢; = 0.

I dx,eiix’(q’f%) =65(q, — %), which leads to, g, = y ¢, = 0. Taking all these results into consideration, we obtain

q(t) = au — O; 50— ’l)smh|: t — tl)i| —aque 70~ ")cosh|: t — tl)]

1— 4%

where 6 =
%

= g.P(xo, vo) can be taken as an equilibrium, Boltzmannian distribution, viz.,

L2 1.2
e r¥o 1 e wr %,
T 2ynDr

044123-11

P(x0, vo) =




KOUSHIK GOSWAMI PHYSICAL REVIEW E 105, 044123 (2022)

Now one can easily perform the integration over xy and vy in Eq. (D3), and it reads

T Qo 772 DT
/dX()/dvoelquer(qO V)'P(xo, vo) = e~ 2, L (g0 ) qo

Therefore, Eq. (D3) can be recast as

T

Cw (@) = e Dr Jodtiah? (eif(; dt q(fl)ﬂA(t1)> eikt{fo dnngn) p—iay 2ur? e zx (%**)2 Dy qo (D4)

na(t)

The average over n4(f;) can be calculated using Eq. (4). Finally, by virtue of Eq. (D4) and Eq. (20), the distribution of work can

be expressed as
+ . _ v
POW) = / PR T Rk N S Sl (D5)
27 ) o 2m0d (1)

where the mean of the work is given by

_ A !
W)= Euzt2 —Au/ dt tl{u— 96’?(’ “)s1nh|: (t —tl)] ue 10 ’l)cosh|: (t —tl)j|}
0

1 1 1 1 1 3
—u*|t+———+(-——=)e Tcosh Y o1 +(— — = )e %sinh Y ot , (D6)
y A Aoy 2 o) Oy 2

and the variance of the work can be written as

2

‘ , 0 6
o2 (t) = 2DT/ d, {u _ ge_z(’_")sinh[%(t _ tl):l _ ue—¥<f—fl>cosh[”7(t _ tl)“
0

It I\
/ / dt, dt, {u — 56 —ien smh[—(l —tg):| —ue 70" ’2)cosh|:—(t —tz):|} T
U _vi_s) 2(t—1;) DT —r 14
X {u— —e~ 2¥7"Wsinh (t—tl) —ue 2V "Wcosh —(t—tl) u — ue  2'cosh| =0t
0 y 2
u _y y D y y u _y y U _y y
— —e¢ 2'sinh| Z6¢ + 2w —ue *cosh( L6t ) — e %'sinh( £6t | + — e *'sinh( 261
0 2 A 2 0 2 20 2
9 2
Y e %sinn( Lo
2 2
1 1 1 1 v 1 3 v
=202 |t +— — —+ (= — = e 2'cosh Yot + | — — — e~ ?'sinh Yor
y A Ay 2 or Oy 2

Dy u? vt
2=y (l +yta +Ayc])

_r 2\e
|:29 wyrty (1 +yma+Ayty) +

* 22T — 2l + 2yati + 1 Y262
e—yt(l+9) 2)\’2 A
2
+ —2(1 +yTa+ )\)/‘L'A)|:—‘EA +O0T L —Y)+ =B —0) —4drTy +yTa +6 — 1]
216 y y
e v11=0) 222 A
2
+ —2(1 +yta+ kytA)[—rA —0t42r —y)+ —B+60) —4rty +yT4 — 60 — 1]
216 y y
+ %AeJ i 7(9 0y’ —AyTy — AY°T, + 207y 1)) + A 7 (9 0y Ty + ATy + Ay, — 207y Ty)

LET) P & 1
L i m@ +yTa + Ay T [y Tahta — 2) + Ata(S — 2h14) + 2] — 42}

1
x [e=5r — ) 4 + Gt V2 2A—Ta(ATa +2) + ATat + 1] — 3} + y 22z — 3))
%

a=0.,;

1
x (1—yta+ryti) + X[e_Ty + e‘ﬂ’”](l +yta + Ay [yTa(hta — 2) + At + 2]

(I I
—nfe TR be T TR ]+ DlymaGaa — D+ 1. (D7)
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