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Heat fluctuations in a harmonic chain of active particles
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One of the major challenges in stochastic thermodynamics is to compute the distributions of stochastic
observables for small-scale systems for which fluctuations play a significant role. Hitherto much theoretical
and experimental research has focused on systems composed of passive Brownian particles. In this paper, we
study the heat fluctuations in a system of interacting active particles. Specifically we consider a one-dimensional
harmonic chain of N active Ornstein-Uhlenbeck particles, with the chain ends connected to heat baths of different
temperatures. We compute the moment-generating function for the heat flow in the steady state. We employ
our general framework to explicitly compute the moment-generating function for two example single-particle
systems. Further, we analytically obtain the scaled cumulants for the heat flow for the chain. Numerical Langevin
simulations confirm the long-time analytical expressions for first and second cumulants for the heat flow for a

two-particle chain.
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I. INTRODUCTION

Nonequilibrium systems are ubiquitous [1-4]. Examples
include molecular motors, engines, biomolecules, colloidal
particles, and chemical reactions. In stark contrast to equi-
librium counterparts [5], a general framework to understand
nonequilibrium systems is still missing. In the last couple of
decades, researchers have found general relations governing
systems arbitrarily far from equilibrium, such as the fluctua-
tion relations [1], notably including transient and steady-state
fluctuation theorems [6-9], the Jarzynski work-free energy
relation [10], the Crooks work-fluctuation theorem [11], and
the Hatano-Sasa relation [12]. Recently, the thermodynamic
uncertainty relation was established [13], essentially bound-
ing the precision of arbitrary currents by the average entropy
production. This points to promising applications to infer dis-
sipation by measuring arbitrary currents [14—18].

Although these relations are independent of specific system
details, fluctuations of observables (heat, work, entropy pro-
duction, particle current, efficiency, etc.) remain dependent on
the choice of the system. The probability distribution P(A, t)
of an observable A4 at time 7 in a system of interest carries
full information about the fluctuations of A. In the long-time
limit, P(A, 1) is expected to have a large-deviation form [19],
P(A, 1) < e™A/)) where the symbol = implies logarithmic
equality and the large-deviation function is

Z(a) = lim %lnP(A =ar, 1), (D

for A scaling linearly with the observation time t [19]. Un-
fortunately, exact calculation of the large-deviation function
is known only for a few systems (see some examples in
Refs. [20-27]).
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Another class of nonequilibrium systems, active matter
[28-37], has attracted significant attention in recent years.
The individual components of active matter independently
consume energy from an internal source (in addition to the
surrounding environment) and perform directed motion [38],
thereby breaking time-reversal symmetry. Systems exhibit-
ing active behavior include fish schools [39], flocking birds
[40,41] and rods [42], light-activated colloids [43], bacte-
ria [44,45], synthetic microswimmers [46—48], and motile
cells [49]. Several interesting observations have been made
in different settings, for example, clustering [50,51], absence
of a well-defined mechanical pressure [52], motility-induced
phase separation [53], and jamming [54]. Research has fo-
cused on numerous quantitative features of active systems,
e.g., transport properties in exclusion processes [55-58], posi-
tion distributions with [59,60] and without resetting [61-63],
survival probability [64], mean squared displacement and
position correlation functions [65], spatiotemporal velocity
correlation functions [66], arcsine laws [67], and the perimeter
of the convex hull [68].

Three predominant types of modeling are used to describe
the motion of an individual active particle: (1) an active Brow-
nian particle (ABP) [69], (2) a run-and-tumble particle (RTP)
[69], and (3) an active Ornstein-Uhlenbeck particle (AOUP)
[70]. Recently, inspired by two bacterial species (Myxococcus
xanthus and Pseudomonas putida), Santra et al. introduced a
new scheme, a direction-reversing active Brownian particle
(DRABP), to model bacterial motion [71]. These different
models differ in how they model self-propulsion. In this paper
we study the simplest model, an AOUP, which nevertheless
introduces several rich behaviors such as motility-induced
phase separation [53], glassy dynamics [72], accumulation at
walls [73], and has recently been used to understand distance
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from equilibrium [74-76] and time-reversal symmetry break-
ing [70] of active-matter systems.

A central concern in nonequilibrium physics is heat con-
duction through a system of interest, connected to two heat
baths at different temperatures. According to Fourier’s law,
the local current is proportional to the local temperature gra-
dient. Much research has studied the microscopic details of
this picture in, for example, harmonic chains [77,78] and lat-
tices [79-82], anharmonic chains [83,84] and lattices [82,85],
disordered harmonic chains [86], a harmonic chain with
alternating masses [87], elastically colliding unequal-mass
particles [88], a free Brownian particle [90], and Brownian
oscillators [89,91]. We are unaware of any study of heat con-
duction in a system of interacting active particles.

In this paper, we quantify the effect of activity on heat-
transport properties (both average and fluctuations of heat
flow) in a one-dimensional chain of N AOUPs connected by
harmonic springs. In the steady state, we compute the long-
time limit of the moment-generating function for heat flow
using the formalism developed in Ref. [77]. We use our frame-
work to show explicit derivations for the moment-generating
functions in the long-time limit for two different one-particle
systems [89,92]. We write analytical expressions for the first
two cumulants of the heat flow (higher cumulants can be
computed similarly). For a two-AOUP chain, we also compare
the long-time analytical results with numerical simulations
performed using Langevin dynamics.

The paper is organized as follows. In Sec. II, we present
the model and discuss the steady-state joint distribution. In
Sec. III, we formally derive the distribution of heat flow in
the long-time limit. In Sec. IV, we compute the characteristic
function for heat flow in the long-time limit in the steady state.
We apply our formalism to two different examples in Sec. V.
Using the characteristic function, we analytically compute
cumulants for heat flow in Sec. VI and compare the analytical
results for a chain of two particles with numerical simulations.
Finally, we conclude in Sec. VIIL.

II. SETUP

Consider a harmonic chain composed of N active Ornstein-
Uhlenbeck particles (AOUPs) in one dimension. Each particle
is connected to its nearest neighbors with harmonic springs.
Let k; be the stiffness constant of a spring connecting particles
i and i + 1. The left- and right-end particles, particles 1 and
N, are connected to fixed locations with harmonic springs of
stiffness kp, = ko and kg = ky, respectively. Particles 1 and N
are, respectively, coupled with friction coefficients y1, and yr
to baths of temperature 7;, and 7g. Figure 1 shows a schematic
of the system.

The underdamped dynamics of this coupled system obey,
in matrix form,

X(t)=V@), (2a)
MV(t) = —®X —TV(t)+ F(t) + B@t), (2b)
Fit)=—-R'Ft)+ Z@), (2¢)

where the dot indicates a time derivative. In Egs. (2a)
and (2b), X = (x1, %2, ..., x5), V = (vy, v, ..., 0y) ", and
M = diag(m;, my, ..., my), where x;, v;, and m;, respec-

mp Mo
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N
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FIG. 1. Schematic for one-dimensional harmonic chain of active
Ornstein-Uhlenbeck particles coupled to two heat baths. m; is the
mass of the ith particle, k; is the spring constant, and 7; g and y; g,
respectively, are temperatures of and friction coefficients coupling to
the left (L) and right (R) heat baths.

tively, are the position, velocity, and mass of the ith
particle. The left and right ends of the chain are con-
nected to heat baths (see Fig. 1), so the noise vec-
tor is B=38; . +8nnr = (L,0,...,0,nr)", and the
friction matrix is I' =§; ;j(8;1yL + din¥r), Where npr(?)
are Gaussian thermal white noises with mean zero and
correlations (nL(£)nL(t")) = 2.TL8(t — 1), (mr()NR(t)) =
2yrTR8(t —1t'), and (nL(¢)nr(t’)) = 0. For convenience,
throughout the paper we set Boltzmann’s constant to one.
The nearest-neighbor coupling is reflected in the tridi-
agonal symmetric force matrix ® with elements ®;; =
(ki—l + ki)Si,j - k,-_18,-,j+1 - kiB,;j_l. The chain particles are
driven by force vector F=(f, f2, ..., fN)T, with each active
force f; dynamically evolving according to the Ornstein-
Uhlenbeck (OU) equation in Eq. (2¢), with active-noise vector
Z)=01, 8, .0, CN)T, where each component ¢;(¢) is again
a Gaussian white noise with mean zero and correlations
(Ci()¢j(t")) = 2D8; ;6(t —t'). The active and thermal noises
are uncorrelated to each other, i.e., (;(t)¢;(t')) =0 for all
t,t'. In Eq. (2c), R=diag(t}, 13, ..., ty) is a diagonal matrix
whose (i, i)-th element corresponds to the active relaxation
time for the ith active force. The superscript “a” indicates
active.

In the long-time stationary state, the mean of each active
force f; is zero, with correlation

(i) f;(t)) = Ditlexp {—|t — 1| /2}}8;.;. 3

Notice that in the limit £ — 0 and D? — oo such that (£*)>D?
approaches a finite constant 2.4;, this active force is delta
correlated in time: (fi(¢)f;(t")) = 2.4;6; ;6(t —1t').

From Egs. (2a)-(2c), the dynamical state vector
U=(X,V,F)" of the full system is linear with Gaussian
white noises. Therefore, at a long time, the distribution of
U reaches a stationary state (SS) Gaussian distribution (see
Appendix B):

1
Pss(U) = ———exp [——UTE_'U}, 4)
(27 )3V det[X] 2
for correlation matrix
1 [t Y Digq!
( ) ) o |:]2_1: w? + (;;})—2
+ Nl + yRTReNe;], Q)
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in which vectors g; and £}, respectively, are

q] =(G1j,Gyj..... Gy j, iw,Gy . (62)
ia)nGz,j,.. .,SN,_]‘) fij=1,...,N,

e;r = (G1,j, G2, ..., Gyn,j, iw, Gy,

., iw,Gy,j,0,0,...,0) forj=1,N. (6b)
N

.y ia),,GN,j, 51__,‘, ..

ia)nquj, ..

Notice that the symbol  refers to the combination of trans-
pose and w — —w operations on a matrix. In both vectors (6a)
and (6b), the first N components, middle N components, and
final N components, respectively, correspond to positions x,
velocities v, and active forces f. G; j(w) is the (i, j)-th matrix
element of the symmetric Green’s function matrix

G(w) =[® — o*M + iwl'". (7)

In this paper, we are interested in the fluctuations of heat
flow from the left heat bath to the system [93] in a given time
7 in the steady state Pss(Up) [see Eq. (4)]:

o = fo dt [ (0) — oo o). ®)

In Sec. IV we will show that the fluctuations of heat flow from
the right heat bath can be computed using that of the left heat
bath by applying suitable transformations.

Note that the above integral (8) has to be interpreted with
the Stratonovich rule [94]. Qr is not linear in the Gaussian
state vector U, so we expect that its probability distribution
P(Qv, 7) is not generally Gaussian.

In the following, we give a formal derivation of P(Qy, 7)
using the Fokker-Planck equation.

III. FORMAL SOLUTION OF THE FOKKER-PLANCK
EQUATION TO DERIVE P(Q,,, )

To obtain the distribution of Qy, it is convenient to first
compute the conditional characteristic function [also known
as the conditional moment-generating function (CMGF)]:

+00

Z (%, U,r|U0)E/ dQue™ % p(0L, U, t|lp),  (9)

—00
where p(QL, U, t|Uy) is the conditional joint distribution. We
write the right-hand side (RHS) as

Z(\ U, T|Up) = (e *28[U — U (1)), (10)

where the angular brackets indicate averaging over all trajec-
tories emanating from a fixed initial state vector Uy. Note that
setting the conjugate variable A to zero in either Eq. (9) or (10)
gives the distribution P(U, t|Uj) of state vector U at time T
starting from a fixed initial vector Uy. Z(A, U, t|Uj) obeys the
Fokker-Planck equation [2]:

0Z(A, U, t|Uy)
ot
where L, is the Fokker-Planck operator [see Eq. (A3)] [2].
Since this differential equation is linear, the formal solution

can be written as a linear combination of left and right eigen-
functions. In the long-time limit, the solution is dominated by

=L, Z(A, U, t|Up), an

the term corresponding to the largest eigenvalue p(1) of £;,
giving
Z( U, 7|Up) ~ ey (U, VWU, 1), (12)

where W(U, 1) is the corresponding right eigenfunction
such that £,V (U, L) = u(AM)W(U, A), and x(Uy, 1) is the
projection of the initial state U, onto the left eigen-
vector corresponding to w(A). Further note that the left
and right eigenfunctions satisfy the normalization condition
J[dU x (U, YU, r)=1.

Integrating the CMGF over both the steady-state distribu-
tion Pss(U)y) of the initial state vector U (4) and the final state
vector U gives the characteristic function (moment-generating
function):

Z(h, 1)~ g(h)e™™, (13)
for prefactor

g(k)E/dUo / dU Pss(Uo)x (Uo, VWU, 1) (14)

Inverting Z (X, 7) using the inverse Fourier transform gives the
distribution function:

+i
P LI
Q1) =~— e Z(, T)

Tl ico
1 +ioco
A — dg()e TR (15)
2mi —ioo

where Q = Q1 /7 is the time-averaged heat rate entering the
system from the chain’s left end. The integral is performed
along the vertical contour passing through the origin of the
complex-A plane.

When both g(A) and w(A) are analytic functions of X, the
integral (15) can be approximated (in the large-t limit) using
the saddle-point method [19], giving the large-deviation form
of the distribution

P(QL = Ot, 1) < 19, (16)

where Z(Q) = u(A*) + QL™ is the large-deviation function
[19], and 1* is the saddle point, a solution of

ou(r)

=-0. a7
A fiwe)

However, when g(}) has singularities in the region A €
[0, A*], special care is needed [89,92,95].

Computation of w(A) and g(A) using the Fokker-Planck
equation is rather difficult. In Sec. IV, we compute the charac-
teristic function Z(X, t) using a method developed in [77] and
previously used to compute distributions of quantities such
as partial and apparent entropy productions [96-98], work
fluctuations [92,95], heat transport in lattices [79], and heat
and work fluctuations for a Brownian oscillator [89].

IV. COMPUTING THE CHARACTERISTIC
FUNCTION Z(A, 7)

In this section, we derive the largest eigenvalue ©(1) and
the prefactor g(A) appearing in the characteristic function
Z(1, 7) [see Eq. (13)] for heat Qp flowing through the left
end of the N-particle system in the steady state.
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We first introduce the finite-time Fourier transform and its
inverse [77],

Alwy) = %/ dt A@t) e~ (18a)
0
+0o0

At) = Z Aw,) e, (18b)

where w,=2mn/t for integer n.

We replace nr.(¢) and vy (¢) in the RHS of Eq. (8) with their
finite-time inverse Fourier transform representations (18b),
and then integrate over time, obtaining the Fourier decompo-
sition for the left heat flow:

+00
Q=3 Y @)=, + i(—w)bi @)

= 2yL01 (@)1 (—@n)]. 19)

We substitute the above expression of Oy in the conditional
characteristic function, Z(A, U, t|Uy), given in Eq. (10), and
compute the average (see Appendix C for detailed calcula-
tions), which eventually leads to (in the long-time limit)

eru(x)eféUTLer—%UoTLzUo
VN detH(A)

+00
M(A)E—i / do In[det(AR)], (20b)
47 J_oo

Z(\, U, t|Up) ~

(20a)

Lia)=H '+ H'H],
Ly(») = —H'H,.

(20c)
(20d)

Here p(A) is the largest eigenvalue of the Fokker-
Planck operator £, (12), where in the integrand A =
% diag(D{, D3, ..., Dy, v.Ti, yrTr) is the noise correlation
matrix appearing in the noise distributions in Egs. (Cl15a)
and (C15b), and Q = A~ 4+ AtC [see Eq. (C6a) for C].! The
matrices H; (1), H>(1), and H3(A), respectively, are defined in
Egs. (C20a), (C20b), and (C20c).

Computation of the determinant in the integrand on the
RHS of Eq. (20b) for arbitrary N appears to us a difficult task.
Nonetheless, for N = 1 and 2 (for k = k; = ki, = kr) one can
show that

+00

1
A)=—— d
w(A) e 8 ®

x In |:1 +40(AB — V* R TLTR |G v |

N

Di|G o
—A+ TN Y s |
1+ (orf)

(2D
for AB=T;"'—T;"'. Further, Fig. 2 shows the indistin-
guishability of (21) and (20b) for N = 5 and 10. Thus, we
hypothesize that (21) is valid for any N.

"Here we converted the summation in the first term of Eq. (C17)
into an integral (20b) and thus dropped the subscript n from the
matrix C, given in (C6a).

0. 0
= N=5 2-02 N=10
< -0.04 =
a —0.4
-0.08 @ (b)
-0.6 -0.3 0. ~0.6 -0.3 0.
A b

FIG. 2. Largest eigenvalue w(A) as a function of A for N =5
(a) and N = 10 (b). Circles: numerical computation of (20b). Solid
red curve shows Eq. (21). In both plots, . = 0.58, yr = 0.75, T =
1.58, Tr =0.11145. (@) kL =0.1, k; =0.25, k, = 0.2, k5 =
0.3, ks =04, kg =0.5, m; =0.5, my;=0.27, m3=0.19, my=1.48,
ms = 1.5, D{=0.154, D;=0.1254, D5=0.147, D{=0.3259, Di=
0.6548, t}=1.154, 15 =2.2254, 1§ =1.147, t} = 0.39, 12 = 3.148.
(b) mg =0.1¢, t} =0.3¢, D} =0.5¢, k, = 0.05(€ + 1), k, = 0.05,
and kg = 0.55.

When the particles composing the chain have no activity
(D% — 0), we recover the same (4(A) shown in Ref. [77] for a
harmonic chain of passive particles. Further, in the limit 7} —
0 and D3 — oo such that (12)*D? — 2.A,, the OU force f; is
delta correlated in time, and Eq. (21) becomes

1 +00
wd) = ——/ dw
4 J_oo

x In |:1 +40(AB — VR TLTR |G N |

N
—8(1 + T’ ZAAGMP}, (22)

(=1

where the third term can be understood as the contribution
coming from the Gaussian white noise with variance 2.4,
acting on the £th particle in the chain. In what follows, unless
specified, we maintain the general case where #} is positive
and D7 is finite.

When the variable A conjugate to the heat Q is set to zero
inZ(A, U, t|Up) in Eq. (20a), both (1) and H, (1) vanish [see
Egs. (20b) and (C20b)]. This gives the distribution for U at
time T starting from Uy, which in the large-t limit approaches
the (unique) steady state,

1 —1
e~ 2UTHH(OU

Vv (2m)3N det H,(0)

H;(0) can be obtained from Eq. (C20a) and shown equal to
M, thereby recovering Eq. (4).

Finally, we obtain the characteristic function Z(A, 1) =
(e~*P1) by integrating Z(A, U, t|Up) [see Eq. (20a)] over the
steady-state distribution Pss(Uy) [see Eq. (23)] of the initial
state vector Uy and the final state vector U, thereby identifying
the prefactor

Pss(U) = Z(O, U, T— OO|U()) =

. (23)

g(A) = (det[H; (ML (M)] det[I + Hi (0)L,(M)D™2, (24)

where [/ is the identity matrix.
In this section, we calculated the characteristic function for
the left heat flow Q. (t) [Eq. (8)]. The characteristic function
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for the heat flow
Or(r) = / d r() — yeox Oy @), (25)
0

from the right heat bath can be simply obtained from the
characteristic function Z(A, t) for the left heat flow. This can
be done by making the transformations: yg <— y, Tr <—
11, and relabelling the mass of particles, spring constants,
strength of the active forces, and active-forces relaxation time,
respectively, as

(my, my, ...,my) —> (my,my_1,...,mp), (26a)
ki, ki, ... ky—1, kr) — (kr, kn—1, ..., k1, k), (26b)
(D}, D3, ....Dy) — (Dy.Dy_y.....D}),  (26c)
(5, ty) — (e thy. 1)), (26d)

In this way, Qp exactly maps onto Qr. Applying these
transformations to Z(A, t) gives the characteristic function
Zr (A, T) & gr(M)e™r®) for the heat flow from the right heat
bath (designated by the subscript “R” ), ultimately giving

1 +00
uRr(X) = ——/ dw
4 J_ o

x In |:1 — 4M(AB 4+ VN’V RTLTR |G

N

D3|Gy ¢ |?
— 1+ Ty Y ———— . 27)
o 1+ (0r?)

V. EXAMPLES

So far, we have described how to compute the characteristic
function Z(A, T) &~ g(A)e™® for our N-particle system. As
discussed above, its inversion (15) gives the full probability
distribution P(Qy, 7) of heat fluctuations. In this section, we
consider two simple illustrative examples demonstrating our
method to exactly compute both () and g() at steady state.

A. Heat fluctuation for a harmonic oscillator

First, we specialize our general model to a single particle
without OU driving force (i.e., a passive particle). This recov-
ers the model previously used in Ref. [89] to study the heat
and work fluctuations for a Brownian oscillator. This particle
evolves according to [89]

x(r) = v(),
mu(t) = kx(t) — (yL + yr)v(1) + 1) + nr (1),

for particle position x, velocity v, mass m, and trap stiffness k.

In this case, we aim to compute the characteristic function
Z(x, T) ~ g(A)e™™ for heat flow Q into the system from the
left heat bath (8). Let us first compute ©(A) [see the general
expression (20b) for N particles] in which Q@ = A~! + AzC.
Here the noise correlation matrix governing the noise distri-
butions ((C15a), (C15b)) is A = %diag(yLTL, yrTr). Upon
identifying ® = k, M = m,and I" = y1 + yr (see Sec. II), the
Green’s function (7) becomes

G = [k — mo® + io(yL + )17 (29)

(28a)
(28b)

In this case, the matrix C appearing in the Fourier decompo-
sition of the heat flow Q. [see Eq. (C5)] can be deduced from
(C6a) for the special case of N = 1:

2R@?|GP?
C = |io(G— G*) — 2y.0?|G|?
i0nG — 2yL0?|G|?

—iwG* = 2. 0?|G|* |.
—2p.0*|GP
(30)

where |G|?> = GG*, and the first diagonal element of the ma-
trix is rewritten using a relation derived from Eq. (29),

G — G* = =2iw(y + w)|GI%. €29)

Thus, (1) given in Eq. (20b) becomes

1 +00
nr) = ——/ dow
47 J_oo

x In[1 + 40?|G* Yy TLTRM(AB — V)] (32a)

=VL+VR
2m

[1—v(M)], (32b)

where again A = TR_l — TL_I, and

YLVYR
M= [1441R
V) \/+ 0L+ )

TLTrMAB —1).  (33)

To compute the prefactor g(A), we compute the three matrices
Hi (L), Hy(L), and H3()) appearing in Eq. (C22) in exponents
of the CMGEF, Z(), t, U|Uy). With the identification of

K=, )", (34a)
K} = (€, 63), (34b)
0 =0, (34c)
al = [(1 +2ipLwG")R, 2iy.0G*R], (34d)
ar = [(1 = 2iyLwG)RT, —2iy . wGRTT,  (34e)
R = Gk, —imw)", (34f)
H; (1) given in Eq. (C20a) becomes
H () = i /_:O do 22~ Qzet_msj” + ool (350)
nwh +wIr [T
= — /;OO dow

X GI? 1 iw
1 4+ 402 |GRPY R TLTRMAB — M)\~ w? )
(35b)

In Eq. (35a), ©;; is the (i, j)-th matrix element of €2. The
second line is obtained using the relations 2, — 2,1 — Q2 +
Q=3 + rTrR)™'] and detQ = v R
4y RTL TR @0*|GI*A(AB — A)]. The integrals of the off-
diagonal elements vanish because the integrands are odd.
Integrating the diagonal elements gives

M(k 0 )

) = v\ 0 m!

(36)
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Similarly, H,(A) [see Eq. (C20b)] becomes

A [T (1 + 2ip oG + 2i0G R TR + AVLTL) [ k ikw
H,(A) = lim — dwe . 2 (37a)
e—~0m J_o 1 + 40?|GI2yLyRTLTRAM(AB — 1) —iom  mw
T — Son + 1) —1
_inl 5L+ vR)v(R) ](1 0 37b)
(L + yr)v(A) 0 1
and H3 (1) [see Eq. (C20a)] becomes
Ao [T RRY 1
Hi;(A) = — d A’ — 21 0*|GP(AB — A 2y det[Q 38
00 =5 [ do s 10 (5o - 200G - ) + 2 det@) (38a)
A aTh) [+ G| 2 :
7 o 1 4+ 40?|G2Py RILTRAMAB — ) \ —iwmk  m*w
A T
_Mntain L)(k 0>. (350)
(L +yRv()\0  m

One can check that these matrices satisfy the condition
Hy(A) =[I + Hy(AM]H, 1()\)HZT (%), ensuring the factoriza-
tion of the CMGF into the product of factors that respectively
capture the entire dependence on Uy and U [see Eqs. (12) and
(20a)]. Substituting H;(A) and H,(A) in L (1) and L, ()) given
in Eq. (20d) and Eq. (24) gives

4v(1)

A) = .
SN = 0P — o oL ) P

(39)

Finally, we write the characteristic function Z(A, 7) &
g(M)e™® [see Eq. (13)] using Eqgs. (32b) and (39). Using
the inverse transform (15), one can find the distribution of
P(Q., 1) as discussed in Ref. [89].

B. Work fluctuations for a Brownian particle driven by a
correlated external random force

Here we specialize our general modelto N = 1,7, = Tg =
T, and k; = 0. The equations of motion for the particle read
[92]

1 1 1
v(t) = ——v(0) + —f@) + —n(), (40a)
t, m m

. 1
f(t)=—[—af(t)+§(t), (40b)

where 1, = m/y is the characteristic relaxation timescale of
a particle’s velocity, n(¢t) is Gaussian thermal white noise
of mean zero and correlation (n(¢)n(t')) =2y T8(t —t'), and
f(t) is again an active OU force with mean zero and corre-
lation (f(t)f(t")) = D*t*e 1="1/"" (see Sec. II). We use our
extended framework to obtain the characteristic function for
work done on the Brownian particle and show its consistency
with previous calculations on this model by Pal and Sabha-
pandit [92].

The work due to external forcing is [93] (using the
Stratonovich rule [94])

W= f "t FO). @1)
0

Multiplying Eq. (40a) by v and integrating from O to t, the
first law of thermodynamics reads

T2 =) = fo d f()() + /O di [n(t) = yv(©)lu(@),

(42a)

AU =W+ Q, (42b)
where the left-hand side and the second term on the RHS,
respectively, are the change in the internal energy and the heat
flow from the bath to the system. Following Ref. [92], we
define dimensionless work W = BW, where 8 = T~! is the
inverse temperature: the work is measured in units of thermal
energy kg7 (Boltzmann’s constant kg is one).

With a suitable mapping, we compute the distribution of
the dimensionless work WW. The CMGF [see Eq. (10)] for W
can be written as

Zwn, U, t|Uy) = <e*W5[U - U(r)]> (43a)

Uy

= e—ﬂmk(vz_vg)/2<e)‘ﬁQ8[U - U(T)]>
Uo

(43b)
= e PR Z(—BA, U, TiUp) (43c)
oTH(=B1) g= P52 (W —])

= V@2m)? det Hi(—B1)

(43d)

x ¢~ 1V LB =3 U La(=B1)y

The second line follows from the first law of thermody-
namics (42b). Further, we write the boundary contributions in
the exponent in Eq. (43d) in the matrix form:

_pma

1 1
3 (v2 — v%):EUTLO(—ﬂA)U - EUOTLO(—,%)UO,

(44)

where [L()(—,B)x)]iyj = —ﬂmk&-,]&j,l, for 1 < i,j < 2.
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Substituting this in Eq. (43d) yields

eTI(=BN) o= 3UTLa(=BAIU o= LU La(=B2)Uo
Zyw(, U, t|Up) ~

V@r)2det Hi(—B1)
(45)

where we have identified the modified exponents relating the
exponents obtained from the CMGF of the (dimensionless)
heat dissipated (—BQ) to the bath from the system, to that
of the work on the particle by the external force: L3(—BA) =
Li(=B2) — Lo(=pA) and Ly(=B1) = Lr(=pAr) + Lo(—pAr).
We emphasize that the matrix H;(—pB\) corresponding to the
work W remains the same as that of the heat dissipated to the
bath —80.

Integrating over the final state vector U and the initial state
vector Uy with respect to the initial steady-state distribution
Pss(Up), gives the characteristic function (see Sec. III),

Substituting A and 2 in w(X) in Eq. (20b) and making the
transformation A — —BA gives

) 1 [t do In [1 N 40(1 — 1) ]
= —— [0}
Hw 4 J_o (Szt)%aﬂ + 1)(t§a)2 + 1)
(48a)
1 _
= Z[l — ()], (48b)
for
) 1
p(h) = g[\/l + 824 28v(2) — 1], (49a)
v(d) = /14 40A(1 — 1). (49b)

Following [92], we introduced two dimensionless param-
eters, the relative strength & = (t*)2D*/(yT) of the external
force with respect to thermal fluctuations, and the ratio § =
t*/t, of the relaxation time of the external forcing and the
relaxation time ¢, of the particle’s velocity.

To compute gyy(A), we first compute matrices Hj(A),

Zw(h, ) & g(W)e v, (46a)  H,(A), and Hs()\) appearing in exponents of the CMGF
(A = u(—Br), (46b) Z(x, T, U|Up) in Eq. (C22), and then make the transformation
_ip A — —pBA [see Eq. (46¢)]. In order to proceed further, we
gw(r) = (det[H(=B1)L3(—=B1)]) identify the following vectors which are helpful in computa-
x (det[ + H;(0)Ls(—BM)])~V2.  (46¢) tion of these matrices:
Ki = [0+ 1/t)"'q], /17, (50a)
Let us now compute wyy(X) and gyy(A). In this exam- K= 1(—i 1y L g* . o* 50b
ple, there is no harmonic confinement (k = 0), so ® =0, > = W=io+ 1/ g1, 4, (50b)
I'=y, and M = m (see Sec. II). Thus, the Green’s func- ET = (iwG, 0), (50¢)
tion (7) becomes G = [iwy — mw?*]~'. The diagonal matrix 2GR
A in the noise distributions in Egs. (C15a) and (C15b) is alT = T o1 1+ 2iya)G*)R], (50d)
A = 2 diag(D*, D). [~ 1+ (or?)
In the integrand of (i) defined in Eq. (20b), Q2 = A+ [ -G T
o . . R =| —iomG, ———— | , (50e)
AtC, where the Hermitian matrix C can be obtained from 1 + (jwt?)™!
Eq. (C6a) for one particle: _
—2yGR' . .
ay = | —————, (1 =2iywG)R'" |, (501)
5 | 1 4 (iwt?)~
—2yG] G* o
1+ (w22)2 1+ (iwt?)! q; = (inG, 1). (50g)
C= : “7) Therefore, the matrices H; (1), H,()\), H3(A), respectively
_—G 0 given in Egs. (C20a), (C20b), and (C20c), can be simplified
—1 + (ia)ta)_' as
J
+0o0 d Q * T Qi 0F T Q *ET
HiG) = i/ w 2did; __ Sabig, el — Vi
21 J_oo det[Q] | @? +1/(*)?  iw+1/12 —iw + 1/t
(51a)
AT [T dwe ™ [2iywG*QmRq] 2yG*QuRe] (1 +2iwyGH)Q0iRq
Hy() — lim _rf we iyw nRq, 2y L a1+ z.a))/ )221Rq, + (14 2iyeGHn R |,
e—02m J_o det[Q] @? + 1/(12)? —1 + (iwt?)~! iw+1/12

4y’|G)?

2yG*(1 — 2iwy G)

(51b)

2yG(1 + 2iwy G*)

+o0
Ham=i/ de [

o o det[Q]] 1+ (w22) 2%

—1 + (iwt*)~!

12 Qo1 + Q1 + 2y det[Q]]RRT.

1 + (iwr?)—!
(51c¢)
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1.00¢

-05 00 05 1.0 15
A

FIG. 3. Numerical comparison of gy, (%) (circles) given in
Eq. (46¢) and the prefactor (solid curve) in Eq. (31) from Ref. [92].
The parameters for the plot are t, = 1.548, § =0.1457, § =
0.3484, m = 0.14744, T = 0.78, and € = 10~ in Eq. (51b).

Using the above integrals (51a)—(51c), we verify the con-
dition Hs3(A) = [I + H»(\)]1H; ' (M)H," (1) which ensures the
factorization of the CMGF in terms of left and right eigen-
functions (see Appendix C). We substitute H; (1) and H, (),
respectively, given in Egs. (51a) and (51b), in gy (1) shown

(a)
0.08f
0.04}
< 0
~0.04}
-0.08}. , ,
0 0.25 0.5

0 0.25 0.5
Ti-Tq

in (46¢), and numerically compute the latter for a given pa-
rameters for comparison with the prefactor shown in Eq. (31)
of Ref. [92]. Figure 3 shows that there is excellent agreement.

Thus, we write the characteristic function Zyy (A, T) [see
Eq. (46a)] using puyy(A) and gyy(A) given in Egs. (48b) and
(46¢), respectively. One can invert the former using the inverse
Fourier transform defined in Eq. (15) and obtain P(W, ) as
discussed in Ref. [92].

Therefore, in this section, using two different examples, we
have shown how our general framework can be employed to
exactly calculate CMGFs for non-Gaussian observables in the
long-time limit.

VI. CUMULANTS OF HEAT FLOW

In Sec. IV, we computed the characteristic function Z(X, t)
for the heat entering the left end of the harmonic chain of
N AOUPs in the steady state. For a given number N of
particles, one can, in principle, compute both @(X) and g(A)
as discussed in Sec. V, and invert Z(A, 7) ~ g(1)e™*™ using
the inverse Fourier transform (15) to give the full distribution
for Qp. Since Z(A, t) is the moment-generating function,
its logarithm gives the cumulant-generating function. In the

00 s 05 075 L
DY
(d)
0.12
Ti1—Tg=0.2
S 0.08
(3
T -
%
= 0.04

0 025 05 075
Df

—

FIG. 4. Cumulants of the left heat flow in the two-AOUP chain. (a) Analytical calculation [Eq. (55), solid curve] and numerical simulation
(squares and circles, respectively, at T = 30 and v = 300) of heat current for activities D{ = 0.5 and Dj = 0.75. (b) Analytical calculation
[Eq. (56), solid curve] and numerical simulation (squares and circles, respectively, at T = 30 and = 300) of scaled heat variance for D} = 0.5
and D3 = 0.75. (c, d) Analytical results given in Egs. (55) and (56), respectively, as functions of activity D, for Ty, — T = 0.2 and Dj = 0.75,
2.25, and 4.5 (curve color intensity increases with D3). In all plots, 1, = 0.7, yr = 0.8, Ty = 0.1, ¢} =} = 0.15, m; =0.1, m, = 0.15,
k. = 0.75, k; = 0.85, kg = 0.7. Numerical simulations are performed for df = 10~ and averaged over 10* realizations.
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long-time limit,
1 1 30 1
—InZA, 1) = —In{e”"") = u(X) + —Ing(r). (52)
T T T

If g(1) is an analytic function of A, differentiating on both
sides and setting A to zero gives the first scaled cumulant
(mean) of the heat flow (i.e., the left heat current)

o) _ (o)

2=0 T

=JL. (53)

oA

Similarly, differentiating twice and setting A = 0 gives

Higher-order cumulants can be obtained similarly. Notice that
in the long-time limit, the contributions from g(A) are lower
order in T and so vanish in both Egs. (53) and (54). This is

even true if g(A) has singularities. For example, consider a
go(X)
ni(ki - )L)ai
lytic function of A and the singularities are on the right-side of
the origin: A; > 0. (Here «; need not be integers.) Substituting
in Eq. (52), in the long-time limit there is no contribution
from g(A) in Egs. (53) and (54) (and similarly for higher

cumulants).
Therefore, substituting w(X) [given in Eq. (21)] in Egs. (53)

case in which g(1) = , Where go(A) is an ana-

2
0 (j) = l((QL)Z _ <Qi>)~ (54) and (54), the first two cumulants can be obtained in the inte-
0 oo T gral form:
|
T — T [+ 1o o DiGr el
J=—"X / dw 4y yra?|Gy nI* — —/ dwdy, Y  ——, (55)
4 o 4 J_o =1+ (wtf)

1 1 +o00
;[(Qi)— (0)]=— f de4VLVR(TL — T |Gl =4 )

4

oo

+ SR TLTR® |GrvI” + 8T Y

N
DGy I? }2

o ()
N

DGy ¢)?
zl 1,15| :| (56)

o ()

where the first integral in Eq. (55) corresponds to the heat current observed in Ref. [79] for a harmonic chain when the particles
have no activity. Similarly, the limit Dj — 0 yields the second cumulant as shown in Ref. [79]. An alternative derivation for
first and second cumulants shown in Appendix D gives the same cumulants as in Egs. (55) and (56). Similarly we use the scaled
cumulant-generating function ug(A) (27) to obtain the first and second scaled cumulants of the right heat flow Qg:

N

T —T: +00 1 +o0o DG 2
Jr = — L R/ dw4yLyRa)2|G1,N|2 — —f dw4yr E —(Z' v.t| s 67
_ 4 J_o

4

(e 0]

=L (o)

N

1 1 +00 DAIG ) )
;[(Ql%) - <QR>2] = Ax / do |:{4VLVR(TL — TR)0*|G x> + dyr Z —€| n.cl 5 }

4

—00

+ SR TLTR @ |Gi v I” + 8 TR Y

Figures 4(a) and 4(b) show increasing observation time
increases the agreement of analytical expressions for the first
two scaled cumulants of left heat flow for a two-AOUP chain
with numerical simulations performed using Langevin dy-
namics. Figure 4(c) shows that as the particle activities D?
increase, the current Ji decreases and eventually changes
sign. This is because the active forces perform work on the
particles, so these particles dissipate heat to the reservoir to
maintain steady state. Therefore, there is a competition be-
tween two currents: the current due to thermal forces [first
term of Eq. (55)] and that due to active forces [second term of
Eq. (55)]. Figure 4(d) shows that these active forces enhance
heat fluctuations. In summary, with increasing AOUP activity
the distribution of the left heat flow shifts to lower mean and
its width increases.

Similarly, Figs. 5(a) and 5(b), respectively, compare the an-
alytical expressions for the first and second scaled cumulants
of right heat flow given in Egs. (57) and (58) with numerical

= L+ (o)
N

D?|Gy.¢|?
z| N,El ] (58)

S (o)

(

simulations performed using Langevin dynamics. In this case
(for Ty, > Tgr), the right current remains negative (leaving the
chain and entering the bath) and decreases with the particle
activity [see Fig. 5(c)]. This current’s sign can be physically
understood as follows. There are two currents that enter into
the right heat bath: the thermal current due to the temperature
gradient [first term of Eq. (57)] and the current due to the
active forces [second term of Eq. (57)]. Each makes a negative
contribution to Jg. (Notice that for J; , the thermal current has
opposite sign and competes with the active-force current, so
the left current’s sign depends on the dominant contribution.)
Similar to the left heat flow, here also the active forces enhance
the fluctuations of the right heat flow; therefore, as the particle
activity increases, the distribution shifts toward lower mean
and broadens [see Fig. 5(d)].

Figure 6 shows for the three-AOUP chain the analytical
ratios of left and right heat currents [Egs. (55) and (57)] and
of the heat-flow variances [Eqgs. (56) and (58)], as functions
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FIG. 5. Cumulants of the right heat flow in the two-AOUP chain. (a) Analytical calculation [Eq. (57), solid curve] and numerical simulation
(squares and circles, respectively, at T = 30 and v = 300) of heat current for activities D{ = 0.5 and Dj = 0.75. (b) Analytical calculation
[Eq. (58), solid curve] and numerical simulation (squares and circles, respectively, at T = 30 and t = 300) of scaled heat variance for D} = 0.5
and Dj = 0.75. (c, d) Analytical results given in Eqgs. (57) and (58), respectively, as functions of activity D, for Ty, — Ty = 0.2 and Dj = 0.75,
2.25, and 4.5 (curve color intensity increases with D3). Other parameters are same as in Fig. 4.

of the leftmost particle’s activity D} at fixed Dj for three
different values of Dj. These cumulants are clearly neither
antisymmetric nor symmetric.

To gain more insight, Fig. 7 shows these ratios when all
particles have identical activity (D? = D*V i), as a function
of the activity strength D®. As expected, in the limit D* —
0, Jp — —Jg and [(Q}) — (QL)*] — [(Q}) — (Qx)?]. In the
opposite limit (D* — 00), these ratios saturate to particu-
lar values (see dashed lines) obtained from the dominating
contributions in the limit D* — oo of analytical expressions
(55), (57), (56), and (58). This can be physically understood
as follows. When particle activity is sufficiently high that in
Egs. (55) and (57) the active-force current (second integral)
dominates the thermal current (first integral), a majority of the
heat current is due to the active forces and flows toward both
heat baths, giving a positive ratio of currents. Similarly, in this
limit the heat-flow fluctuations are mostly due to the active
forces and their ratio saturates to its limiting behavior [dashed
horizontal line in Fig. 7(b)] obtained from the dominating
contribution. Even when each particle has distinct activity,
we expect the ratio of cumulants of left and right heat flow
in the limit of large activity strength of the particles (i.e.,
D? — ocoVi) to saturate (similar to Fig. 7) as long as the
integrals in Eqgs. (55), (57), (56), and (58) containing D¢ are
dominating.

VII. SUMMARY

In this paper, we considered a harmonic chain of N active
Ornstein-Uhlenbeck particles. Each particle is influenced by
a persistent stationary-state Ornstein-Uhlenbeck active force
which has an exponential correlation in time. The chain ends
are connected via different friction constants to two heat
reservoirs of different temperatures. Due to the temperature
difference, heat generally flows through the system. We com-
puted the steady-state heat flow entering each end of the chain,
in the long-time limit analytically obtaining the characteristic
function for this heat flow. We demonstrated two exam-
ples where one can compute the characteristic function for
non-Gaussian observables. Finally, we used the characteristic
function to compute the scaled cumulants for the heat flow
and observed the effect of the activity on the heat current and
its fluctuations. In particular, we found the activity of particles
produces heat flow out the left end, thereby counteracting the
rightward heat flow at the leftmost particle in the absence of
activity. At the same time, it also enhances the fluctuations
of the heat flow. In brief, activity of the particles reduces the
mean and broadens the distribution of the left heat flow.

The results presented in this paper are based on the frame-
work of stochastic thermodynamics [1,93] and give us an
understanding of steady-state thermal conduction in an active-
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—

0.1

FIG. 6. Ratio of left and right scaled cumulants of heat flow for three-AOUP chain. (a—c) Ratio of the left (55) and right heat currents
(57), as a function of Dj. (d—f) Ratio of variances of left heat flow (56) and of right heat flow (58), as a function of D{. D} = (0.1, 0.3, 0.5)
(curve color intensity increases with Dj). Inset shows the zoom of the corresponding region of the main plot. Horizontal dashed lines in
(a)—(c) correspond to Ji. /Jg = —1 and J /Jr = 0 and in (d)—(f) for Var[Qr ]/Var[Qr] = 1. Throughout, 7} = 1, Tx = 0.1,y = 0.7, yr = 0.8,
1t =0.15Vi,m =0.5,m;, =0.3,m3 =02,k =0.5,k; = 0.3, k; = 0.2, and kg = 0.4.

matter harmonic chain. Recent research has shown that the
first two cumulants for an arbitrary current are constrained
by the thermodynamic uncertainty relation [13]: fluctuations
of the current are bounded by entropy production. Therefore,
these two cumulants will be useful in the thermodynamic
uncertainty relation [13] to infer the dissipation of this active-
matter system. It would also be interesting to see the effect of
active run-and-tumble particles and active Brownian particles
on these first two cumulants and the related thermodynamic
uncertainty relation.

We emphasize that the large-deviation function for a
stochastic observable (such as the heat flow) is related to the
cumulant-generating function through the Legendre transform
[19] (see Sec. IIT), where tails of the distribution are identified
by the cutoffs within which w(X) is a real function. (See
Refs. [78,96-98] for the computation of these cutoffs.) The
prefactor g(A) also importantly affects the tails of the distribu-
tions when g(X) has singularities [21,24,89,90,92,95]. Given
our framework, one can consider simple examples permitting
analytical computation of w(X) and g(A), and carefully invert
the characteristic function to obtain the probability density
function using methods discussed in Refs. [24,89,92,95].

In this paper, we have considered a harmonic chain where
only the ends are connected to thermal reservoirs of differ-
ent temperatures. Extending our system of active particles
to connect each particle to a different temperature [99,100]
would be interesting. Additionally, departures from Fourier’s

law for a harmonic chain composed of pinned active particles
(where each particle is additionally confined in its own distinct
potential) and the role of boundary conditions and system
size on the heat conduction are interesting topics for future
investigation [101].
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APPENDIX A: THE FOKKER-PLANCK EQUATION

Here we derive the Fokker-Planck equation for the
conditional moment-generating function Z(\,U, t|Up),

where UE[)Cl,)Cz,.. ..,UN,fl,fz,...,fN]T.
We first write the evolution equation for the conditional

-y XN, U1, U2, .
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joint density function p(QL, U, t|Up) [2]:
Ax;)

_Z[ax,< At

o)+ il

Ax;Ax;j)

+

m)

(5]
,‘ At p

A ”

82
t3 Xj: [axiaxj (

Bvlav]

Av;Av;) 92 (AfiNfy)
( At '0>+3fi8fj< At

]

p) 4
1 92 (<AQ%>

_i<<AQL> )+__
a0\ ar ") T 2002\

1 92 Ax;Av;)
32 (i

Bxti]

8x,8 f;

)

2 . .
( Ax,Af,)p) n 0 ((Av,Af]) A1)

At Jv;d f; At

)l

2 ((AuAOL) 2 [(AuAQL)
+Z[8QLax,< At p>+aQLavi( A F

>+ 9? <(AfiAQL)
I0LOf; At

)|

To evaluate the RHS, we discretize the dynamical equations (2a)—(2c) and (following the Stratonovich rule) (8), and compute
the moments in the limit of vanishing time-increment (At — 0). Substituting these moments, we find

N N
3
=- —) Pijxi+fi— 8in — Si i
E [ axl m av,<{ E‘zl J%j+ fi — vvidin — yrow ,N}p) taafl(fp)}

nh 8°p

2
mj av1

VRTR3,0

2
m3, vy

m
i=1 1

Fourier transforming p to Z(A, U, t|Up) = ffoo

T
+Z lafl; ()’L L

ap
2
— N wh
>8Q + LUIGQE+

o d0L p(0L, U, T|Up) e 2 gives the evolution equation (11) for the conditional

,3%0  2nTh

my

(v1p). (A2)

00Lv;

moment-generating function Z(Xx, U, t|Up), in which the Fokker-Planck operator is

N
d 1 d
EAE—Z[UI‘E+

i=1

N 2

d
+ZD;‘8—fi2 -

i=1

nh %  wIr 92

2 2 T T
my 9v; my,

3UN

APPENDIX B: DETAILED DERIVATION
OF STEADY-STATE DISTRIBUTION Pss(U)

Here we compute the steady-state distribution [see Eq. (4)]
for the full dynamics given in Eqs. (2a)—(2c). Fourier trans-
forming Eqs. (2a)—(2c) using Eq. (18a) gives

L~ - AX
iwp X (wy) = V(wy) — —,
T

(Bla)
MAV
(iw,M + F)V(wn) = _®X(wn) + F(wn) +B(a)n) - T,
(B1b)
. s ~ AF
(iond + R7)F(w,) = Z(wn) — et (Blc)

where [AX, AV, AF] = [X(t) — X(0),V(r) —V(0),
F(r) — F(0)]. Notice that the phase space of our system
is unbounded; therefore, these boundary terms cannot be
neglected even in the long-time limit. In Eq. (Blc), I is the
identity matrix.

m: 9v; ( ZQZJ-X] +ﬁ )/Lvlall - VRvN81N> -

Ti
A<)’L L
mj

Fir]

2)\)/LTL d
8U1

-y 1) +22 VLTLU1 + (A3)

my

[
Substituting Eqs. (Bla) and (Blc) in Eq. (B1b) gives

) [ AX}
Viwp) = —
T

n

(iwnM + F)V(a)n) = -
l

. 11l & AF
+ [iw d + R 1[Z(wn)— 7}

+B(w,) — — (B2)

or, solving for V:

V(w,) = io,G(wp)[liwd + R Z(w,) + B(w,)]

G(wn)
T

—[PAX —iw,MAV

— iwy[iw,d + R™7IAF), (B3)

where G(w,) = [® — w?M + iw,['] ! is the Green’s function

matrix.
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FIG. 7. Ratios of left and right heat flow currents [Egs. (55)
and (57)] and variances [Egs. (56) and (58)] for 4-AOUP chain
with identical particle activities (D} = D*Vi). Horizontal dashed
lines: asymptotic values obtained from the dominating contributions
of ratio of Egs. (55) and (57) for (a) and Egs. (56) and (58) for
(b) at large D*. Throughout, 7} =1, Tr = 0.1, . = 1.7, yr = 0.8,
1t =0.15Vi, m; =0.2, my =0.2, m3 =0.3, my =0.5, kp =0.2,
ki =04,k =0.2,k3 = 0.1, and kg = 0.1.

Using Eq. (Blc), the force vector at time T can be
computed using the inverse Fourier transform (18b) and sub-
stituting t = 7 — € (for € > 0), giving [77,79,95]

+00
F(T) — 21_1;% Z F((,()n)eiw"(rig)

(B4a)
n=-—0o0
+00
1 ) —iwp€
=1lim » Flon)e (B4b)

n=—00 |

+00

UT(r)=lim 3 e (2T @pliod + R + BT (@,)]G" (wn).

for t =2mn/w,. In the limit of large t, we can convert
the second summation into an integral over w. The matrix
[iw,d + R’l]f1 has only diagonal entries, and each entry gives
a pole w = i/t} which lies in the upper half of the complex
w-plane. Therefore, using the Cauchy residue theorem [102],
the second term (containing boundary terms) vanishes in that
limit, giving

+00

T —iwpers -1-1Z
F(7) _!%n;w e liw,d + R Z(w,).  (BS)

Similar to Eq. (B4b), inverse Fourier transforming Eq. (B3)
gives V (), and we find that the term

+00

i, G(wn) .
D et —[PAX — iw,MAV
T
—iwpliw d + R™'7VAF] (B6)

vanishes in the T — oo limit since all the poles lie in the upper
half of the complex w-plane. Thus, the velocity vector at time
T is

+0o0
T —iwy€ : . —17-1%
V(r) = !13(1) n:iooe iw,G(w)[[iw,d + R Z(w,)

+ B(wy)]. (B7)

Substituting Eq. (B3) in Eq. (Bla) gives the Fourier-space
position vector
X(@n) = G(op)llio ] + R Z(w,) + B(w,)]

G(wn)

+ —
iw,T

[PAX — iw,MAV

— 141 AX
— lwyliw, + R AF] —

iw,T

(B8)

Following the same argument, in the limit of large 7 the
position vector at time 7 is

+o0
X(r) = lim ; e G(wy)liwd + R Z(w,)
+ B(w)]. (BY)

Therefore, considering the contribution from X(t), V(t),
and F (7), the full state vector is

(B10a)

iwg[ 2T (p)lioad + R+ BT ()]G (0,), 2T (p)liw,d +R7'T7Y),

n=—0o0

+00 N Z T
= lim emione {Z §i(@n)d;

1 I’lZT i }’LET E)
1iw,,+1/t;+m(w) : +nR(w)N}

(B10b)
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where (for j =1,...,N)
q; = (G}, Gy, Gy jy i0nGj, i0yGa j, - ., 10y G, j, 81,782, 5, - - -, O, ),

N
———
T _ . . .
gj = (Gl,j’ Gz,j, ey GN’j, la),,Glyj, la)nGz’j, ey la)nGN!j, 0, 0, ey 0)

The first N components correspond to positions, the next N to velocities, and the last N to OU forces.
U (1) has average zero and correlation

+00
T — —iwye —lwme 4qj (C()n) é‘l (C()n);'p((,()m» (a)m)
(U(T)U (T) 111’1’1 Z Z € |:Z Z (iwy + l/la)(la)m 4 1/l‘a)

—00 M=—00 j=1 p=1

+ €1 (@) (T (@)L (@) €] (@) + zN(wn)<ﬁR(wn)ﬁR<wm)>e;(wm>}

N a T
Diqiq'
Jj17j i i
. Z |:Z %+1/(tjz;1)2 +JLTL€1£1+VRTRENZN:|

n=—oo

+c° qu
gty T T
— + T il + vrIrEN Ly |,
/ [ «0? +1/(13)? AT RNN]

for Fourier-space noise correlations

- - 1 T T , L,
(311, E@E N = — fo d fo dty e e i1 s (1)), (G0 )T

2
= 288w [viTi, DT
T

A Gaussian with zero mean and correlation (B12c) gives the reported steady-state distribution (4).

APPENDIX C: DETAILED DERIVATION OF EQ. (20a)

(Blla)

(B11b)

(B12a)

(B12b)

(B12¢)

(B13a)

(B13b)

Here we present the detailed derivation of Eq. (20a), helpful for computing the characteristic function for the heat Q) entering

the leftmost particle from the left bath. Fourier transforming (18b) the RHS of Oy in Eq. (8) gives

- +00 ) ) 3 ) 3 )
0L =5 > [ (=on) + (=0T (@) = 201 (@)1 (—on)]

n=—00
Using Eq. (B3), we can write the Fourier-space velocity of the leftmost particle as

RTAU

5 Gro(@n)e(@,
3 GO | G, i (@n) + Grw (@)@ | + —,

iw, + 1/t

i}1 ((1)”) = ia)n |:

=1
for

T= |:[G(wn)q)]l,l» [G(@n)®P]i2, ..., [Glw)Pli N, —iwa[G(wn)M],1,

G " G . G "
— ia[Gl)M 2, ., —ian[Glan)My s —icon | 2 G2 - Grv(n)
iw, + 1/t iw, +1/t} iw, + 1/t

U =[Axi, Axs, ..., Axy, Avi, Ava, ..., Aoy, AfL, Afo, ..., Afy]T

Similarly, replacing w, in Eq. (C2) by —w,,

al G —Wn ¢ —Wp
m(—w,»:—iwn[z Le{—@n)be(—n) +Gl,l(—wn)m<—wn)+GI,N<—wn)ﬁR(—wn>}+ .

= —ion+ 1/
Substituting Eq. (C2) and (C4) in Eq. (C1) gives

+00

1 - - -
o =3 [rs,,T Gty + &) an+alBr— 20

n=—0oo

)

AUTRRTAU]
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where & = [{1(wy), ..., In(@y), iL(wy), iR(@,)] s the
Fourier-space noise vector, and the Hermitian matrix C,, and

vectors afn are, respectively,
C,=CP —24C?, (C6a)
T =AT —2y BT . (C6b)

In Eq. (C6a), the upper-triangle matrix elements (for 1 <
i < j < N) of Hermitian matrices C" and C'?, respectively,
are

[GV].; =0 (C7a)
Gy
chl = C7b
[ n ]1,N+l 1+(l'6()nl‘ia)71 ( )
[Cr(zl)]i,m—z =0, (CT0)
[C ]y s = i0nlGri = G 11, (C7d)
[C lviinse = —inGi iy, (CTe)
1
[C,(, )]N+2,N+2 =0, (C71)
and
2 Nec
[c?] = ©nG1iGi,; . (C8a)
" (o 1) (=i, + 1/8)
a)2G1 G
cO1 = Ll C8b
[ n ]z,N-H i(un+ l/l‘ia ( )
C()2G1 G
2) __n Il WY C8
[CP)vsa ion + 1/t (C8¢)
[Cr(tZ)]N+1,N+l = wﬁGl’lGT.l’ (C84d)
(G2 ]y w42 = @2G1iGly, (C8e)
[CP]yiansr = @2GING] y- (C8f)
Further, the two vectors in o » in Eq. (C6b) are
AT =(0,0,...,0,1,00AU "R, (C9a)
N
BT _ _GT,I _GTZ
T\ =1 ()T =1+ ((w,rd)
_GT,N

T T Gayt Gl —iwnG’f,N> AUTR.
n'*N

(C9b)

We now compute the conditional characteristic function for
Q¢ defined as [see Eq. (10)]

ZO U, t|Up) = (e 8[U — U ()], (C10a)
d3N0' iocTU |, E
— o (T)
= | G e’ Y Yy, (Cl0b)
where E(t) = —AQ;, — iU (t)o. The second line results

from substituting the integral representation of the Dirac

delta function. The state vector U (t) can be rewritten using
Eq. (B10b) as

+00 N = T

' Ci(wn)g;

UT — 1 n E —iwy,€ E J
® e ¢ |: iw, + 1/15

n=-—00 j=I

+ L (wa)t] + ﬁR(wn)zg} (Clla)
+o0
= lim e ETK, (C11b)
eﬁon:ﬂo
U = lim 3 i Z 4;8(n).
: iw, + 1/1}
nf—oo =
+€1ﬁL(wn)+£NﬁR(wn)] (Cllc)
+o0
— 1 —iwpe T &
= lim > ek &, (Cl1d)

n=—00
where the inner products in (C11b) and (C11d) are defined
using the respective column and row vectors,
[ Gion + 1/ 'q]
(i, +1/6)""q;

K, = : (C12a)
(iw, + 1/68) gy
¢
i &y
. a1 . ay—1
K2T = [(zwn + l/tl) q1, (la),, + l/tz) q2,
 (iwn +1/65) " qn. €1, 6], (C12b)

in which the first N components correspond to active noise
and the last two to thermal noise. Substituting U " (7) in E(7)
leads to
= i e o 2mA
E)=) [—Aré,? Gy +& B+ BLE + TlAnP}

n=1

— SAE Cofo + B o+ TP, (C13)

for
A > = AUTRRIAU, (Cl4a)
By = —ha, — ie (K o). (C14b)

The average appearing in Eq. (C10b), (e£®)y,, can be
computed as follows. We first note that E(r) [given in
Eq. (C13)] is quadratic in &, and in &. Since &, and each &,

(n=1,2,...,00)are independent and identically distributed
noise vectors,
L eEnE
P n) = , 2 l, Cl15
() aN+2 det[A] " (Cl3a)
- e 7 JA 1%‘0
P&y) = —, (C15b)
27 )N+2 det[A]
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we write (ef (t))U(J in product form:

o0

A ET E¥ L ET T gxy 2nr 2
(eE(T)>U0 — H(e AtE,] CuEr 4, ButBl 5+ T A Yo

0
n=1

% <e*%/\I§JCo§o+§Jﬁo+ATLIAo\2)UO. (C16)

In (Cl5a) and (Cl15b), the diagonal matrix A =
2/t diag(Di, D3, ..., Dy, v 1., yrTr) carries information
about the strength of thermal and active noises.

We compute each average by Gaussian integration, simpli-
fying Eq. (C16) to

+oo
(€E@)y, = exp (_% Z ln[det(AQn)])

n=—0o0

Y N SN
xexp | | 3AL2 Bt == 18P | ),

- (C17)

for Q, = A~ + 1tC,.
|

In the limit of large 7, these summations become integrals,
converting (C17) to

1.7 AU T 1 T
(eE(r)>UO ~ eru(k)e 30 Hi(Mo+iAU " Hy(Mo+5; AU H3(A)AU.

(C18)
The exponent w(A) in the integral form is
1 [t
nr) = ——/ dw In[det(AQ)], (C19)
4 J_o
and the matrices are
T +00
HO) = — f doKjQ7'K,, (C20a)
21 J_
AT +00 )
Hy()) = lim — f dwe ™ a] Q7K (C20b)
e—0 27 —o0

AT [T 2
Hy(1) = i / do [AaIQIaz ¥ %RRT}, (C20¢)
—0Q

for vectors

2y.GT 'R 2y.GT, R 2y.GT yR

T 1,1 12 1N . " . "

= , ey, ——————— [1+2 .GT IR, 2 ,GT v R ), C21

a <_1+(l~wnt1a)_1 —1+(i(1)nt§)_l _1+(iwnt]a\1’)_1 [ + YL, 1,1] YL, LN ) ( a)
2GR —21.G 1R —21.GiNRT T

@ = (—2uE Al AN 1 0piw,Gi IR, —2nienGiyRT) . (C21b)
1+ (iw,t?)~ 1 14 (iw,t3)~! 1+ (iwat})~! ’ '

Note that in alT and a,, the first N elements correspond to
active noises and the last two to thermal noises.

Substituting Eq. (C18) in Eq. (C10b) and integrating over
o yields

3 AUTH;G)AU

Vv (2m)3N det H (L)

e~ 2 UT+AUTHY (O H ' GO [U+H) G)AUT
(C22)

ZA U, t|Uy) = eT ™)

X

The formal long-time solution of the Fokker-Planck equa-
tion (see Sec. II) is Z(A, U, t|Upy) & ™) x (Uy, M)W(U, L).
Therefore, to identify the left and right eigenfunctions, we fac-
torize the RHS of Eq. (C22) into separate factors that capture
the respective dependence on U and Uy. This identification
can be achieved by setting (Hl_le-r — Hy + HH[ IHZ-r )+
(HH' — Hy + HoH'HY )T = 0, giving (20a).

APPENDIX D: ALTERNATIVE DERIVATION OF FIRST
AND SECOND SCALED CUMULANT FOR
LEFT HEAT FLOW

Here we derive the first two scaled cumulants for the
left heat flow, starting from its Fourier representation (C1).
This calculation verifies the cumulants obtained from the
cumulant-generating function w(X) [see Eq. (21)]. The com-
putation of higher cumulants (above second) using the
following method becomes complicated, and therefore it is
convenient to compute the cumulants from ().

(

We first obtain the first scaled cumulant. In (C1), we will
substitute the Fourier-transformed velocity 9;(w,) of the first
particle (C2). We first recall from Sec. VI that in the long-
time limit the cumulant-generating function is independent
of g(1), which generally captures the boundary contributions.
Therefore, dropping the boundary contributions in this limit
simplifies 71 (w,) to

N
b1(w) ~ iwn[z L) 7 ()

= iw, +1/t}
+ Gi,1(w,)iiL(wy) + GL,N(wn)ﬁR(wn):|- (D1)

Substituting this in Eq. (C1) and averaging over both thermal
and active noise gives

+00

(OL) ~ Z {—iwn[Gl,l(—wn) — G — 2n.o,

n=-—00
N

D2|Gl£|2 2
X —— + |G T;
((Z_]:wﬁ+l/(tg‘)2+| RIZ)S

+ |G1,N|2yRTR) } (D2)
Using the definition of the Green’s function matrix (7),
G(—wy) — G(wy) = 2iw,G(—w, )T G(wy), (D3)
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thus

Gl,l(_wn) - Gl,l(a)n) = 2la)n Z Gl,é(_a)n)rl,me,l(wn) (D4a)

t,m
= 2iw, Y Gre(=0)8eml8e1 1L + SmnVRIG 1 () (D4b)

l,m
= 2iw, »_ Gre(—0)[8e1v1 + 8enyRIGe1 (0n) (D4c)

£

= 2i0,(IG11 Py + G P ), (D4d)

where the last line follows from the symmetry of the Green’s function matrix (29). Substituting (D4d) in the first term inside
curly brackets in (D2), and converting the summation into a time integral in the long-time limit, gives J, as in (55).
Next, we compute the second scaled cumulant for the left heat flow. We square both sides of Eq. (C1) to write

5 1'2 +00 3 5 3 3 ~ ~
o= Z [ (@001 (— @) + TL(— @) 01 (@n) — 201,51 ()01 (— )]

X [AL(@m) 01 (—wp) + AL (=) V1 (@n) — 2L 01 (@) 01 (—wp)]

(D5a)

Tz +00

= Z Z [F}L(wn)f)l(_wn)ﬁL(wm)ﬂl(_wm) + ﬁL(_wn)ﬁl(wn)ﬁL(_wm)f)l(wm)
- 4VL77IL(a)n)l~)l (_wn)f)l (wm)f}l (_wm) - 4VLﬁL(_wn)f)1 (wn)f}l (a)m)f)l (_wm)
+ 2711L(0)81 (=)7L (=) 1 (@) + 41 01 (0)81 (=0, 81 (@) T1 (=) (D5b)
Averaging over the noise distributions gives
2 +o00
(0F) — (0L) = % > Wi (@)L (@) (91 (=) D1 (—om)) + (AL(—00)L(—on)) (D1 (@0)01 (@n)

— 4y (ML (@) 01 (@) (V1 (@) 01 (—@m)) — 4YL (L (=) D1 (W) (D1 (@) 01 (=)

+ 2(iL (@)L (— @)} (D1 () D1 (@) + 497 (D1 (@n) D1 (@) (D1 (=) T1 (— )

+ (L (@0n) 01 (—0m)) (L (@) 01 (—@n)) + (FL(=@n) 01 (0)) (TIL(— )01 (@)

— AL (ML (@0) 01 (=) (V1 (@) V1 (—@p)) — 4V (TIL(—@0n) V1 (—@m)) (D1 (0m) 01 (@n))

+ 271 (@) D1 (@) (AL (=) D1 (—@n)) + 4y (B1 (@) D1 (=) (D1 (@) D1 (— )], (D6)

where we have used Wick’s theorem [103] for multivariate Gaussian distributions. We substitute 9;(w, ) from Eq. (D1) on the
RHS of (D6), then write the average over thermal and active noise in each term utilizing Eq. (B13b). This eventually leads to

“+o00

(0F) —(Ou)* 1
L) WL D Z (1 —40)5)/LZ|G1,1|2 —40),%)/LVR|G1,N|2)
T [ —t

N
y ( Z 4y L, DY|Gy ()|

e + 4 T w0, Gra(@n))’ + 4yLTLyRTRwﬁ|GI,N(wn)|2)
n 4

=1

N
2L D3| Gy e ()]
+2<Z yLa)n (| L[(C{) )|

2
2r 2 2 2 2
o+ ()2 + 2y T, |G (@)™ + 2R Tr@;, |G v (@n)] )

=1
— 2022 TG () + [Gl,l(wmz}}. (D7)

In the long-time limit, the summation becomes a time integral, giving Eq. (56).
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