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Nonequilibrium dynamics and entropy production of a trapped colloidal particle
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We discuss the two-dimensional motion of a Brownian particle that is confined to a harmonic trap and driven
by a shear flow. The surrounding medium induces memory effects modeled by a linear, typically nonreciprocal
coupling of the particle coordinates to an auxiliary (hidden) variable. The system’s behavior resulting from the
microscopic Langevin equations for the three variables is analyzed by means of exact moment equations derived
from the Fokker-Planck representation, and numerical Brownian dynamics simulations. Increasing the shear rate
beyond a critical value we observe, for suitable coupling scenarios with nonreciprocal elements, a transition
from a stationary to a nonstationary state, corresponding to an escape from the trap. We analyze this behavior,
analytically and numerically, in terms of the associated moments of the probability distribution, and from the
perspective of nonequilibrium thermodynamics. Intriguingly, the entropy production rate remains finite when

crossing the stability threshold.
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I. INTRODUCTION

In recent years the investigation of nonreciprocal couplings
in physical systems has received strong interest. Nonrecipro-
cal coupling arise in many areas of physics, from macroscopic
predator-prey systems [1-3], to motile agents (e.g., birds)
with restricted vision cones [4], (active) colloids in nonequil-
brium, e.g. chemotactic, environments [5,6], complex plasmas
[7], and quantum-optical systems with non-Hermitian equa-
tions of motion [8]. From the classical side, much research
has recently been devoted to the collective behavior of non-
reciprocal many-particle systems, such as the emergence of
time-dependent states [9,10] and of long-range ordering [11].

However, nonreciprocity can occur already on the one-
particle level. Examples are a colloidal particle under
time-delayed feedback control [12], an active (e.g., Ornstein-
Uhlenbeck) particle with fluctuating propulsion speed [13],
and a colloidal particle coupled to different heat baths leading
to a minimal heat engine (Brownian gyrator) [14,15]. Im-
portantly, nonreciprocity can also occur when modeling the
non-Markovian dynamics of a tracer in a complex (e.g., vis-
coelastic) medium with the Markovian embedding technique
[16], that is, by introduction of auxiliary variables [17-19].
In many cases, the nonreciprocity apparent in the equations of
motion not only leads to interesting nonequilibrium dynamics,
but also has intriguing thermodynamic consequences [20].

In the present paper we investigate the two-dimensional
Brownian motion of an (overdamped) colloidal particle under
a harmonic confinement, a typical setup to model an opti-
cal tweezer (see, e.g., [21]). The resulting linear restoring
force is supplemented by nonconservative, and nonreciprocal,
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forces from two sources: first, we assume that the particle
is subject to a linear shear flow, introducing an external
drive with anisotropic characteristics. This situation, that is,
a (trapped) Brownian particle under shear, has already been
studied before (see, e.g., [22-26]). As a new ingredient, we
couple the two positional coordinates linearly and nonrecip-
rocally to an auxiliary (hidden) variable. These couplings
cannot be derived from a Hamiltonian (and, thus, they violate
Newton’s third law). Physically, we consider the auxiliary
variable as a simple strategy to introduce memory effects
as if the particle was immersed in a complex medium (see
[17-19,27,28] for similar approaches). A more general anal-
ysis with many auxiliary variables can be found elsewhere
[29]. In addition to these deterministic forces, the particle
is subject to friction and (white) noise. The resulting equa-
tions of motion are linear and Markovian, and therefore fully
accessible to analytical calculations. Here we mainly work us-
ing the Fokker-Planck (Smoluchowski) representation, that is,
we focus on ensemble averages. In particular, we analyze the
dynamics of the driven, trapped particle based on exact equa-
tions of motion for the positional moments of the probability
distribution.

Besides exploring the dynamical behavior itself (that was
partially discussed already in [29]), we also analyze the sys-
tem from the perspective of nonequilibrium thermodynamics.
There is, indeed, a large body of literature on thermody-
namic notions for linear Langevin system within and out of
equilibrium [19,20,30-34], including, e.g., discussions of dis-
sipation rates and fluctuation-dissipation relations, relations
to information, and thermodynamic bounds [34]. Many of
these studies rely on concepts from stochastic thermodynam-
ics [35,36]. In the present study, we focus on (contributions to)
the ensemble-averaged entropy production, considering this
quantity as a measure of the distance from equilibrium. While
some of the derived expressions are not new from a conceptual
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perspective, we here provide explicit analytical expressions
for a physical motivated parameter choice. Furthermore, our
expressions include the rarely studied case of boundaries, and
we also give relations to mechanical properties. Our analytical
results are verified by numerical results from the solution of
the underlying Langevin equations, i.e., Brownian dynamics
(BD) simulations.

We focus on the case of uniform temperatures and friction
constants for all variables. As a main result, we show that
due to the nonreciprocal coupling to the auxiliary variable,
the stationary state of the shear-driven, trapped particle, i.e.,
localized motion, becomes unstable: the particle escapes from
the trap. This instability occurs at a critical shear rate I';.. On
the Fokker-Planck level, the instability is clearly revealed by
a divergence of the quadratic moments. To handle this situa-
tion within the BD simulations, we have proposed a control
mechanism based on a source-sink setup [29] that we here
formulate also on the Fokker-Planck level. Having explored
the dynamical behavior, we then characterize the different
regimes below and above I, via the (total) entropy production
rate. As expected, this quantity vanishes in the absence of
shear and any auxiliary variable (i.e., memory). In contrast,
nonreciprocal coupling to an auxiliary variable leads a finite
entropy production even at I' = 0. Increasing I' from zero in
the completely nonreciprocal case, our analytical expressions
predict, for I' < I, changes of the entropy production rate in
full agreement with numerical simulations. Interestingly the
entropy production rate stays finite even across the instability.
This behavior is consistent with what is seen in controlled BD
simulations.

The remainder of the paper is organized as follows. In
Sec. I we present our model and its solution in a generic
form, that is, without specifying (yet) the coupling constants.
We start in Secs. I A and I B with the Langevin- and Fokker-
Planck representation of the dynamics. Section II C is devoted
to the BD simulations, in particular, the source-sink setup
which leads to additional terms within the Fokker-Planck
description. In Sec. II D we then present exact equations for
the dynamics of averages.

In Sec. III we adapt our model to the situation of interest,
that is, a trapped particle in a linear Couette flow subject to
nonreciprocal couplings to an auxiliary variable. We provide
explicit expressions for averages as well as stability condi-
tions.

Section IV is devoted to mechanical and thermodynamic
properties. We start in Sec. IV A with derivations of mechan-
ical quantities, particularly the angular momentum. The latter
plays a key role for the ensemble-averaged entropy production
rate discussed in Sec. IV B. We there provide general expres-
sions for the ensemble-averaged entropy production rate and
explicit results for systems without and with coupling to an
auxiliary variable.

Results for specific parameter choices are given in Sec. V.
We first discuss in detail the dynamics of the first and second
positional moments below and across the stability threshold.
As a second step, we consider the entropy production rate. Fi-
nally, we present in Sec. VI some conclusions and an outlook.
The paper contains several appendices with additional analyt-
ical expressions, including a non-Markovian representation of
the equations of motion.

II. MODEL AND EQUATIONS OF MOTION

A. Langevin equations

We consider the two-dimensional, overdamped motion of
a colloidal particle with position vector r(t) = (x(z), y(¢))
in a thermal bath. Besides thermal fluctuations and fric-
tion, the particle is subject to several types of deterministic
forces. These include, first, linear confining forces for each
physical variable x, y, thereby mimicking a particle in a har-
monic optical trap. Second, the components of the resulting
two-dimensional oscillator are mutually coupled by a volume-
conserving shear flow, such as a planar Couette flow. Third,
we assume couplings to an auxiliary variable which is ex-
posed to its own thermal bath (and restoring force). With the
auxiliary (hidden) variable, we model in a simplistic manner
the presence of a complex, viscoelastic medium introducing
(exponential) memory [17-19,28]. The general case involv-
ing more than two physical degrees of freedom and nj, > 1
auxiliary variables is discussed in [29].

For a compact notation including the auxiliary variable, we
introduce the n = 3-dimensional vector x(¢) with components
x;, i =1,2,3, where x; and x; refer to x and y, respectively,
and x3 stands for the auxiliary variable. Although our focus is
on the case n = 3, we also provide, where appropriate, general
expressions for arbitrary n.

All deterministic forces related to x(¢) are contained in the
vector

F=-a-x+M-x, (1)

where the quantities a and M are n x n matrices (i.e., second-
rank tensors). The first term in Eq. (1) models the restoring
“spring” forces; thus, a is diagonal with positive diagonal ele-
ments a' > 0. The remaining force ingredients (shear flow,
coupling to auxiliary variable) are contained in the second
term where M is assumed to have vanishing diagonal ele-
ments. Note that, in general, M is not symmetric, and thus, the
couplings are nonreciprocal. A specification of the elements
of M is given in Sec. IIL

In addition to the vector notation in Eq. (1) we frequently
make use of its component form,

F, = —a(i)x,- =+ M[jxj
= Kjjxj, 2)

where M;; = 0, and the summation convention is used for
subscripts (i.e., M;;x; stands for Z;': 1 M;x;). With the second
line, we have introduced the elements K;; = —a'"8;; + M;; of
the matrix K = —a + M.

Each variable x; is coupled to its own thermal bath charac-
terized by friction constants ) > 0 and white noises ¢;, with
& = (2kgT Dy ®)172¢, Here &; is a Gaussian-distributed noise
with zero mean and correlation (£;(2)&;(t')) = 8;;6(t — 1),
where §;; denotes the Kronecker symbol, and (- --) denotes
an average over noise realizations. Further, kg denotes the
Boltzmann constant, and T represents the temperature of
the bath associated with the component i. For later use, we
note that ) and 7 may be seen as principal components
of the diagonal friction tensor y and temperature tensor T,
respectively (with elements y;; = y?8;; and T;; = T8;)).
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Assuming overdamped motion, the dynamics of the com-
ponents of x is governed by the Langevin equations (LEs)
[371,

%= O)NE + o), 3)

which, due to the linearity of the forces, corresponds to a
generalized Ornstein-Uhlenbeck process [37].

For convenience, we henceforth work with a dimension-
less LE. To this end we first scale all force coefficients, as
well as friction constants and temperatures, with appropriate
reference values. This means that kg disappears. We then
absorb the dimensionless friction coefficients ¥ into the
dimensionless coefficients ), M;; of the forces F;, and into
the temperatures 7. Specifically, we set

')7'E — F,
(y(i))—lT(i) - T® 4)
With this, the rescaled Langevin equations read
%i=F+&=—a"%+Mx;+5=Kjyx;+ & (5

where & = (2T®)"?&, and (5(1)&;(t")) = &;8(t —1'). In
compact form, Eq. (5) can be written as

x=-ax+Mx+¢=Kx+¢. (6)

For M =0 and a® > 0, the system approaches equilib-
rium, and it is easily shown that the long-time behavior (+ —
00) of the equal-time correlations function (x;(¢)x;(z)) is given
by

T
tl_i:?o(xi(t)xj(t)) = (Xi Xj)eq = 5ij%- (7
In contrast, when M # 0, the averages of the bilinear quan-
tities xiz and x; x; deviate from their equilibrium values, as
demonstrated in the subsequent analysis.

For the choice n = 3, on which we later focus, the ma-
trix M contains six model parameters. Particular coupling
schemes are discussed in Refs. [19] and [29]. Our choice
describing a completely nonreciprocal interaction is specified
in Egs. (25) and (26).

To close our introduction of the model, we note that, as
an alternative to the set of fully Markovian Langevin equa-
tions given in (5), one may also consider a coarse-grained
representation involving only the physically observable vari-
ables (in our case, x; and x,), while the auxiliary variables
(here: x3) are “integrated out.” This leads to a non-Markovian
representation of the dynamics that is explicitly derived for
the case n = 3 in Appendix D. There we obtain the general-
ized Langevin Eq. (D5) involving an exponentially decaying
memory kernel and colored noise. Importantly, in the present
system, these two functions are not automatically linked via
a fluctuation-dissipation theorem [see Eq. (D11)], consistent
with other models of non-Markovian systems under shear
[26].

B. Fokker-Planck equation

In the present paper we are mainly interested in studying
the dynamics on the ensemble level, that is, via averages
over many realizations of the noise. We thus consider the

time evolution of the normalized probability density p(x, t)
with [, p(x,t)dx = 1,1 > 0, where dx is the n-dimensional
integration element. As a conserved quantity, p(x, t) fulfills
the continuity equation

hp(x,1)+V - jx,1) =0, ®)

where the nabla operator V has components V; = 9/dx;, V
denotes the divergence, and j(x,¢) is the current density. In
the case of diffusion in the presence of a force F(x, ¢) one has
(before rescaling) [37,38]

i=ix )=y '(Fx, 0)px, 1) = kgTVp(x, 1)), (9)

where y~'kzT = D is the (diagonal) diffusion tensor. Insert-
ing Eq. (9) into the continuity Eq. (8) yields the Fokker-Planck
(FP) or Smoluchowski equation [37,38]. In analogy to the LE
(5) we use dimensionless variables (thus, kg disappears) and
absorb the friction coefficients y? into forces and tempera-
tures according to (4). The rescaled FP equation in component
notation reads

dp+Vi(Fp—TVV,p) =0, (10)
N——
Ji

where, according to Eq. (2), F; = —aDx; + Myxi = Kigx.
The currents densities j; can be rewritten as j;(x,7) =
o(x, t)v; with the mean velocities

vi=F—T%"V;Inp, (11)

where the last term may be considered as an effective (dimen-
sionless) force F1“! representing the impact of fluctuations.

In stationary states where d;0(x,7) =V -j=0 (i.e., in
equilibrium or in a nonequilibrium steady state), the positional
distribution p is Gaussian [37],

p =2 "exp[—3 (X xix;], (12)

with normalization factor Z = (27)"/*./Det(X), where
Det(- - - ) is the determinant. Here X is the matrix of second
moments with elements X;; = (x;x;), and X! denotes the
inverse of this matrix. Note that in Eq. (12), X has to be
taken in the stationary state, i.e., from the stationary solution
of the corresponding relaxation equations (see Sec. [ID). A
stationary solution exists if the deterministic version of the LE
(6) is stable, that is, if the matrix K of coefficients appearing
in (6) is negative definite. Equivalently, the matrix a — M has
to be positive definite. This yields the stability condition

—Det(K) = Det(a — M) > 0. (13)

Explicit stability conditions for the case n = 3 are given in
Eq. (B4) for general coupling parameters and (27) for a
specific parameter choice. For the two-dimensional system
without auxiliary variable, see Eq. (B6).

We also note that Eq. (12) is formulated assuming (x) = 0
in the stationary state. This is indeed the case in our system
as will be later shown. If (x) # O (which may be caused by an
additional, spatially constant force) the variable x in (12) and
in Fut of (14) needs to be replaced by x — (x).

Finally, we note that for the Gaussian distribution (12), the
velocities defined in (11) can be calculated explicitly, yielding

vi=F + F}ﬂuct = I(ijxj + T(i)(X_l),‘ij. (14)
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C. Boundary conditions: Source-sink setup

So far, the FP Eq. (10) has been formulated choosing, as is
quite common, natural boundary conditions. That is, the den-
sity is conserved within an infinite volume, and corresponding
to this conservation, the currents vanish on the surface at
infinite distance from the (trap) center.

In this subsection we present an extended FP equa-
tion whose form is motivated by our actual numerical
calculations based on direct numerical solution of the un-
derlying LE via the Brownian BD method (for details, see
Appendix A). The application of the BD method is straightfor-
ward when the parameters are such that the system approaches
a stationary state [see Eq. (13)].

However, the numerical simulations (and their interpreta-
tion) become challenging when the stability conditions are
violated, a situation that, as we later show, can indeed oc-
cur when the external flow and the coupling to the auxiliary
variable become sufficiently large. Physically, this instability
implies that the particle can escape from the harmonic trap.
In the BD simulation, this leads to numerical overflow. To
handle such a situation, we have proposed in [29] a control
mechanism that involves a self-regulating source-sink setup.
In practice, this means that the particle is “caught and re-
moved” when the distance /x% +y? = r from the origin,
which coincides with the center of the trap, reaches the large,
yet finite distance R, from the trap. After one time step, the
particle is then “reinserted” at the center, that is, all of its
coordinates are set to zero (x = 0). Practically, the squared
distance RZ is chosen, at least, about 100 times larger than the
quantity (x*> + y?) in the equilibrium state (see Appendix A).

Therefore, one is dealing with a “source-sink™ setup, where
the “source” is at the center, and the “sink” corresponds to the
surface at R.. The two processes (catching and reinserting)
are assumed to be balanced on the average. Our numerical
calculations show that this control strategy of the stochastic
dynamics indeed allows for a quasistationary state within the
(spherical) volume confined by R,.. Thus, trajectories, density
plots, and averages can be numerically computed even when
the original stability condition (13) is violated. We note that
the control mechanism acts only when an instability occurs.

On the ensemble level, the above strategy implies the pres-
ence of an additional source term g(x) = g(x,y) in the FP
Eq. (10) that now becomes

oo+ Viji=q, (15)

where j; is given by (10). To ensure that the probability
density is conserved in the finite volume V oc R?, that is,
% f\? p(x,t)dx = 0, we have to require that the “loss” via
the currents through the surface of V, dV, is balanced by the
“gain” via the source. Using Gauss’ theorem, this implies

/ n[j[dOqu(X,y)dXEv, (16)
o7 _

1% Vv

where, on the left side, n; represents the component of the
outward normal vector of the surface, and do is the surface
element. On the right side of Eq. (16), v represents the rate of
transitions from the source to the sink located at the surface.
In the following, the source is assumed to be pointlike and

located at r = 0, resulting in g(x) = v§(x), where §(x) de-
notes the Dirac delta distribution.

D. Time dependence of averages

In the following we discuss, for a general number of vari-
ables, the time change of averages of the type

(W)(@) = / Yx)p(x,1)dx = (V), a7
Vv

based on the FP equation with source term, Eq. (15).

For notational ease, we henceforth drop the dependency of
(W) on ¢. Since the functions W(x) appearing in the integral
do not explicitly depend on time, the dynamics of the aver-
ages is determined by that of p, i.e., %(\l') = fV W o, p dx.
Replacing 9,p by Eq. (15), integrating by parts, and using
fV Ji Viw dx = (v;V;¥), we obtain the relaxation equation

d
dt
In the special case W(x) =1, relation (18) simplifies to
Eq. (16). We also note that the integral fv Vg dx involving
the source term vanishes when g ~ §(x) (as already assumed
before) and, moreover, when W(0) = 0. This is the case con-
sidered from now on.
For spatially varying functions W(x), the first term on the
right-hand side of Eq. (18) can be rewritten by employing
again Eq. (15) and integrating by parts, yielding

(viV¥) = Ky (VW)

(W) = (1;V,; W) —/~nij,-\lld0+/~\llqu. (18)

A% \4

+Tik<<vkviw -/ ~m(vi\y)pdo). (19)
1%

We recall that 7;; = T?¥§;; are the elements of the tem-
perature tensor T introduced before Eq. (3). Thus, T3V =
Zk T(i)Sika = T(i)V,'.

We now focus on the time evolution (relaxation) of the
first and second moments of the distribution function, that is,
W(x) = x; and W(x) = x,x;, respectively.

For the first moment we find from Eq. (18)

d
dt

where (v,) is defined as

(xe) = (vg) —0¢, o0y = / n;jixe do, (20)
v

(ve) = Ko {xx) — Tex /317 nip do, 2n
and the elements of the matrix K are defined in Eq. (5).

From Egs. (20) and (21) it follows that in the absence of
boundary terms, the dynamics of the first moment is deter-
mined by (v¢) = Ky (xx) alone. Equation (18) then implies
that, if K is negative definite (corresponding to the existence
of a stationary solution; see Eq. (13)), all first moments (x;)
relax to zero. Physically, this is expected due to the absence
of a constant force in our model.

We thus concentrate on the second moments (x¢x;) =
X,; which form the elements of the matrix X introduced in
Eq. (12). Equation (18) yields the relaxation equation

d

Eij = (vex;) + (vjxe) — 0y, (22)
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where oy; are the elements of the matrix o defined as

o¢j =[ n;jixex;j do. 23)
v

Note that o is symmetric. Further, (v¢x;) is defined as

(vex;) = KaXij + Tpj — /av i Tyxjp do. (24
We finally note that the relaxation Egs. (18), (20), and (22)
are exact; they do not rely on the assumption of Gaussianity
of the (steady-state) probability distribution, not even on the
linearity of the forces in model. In fact, the linearity enters
only in Eqgs. (21) and (24). It is clear, however, that a major
complication of all the relaxation equations lies in the calcu-
lation of the boundary terms. These become relevant (only) in
the context of the source-sink setup controlling instabilities. In
fact, even for linear forces the presence of a source term can
induce nonlinearity, and thus, the steady-distribution function
for this case is generally unknown. Moreover, already without
boundary terms, the actual dependencies of measurable quan-
tities on the the model parameters can be strongly nonlinear,
as we will demonstrate in Sec. V.

III. EXPLICIT EXPRESSIONS

In this section we apply the expressions derived so far,
which were valid for arbitrary (finite) n and arbitrary linear
coupling, to the system at hand: a Brownian particle with
two physical (i.e., observable) degrees of freedom (x; = x and
x, = y) that is confined to a harmonic optical trap, externally
driven by a volume-conserving shear flow, and is coupled to
an auxiliary (hidden) variable x;3.

We focus on the case of one auxiliary variable for several
reasons. Most importantly, this provides us with the simplest
mathematical model for a memory effect induced by complex
medium, namely, an exponentially decaying memory function
with a single relaxation time (see Appendix D). Further, the
same approach has been used earlier, e.g., in the contexts of
reaction kinetics [39] and superdiffusion [16], the modeling of
active particles with fluctuating self-propulsion [13], and as a
minimal model for time-delayed feedback [20]. Please note
that in all of these contexts, the auxiliary variable is not seen
as an actual particle, it rather serves as a tool describing, on
minimal grounds, the presence of a complex medium. Adding
more auxiliary variables provides no conceptual problem (see
[29] for a general discussion). For example, two auxiliary
variables allow us to describe more complicated (even os-
cillatory) memory functions which may be needed to model
(or even fit) the behavior of certain correlation functions with
several timescales [17,19]. On the other hand, when it comes
to thermodynamic notions, we do not expect fundamental
differences [20,40] when extending the model by more than
one auxiliary variable. We therefore stick to the present model.

After specifying the parameters for this n = 3-dimensional
system in Sec. IIT A, we present in Sec. III B explicit expres-
sions for stability conditions, and for the stationary solutions
of the relaxation equations in the absence of boundary terms.
Since we are dealing with a fully linear model, the stationary
solution is Gaussian [see Eq. (12)], and we can calculate all
moments exactly.

A. Parameters

We start with the elements of the matrix M [introduced in
Eq. (1)] characterizing the forces beyond the restoring force
from the trap. As noted before, M involves two types of
couplings.

First, the physical variables x; = x and x, =y are cou-
pled through a divergence-free (i.e., volume-conserving) flow
field v(x,y) with components v.(x,y) and vy,(x,y) whose
(constant) gradients determine the coefficients M, and My;.
We focus on a plane Couette flow, where v points in the x
direction, while its gradient points in the y direction and is
characterized by the constant shear rate I'":

Moy — dVy _r
12 — ay =1,
dv,
My = 22 — . 25)
0x

Equation (25) show that M, # M5, a typical feature of
Couette flow (note that symmetric coupling, i.e., M1, = M>y,
could be realized as well, using a squeeze (extensional) flow
geometry). The Couette flow represents the first type of non-
reciprocal coupling considered in this work. We focus on
positive shear rates, I' > 0.

The second type of force involved in M is the coupling
between x; = x, x, =y, and the auxiliary (“hidden”) variable
x3 in the three-dimensional system. Here we specialize with
a rotation-like, antisymmetric (and, thus, nonreciprocal) cou-
pling with angular velocities €21 and €2;:

My = Q) = —M3,,
Ms3 = Qo = —Mis. (26)

For other types of couplings, see [29]. Our motivation for
the choice (26) is the following: as an inspection of the sta-
tionary solutions of the relaxation equations (see Sec. III B)
reveals, the coupling parameter(s) can be chosen such that,
at zero shear, (xy) = 0 and, furthermore, (x?) — (y?) = 0 [see
Egs. (30) and (31)], just as in an equilibrium system. With this
choice, the effect of the hidden variable x3 becomes apparent
only when the shear flow is turned on.

Regarding the restoring forces, we typically assume that
all spring constants are equal, ie., a®? =a>0,i=1,2,3.
Further, if not stated otherwise, the temperatures are assumed
to be equal as well, such that T = T. A typical choice in our
actual calculations (see Sec. V)isa=T = 1.

B. Solutions for the stationary state

The general condition for stability (and thus, existence of
a stationary state) is given by Eq. (13). The expression for the
determinant D3 = Det(a — M) in the three-dimensional sys-
tem with arbitrary coupling parameters is given in Eq. (B4).
For the parameters introduced in Sec. III A, we obtain

Ds = a’ +aQt +aQ3 — I'Q Q. (27)

Inspection of Eq. (27) reveals that, for fixed a, and fixed 2y,

2,, D3 becomes zero at the critical shear rate

R+ &
97192 Qi

(28)

—1
a T =
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In contrast, for I' < ['“_ the determinant is positive. This
defines the stable regime that allows for a stationary solution
of the Fokker-Planck equation. We note that there is no critical
shear rate in the absence of the coupling of—both or one
of—the physical variables x;, x;, to the auxiliary variable x3
[see Eq. (B6)]. This is indirectly also reflected by Eq. (28)
which predicts a divergence of I'c;;y when one (or both) of the
coupling constants €2;, i = 1, 2, approach zero. For simplicity,
we often set Q2 = Q, = Q. For a =1 and Q = 1, we then
find Terie = 3.

Within the stationary regime, the first moments decay to
zero [as discussed below Egs. (20) and (B1)]. Exact expres-
sions for the steady-state values of bilinear averages can be
found by setting to zero the time derivatives of the correspond-
ing relaxation equations given in Appendix B (including the
case of a two-dimensional system without auxiliary variable).

Here we focus on averages involving the physical vari-
ables, x and y. Plugging in the parameters given in Sec. III A
and setting 2; = 2, = 2, one obtains

)
R =)+ ot = L (29)
D a
rHO T
04/2=(xy) = ————, (30)
a D a
r2HOT
_ 2\ 2 _ -
0_ = (x7) <y>—a2Da, (€2))

where

HO = a73(164° + 404> Q* + 16aQ* — T(10a>Q* 4 20%)
+ I (4a® + 5aQ%) — 1°Q?), (32)

HY = a *(4a* +84°Q% +3Q* —al'Q%),  (33)
H® = a34a® + 54 Q* — T'Q?), (34)

and the quantity appearing in the denominator of Eqgs. (29)—
(31) is given by

D =a %d® +2aQ* — TQ*)(8a® + 4aQ* + Q).  (35)

We note that D becomes zero at the same critical shear rate
et given in Eq. (28), as Ds.

Physically, R? corresponds to the squared “radius of gy-
ration” measuring the spatial extent of the probability cloud,
while Q. characterize the quadrupolar deformation of the
probability cloud (note that there is no dipolar deformation
due to the vanishing of the first moments). We also see that
Q< vanishes in the limit ' — 0 even in presence of the auxil-
iary variable (2 # 0). This conforms with the expectation for
these quantities in an equilibrium system.

IV. NONEQUILIBRIUM THERMODYNAMICS
AND RELATION TO MECHANICAL PROPERTIES

In this section we introduce, first, mechanical properties
of the system (Sec. IV A). We then move in Sec. IV B towards
quantities from nonequilibrium thermodynamics which, as we
will see, are closely related.

A. Mechanical properties

We here consider the torque and angular momentum,
which are known to provide interesting information in
nonequilibrium systems. An example is a Brownian gyrator
[14,15], that is, a particle coupled to two heat baths, where
temperature differences can induce a spontaneous average
torque [14]. Another example are elongated objects, such as
polymers, under shear flow [41].

Considering first the n-dimensional case, generalized an-
gular momenta and torques may be defined in terms of
second-rank tensors L and N with elements

Lij = (xjv;) — (x;vi), (36)

Nij = iy VF) = (v OF). (37)

Both quantities have been defined in analogy to corresponding
expressions (involving cross-products) from classical me-
chanics. The factor y® in Eq. (37) has been inserted to
compensate for our rescaling of the forces; see Eq. (4). The ve-
locities entering the angular momentum are given by Eq. (11),
which includes the fluctuating force F,** o¢ V In p. Alterna-
tively, one can use the LE itself, setting v; = X; as given in
Eq. (5). This is the route in our numerical calculations. In
contrast to the angular momentum, the torque involves only
the deterministic part of the force, F;. Note that, since we are
working in the overdamped limit, velocities and forces are
proportional to one another, therefore the torque is not the
time derivative of the angular momentum.

By definition, L and N are antisymmetric. For the case
n = 3, the matrix elements L. and N are directly related to
one of the three components of the usual angular momentum
and torque vectors. For example, the third component of the
angular momentum vector £ is given as £3 = Lj,; the other
components follow by cyclic permutations. For n = 2, the
only nonvanishing component of L is L, = ¢3 (and L, =
—{3).

For later use, we consider once again the product (x;v;)
appearing in Eq. (36). It is useful to decompose this quan-
tity into antisymmetric and symmetric parts. Indeed, any
second-rank tensor C can be decomposed according to C =
C* + C°, where C* with elements Cj = (1/2)(Cix — Cy;) and
C* with elements C;, = (1/2)(Cix + Cy;) is the antisymmetric
and symmetric part, respectively. It is easily seen that (x;v;)*
is proportional to the angular momentum, Eq. (36). Further,
(xxv;)* appears in the relaxation equation for the second mo-
ments, Eq. (22). This yields

(vi) = (v 4+ gvs)’

1 1/d
= ELki +3 <Ein + Uki) (38)
involving the surface contribution o [see Eq. (22)].

Equations (36), (37), and the first line of Eq. (38) are
general in the sense that they hold for nonlinear deterministic
forces F; as well. Expressions for the linear system at hand,
with arbitrary coupling parameters, are given in Egs. (C1) and
(C2) in Appendix C. Due to the linearity, both L. and N are
related to the elements of the matrix of second moments, X.

Here we focus on two coupling scenarios, which will also
be discussed later in the results in Sec. V. We first consider
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the case n = 2 without boundaries and in the steady state.
Using Eq. (C1) with the explicit expressions for the corre-
sponding second-order moments [see Eqs. (B7) and (B8) in
Appendix B], and setting a = (a'V +a?)/2, T =TV +
T?)/2, we obtain for the only nonvanishing component of
the angular momentum [see also Eq. (C3)]

aLyy = My TV — M T® = T(Myy — M)
+ (May +Mp) (T —TP), (39)

Equation (39) directly shows that there are two possible
sources of a finite value of the angular momentum and thus,
torque. The first possibility is asymmetry, and thus, nonre-
ciprocity in the mutual coupling between x; and x,. Second,
even if the coupling is symmetric, different temperatures
TM £ TP can also induce a nonzero torque, in accord with
work on Brownian gyrators [14,15]. For the special case
of linear (Couette) shear flow, where M, =T", M, =0,
Eq. (39) reduces to

Liy=-TT%/a. (40)

Notice the negative sign of L,, as well as of the associated
angular velocity w3 = [15/ (X1 + X22) [with X;; + Xo, play-
ing the role of a moment of inertia]. The angular velocity is a
measurable quantity (see, e.g., [42]) and, as such, particularly
relevant. These negative signs of Lj, and ¢3 reflect the clock-
wise rotational motion induced by the flow, for the geometry
chosen.

For the full, three-dimensional system involving the auxil-
iary variable, one finds from Eq. (C1),

6y =Lip = —(a® —a"M)Xp
+ My X1 — MpXo + My X3 — Mi3Xz.  (41)

The expressions for L3 and L3; follow from (41) by cyclic
permutation of 1,2,3. For the special case of uniform spring
constants (a') = a), plane Couette flow (M, =T, My; = 0)
and coupling to the auxiliary variable such that Q2; = Q, =
2, the components of the angular momentum are given by

£ = QX3 — I'Xy) + QXo3,
L = —QXy + QX — R2X33,
U, = —QX33 4+ I'Xp3 — QX1 + QXpo. 42)

Notice that, different to the case n = 2, the limit of zero shear
(' = 0) does not imply £; — 0. As we will show below,
this (mechanical) effect of the hidden variable has important
consequences for the nonequilibrium thermodynamics.

B. Entropy production rate

We now turn to a key quantity to measure the system’s
deviation from equilibrium, that is, the rate of change of the
total entropy (total entropy production). This quantity has
been considered in various contexts and communities, from
macroscopic irreversible thermodynamics [43] to the nonequi-
librium dynamics of soft matter systems (such as shear-driven
polymers and liquid crystals [38,44,45]) to studies in the realm
of stochastic thermodynamics, where thermodynamic notions
become trajectory-dependent [35,36]. While the general con-
cepts are well established, the present system involves some

subtleties due to the (potentially) different temperatures, non-
reciprocity, and boundary effects. We thus repeat some basic
notions and then specialize to the system at hand.

We start from the ensemble-averaged total entropy produc-
tion, ©, that we write as

@:/dx

— [ ax 2% )1,
=[x g = wa®y . 43)

Ji(x, ) ji(x, 1)
TOp(x,1)

where we have used the relation j; = pv; [see Eq. (10)] in the
second line. In the last member of Eq. (43), is understood that
v (TD)~"v; stands for T2, v; (TV)~! v;. Also note that, in
numerical calculations, v; has to be replaced by x;().

Equation (43) directly shows that ® > 0 holds true, as it
should (on the average) according to the second law. In the
framework of stochastic thermodynamics, Eq. (43) may be
derived by starting from the time derivative of the stochastic
system entropy sgs = —In p(X, 1) (see [46] and [20] for a
system with different heat baths), or by starting from the fluc-
tuating total entropy expressed via path probabilities (see, e.g.,
[30]). For uniform temperatures, and back-scaling to rein-
troduce the friction constant, the expression above becomes
consistent with that given in our earlier work [29], which
conforms, in turn, with [38].

By using v; = F; — TOV;In p [see Eq. (11)] for one of the
terms in the expression for v; in Eq. (43), the total entropy pro-
duction rate can be separated into two contributions associated
with the deterministic and the fluctuating forces:

0 =0 + 6,, (44)

where
O = (F (T vy, (45)
0, = —/dx (Vip)v;. (46)

Both terms can be further interpreted. In ©,, each summand
i may be considered as the (averaged) rate of work done
by the deterministic force F; divided by the corresponding
temperature. In the framework of stochastic thermodynamics,
using that, for a single trajectory, F; = x; — ¢; [see Eq. (9)],
each summand in ©, corresponds, before averaging, to the
fluctuating heat exchange Qi = (x; — ¢;)x; between variable
x; and the surrounding medium due to friction and noise,
divided by the corresponding temperature 7). In this sense,
O = (Q;)/T" is called the “medium entropy.” In the same
framework, ©, represents the ensemble-averaged change of
the stochastic system entropy ssys = —In p(x, 1), i.e., 0, =
($sys) (as one may verify following the steps in [20] for a
multitemperature system).

In a nonequilibrium steady state, where the probability dis-
tribution becomes constant in time, one expects that @2 =0.
This can be directly verified in the present system where the
steady-state distribution (without boundaries) is Gaussian [see
Eq. (12)], such that V;p = p((—X~1);x¢). Equation (46) then
becomes

@ = (X~ e g vi)
(XD L, 47)
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where we have used Eq. (38). The matrix Ly, is antisymmetric,
while X! is symmetric (as is X). Theyefore, and since we
sum over both indices, it follows that ®, = 0 in the steady
state (note, however, that the individual contributions to the
sum, which may be related to information flows between
subsystems [20], can be nonzero).

In the steady state (and without boundaries), the total
entropy production (43) is therefore given by the medium
entropy alone,

0 =0, (48)

We thus consider in more detail Eq. (45). In the present
model the forces are linear, F; = Kj.x;, such that ®, is de-
termined by the product (x;v;). From Eqgs. (45) and (38) it

follows that
4 1 1 Yrd
Klk Lkl AWAO) Klk ,’[Xkl Oki |-

. 1/ 1
©1=3 (ﬁ
(49)
Equation (49) shows the important role of the angular mo-
mentum, a purely mechanical property, for the nonequilibrium
thermodynamics of the system. Notice that the contribution
associated with Ly; is multiplied with the antisymmetric part
of the matrix (7”)~'K, whereas the contributions linked with
the time derivative and the surface are multiplied with the
symmetric part.

In a nonequilibrium steady state, the time derivative %X
vanishes. If, furthermore, surface contributions can be ne-
glected, the angular momenta can be easily expressed via the
second moments; see Eq. (C1). We then obtain

6=6=1(—
— T o\ To
This result is consistent with expressions for the entropy pro-
duction rate in Refs. [20,30].

) (KuXix — K Xii). (50

1. Entropy production rate for n = 2

Equation (49) simplifies in the absence of the auxiliary
variable (i.e., n = 2). We then have (with a®) = a)

. L(Mp My
®1—‘5<m‘m)“2

1 /M, My d
+E<W + T(2)> (d 12+C712> (51)

In the absence of boundary terms and within the steady
state, ®; and, thus, the total entropy production ®, reduces to
the terms given in the first line of Eq. (51). Replacing L;, by

Eq. (39) we find
1 7@ 7O
(M + M3 ——

®= ®1 2 12 T(l) 21 T(g)

M12M21>~ (52)

In the special case of planar Couette flow (M, = I', M»; = 0)
it follows from Eq. (52)

r2r® r
2aTD ~ 24T

where we have used the result for the angular momentum,
Eq. (40). The middle part of Eq. (53) reflects that, for any

6=0, = — L, (53)

(positive) temperatures, shear flow (i.e., I' # 0) leads to a pos-
itive entropy production rate, as expected. The results further
depends on the temperature in x and y directions, correspond-
ing to the shear and shear gradient direction. In particular, if
the system is “hotter” in the direction of the shear gradient,
the entropy production rate is enhanced compared to the case
of uniform temperatures.

2. Entropy production rate forn = 3
For n =3 and when surface contributions do not exist,
the expression (49) for the entropy production rate becomes
(assuming uniform spring constants a‘)

: M, M3,
0 = <T(1)33+ 0+ —

M'i]
= ez> (54)

TG
where ¢3 is given in Eq. (41), the other follow by cyclic
permutation.

We recall that out of the three variables, only two (namely
x1 and x;) are considered as physical (observable) variables.
The third variable, x3, is considered as an auxiliary (hidden)
variable representing the coupling to the medium (inducing
memory in a coarse-grained representation, as discussed in
Appendix D). It is therefore useful to formulate the entropy
production rate accordingly, setting ©; = @‘fbs + @*1‘”".

In the observed system, the only nonvanishing angular
momentum is €3 = Lj;. From Eq. (54) the corresponding
contribution to the entropy production rate then follows as

. M
obs __ 712
O ts.
The contribution associated with the auxiliary system is
@aux — @ _ @obs
1 1 T )

We now focus on parameters corresponding to planar shear
flow and nonreciprocal coupling the auxiliary variable; see
Egs. (25) and (26). We further set 2; = 2, = €, a® = ga,and
TO =T (i=1,2,3). The uniform temperatures are chosen
to concentrate on the effect of nonreciprocity of the couplings.
Equation (54) for the total entropy production then becomes
(after multiplying with T)

TO=TO, =—1Tt;—

(55)

QU+ £2). (56)

Explicit relations between the angular momenta ¢; and the
second moments X;; are given in Eq. (42). Inserting these
expressions and separatlng the entropy production rate as
proposed before, i.e., ®; = O + O™, we obtain

TOM = -1 = 1T7X, — AT Q(Xi3 + X23)  (57)

and
TOM = —Q (0 + £2)
= —T'QXos + Q*Xi1 + Xoo + 2X33 — 2X12).  (58)

Both expressions reveal important insights on their own. For
example, T@‘l’bs reduces to zero for I' — 0. This is plausible
because both of the observable variables are directly affected
by the shear flow. In contrast, 7 ©®{"* can be nonzero, reflecting
that coupling to the hidden variable (and, thus, memory) alone
can drive the system away from equilibrium.

We close this section with some comments on the actual
calculation of the entropy production rate, particularly ®;. As
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FIG. 1. Squared mean radius of gyration, R* = (x?) + (y*), as
a function of the shear rate. The black points stem from BD sim-
ulations, and the thick line follows from the analytical (stationary)
solution given in Eq. (29). For the parameters chosen here (a =T =
Q = 1), the critical shear rate is I'.;; = 3.0.

shown before, this quantity can be expressed via the angular
momenta, ¢;, that are fully determined by the second mo-
ments; see, e.g., Eq. (42). This provides a straightforward way
to calculate ®; analytically, at least for shear rates I' < I,
where all second moments exist (we will later comment on
the use of analytical expressions for larger shear rates; see
Sec. VD). From the numerical side, one may again use (42)
to obtain results for ©; via the computations of the second
moments X. This, however, would give no additional insight
since for all six second moments X;;, the analytical calculation
and the numerical results turn out to agree well for shear rates
below I (as demonstrated in Figs. 1 and 2). An independent
numerical calculation of © is based on relation (54) when we
calculate the components of the angular momentum directly
via their definitions as cross-products of position x and veloc-
ity x, see Eq. (36). Finally, for calculation of the total entropy
production rate ® (which is equivalent to ®, in steady states),
we can also evaluate directly the last member of Eq. (43), with
the replacement v; — X;(t).

V. RESULTS

In this section we present results from our analytical ex-
pressions as well as from numerical calculations based on BD
simulations (for details, see Appendix A). We concentrate on
the case n = 3 with uniform spring constants and tempera-
tures. Further, we assume planar shear flow (with shear rate I')
and uniform coupling with the auxiliary variable characterized
by the constant 2. As discussed in Sec. III B, the resulting
system, in the absence of boundaries, develops a steady state
for shear rates in the “precritical” range I' < 'y = 3. Be-
yond I'¢i; the deterministic (as well as the stochastic) system
is unstable as a consequence of the coupling to the third
variable. However, we can still perform BD simulations using
the source-sink setup described in Sec. II C. We recall that this
setup comes into play only for I' > T'¢.

140+ . a)
Analytical curve @
120 e Results from BD simulation PY
100} %o .
[ ] @9
. 80 ® ®0ge o ]
g 5 0000(
60 1
40+
20F ®
0
000°
O L L L L L
0 1 2 3 4 5
shear rate I’
200k Analytical curve (b) 1
e Results from BD simulation d oy q
o° o .....o..oo
o~ 150F ° L q
>
|
= 100} .
1
o
50
°
ee®
0
0 1 2 3 4 5

shear rate I'

FIG. 2. Averages (xy) (a) and Q_ = (x*) — (y?) (b) as function
of the shear rate. The black points stem from the BD simulations,
and the thick lines follows from the analytical (stationary) solutions
given in Eqgs. (30) and (31). Parameters as in Fig. 1.

A. Stationary state and instability

We start by discussing results for the shear-rate dependency
of bilinear averages involving the observable variables x; = x
and x, = y (note that the corresponding linear averages vanish
in our model). In Fig. 1 we plot the squared radius of gyration,
R? = (x*) + (¥?), as a function of the shear rate. The thick
lines indicates the analytic result from Eq. (29), while the data
points (filled circles) are from BD simulations. Focusing first
on the precritical region (I" < '), we find that the data are
in excellent agreement. Starting from I' = 0 and increasing
the shear rate, both methods predict a sharp increase of R?
by more than two orders of magnitude. This is a clear indi-
cation of the singularity predicted by the analytic solutions of
the relaxation equations. In the transcritical region I' > T,
the BD simulations with source-sink setup still predict finite
(yet somewhat noisy) values for the radius of gyration. This
confirms the performance of our controlled BD simulation
method, which is based on the idea that the particle is set back
to its origin when it reaches the outer rim. The control setup
thus hinders a divergence of the radius of gyration (measuring
the spatial extent of the the probability cloud). In fact, for
shear rates far above I, the data appear to saturate at a
constant value (independent of the shear rate), which is close
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FIG. 3. The particle’s x position as a function of time ¢ at differ-
ent shear rates: (a) I' =2, (b) I' = 'y, (¢) I’ = 4. Notice that the
scale on the vertical axis increases from (a) to (c). Parameters as in
Fig. 1.

to the estimate R?> ~ R?/In(R?) (with R, being the radius of
the rim), as discussed in [29]. We take the saturation of the
data as a hint that the controlled system develops some kind of
steady state, even if the latter cannot be analytically accessed
due to the difficulties in treating the boundary terms. We also
note that the scatter of the data points is due to the fact that the
run time used is not always long enough to yield a sufficiently
large number of transits from the center to the rim in order
to reach a steady-state behavior. The number of transits is
discussed in more detail in [29].

The existence of the singularity is also seen in all the other
bilinear averages X;; = (x;x;). As an illustration, we present in
Fig. 2 results for (xy) and Q_ = (x?) — (y?). Again, we find
excellent agreement between the analytical expressions [see
Egs. (30) and (31), respectively], and numerical data. Further,
the BD data in the transcritical regime confirm the picture of
a quasi-steady state stabilized by our control setup.

B. Dynamics of positions

In view of the dramatic changes of the steady-state aver-
ages upon approach of "¢y (see Figs. 1 and 2), it is interesting
to study directly the stochastic dynamics of the particle posi-
tion. We here focus on the particle’s x coordinate as function
of time, i.e., x;(¢). As in the preceding section, we consider a
system with = 1. Results for x;(¢) at three different shear
rates are shown in Fig. 3.

In all cases, x; fluctuates around zero, consistent with the
vanishing of the first moment, (x;). However, the character of
these fluctuations strongly varies with I". At low shear (I" = 2)
we observe rapid fluctuations, characterized by short times

between sign changes, and relatively small amplitudes. This
behavior is similar that observed in a system without cou-
pling to the auxiliary variable (2 = 0, not shown). Directly
at the critical shear rate, . = 3, the times between sign
changes are much longer indicating a “critical slowing down,”
while the amplitudes are larger. Finally, at I’ = 4 > Ty, x1(2)
shows a repeated, accelerated increase or decrease with time,
followed by a new start at x; = 0. This behavior is in accord
with the sink-source setup in our simulations.

C. Time dependence of second moments

A further interesting signature of the dynamics is provided
by the time dependence of the second moments. As an exam-
ple, we here consider the quantity X;;(t) = (x%) (). Analytical
results from solution of Eq. (B2) are plotted for three shear
rates in Fig. 4, where we have included data for 2 = 0. In
the latter case, there is no instability and the system reaches
a steady state for all values of I'. This is confirmed in Fig. 4
showing that X}, reaches constant final values.

In the presence of coupling to the auxiliary variable, a
steady state occurs only in the case I' = 2 < 'y [Fig. 4(a)].
Interestingly, the approach of the steady-state value (dashed
line) is significantly slower than in the noncoupled case. For
I' > T, the effect of the hidden variable becomes very
clear. Directly at the critical shear rate ' [Fig. 4(b)], the
second moment increases essentially linearly in time, resem-
bling “free” diffusive motion. In contrast, for I' > 'y one
observes an accelerated motion with an exponential increase
of the second moment Fig. 4(c)]. In the BD simulations this
unbounded increase is controlled by the source-sink setup.
Analogous behavior is found for all other second moments
Xij.

D. Entropy production rate

In Fig. 5 we present analytical results for the full and
observed entropy production rate, ® and @°%, as functions of
I". Since the results are obtained for stationary states, the total
entropy production rate equals the medium part, i.e., © = 0.

We start by considering the limit I' — 0. Here © is
nonzero. This reflects that even in the absence of shear,
i.e., without external drive, and for uniform temperatures,
nonreciprocal couplings alone lead to a finite entropy pro-
duction, as may already be seen from Eq. (58) for I' = 0.
This observation of “intrinsic nonequilibrium” conforms with
other studies [20]. In contrast, the contribution related to the
observable v;lriables, ®°bs, approaches zero for I' — 0. In
this regard, ©°® behaves like the entropy production rate of
the two-dimensional system (no auxiliary variable), where
O = @9 is given by Eq. (53).

Increasing I" from zero leads to a monotonic increase of
©°%, consistent with our expectation that the larger the exter-
nal drive, the larger the distance from equilibrium. In contrast,
® behaves nonmonotonically; in fact, one observes a (weakly
pronounced) minimum at a finite small I". This suggests that
shear flow can, to some extent, compensate for the effect of
the hidden variable, which causes the nonzero value of © at
I' = 0. Clearly, the combined effect of the different sources of
nonequilibrium in our model can be highly nontrivial.
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FIG. 4. Analytical results for the second moment X;; = (x?) as
a function of time for different shear rates. (a) I' = 2, (b) I' = [y,
(c) I' = 4. Each panel compares the cases 2 = 1 (coupled auxiliary
variable) and 2 = 0 (no coupling). The other parameters are as in
Fig. 1.

We now consider the range around I'y. Here we first
note that upon approaching the critical shear rate from below,
® and ©°* do not show any remarkable behavior. This is
already surprising: From Eq. (56) it follows that © involves
all three components of the angular momenta that are, in turn,
linearly related to second moments [see Eq. (42)]. All of these
moments diverge in the limit I' — T’y (see Sec. V A for ex-
amples); thus one could indeed expect that © diverges as well.
Moreover, as shown in Fig. 5 for I' > [y, it is possible to
obtain analytical results for the entropy production rates even
in this transcritical range. To see this, one has to take a closer
look at the explicit expressions for the linear combinations
of second-order moments appearing in the angular momenta
[see Eq. (42)] and the entropy production rate. We have cal-
culated these expressions via Mathematica (results are not
shown here). It turns out that divergent contributions cancel

=== total entropy production rate

10L observed part of the entropy production rate

Entropy production rate ©

0 1 2 3 7 5
Shear rate I’

FIG. 5. Analytical results for the entropy production rate ® =
©, as a function of the shear rate I', based on the stationary solutions
of the relaxation equations. The thick blue and orange curves pertain
to the full and the observed part of ®. In the precritical range I' <
e = 3, both quantities can be calculated via their dependency on
the second-order moments, or via the angular momenta; see Eqs. (56)
and (57). The results for I' > I' .y, = 3 follow directly from Egs. (59)
and (60). Parameters as in Fig. 1.

in the linear combinations [47]. In particular, the total entropy
production (for a = 2 = 1) given in Eq. (56) becomes

8?2 —Tr +6)
r+12

which clearly does not diverge at 'y = 3 (note that we re-
strict ourselves to positive shear rates). Similarly, Eq. (57) for
the observed part reduces (fora = Q2 = 1) to

TO™ =TO™ = or :
124+T
When using these expressions, we find a smooth continuation
of the results in the precritical range; see Fig. 5. A further an-
alytical argument for the continuity of the angular momenta,
and thus, the entropy production rate, is given in Appendix E.

Of course, there remains the question of the physical mean-
ing of these transcritical results: at I' > ', there is no stable
stationary state, which was assumed in the derivation of our
expressions. We will come back to this point below. Finally,
we see that, for all shear rates considered, @‘l’bs < ©®;. When
considering @‘fbs as a “coarse-grained” result, obtained by
focusing only to a subset of variables, this inequality is indeed
expected based on general arguments [48].

So far we have studied the analytical results alone. A
comparison with numerical results is presented in Fig. 6. The
data have been obtained by direct calculation of the angular
momenta Ly = (x;xx) — (xxX;) (rather than by the second mo-
ments), where x;(¢) is the fluctuating velocity given in Eq. (5).
The large black and the grey dots pertain to the total and to the
“observed” part of ©, respectively. The model parameters are
the same as for Fig. 5.

In the precritical range, I' < I'i¢, we find very good agree-
ment between numerical and analytical data, showing the
accuracy of the BD simulations. Upon crossing the criti-
cal shear rate, the numerical data for ® and ©°* behave

TO=T®, = , (59

(60)
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FIG. 6. The entropy production rate ® as function of the shear
rate ['. The dots mark the results from BD simulations calculated
via the angular momenta, and the solid curves are analytical results
from Eqgs. (59) and (60. The upper blue curve and the large black dots
pertain to the total entropy production rate, the lower orange curve
and the gray dots show the “observed” part of @. Parameters as in
Fig. 1.

continuously, and we obtain finite values for the entropy pro-
duction rates even in the postcritical range. This reflects the
performance of the source-sink setup in our simulations, or
in other words, the fact that we are now considering a finite
system with boundaries. As discussed in Sec. V A, this situa-
tion allows the system to reach a quasistationary state. Clearly,
analytical access is difficult here, since the surface contribu-
tions in Eq. (49) [and corresponding relaxation Eq. (22)] have
to be taken into account. Numerically, however, we can just
compute the entropy production as before. Interestingly, the
so obtained data are surprisingly close to the analytical values
from Egs. (59) and (60), despite the fact that these are, strictly
speaking, beyond the limit of applicability. This may be seen
as an indirect hint that surface contributions play only a minor
role.

Finally, we have also tested an alternative way to calculate
the (total) entropy production rate numerically, namely, via
the square of the velocity, see last line in Eq. (43). In the BD
simulations, v; has to be replaced by x;(¢), the latter being
determined by the right side of Eq. (5). A comparison between
the different numerical routes to the total entropy production
rate is shown in Fig. 7. Given that ® is nonzero already at
I' = 0 (due to coupling with the hidden variable; see Fig. 6),
we plot in Fig. 7 directly the difference AO =0OT) —
O(" = 0). Within computational accuracy, the results ob-
tained via the velocities agree well with those evaluated via
the angular momenta, as presented above.

VI. CONCLUSIONS

The main purpose of this paper was to explore the impact
of memory and nonreciprocal couplings on the dynamical
behavior and related thermodynamics of a simple model of
trapped colloidal particle under shear flow. By specializing on
a fully linear model, we were able to obtain analytical results
which were then compared with BD simulations. The memory

= Analytical solution
BD computation through the velocity square
3r e BD computation through the angular momenta

AG

0.0 0.5 1.0 1.5 20 25 3.0
Shear rate I'

FIG. 7. Shear-flow-induced change of the total entropy produc-
tion rate, 8@, as function of the shear rate I". The black dots represent
BD results calculated via the angular momenta; the curve corre-
sponds to the data displayed in the upper part of Fig. 6, shifted
downward by the zero-shear value, @(I" = 0) = 4. The large gray
dots stem from BD data computed via the square of the velocity X;.
Parameters as in Fig. 1.

was induced by coupling of the two physical variables x and y
to an auxiliary (hidden) variable, yielding an exponential ker-
nel in a generalized Langevin equation approach. Couplings
between physical and auxiliary variables have been chosen
asymmetrically. Thus, our model involves several “sources”
of nonequilibrium: shear flow (which is nonreciprocal in its
own), nonreciprocal coupling with the hidden variable, and
the possibility of different heat baths. To deal with the large
parameter space, we have mostly focused on the case of uni-
form temperatures and on couplings where bilinear averages
of the two physical variables reduce to equilibrium values in
the limit ' — 0.

Regarding the actual impact of the hidden variable on
the particle dynamics, our results clearly show that the so-
described memory not only affects quantitatively the shear
rate dependence of observable quantities, such as bilinear
averages as functions of time and corresponding steady-state
values. Intriguingly, it also gives rise to an instability of
the stationary state found for shear rates below a threshold
value. In other words, the here considered memory leads to a
nonequilibrium transition from a stationary into a nonstation-
ary state: the particle escapes the trap.

One might ask to which extent the instability is a result of
a specific parameter choice. Are there general conditions for
memory-induced instabilities? Within our model, the answer
is given by inspection of the determinant of the determin-
istic system, which is, however, quite involved already in
the three-dimensional case [see Eq. (B4)] due to the mani-
fold of parameters. An important point is the flow geometry.
For Couette flow, our results imply that the system without
an auxiliary variable (i.e., memory) is always stable. With
auxiliary variable, an instability occurs for the nonrecipro-
cal coupling choices that we have studied here, and that are
motivated by requirements concerning the equilibrium limit.
Still, even for reciprocal coupling with the auxiliary variable
(e.g., M;3 = M3;, i = 1,2) the Couette system can become
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unstable. Furthermore, for a different flow geometry, e.g., for
extensional flow, an instability can already occur without any
auxiliary variable (i.e., memory). These examples show that
the occurrence of instabilities is indeed a delicate issue. We
also note that memory-induced instabilities are a common
feature in systems with time delay [49] (where the memory
kernel is delta-peaked at a nonzero delay time, corresponding
to an infinite number of auxiliary variables [12]) and systems
with distributed delay [40].

To further characterize the nonequilibrium behavior of our
system, we have explored several thermodynamic notions,
with a focus on the ensemble-averaged entropy production
rate. It turns out that this quantity is closely related to a
mechanical property, namely, the angular momentum (that has
also been studied in the context of Brownian gyrators [14,15]).
For both type of quantities, we have derived exact expressions
including the cases of transient dynamics and of boundaries,
which are usually neglected. Further, we have derived explicit
steady-state expressions for representative coupling scenarios
in dependence of the (instantaneous) second moments and
cross-correlation between the three variables.

In the absence of the auxiliary variable, the steady-state
entropy production rate is nonzero only when the shear flow
is turned on, as expected. The auxiliary variable, however,
can induce a finite entropy production rate of the full (three-
dimensional) system already at ' = 0. The observed part is,
in contrast, zero at I' = 0 as a consequence of our parameter
settings. A surprising result was that the analytically derived
entropy production rates behave continuously when the shear
rate crosses the critical value. Indeed, given that all bilin-
ear averages diverge as the limit of deterministic stability is
reached, one would rather expect divergent behavior for the
entropy production. From an analytical perspective, this “mir-
acle” is formally explained by the fact that the steady-state
entropy production rate is a linear combination of bilinear
averages whose divergent contributions cancel out.

The continuity of the entropy production rate beyond the
singularity follows from the corresponding behavior of the
angular momentum. Independent from the compensation of
diverging terms in the relevant linear combinations, as dis-
cussed above, further (analytical) arguments for the observed
continuity, based on properties of the eigenvalues of the ma-
trix K = —a + M, are given in Appendix E. These results
are specific for our model. On the other hand, nondivergent
behavior of the (medium) entropy production rate close to
the deterministic limit has also been seen in other linear
systems; see [40]. Furthermore, our numerical calculations
give another interesting perspective. Within these calculations
we have controlled the unstable dynamics beyond the critical
shear rate via a source-sink setup. It turns out that this allows
the system to reach a quasistationary state characterized by
finite values for the long-time entropy production rate (and
bilinear averages). Moreover, the so-obtained data for © are
quite close to the analytical expressions obtained without
boundaries. To summarize, the memory-induced transition is
not reflected by the average values of the entropy production
rate and the angular momenta. Further work in this direction
should focus on the distributions and higher-order moments
of these quantities, particularly the entropy production rate
[47]. Indeed, test calculations have already shown that, e.g.,

the fluctuations of ¢; do divergence at the critical shear rate
(contrary to ¢3 itself). Generally, an investigation of these
higher-order moments might also be interesting in the context
of fluctuation relations and the thermodynamic uncertainty
relation applied to our system; see Ref. [34] for a related study
on another linear system.

Of course, it would be very interesting to see an experi-
mental realization of our results. To this end we first note that
the observed instability bears some analogy to the coil-stretch
transition of polymer molecules [50,51], where our trapped
particle is interpreted as an elastic dumbbell used to model
a polymer coil. With this interpretation, the results obtained
here can be used to treat certain rheological properties (such
as non-Newtonian viscosities and normal stress differences)
of dilute polymer solutions. Generally, the application of our
model of coupled oscillators to linear polymer molecules,
which are often modeled as elastically coupled beads [38],
deserves more attention. For example, it would be interest-
ing to study the dynamics of such a polymer chain under
the impact of memory effects modeled by adding auxiliary
variables to the “physical” beads. However, this clearly blows
up the parameter space (and, thus, would have been beyond
the scope of this article). The same holds if we do not extend
the number of physical (observable) degrees of freedom, but
rather the number of auxiliary variables, yielding more com-
plex memory (see, e.g., [19]). Still, for the specific case of
fully nonreciprocal coupling we do not expect fundamental
changes [20] (as compared to the case of one hidden variable
studied here).

Regarding corresponding thermodynamics properties, we
would like to mention that not the angular momentum (to
which the entropy production rate is closely related) but the
corresponding angular velocity is, in principle, a measurable
quantity (see [42] for a recent example). Beyond shear-driven
polymers, we note that there is recent experimental interest
and advances in the (thermo)-dynamics of driven colloids
in viscoelastic baths [17,27] and optically trapped colloids
subject to a “nonequilibrium” bath with correlated noise [52],
or time-varying temperatures [53]. Such systems might be
alternative candidates to study memory-induced behavior.
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APPENDIX A: NUMERICAL DETAILS

The BD simulations were conducted using a modified
Euler method as described in detail in Refs. [29,47]. The
time step in the calculations presented in Figs. 1 and 2 was
ot = 0.1. For the data presented in Figs. 3, 6, and 7, we
used 8 = 0.04. The averages were calculated typically over
a run time of #,, = 1000, corresponding to 10000-25 000
time steps (for each data point corresponding to a specific
shear rate). The numerical accuracy in the precritical range
was tested by comparison with exact analytical results. For
the source-sink setup acting in the deterministically unsta-
ble regime, the limiting radius was set to R. = 40. When
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the physical squared distance of the particle from the origin,
r? = x* + y? reached R?, all three coordinates (x; = x,y = x,
x3) were set back to the origin.

APPENDIX B: EXPLICIT RELAXATION EQUATIONS
AND STATIONARY SOLUTIONS

Here we focus on systems without surface contributions.
The relaxation equations for the first moments (linear aver-
ages) have already been discussed below Eq. (20) and are
given by (d/dt){x;) = K;j{x;) with i = 1,2, 3. Inserting the
elements of K and rearranging, one has

%0@-) +a¥ (x)) — Myj (x;) = 0. (B1)
In stationary states, det(K) < 0 [see Eq. (13)], such that the
first moments decay to zero.

We next consider the relaxation equations for two exam-
ples of bilinear (second-order) moments, X;; = (x;x;) (i.e., the
elements of the matrix X). The time change of the quadratic
moment (X;; follows from Eq. (22) as

1

Ldy +aVX — MpXiy — Mi3Xys =T (B2)
2 dt 11 11 12412 13413 s

while the mixed bilinear moment X;, = (xy) fulfills

d
EXIZ = —(aV 4+ a?)X1, + M2 X3

+M3Xo3 + Mo X1y + M2 X0. (B3)

The remaining equations follow by cyclic permutation of
1,2,3. The steady-state solutions can be found by setting the
time derivatives to zero. A necessary condition for the exis-
tence of such a solution is given in Eq. (13). For n = 3, the
determinant Det(K) = D3 follows as

D3 = aMa®a® — aVMyuMsy — aP My M3
—a® MMy,
— MixMx3M31 — My M3M3;. (B4)

It is understood that all ' > 0.

The linearity of Eqgs. (B2) and (B3) allows for analytical
calculation of the stationary limits of the six quantities Xj; (i =
1,2,3) and X;; (i # j), depending on the 12 parameters a®,
M;;, and T). The latter plays the role of an inhomogeneity in
the equations for Xj;, see Eq. (B2). Elimination or rather inser-
tion of the resulting Xj; into the equations for X;; yields three
coupled equations which can be solved. We note, however,
that the actual calculation is quite tedious, so we have there-
fore used Mathematica for the “bookkeeping” as described in
[29,47]. The resulting expressions are proportional to linear
combinations of T and, in general, they are highly nonlinear
functions of the remaining nine parameters a” and M;;. More
specifically, these expressions can be written as

H
Xij = —,
Dg
HiD
Xij = De L i, (B5)

where the ) and the determinant D are polynomials of fifth
and sixth degree in the coefficients @) and M;;. The analytic

results for arbitrary coupling parameters are presented else-
where [47]. For the case of planar Couette flow [see Eq. (25)]
and coupling to the auxiliary variable as given in Eq. 26) with
Q= =Q, and for a? =a, TY =T, we find Dg = D
where D is given in Eq. (35).

Second moments for n = 2. The situation simplifies in the
absence of coupling to the auxiliary variable, i.e., n = 2. Then
the determinant in Eq. (13) becomes

Dy = (@Va® — M;My1)a®. (B6)

For the plane Couette flow (M, =T', M, = 0), Eq. (B6)
implies that stable stationary solutions exist for all values of
the imposed shear rate, I.

The solutions of the moment equations are explicitly given
by

_ MpXy + TV

X = 70 ,
My Xip +T®
Xy = — (B7)
a
and
JONE)
Xp=———
27 D@D + a®)
MuT® My TO
12 21 ’ (BS)
2@ aD

where D; is given in Eq. (B6).

APPENDIX C: ANGULAR MOMENTUM
AND TORQUE FOR LINEAR SYSTEMS

Specifying to the linear model at hand (and ignoring sur-
face contributions), where the velocities are given by Eq. (11),
we find from Eq. (36)

Lij = KXy — Ky Xy
= — @V —a"MXi; + MyXii — MaXej,  (C)

revealing a direct connection between angular momentum and
the second moments X;; (i.e., the elements of X) discussed
before. The fluctuating force F 1! gives no contribution to L; -
Similarly, using F; = Kj;x;, = —aPx i + M jix;, the torque el-
ements (37) become

Nij = _(,}/(j)a(j) _ y(i)a(i))in 4 )/(j)Mijk[ _ V(i)Mikaj-
(C2)

Comparing Egs. (C1) and (C2) we find that, in case of
isotropic friction (i.e., ¥ = y), the elements of L and N
are proportional to each other, or even identical when we set
y = 1. This is again a consequence of the overdamped limit
and the fact that the fluctuating forces do not contribute to L;;.

Angular momentum for n = 2. From (C1) is follows that
the angular momentum is determined by

My T MpT®
a0 )

L, =

MM
M _ @ 12M1
+ (a —da )<1 — W)Xu, (C3)
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where X, is given in Eq. (BS8). Inserting the relation

( M12M21) MpT?/a® + My TD fa)
=

 (@Ma® a +q@ €4
into Eq. (C3) we find that a possible singularity of Xj, re-
sulting from the determinant D, = 0 does not show up in the
expression for Lj;. We then obtain, with a = (a'" 4+ a®)/2
and T = (TV +T?)/2, Eq. (39).

APPENDIX D: NON-MARKOVIAN REPRESENTATION

In this Appendix we present, as an alternative to the Marko-
vian Langevin Eq. (5), the corresponding non-Markovian
representation for the physically observable variables x; and
X, that results from “integrating out” the auxiliary variables
x3. Henceforth we summarize the observable variables within
the two-dimensional vector x° = (xy, x5).

To start, the solution of the inhomogeneous linear differen-
tial equation for x3 is given by

x3(t) = / dt'exp[—a® (t — t)][M31x1(t') + M3pxo(t')]

fo

t
+ / dt’ exp[—a®(t — 1")]¢3(1). (D1)
fo

Henceforth we set o = 0, and x3(0) = 0. Inserting Eq. (D1)
into the LEs for xj, x, and rearranging, we obtain the non-
Markovian dynamics

x’(t) =K’x° + / di'G(t —r)x°(t")dt' + ¢, + ¢.. (D2)
0

In Eq. (D1), K? is a 2 x 2 matrix containing the elements
related to x;, xo of the coefficient matrix K introduced in
Eq. (5), and ¢, is the two-component vector of corresponding
white noises. Further, G is a two-dimensional matrix with
elements

Gij(At) = MM5; exp[—aP At], i, j=1,2. (D3)

As seen from Eq. (D2), G(At) plays the role of a kernel that
links the dynamics of x° to its history. Since we have (only)
one linearly coupled auxiliary variable, this kernel involves
one exponential with relaxation time 1/a®. Finally, the ele-
ments of the colored noise ¢, are given by (i =1, 2)

Loslt) = My f dt’ expl—a®( — @), (D4
0

Note that {.; vanishes if the auxiliary variable is not coupled
to a heat bath, i.e., T® = 0.

Equation (D2) can be rewritten by an integration by parts
of the second term on the right side. The resulting equation is
given by

a®

t ) l
/ di'T(t —1')x° = (K” + —G(O)) X+ g (t) (DS)
0
with the total noise ¢, = ¢, + ¢, and the friction kernel
G(At
I'(At) = 2I8(At) + % (D6)
a

where I is the unity matrix.

Equations (D2) and (D5) are equivalent; both can be
considered as a non-Markovian representation of the LE
(5). Note that although Eq. (D5) is formally similar to a
generalized Langevin equation (for an overdamped system),
there is an important difference: here friction kernel and the
noise correlation function are not automatically linked by a
fluctuation-dissipation relation of second kind.

Fluctuation-dissipation relation

Having obtained the non-Markovian representation of our
system, it is interesting to investigate whether this fulfills a
fluctuation-dissipation relation of second kind (FDR) [54].
For the present, overdamped system involving two (observ-
able) variables, the FDR can be stated in matrix form as
[19,31]

(o (DTt + AD) = T°T(A1), (D7)

where ¢, = ¢, + ¢, is the total noise, T’ is the diagonal
temperature tensor related to the observable variables (with
principal values 7" and T), and T is the (matrix-valued)
friction kernel given in Eq. (D6)).

To inspect the validity of the FDR we have to calculate the
two-dimensional matrix of correlation functions of the total
noise. To this end we note that the noise terms for different
variables are uncorrelated, therefore (£,(t)¢.(t + At));; =0,
and (£,(1)¢,(t + At));; = 2TD8;;8(At). The latter contribu-
tion cancels with the delta-like part of the friction kernel
Eq. (D6), after multiplying the latter with T°.

The relation of interest is therefore given by

9 i Gl(At)
(608t + Ay 270 ZLED,

where G;; is given in Eq. (D3) and i, j = 1, 2. Using Eq. (D4)
for ¢, we find for the elements of matrix of colored noise
fluctuations

(D8)

t t+At
(Ec()8.(t + AD));; =Mi3Mj3/ du/ dt’ exp
0 0

x [—a® + At —1') —a® @ — u)]
x 2TD8(t — u), (D9)

where the term in the last line results from the correlation
(¢3(t")¢3(w)). Simplifying we get

T3
(808t + An))ij = MisM 3 expl—a'” At —

x (1 —exp[—2a®t]). (D10)

We now focus on the limit of large ¢. Then the last exponential
in the round brackets can be neglected. Inserting the resulting
correlation function into Eq. (D8), using Eq. (D3), and divid-
ing both sides by exp[—a® At], the FDR becomes

TG , TO ]
Mi3Mj3W = WMiSMw’ 1= 1, 2. (Dll)
From Eq. (D11) we see that the FDR is automatically ful-
filled if (i) all temperatures are equal and (ii)) M3 = M3;,
that is, the coupling between the observable variables and

the hidden variable is reciprocal. However, if one of these
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conditions is violated, the FDR can be broken depending on
the actual parameter values. This is indeed the case for the
parameter choice in Sec. V, where T¥W =T, i =1,2,3, but
M23 = —M32 =Q andM13 = —M31 =-—-Q.

APPENDIX E: REMARKS ON THE CONTINUITY
OF ENTROPY PRODUCTION

In this Appendix we give additional arguments for the
observed continuity of the entropy production and the under-
lying angular momenta.

We recall that singularities found in stochastic dynamics as
treated here are linked with the sign change of the eigenvalues
of the matrix K = —a + M appearing in Eqgs. (5) and (6).
Thus, the analysis of the solutions of the pertaining deter-
ministic equations sheds light on the stability of observables
computed for the stochastic system.

We first consider the deterministic equation X; = K;jx; =
—ax; + M;;x;, a > 0 [resulting from Eq. (6) with zero noise
and a” = a]. Let A0 be the eigenvalues of the matrix K.
The components y; in the principal axes system are linked
to the original components x; via an unitarian transforma-
tion y; = Upxg. Given initial values at t = 0, one has y; ~
exp[A(? ], for ¢ > 0. Solutions of the initial value problem
yield y; — O for + — oo provided that the real part of the
eigenvalue obeys Re(A?) < 0. Under the same condition, the
presence of fluctuating forces in the corresponding stochastic
equations leads to finite stationary values of the averages (y?).
Unstable solutions which grow beyond any limits occur when
the real part of at least one of the eigenvalues is positive:
Re(A?) > 0.

Now we analyze the special case n =3 and M given by
Egs. (25)) and (26). Here one of the eigenvalues is real,
and the remaining two are complex conjugate. We use the
notation AV = A, A@ =k +iv, A® =k —iv, where A, k
and the eigenfrequency v are real quantities. The principal
axes system can be chosen such that the components are real:
y1 ~ exp[it], y» ~ explk t] cos(vt), y3 ~ explk t] sin(vt).

For our completely nonreciprocal parameters, the shear
rate dependence of A and « can be inferred from the

relations T' Q1 = (@ + M) ((a+ A1)> + Q% + Q%) and A +
2 k = —3 a. The first relation follows from Det(K — A1) = 0;
the second one is due to the invariance of the trace of K under
unitarian transformations. As expected, one has A = k = —a,
forI' = 0. Fora = Q| = Q, = 1, the eigenvalue A turns from
negative to positive with increasing shearrate at I' = I'¢jy = 3
(see Sec. IIIB). At this point, one has k = —3/2. On the
other hand, the real part « of the complex pair of eigenvalues
changes sign at I' = —12 where A = —3. This, however, is not
relevant here since we restrict our attention to I' > 0 (where
Kk < 0).

The original components x; obtained by unitarian trans-
formation involve all three principal components. Thus, both
exponential factors exp [A¢] and exp [«?] determine their time
dependence. Consequently, the bilinear products x;x; con-
tain linear combinations of exp[2XA?], exp[(A + «)¢], and
exp[2« t]. Thus, all bilinear quantities x;x; computed for the
deterministic system and, as observed above, the averages
(xix;) computed for the stochastic system diverge for I' > 3
where one has A > 0.

The situation is different for the components of the
angular momentum though they also are expressed in
terms of bilinear quantities. Due to y; ~ Aexp[Aif)],
yo ~ [k cos(vt) — vsin(vt)] exp (kt) ~ exp (kt), and
v3 ~ [k sin(vt) + v cos(vt)] exp (k1) ~ exp (kt), we have
in our principal axes system £; = y,y3 — y3y» ~ exp[2« t],
£y =y3y1 —y1y3 ~ expl(A + k)], and €3 = y1y2 — yay1 ~
exp[(A +«)t]. The angular momenta in the original
coordinate system are linear combinations of these principal
components. There is no contribution proportional to
exp[2At]. For I > 0, we have k < 0. Further, from the
relations above we have A 4+ x = —(3 — 1)/2. This quantity
changes sign at A =3 where I' = 72. Thus, for I' <72
also A + k < 0 holds true. To summarize, for the range of
shear rates considered in our study, none of the components
of the angular momentum diverge. This underlies the
continuous behavior of the average angular momentum and
of the resulting entropy production rate at the singularity
I' = Ieit = 3, as observed for the analytic and numerical
calculations presented in the main text.

[1] V. Volterra, Fluctuations in the abundance of a species
considered mathematically, Nature (London) 118, 558
(1926).

[2] A. J. Lotka, Analytical note on certain rhythmic relations
in organic systems, Proc. Natl. Acad. Sci. USA 6, 410
(1920).

[3] M. Mobilia, I. T. Georgiev, and U. C. Tauber, Phase transitions
and spatio-temporal fluctuations in stochastic lattice Lotka—
Volterra models, J. Stat. Phys. 128, 447 (2007).

[4] L. Barberis and F. Peruani, Large-scale patterns in a minimal
cognitive flocking model: Incidental leaders, nematic patterns,
and aggregates, Phys. Rev. Lett. 117, 248001 (2016).

[5] S. Saha, J. Agudo-Canalejo, and R. Golestanian, Scalar active
mixtures: The nonreciprocal Cahn-Hilliard model, Phys. Rev. X
10, 041009 (2020).

[6] C. H. Meredith, P. G. Moerman, J. Groenewold, Y.-J. Chiu,
W. K. Kegel, A. van Blaaderen, and L. D. Zarzar, Predator—
prey interactions between droplets driven by non-reciprocal oil
exchange, Nat. Chem. 12, 1136 (2020).

[7] A. V. Ivlev, J. Bartnick, M. Heinen, C.-R. Du, V. Nosenko, and
H. Lowen, Statistical mechanics where Newton’s third law is
broken, Phys. Rev. X §, 011035 (2015).

[8] A.Metelmann and A. A. Clerk, Nonreciprocal photon transmis-
sion and amplification via reservoir engineering, Phys. Rev. X
5, 021025 (2015).

[9] Z. You, A. Baskaran, and M. C. Marchetti, Nonreciprocity as
a generic route to traveling states, Proc. Natl. Acad. Sci. USA
117, 19767 (2020).

[10] M. Fruchart, R. Hanai, P. B. Littlewood, and V. Vitelli, Non-
reciprocal phase transitions, Nature (London) 592, 363 (2021).

054129-16


https://doi.org/10.1038/118558a0
https://doi.org/10.1073/pnas.6.7.410
https://doi.org/10.1007/s10955-006-9146-3
https://doi.org/10.1103/PhysRevLett.117.248001
https://doi.org/10.1103/PhysRevX.10.041009
https://doi.org/10.1038/s41557-020-00575-0
https://doi.org/10.1103/PhysRevX.5.011035
https://doi.org/10.1103/PhysRevX.5.021025
https://doi.org/10.1073/pnas.2010318117
https://doi.org/10.1038/s41586-021-03375-9

NONEQUILIBRIUM DYNAMICS AND ENTROPY ...

PHYSICAL REVIEW E 109, 054129 (2024)

[11] S. A. M. Loos, S. H. L. Klapp, and T. Martynec, Long-range
order and directional defect propagation in the nonreciprocal
XY model with vision cone interactions, Phys. Rev. Lett. 130,
198301 (2023).

[12] S. A. M. Loos and S. H. L. Klapp, Fokker—Planck equations for
time-delayed systems via Markovian embedding, J. Stat. Phys.
177, 95 (2019).

[13] L. Dabelow, S. Bo, and R. Eichhorn, Irreversibility in active
matter systems: Fluctuation theorem and mutual information,
Phys. Rev. X 9, 021009 (2019).

[14] R. Filliger and P. Reimann, Brownian gyrator: A minimal heat
engine on the nanoscale, Phys. Rev. Lett. 99, 230602 (2007).

[15] S. Cerasoli, V. Dotsenko, G. Oshanin, and L. Rondoni, Asym-
metry relations and effective temperatures for biased Brownian
gyrators, Phys. Rev. E 98, 042149 (2018).

[16] P. Siegle, I. Goychuk, P. Talkner, and P. Hénggi, Markovian
embedding of non-Markovian superdiffusion, Phys. Rev. E 81,
011136 (2010).

[17] J. Berner, B. Miiller, J. R. Gomez-Solano, M. Kriiger, and C.
Bechinger, Oscillating modes of driven colloids in overdamped
systems, Nat. Commun. 9, 999 (2018).

[18] G. Jung, M. Hanke, and F. Schmid, Generalized langevin
dynamics: Construction and numerical integration of non-
Markovian particle-based models, Soft Matter 14, 9368 (2018).

[19] T. J. Doerries, S. A. M. Loos, and S. H. L. Klapp, Correlation
functions of non-Markovian systems out of equilibrium: Ana-
lytical expressions beyond single-exponential memory, J. Stat.
Mech.: Theory Exp. (2021) 033202.

[20] S. A. M. Loos and S. H. L. Klapp, Irreversibility, heat and
information flows induced by non-reciprocal interactions, New
J. Phys. 22, 123051 (2020).

[21] T. Franosch, M. Grimm, M. Belushkin, F. M. Mor, G. Foffi,
L. Forr6, and S. Jeney, Resonances arising from hydrody-
namic memory in Brownian motion, Nature (London) 478, 85
(2011).

[22] S. Hess and J. C. Rainwater, Diffusion in a laminar flow: Shear
rate dependence of correlation functions and of effective trans-
port coefficients, J. Chem. Phys. 80, 1295 (1984).

[23] S. Hess, M. Kroger, and D. Evans, Crossover between short-and
long-time behavior of stress fluctuations and viscoelasticity of
liquids, Phys. Rev. E 67, 042201 (2003).

[24] L. Holzer, J. Bammert, R. Rzehak, and W. Zimmermann, Dy-
namics of a trapped Brownian particle in shear flows, Phys. Rev.
E 81, 041124 (2010).

[25] T. A. Vezirov and S. H. L. Klapp, Nonequilibrium dynamics of
a confined colloidal bilayer in a planar shear flow, Phys. Rev. E
88, 052307 (2013).

[26] S. Pelargonio and A. Zaccone, Generalized Langevin equation
with shear flow and its fluctuation-dissipation theorems derived
from a Caldeira-Leggett Hamiltonian, Phys. Rev. E 107, 064102
(2023).

[27] F. Ginot, J. Caspers, M. Kriiger, and C. Bechinger, Barrier
crossing in a viscoelastic bath, Phys. Rev. Lett. 128, 028001
(2022).

[28] J. Kappler, V. B. Hinrichsen, and R. R. Netz, Non-Markovian
barrier crossing with two-time-scale memory is dominated
by the faster memory component, Eur. Phys. J. E 42, 119
(2019).

[29] L. Fernandez, S. Hess, and S. H. L. Klapp, Shear-flow-induced
distortion of the density distribution and transition from a sta-

tionary to an instationary non-equilibrium state of a colloidal
particle in a trap, Atti Accad. Peloritana Pericolanti CI. Sci. Fis.,
Mat. Nat. 101, 3 (2023).

[30] A. Crisanti, A. Puglisi, and D. Villamaina, Nonequilibrium and
information: The role of cross correlations, Phys. Rev. E 85,
061127 (2012).

[31] A. Puglisi and D. Villamaina, Irreversible effects of memory,
Europhys. Lett. 88, 30004 (2009).

[32] R. R. Netz, Fluctuation-dissipation relation and stationary dis-
tribution of an exactly solvable many-particle model for active
biomatter far from equilibrium, J. Chem. Phys. 148, 185101
(2018).

[33] R. R. Netz, Approach to equilibrium and nonequilibrium sta-
tionary distributions of interacting many-particle systems that
are coupled to different heat baths, Phys. Rev. E 101, 022120
(2020).

[34] A. Plati, A. Puglisi, and A. Sarracino, Thermodynamic
bounds for diffusion in nonequilibrium systems with multiple
timescales, Phys. Rev. E 107, 044132 (2023).

[35] K. Sekimoto, Stochastic Energetics, Lecture Notes in Physics,
Vol. 799 (Springer, 2010).

[36] U. Seifert, Stochastic thermodynamics, fluctuation theorems
and molecular machines, Rep. Prog. Phys. 75, 126001
(2012).

[37] H. Risken, The Fokker-Planck Equation (Springer, Berlin,
Heidelberg, 1996).

[38] M. Doi, and S. F. Edwards, The Theory of Polymer Dynamics,
International Series of Monographs in Physics, Vol. 73 (Oxford
University Press, 1988).

[39] J. Kappler, J. O. Daldrop, F. N. Briinig, M. D. Boehle, and R. R.
Netz, Memory-induced acceleration and slowdown of barrier
crossing, J. Chem. Phys. 148, 014903 (2018).

[40] S. A. M. Loos, S. Hermann, and S. H. L. Klapp, Medium
entropy reduction and instability in stochastic systems with
distributed delay, Entropy 23, 696 (2021).

[41] C. Aust, S. Hess, and M. Kroger, Rotation and deformation of a
finitely extendable flexible polymer molecule in a steady shear
flow, Macromolecules 35, 8621 (2002).

[42] P. Papez, F. Merzel, and M. Praprotnik, Rotational dynamics of
a protein under shear flow studied by the Eckart frame formal-
ism, J. Phys. Chem. B 127, 7231 (2023).

[43] S. R. De Groot and P. Mazur, Non-Equilibrium Thermodynam-
ics (Dover Publications, New York, 2013).

[44] D. J Evans and G. P Morriss, Statistical Mechanics of Nonequi-
Ibrium Liquids (ANU Press, 2007).

[45] S. Hess, Irreversible thermodynamics of nonequilibrium align-
ment phenomena in molecular liquids and in liquid crystals,
Z. Naturforsch. A 30, 728 (1975).

[46] U. Seifert, Entropy production along a stochastic trajectory and
an integral fluctuation theorem, Phys. Rev. Lett. 95, 040602
(2005).

[47] L. Fernandez, Non-equilibrium behavior of a trapped colloidal
particle in a complex medium, Master’s thesis, TU Berlin, Ger-
many, 2023.

[48] M. Esposito, Stochastic thermodynamics under coarse graining,
Phys. Rev. E 85, 041125 (2012).

[49] F. M. Atay, Understanding complex systems, Complex
Time-Delay Systems: Theory and Applications, Understand-
ing Complex Systems (Springer, Heidelberg, Dordrecht,
2010).

054129-17


https://doi.org/10.1103/PhysRevLett.130.198301
https://doi.org/10.1007/s10955-019-02359-4
https://doi.org/10.1103/PhysRevX.9.021009
https://doi.org/10.1103/PhysRevLett.99.230602
https://doi.org/10.1103/PhysRevE.98.042149
https://doi.org/10.1103/PhysRevE.81.011136
https://doi.org/10.1038/s41467-018-03345-2
https://doi.org/10.1039/C8SM01817K
https://doi.org/10.1088/1742-5468/abdead
https://doi.org/10.1088/1367-2630/abcc1e
https://doi.org/10.1038/nature10498
https://doi.org/10.1063/1.446808
https://doi.org/10.1103/PhysRevE.67.042201
https://doi.org/10.1103/PhysRevE.81.041124
https://doi.org/10.1103/PhysRevE.88.052307
https://doi.org/10.1103/PhysRevE.107.064102
https://doi.org/10.1103/PhysRevLett.128.028001
https://doi.org/10.1140/epje/i2019-11886-7
https://doi.org/10.1478/AAPP.1011A3
https://doi.org/10.1103/PhysRevE.85.061127
https://doi.org/10.1209/0295-5075/88/30004
https://doi.org/10.1063/1.5020654
https://doi.org/10.1103/PhysRevE.101.022120
https://doi.org/10.1103/PhysRevE.107.044132
https://doi.org/10.1088/0034-4885/75/12/126001
https://doi.org/10.1063/1.4998239
https://doi.org/10.3390/e23060696
https://doi.org/10.1021/ma020710k
https://doi.org/10.1021/acs.jpcb.3c02324
https://doi.org/10.1515/zna-1975-6-704
https://doi.org/10.1103/PhysRevLett.95.040602
https://doi.org/10.1103/PhysRevE.85.041125

FERNANDEZ, HESS, AND KLAPP

PHYSICAL REVIEW E 109, 054129 (2024)

[50] P. De Gennes, Coil-stretch transition of dilute flexible polymers
under ultrahigh velocity gradients, J. Chem. Phys. 60, 5030
(1974).

[51] R. Larson and J. Magda, Coil-stretch transitions in mixed
shear and extensional flows of dilute polymer solutions,
Macromolecules 22, 3004 (1989).

[52] R. Goerlich, L. B. Pires, G. Manfredi, P.-A. Hervieux,
and C. Genet, Harvesting information to control nonequi-

librium states of active matter, Phys. Rev. E 106, 054617
(2022).

[53] L. B. Pires, R. Goerlich, A. L. da Fonseca, M. Debiossac, P.-
A. Hervieux, G. Manfredi, and C. Genet, Optimal time-entropy
bounds and speed limits for Brownian thermal shortcuts, Phys.
Rev. Lett. 131, 097101 (2023).

[54] R. Kubo, The fluctuation-dissipation theorem, Rep. Prog. Phys.
29, 255 (1966).

054129-18


https://doi.org/10.1063/1.1681018
https://doi.org/10.1021/ma00197a022
https://doi.org/10.1103/PhysRevE.106.054617
https://doi.org/10.1103/PhysRevLett.131.097101
https://doi.org/10.1088/0034-4885/29/1/306

