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ABSTRACT

We are used to measuring temperature with a thermometer, and we know from everyday life that different types of thermometers measure the
same temperature. This experience can be based on equilibrium thermodynamics, which explains the equivalence of different possibilities to
define temperature. In contrast, for systems out of equilibrium such as active matter, measurements performed with different thermometers
can generally lead to different temperature values. In the present work, we systematically compare different possibilities to define temperature
for active systems. Based on simulations and theory for inertial active Brownian particles, we find that different temperatures generally lead
to different temperature values, as expected. Remarkably, however, we find that different temperatures not only lead to the same values near
equilibrium (low Péclet number or high particle mass) but also even far from equilibrium, several different temperatures approximately
coincide. In particular, we find that the kinetic temperature, the configurational temperature, and temperatures based on higher moments
of the velocity distribution constitute a class of temperatures that all assume very similar values over a wide parameter range. Notably, the
effective temperature and temperatures exploiting the virial theorem, the Stokes-Einstein relation, or a harmonic confinement form a second
class of temperatures whose values approximately coincide with each other but which strongly differ from those of the first class. Finally,
we identify advantages and disadvantages of the different possibilities to define temperature and discuss their relevance for measuring the
temperature of active systems.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0234370

INTRODUCTION all essentially lead to the same result across a broad variety of
environmental conditions. In particular, we may wonder why the
reading of a liquid thermometer measuring the extension of a liquid

agrees with the reading of an infrared thermometer that measures

“Temperature is a physical quantity that expresses quantita-
tively the attribute of hotness or coldness. Temperature is measured

10:08:2) ¥202 Jequisoed 60

with a thermometer.”’ This is the definition of temperature reported
in the leading encyclopedia of our times.> Clearly, this notion of
temperature is rather imprecise. Indeed, our sensation of hotness
and coldness not only depends on temperature but also on the
heat conductivity of the material we are touching. As an exam-
ple, this can be experienced by touching a cold piece of wood and
recognizing that it feels hotter than a piece of metal at the same
temperature.’

There are many different ways to define temperature more
precisely, and before we are taught thermodynamics, it may come
as a surprise that in everyday life, different types of thermometers

thermal radiation and even with that of a vapor-pressure ther-
mometer that measures temperature through the vapor pressure
of a liquid (exploiting the Clausius-Clapeyron equation). When
learning statistical mechanics, we are in a position to understand
that the universality of temperature and the link between different
phenomena that are exploited by different types of thermome-
ters exclusively hold true in thermodynamic equilibrium. In fact,
the thermodynamic temperature can be linked to different observ-
ables in equilibrium systems.”” This leads to different equivalent
possibilities to define temperature, which exploit the equipartition
theorem,”” the virial theorem,® or fluctuation-dissipation relations
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for example.”'” Alternatively, tracer particles can be used as a
thermometer such that their properties can be linked to the thermo-
dynamic temperature of the system in which the tracer particles are
immersed."”

In principle, these and other definitions of temperature can
all be generalized to non-equilibrium systems. In particular, classi-
cal irreversible thermodynamics grounds on the local-equilibrium
hypothesis assuming that thermodynamic concepts such as tem-
perature may still be applied locally in non-equilibrium states.'*
However, when we are no longer near equilibrium and the local
equilibrium hypothesis is invalid, the reading of a thermome-
ter may (and typically will) depend on the details of the sys-
tem under consideration (and may even be time—dependent).”‘”’
Such a situation is generally expected for systems where the relax-
ation times of certain degrees of freedom are long or if large
persistent fluxes are present in the system, in particular also for
the large class of active matter systems containing self-propelled
particles.”'*""*

For such systems, we may wonder if it is sensible to define and
speak of temperature at all. First, when touching a piece of glass or
when putting our finger into a non-equilibrium liquid containing
swimming bacteria, there is of course still a perception of hotness
or coldness, and accordingly, it is tempting to introduce a measure
to quantify our experience. Second, it may be instructive to explore
when and by how much the different possibilities to define tempera-
ture, which we may use to quantify our experience, may deviate from
each other. In particular, we may wonder if there are subsets in para-
meter space for which the reading of different thermometers would
coincide. One might expect that different temperatures in active sys-
tems lead to strongly different temperature values for a system far
from equilibrium, which can be quantified by measuring the total
entropy production for example.'”"”*!

In the present work, we comparatively explore different possi-
bilities to define temperature for inertial active Brownian particles
such as used in Refs. 16 and 22-33. As expected, we find that
different temperatures lead to results that depend on the details
of the considered non-equilibrium system, and in general, that all
obtained temperature values deviate from each other. However, per-
haps surprisingly, we identify parameter regimes where different
temperatures provide consistent results even far from equilibrium.
This applies in particular to regimes in which the active particles
are heavy or in which their rotational diffusion is fast, and it has
been previously found that within these regimes, an active system
behaves as an effective equilibrium system.”””*” Indeed, we find
that within this regime, also the considered temperatures lead to
similar temperature values independently of the values of all other
dimensionless parameters that control the dynamics of the active
particles. Interestingly, we find that the different temperatures that
we have compared can be sorted in two classes: the first one shows a
strong mass dependence (and scales linearly with the mass in a wide
parameter regime) and the second one is almost mass independent.
We show that these two classes can approximately be matched by
rescaling with the particle mass. This finding has important conse-
quences for the calculation of temperature in active systems, as we
shall see.

This article is organized as follows: first, we introduce the active
particle model and the different possibilities to define temperature,
and we summarize known analytical results. Second, we present
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new numerical results based on Brownian dynamics simulations of
inertial active Brownian particles. Third, we discuss the advantages
and disadvantages of the presented temperatures, and finally, we
conclude our work.

MODEL

In this work, we consider inertial active particles modeled by
using the active Brownian particle (ABP) model’® * in two spatial
dimensions. The ABP model is a “dry” model, i.e., self-propulsion
is modeled effectively and the solvent solely acts as a thermal bath
that leads to fluctuations in the equations of motion.”® Within
the ABP model, an active particle is represented by a (slightly
soft) sphere of diameter ¢ with mass m and moment of inertia
I=ma*/10 (corresponding to a rigid sphere). The particles fea-
ture an effective self-propulsion force Fsp; = y,vop;(t), where vo, p;
denote the (terminal) self-propulsion speed and the self-propulsion
direction p; of the ith active particle (i=1,2,...,N), respectively.
Its position r; evolves as dr;/dt =v;, and its velocity v; evolves
according to

dVi

N
mﬁ = —YtVi + pvop; — Z Vi u(rij) + Fexi + \/2ke Toped;. (1)
j=1

J#i

Here, Ty represents the bath temperature, &; denotes Gaussian
white noise with zero mean and unit variance, and y, denotes the
translational drag coefficient. The particles may interact through a
two-body interaction potential u(r;), rij = |r; — rj| and may be sub-
ject to an additional external force Fexti = —Vy, Uext(ri) originating
from an external potential Uext. The self-propulsion direction p;(t)
can be expressed in terms of the orientation angle ¢,(t) as p;(t)
= (cos ¢,(t), sing,(£)).”"*>""**"* It evolves in time according to
dgbi /dt = w;, where the angular velocity w; evolves as

dw;
I
dt

= —yrw;i + \/2kg Ty yr1ji. )

Here, y, denotes the rotational drag coefficient and 7, denotes
Gaussian white noise with zero mean and unit variance. In the

overdamped limit, it yields
d¢; 2
=1/ —"i 3
de Tpﬂ 3)

where 7, = 1/D; denotes the persistence time and D; = kzTy/y,
is the rotational diffusion coefficient. Here, kg is the Boltzmann
constant.

POSSIBILITIES TO DEFINE TEMPERATURE

Let us first discuss the different possibilities under consider-
ation to define temperature. In general, we can distinguish three
different approaches to define temperature: First, one can define
temperature based on the fluctuations of the particle velocity, which
is a very common approach in the field of granular particles.” "’
Second, it is possible to define temperature based on fluctuations
in particle positions.”” The third approach takes inspiration from
glassy systems and exploits fluctuation-dissipation relations.”* >’
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TABLE I. Temperature definitions. Summary of different possibilities to define temperature for a system of (inertial) ABPs in d spatial dimensions.

Symbol Name Definition References Comments
Velocity-based definitions

Tin Kinetic a2 m{(vi = (v) )2) 16,24, 25,and 51-56  Equation (6)

Tina Fourth-moment kinetic %m\/ m Y (i (v) )4) Equation (9)

Twms Maxwell-Boltzmann 2;’;{‘;;\;}3 exp {—% }, i=xYyz 30 Equation (12)
Position-based definitions

Tyir Virial yttl_if?oatMSD(t) + ﬁxﬁl (ri “Fexti = X j<i Tij - Fij — povori - pi) Equation (14)

Tosc Oscillator k(x2 ) 25 Equation (15)

T cont Configurational % 26 and 57 Equation (17)
Dynamics-based definitions

TEin Einstein Y Dett Equation (18)

Tet Effective grll I\;[;?((f)) 16, 29, and 58 Equation (21)

In the following, we briefly introduce the different possibilities
to define temperature as used in this work and summarize some
known analytical results. The considered temperatures are presented
in Table L.

Before introducing the different possibilities to define temper-
ature, let us recap some general concepts known from equilibrium
physics. In particular, let us consider an equilibrium system of
N particles in three spatial dimensions and let T = (Ty,...,Ten)
= (Pys---sP3n> 41> - - -»d3y) be the phase-space vector representing
the spatial coordinates g; and the conjugate momenta p, Fur-
thermore, let the system be described by the Hamiltonian /(T
= Y.pi/(2m) + V({q,}), where m denotes the mass of the particles
and V is the potential energy of the system. Based on the stan-
dard thermodynamic relation 1/T = dS(E)/dE with entropy S(E)
and energy E, one can show that the thermodynamic temperature
can be calculated as’

o (9B} w
(Vv-B(I))
where B(T) is an arbitrary vector field with 0 < |{VZ - B(T))|,|(V -
B(T))| < 00 and V is the gradient operator in the 3N-dimensional
space. Furthermore, (V% -B(T)) must grow slower than &' in
the thermodynamic limit.* It should be noted that for B(T)
=(0,...,Ti...,0), we obtain the generalized equipartition theorem
ks T = ([;09/OT;). If T; = p,, we recover the equipartition theorem
ksT = (p?/m),” which we will exploit for some temperature defini-
tions in the following. In turn, if T; is a coordinate g,, we obtain the
Clausius virial theorem kg T = —(q,Fi)." From the general expression
in Eq. (4), we can directly derive different temperatures, such as the

kinetic temperature and the configurational temperature, as shown
in the following.

Velocity-based definitions

Velocity fluctuations can be used to define temperature either
based on the velocities of the active particles themselves or based on
the velocity distribution of tracer particles that are suspended in a
bath of active particles. Here, we consider the following possibilities
to define temperature based on velocities:

(1) Kinetic temperature: Starting from Eq. (4), we

can derive the kinetic temperature by choosing
B(T) =(0,...,0,p,,...,p;y), which yields”g'(’“
1N p?
kBT:<3NZ p), 5)
i=1

where p; = mv; is the momentum of the ith particle. When
we consider the average translational kinetic energy Ejin
= %Zﬁl m;i(vi— (v)) - (vi— (v)) (subtracting any possible
drift velocity (v)), we can write the kinetic temperature as

LS (i () (= (), ®)

i=1

where d is the spatial dimension. The kinetic temperature
is commonly used in the field of granular particles’' *’
and complex plasmas,”””" and it is equal to the thermo-
dynamic temperature in equilibrium systems where (v) = 0
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and Eq. (6) coincides with Eq. (5).° It has also been fre-
quently used as a well-deﬁned temperature definition in
active systems.'” °% It should be noted that the kinetic
temperature is proportional to the mass of the particles.
This has an important implication for the kinetic tem-
perature of (inertial) active particles: Free non-interacting
active particles move with their terminal speed v in the
steady state independently of their mass. Therefore, their
kinetic temperature strongly depends on their mass, as
shown in Fig. 1.

For the kinetic temperature in active systems, some
analytical results are known. For example, the kinetic tem-
perature of free non-interacting ABPs [t = 0 and Uex = 0 in
Eq. (1)] and similarly of active Ornstein-Uhlenbeck particles
(AOUPs; see Appendix A) can be written as™

ki Tian = ks Ty + mvoa, (7)

where m is the mass of the particles and the dimensionless
coefficient « is given by

_ Toy/m )
1+ 1op/m’

The first term in Eq. (7) is the bath temperature that deter-
mines the strength of the Brownian noise. The second term
has a pure non-equilibrium origin and disappears in equilib-
rium. It should be noted that Eq. (7) can be obtained based
on the AOUP model leading to similar results as for ABPs
(see Appendix A). Further analytical results are shown in
Appendix B.

The previous definition of kinetic temperature is based
on the second moment of the velocity distribution. Similarly,
one can use higher moments to define a variant of the kinetic
temperature. Exemplarily, we introduce a temperature based
on the fourth moment. In particular, we obtain

1
kg Tiing == 3 \‘ Nd(d+2) Z ((vi= ()%, )]

a / - ‘ high
/ Vo
y “te A
- 7
b ~ || o ® &
hee; ABPs - e light ABPs S low

FIG. 1. Kinetic temperature. Schematic visualization of the kinetic temperature of
active particles moving with a terminal self-propulsion speed v;. (a) Heavy active
particles feature a large kinetic temperature and (b) light active particles have a
low kinetic temperature. The color denotes the kinetic temperature, and the black
arrows denote the velocity of the particles.

2

(©)

t@(vﬁo Vys Vz) = (
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where d = 1,2,3 is the spatial dimension. This temperature
is again equal to the bath temperature in equilibrium, i.e.,
for vo = 0 in Eq. (1). It should be noted that Ty, = Tkina if
the velocity distribution P(v;), i = x,y,z is Gaussian, i.e., if
P(|v]) follows the Maxwell-Boltzmann distribution.
Maxwell-Boltzmann temperature: For free non-interacting
particles of mass m in a classical equilibrium gas at { tempera-
ture T, the Maxwell-Boltzmann distribution reads’””’

3/2 2 2 2
) exp{_m(%ﬁww)}, (10)

ZﬂkB T ZkB T

i.e., each velocity component v;,i = x,y,z is Gaussian dis-
tributed,

m I’i’lV2
) = ~ 11
Q(V) ZﬂkBT CXP{ 2kBT} ( )

Within an equilibrium system, the Maxwell-Boltzmann dis-
tribution can be exploited to determine the temperature
of the system by measuring the velocity distribution of
the particles. However, since the velocity of active parti-
cles is generally not Maxwell-Boltzmann distributed, this
procedure is not directly applicable to active systems. In
turn, one could use passive tracer particles as a thermome-
ter (Fig. 2). While passive particles immersed in an active
bath can be out of equilibrium, there are some parameter
regimes, in which their velocity distribution approximately
has a Maxwell-Boltzmann shape.”*”” Therefore, their veloc-
ity distribution provides an approximate measure for the
temperature of the active particles, the Maxwell-Boltzmann
temperature T [Fig. 2(b)] defined via

2
Mtracer MitracerVj .
P(vi) =/ - , 1=%9,2, 12
(V ) ZﬂkBTMB exp{ ZkBTMB } =Ry z ( )

where Mracer denotes the mass of the tracer particle. It should
be noted that the Maxwell-Boltzmann temperature depends
on the tracer mass and on the interactions between the active
particles and the tracer. In fact, the tracer should follow the
slow dynamics of the active system, which is only guaran-
teed if the tracer is sufficiently heavy.”’ In addition, the tracer
has to be small enough to not affect the structure of the
active system. It should be noted that there are parameter
regimes in which the velocity distribution is not Gaussian
anymore,”” and therefore, the Maxwell-Boltzmann temper-
ature cannot be calculated [see inset in Fig. 2(b)]. Hence,
we do not show the Maxwell-Boltzmann temperature in the
numerical results in this article.

Position-based definitions

We now introduce different possibilities to define temperature
based on the positions of active particles and tracers.

Virial temperature: The virial theorem connects the average
kinetic energy of a system to its average potential energy by
3N m(vi-viy = -13N (r;-Fi) and was first introduced
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\\KT' / f Tup ¢

p(vz)

1
e PSP

/ ABP """ ,.E'! 10 3 r b
® tracer o i/ 104

FIG. 2. Maxwell-Boltzmann temperature. (a) A passive tracer particle (black)
that interacts with the surrounding active particles (gray) is used as a thermome-
ter for the active particles. (b) Velocity distribution (black dots) of passive tracer
particles in a bath of active particles. The Maxwell-Boltzmann temperature Tyg is
obtained from the variance of a Gaussian (yellow line) fitted to the tracer velocity
distribution. The inset shows the velocity distribution for the passive particles in a
mixture of overdamped ABPs [m/(y,7p) = 5 x 10-%] and inertial passive Brown-
ian particles [m/(y,rp) = 5 x 1072] atPe = 100, p,, = 0.5, and xa = 0.9, where
Xa denotes the fraction of active particles. In this parameter regime, the veloc-
ity distribution is clearly non-Gaussian, and therefore, the Maxwell-Boltzmann
temperature cannot be sensibly calculated. The data have been taken from
Ref. 75.

(4)

by Clausius in 1870.° Here, F; denotes the total force act-
ing on the ith particle. In equilibrium, the average virial
(V) =-1% X, (r;-Fi) can be connected to the thermody-
namic temperature T of the system by applying the equipar-
tition theorem as already done for the definition of the
kinetic temperature. This leads to the virial temperature
defined as

kpTyir = 2 1% (13)

B Lvir += N d< );

where d denotes the spatial dimension of the system and N
is again the number of active particles.”® For inertial ABPs
[Egs. (1) and (2)] in the steady state, the virial temperature
can be written as (see Appendix C for details)

kg TAPP = yuJim 9 MSD(1)

Ly >
+ ti - Fexti — ) tij - Fij — povori - p»),
2Nd i j<i '

(14)

with the mean-square displacement MSD(t) = (ri(t)?)
[assuming r;(0) = 0], interaction force Fy;, and spatial dimen-
sion d. Hence, the virial temperature does only require infor-
mation about the positions and the forces but not about the
velocities of the particles. Therefore, it is also applicable to
simulations in the overdamped limit. It should be noted that
for free ABPs, the first term is equal to yDes, where Deg
is their effective diffusion coefficient, which we obtain from
their long-time MSD. All other contributions are directly cal-
culated from the particle trajectories by averaging over time
in the steady state.

Oscillator temperature: Let us now consider a particle that
is confined in an external potential with a minimum at r = 0.

ARTICLE pubs.aip.org/aipl/jcp

In equilibrium, the position fluctuations (r*) are directly
related to the thermodynamic temperature (Appendix D).
For simplicity, let us consider a harmonic confinement, i.e.,
Uext(r) = kr? /27" For non-interacting particles in equi-
librium, i.e., vo = 0 and u = 0 in Eq. (1), one can show that
(r}) = kg T/k with i = x, y,z. It is tempting to generalize this
equilibrium result to define an oscillator temperature. There-
fore, assuming that the system is isotropic, we define the
oscillator temperature as""*’

kg Tose = k(riz), i=xyz (15)

There are two possibilities to measure the oscillator temper-
ature: first, one can place the active particles themselves in
the harmonic potential [Fig. 3(a)]. It should be noted that
in this scenario, for non-interacting particles in the limit of
vanishing Péclet number (ideal gas), the oscillator tempera-
ture coincides with the virial temperature. Second, one can
use a passive tracer particle trapped in a harmonic potential
and interacting with surrounding non-trapped active par-
ticles [Fig. 3(b)]. The latter scenario is closely related to
active heat engines, for which the definition in Eq. (15) has
been frequently used to map active heat engines onto an
effective equilibrium system with (time-dependent) effec-
tive temperature.”” " In terms of a general temperature
definition, the tracer-based scenario has the drawback that
the obtained temperature values depend on the mass of the
tracer and its size, and defining a suitable tracer-based ther-
mometer is only possible when choosing sufficiently small
and heavy tracers.”””" Furthermore, it has been shown that
the position distribution of the tracer becomes non-Gaussian
for certain k.*” In addition, in the former scenario, the
strength k of the harmonic potential has to be adjusted to
the self-propulsion speed of the active particles such that they
can still reach most positions inside the harmonic poten-
tial but cannot leave it across the periodic boundaries of
the simulation box. We remark that the dependence on the
potential strength makes the use of this temperature ques-
tionable. Moreover, the use of the oscillator temperature
causes problems when we consider interacting particles that
repel each other and fill up the trapping potential from the
center toward higher and higher potential values because
it does not account for the contributions from the interac-
tions between the particles. This inappropriately increases
the value of the oscillator temperature and leads to a density-
dependent temperature even in the equilibrium limit. Thus,
we will conclude that the oscillator temperature is an unsuit-
able temperature definition. In contrast, the virial temper-
ature consistently accounts for contributions from particle
interactions [Eq. (14)], which is equal to the oscillator tem-
perature in case of an ideal gas (see below). For simplicity, we
only calculate Tosc without using immersed tracer particles.
For non-interacting ABPs (and AOUPs), the oscillator
temperature has been calculated analytically and reads®”

1+Tyt/m 2
kpTosc = kpTpy + ——— 2= — 3o 16
B L osc Blb 1+prt/m+‘r§k/m 0Tp )t ( )
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ext

U,
U,

Lactive Ltracer

FIG. 3. Oscillator temperature. (a) Schematic illustration of active particles in
a harmonic potential U2%¥e(r) = kr2/2, r = \/x* + y? of strength k. The inset
shows an exemplary distribution of the particle positions in x direction p(Xactive )
from which Tosc can be determined from the variance of a Gaussian that is fitted to
the data. (b) Schematic visualization of a passive tracer particle (white) trappedin a
harmonic potential U3 (r) = kr? /2, r = \/x? + y? of strength k and subject to
a bath of non-trapped active particles (gray), which collide with the tracer particle
(white arrows). The inset shows an exemplary distribution of the tracer position
in x direction p(Xyacer) from which Tosc can be determined analogously as in
panel (a).

This expression is obtained from the AOUP model and coin-
cides with the results for ABPs. It reflects the dependence of
Tosc on the strength k of the harmonic potential and shows
that it also depends on the ratio ,y,/m.

(5) Configurational temperature: The configurational temper-
ature provides another possibility to define temperature
independently of the particle momenta. It can be derived
from Eq. (4) by choosing B(T) = -VU({ri}), where
Uot({ri}) denotes the total potential energy of the system.
This yields”"’

(VUiot - VUiot)

ks Teonf = (vz U, t)
ol

17)

Here, V is again the gradient operator in the 3N-dimensional
space. Recently, Saw et al. used the configurational temper-
ature to measure the temperature of an active system.”””’
It should be noted that for non-interacting active particles,
Utot = Uext. In the special scenario of non-interacting parti-
cles in an external harmonic potential Uex(r) = kr*/2, we get
Teonf = Tosc-

As shown in Fig. 4, the configurational temperature
measures how far a particle can ramp up the interaction
potential. It is large if the forces (VUiot) are large and if the
curvature of the potential (V2Usq) is small. Therefore, con-
tributions to Tconf from particles residing near the minimum
of the external potential and near the equilibrium distance for
interacting particles are small, i.e., if all particles are placed in
the potential minimum, T¢one = 0 [Fig. 4(b)].

Dynamics-based definitions

All previous possibilities to define temperature either exploit
the velocities or the positions of the particles. However, one can also
exploit dynamical properties of active systems to define temperature.
In particular, we present two approaches, one based on the Einstein
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FIG. 4. Configurational temperature. (a) and (b) Exemplary harmonic potential
U(r) = kr?/2 and the corresponding contributions to the configurational tem-
perature as defined in Eq. (17) as function of the distance r, respectively. (c)
Exemplary Weeks—Chandler—-Anderson (WCA) potential as defined in Eq. (22) and
as used for the simulations in this work. (d) Corresponding contributions to the
configurational temperature as defined in Eq. (17) as function of the inter-particle
distance r.

relation and one following Cugliandolo and Kurchan based on linear
response theory.””*

(6) Einstein temperature: Let us again consider free non-
interacting passive Brownian particles, i.e., vo = 0, u = 0, and
Fext = 0 in Eq. (1). Then, the diffusion coefficient D is con-
nected to the bath temperature via the Einstein relation:
D =kpTyp/y,.** We can now define a temperature for active
particles based on their effective long-time diffusion coeffi-
cient Degf, which can be calculated from the mean-square dis-
placement (MSD) of the active particles (Fig. 5), by exploiting
the Einstein relation. In particular, we define the Einstein
temperature Tgin as®

kg Tgin = ytDefr. (18)

If the active particles interact with each other, ie., u # 0 in
Eq. (1), y, has to be replaced by an effective drag coefficient
V.q that is calculated from the response of a tracer particle
to a constant force F = Fe, in the presence of the considered
active system, i.e.,

Yeir = F/ lim (v(2)). (19)

It should be noted that for sufficiently low density, we have
Yett ® Ve

For free non-interacting inertial ABPs, the effective
diffusion coefficient has been calculated analytically and
reads 12,90,91

2
DA _ D 4 %es“s}(&r(sk,o, Sw), (20)

where Dy = kg Ty /y, denotes the translational diffusion coef-
ficient, Sg = ﬁ, and T(a,b,c) = [, dgq"'e”?. Here, I
denotes the moment of inertia of the active particles. In
the overdamped limit Sg — 0, we obtain the following pop-
ular result for the active diffusion coefficient: Deg = D
+ vérp/z,*‘""”‘ yielding kg Tgin = kg Ty, + ytv(z,rp/z.
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MSD

time

VACF

time

FIG. 5. Einstein temperature. (a) Exemplary trajectories of free non-interacting
ABPs. The arrows denote the self-propulsion directions. (b) Mean-square dis-
placed (MSD) of the active particles and long-time effective diffusion coefficient
D¢ yielding the Einstein temperature as defined in Eq. (18). (c) Alternative cal-
culation of the long-time diffusion coefficient D from the integral of the velocity
auto-correlation function (VACF) of the active particles.

7) Effective temperature: Inspired from glassy systems”'” and
( p P glassy sy:

following Refs. 16, 29, 58, and 94, we now define the so-
called effective temperature of an active system. This expres-
sion is inspired by linear response theory and is defined as
the ratio between the mean-square displacement MSD(¢)
= ([r(t) - r(O)]Z) and the susceptibility y in the long-time
limit, i.e.,

kBTeff(t) = lim M, 21)

>1 2dy(t)
where d is the number of spatial dimensions. To calculate
the susceptibility, one can use the Malliavin weights sam-
pling (MWS), as used in Refs. 16 and 29, or approaches that
are based on the simulation of a perturbed and an unper-
turbed system with the same noise realizations (Fig. 6)."”>”
Here, we will use the latter approach to numerically deter-
mine T (see Appendix E for details). It should be noted
that the calculation of the effective temperature requires to
average over many independent ensembles, which is com-
putationally expensive. In particular, we average over 100
independent simulation runs for each data point and over
time in the diffusive long-time regime of the MSD. Due to the
high computational costs, we calculated the effective temper-
ature exemplarily for some parameter regimes, and we only
consider data points with reasonably good statistics, i.e., data
points with a standard deviation that is at least smaller than
the value itself.

SIMULATION RESULTS
Brownian dynamics simulations of the ABP model

To systematically compare the introduced possibilities to
define temperature, we perform Brownian dynamics simulations
of systems of N =2 x 10* inertial ABPs as described by Egs. (1)
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FIG. 6. Effective temperature. Schematic visualization of the calculation of the
effective temperature T as defined in Eq. (21). Starting from a snapshot of the
system of active particles in the steady state [panel (a)], a copy of the system is
created and perturbed by a small perturbing force at a fixed time ¢ = t, [orange
arrows in panel (e)]. The original system [panel (b)] and the perturbed system are
then simulated with the same noise realizations up to a time t > f; [panels (c) and
(f)]. From the unperturbed system, the mean-square displacement [MSD, panel
(d)] is calculated and from the comparison of both systems, the susceptibility x (t)
is obtained. Finally, this leads to T following Eq. (21).

and (2). The interaction between the ABPs is modeled by the
Weeks-Chandler-Anderson (WCA) potential,’”

12 6
4¢ (g) 7(3) +&, rij/0§21/6,
u(ry) = rij rij (22)

0, else

with particle diameter o, strength ¢ and r; = |ri —rj|. We use
the particle diameter ¢ as length unit, the persistence time
7p = 1/D; as time unit, and ks T}, as energy unit. Here, D; = kT /7,
denotes the rotational diffusion coefficient and Ty, is the bath
temperature. We fix the interaction strength to ¢/(kgT}) = 10 or
to ¢ =0 for non-interacting particles. For simplicity, we choose
¥, =7,/0°. As free parameters, we vary the dimensionless mass
M = m/(y,p) = Tm/Tp (and accordingly, the moment of inertia I),
the Péclet number Pe = v/\/2D;D; (which quantifies the strength
of self-propulsion relative to diffusive motion), and the total pack-
ing fraction ¢, = Nmo®/(4A), where A =L" is the area of the
two-dimensional quadratic simulation box of box length L. Here,
D: = kpTy/y, is the translational diffusion coefficient and 7., = m/y,
is the inertial time scale. The Langevin equations [Egs. (1) and (2)]
are solved numerically with LAMMPS? using a time step At/7p
= 107" and periodic boundary conditions. We run the simulations
first for a time of 2007}, to reach a steady state and afterward for
a time of 8007, for computing time averages of observables in the
steady state. For simulations in a harmonic confinement, we have
chosen k oc 2y,vo/L such that |Fext(L/2)| = y,v0 to ensure that the
active particles are able to reach each position in the harmonic
potential but cannot leave it across the periodic boundaries of the
simulation box. All simulation data have been analyzed with Python
using the recently developed active matter evaluation package
(AMEP).”

Péclet dependence

Let us first discuss the Pe dependence of the considered tem-
peratures. For simplicity, we only consider parameter regimes in
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which the system does not phase separate’ and study two scenar-
ios: non-interacting ABPs and interacting ABPs at total packing
fraction ¢, , = 0.025. To scan all regimes from the near-equilibrium
case to the strongly active regime, we vary Pe from Pe =0.125
to Pe = 256. To also explore different regimes from the strongly
inertial regime to the overdamped regime, we determine the temper-
ature for three different masses M € {0.0004,0.1,6.25}. The results
are shown in Fig. 7 together with the corresponding analytical
expressions for non-interacting ABPs as discussed above. These
expressions perfectly match with the numerical results obtained
from the Brownian dynamics simulations [Figs. 7(a)-7(c)]. As
expected, all temperatures increase with increasing Pe (Fig. 7).
For very low Pe, the system essentially behaves as an equilib-
rium system and all temperatures coincide (except for the oscillator
temperature for interacting ABPs as we discuss in more detail in
the following).

Non-interacting active particles

Let us now first focus on the non-interacting case. Here, for
large mass M [Fig. 7(a)], all temperatures lead to the same value
and the curves collapse to one master curve. In this case, the per-
sistence time 7, is small compared to the inertial time 7, which
leads to a vanishing entropy production rate such that the system
approaches an effective equilibrium state.”””*”> When decreasing
the mass, i.e., for 7,/Tm > 1, different temperatures generally lead
to different values [Figs. 7(b) and 7(c)]. Notably, the two kinetic
temperatures Ty, and Ting lead to very similar temperature val-
ues suggesting that the velocity distributions are approximately
Gaussian. Remarkably, Tosc and Tgin also lead to very similar tem-
perature values even for very large Pe, where they significantly
differ from Ty, and Tying. In fact, we find Tosc > Tyn in accor-
dance with previous literature.”’ It should be noted that Tos and
Txin might coincide after doing a force renormalization as demon-
strated in Ref. 100. The difference to the kinetic temperatures further
increases when decreasing the mass of the active particles [Figs. 7(b)
and 7(c)] indicating that velocity-based definitions strongly depend
on the dimensionless particle mass while Tosc and Tgin do not as
we shall see. The effective temperature T is similar to Tosc and
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line denotes the bath temperature Ty,.

TEin [Figs. 7(a) and 7(b)]. It should be noted that we show only
a few data points for Tt because its computation is numerically
rather costly.

Interacting active particles

If we now consider interactions between the active particles,
we qualitatively obtain the same results. Again, all temperature val-
ues obtained with the different possibilities to define temperature
except the oscillator temperature coincide for large masses and lead
to the bath temperature at small Pe [Fig. 7(d)]. However, the oscilla-
tor temperature Tos saturates at a temperature larger than the bath
temperature. This is because (i) the confining potential pushes the
particles together such that the particles may form a dense cluster
around the minimum of the confining potential and (ii) not all par-
ticles can be placed in the potential minimum in the initial state of
the simulation. The latter adds some additional potential energy to
the particles. As a consequence, particles at the border of the clus-
ter have a large potential energy and lead to a large contribution
to the position fluctuations (r?). Hence, the oscillator temperature
can reach values higher than the bath temperature even for passive
particles. In particular, as mentioned earlier, the oscillator temper-
ature does not appropriately consider contributions coming from
the interaction forces between the particles. In turn, the virial tem-
perature systematically considers these contributions and, therefore,
leads to correct temperature values. Hence, the oscillator tempera-
ture is considered as unsuitable to measure temperature. At large Pe,
another deviation is visible: the Einstein temperature Tgi, and the
virial temperature T lead to smaller temperature values at large Pe
compared to the other temperature values especially in the case of
large particle mass [Fig. 7(d)]. This is because collisions slow down
the particles and lead to a smaller diffusion coefficient. This effect
is stronger at large Pe due to a higher collision rate and it is also
stronger for heavier active particles because they need a compara-
tively long time to reach their terminal speed after each collision.
However, similar to the non-interacting scenario, the Einstein tem-
perature Tgin and the oscillator temperature Tosc almost coincide
at intermediate and small masses and for large Pe [Figs. 7(d)-7(f)].
This is because they both effectively measure position fluctuations
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for the Einstein temperature [Tgin analytic,
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and, therefore, approximately coincide. It should be noted that T,
Tyir, and Tos do not coincide with the other temperatures because
they have a weaker mass dependence as we will discuss further.
Remarkably, the configurational temperature T coincides with
Tyxin and Tying for all parameters [Figs. 7(d)-7(f)]. It measures how
far an active particle can ramp up the interaction potential, and
therefore, it is directly related to the kinetic energy of the particles
that is converted into potential energy during collisions for exam-
ple. Hence, Tconr leads to very similar temperature values as Tiin
and Tkin4-

Mass dependence

To obtain further insights into the parameter dependencies
of the different temperatures, we now analyze the mass depen-
dence in more detail. We vary M = m/(y,7p) from 0.0004 to 6.25
for Pe € {0, 16,64}. The results are shown in Fig. 8 again together
with the analytical results for non-interacting ABPs. For the latter,
the numerical results perfectly coincide with analytical expressions
discussed above [Figs. 8(a)-8(c)]. As expected from equilibrium
thermodynamics, all temperatures lead to the same temperature val-
ues, namely, the bath temperature T}, for Pe = 0. For Pe > 0, the
different temperatures again lead to different temperature values and
exhibit an important mass dependence: While the oscillator temper-
ature Tosc does not depend on M and the Einstein temperature, the
effective temperature, and the virial temperature only show a weak
mass dependence, both kinetic temperatures Tyin and Tiins as well as
the configurational temperature Tconf feature a strong mass depen-
dence (Fig. 8). In the absence of interactions, this is because the
particles move with their terminal self-propulsion speed (|v]} ~ vo,
and accordingly, we have Ty, ~ mvé /2 o< m for large Pe. Thus, for
m — 0 (i.e., M — 0), the active contribution to T}, vanishes and we
have Tyin & Tp. In turn, TEin, Tefr> Tvir, and Tosc only slightly depend
on M [Figs. 8(b) and 8(c)]: Their calculation is based on position
fluctuations, which depend only weakly on M in some parameter
regimes if the particles (on average) move with their terminal self-
propulsion speed vo. The observed trends are robust and still apply
in the presence of interactions [Figs. 8(d)-8(f)].

Mass scaling

From Fig. 8, we see that some temperature definitions strongly
depend on the mass of the active particles. Inspired by the pro-
portionality to m of the kinetic temperatures for large Pe, where
(v) = vy [Egs. (6) and (9)], we divide all temperatures that show a
strong mass dependence (T, Tkina> and Teon) by M = m/(y,7p)
(Figs. 9 and 10). From the Pe-dependence, we see that now all
definitions lead to similar temperatures at large Pe for both non-
interacting and interacting ABPs (Fig. 9). It should be noted that
the regime in which the (rescaled) temperatures coincide is larger
if the active particles are heavier. This is reflected by the analytical

M
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FIG. 9. Pe dependence of rescaled temperatures. Temperature as a function of
Pe for two different masses M = m/(y,7p) as given in the key. All temperatures
with a strong mass dependence are rescaled with M. (a) and (b) The results for
non-interacting ABPs, i.e., u = 0 in Eq. (1). (c) and (d) The results for interacting
ABPs at total packing fraction ¢, = 0.025. The black dashed line denotes the
bath temperature Ty,.
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FIG. 10. Mass dependence of rescaled temperatures. Temperature as a func-
tion of the dimensionless particle mass M = m/(y,p) for two different Pe as given
in the key. All temperatures with a strong mass dependence are rescaled with M.
(@) and (b) The results for non-interacting ABPs, i.e., u = 0 in Eq. (1). (c) and (d)
The results for interacting ABPs at total packing fraction ¢, = 0.025. The black
dashed line denotes the bath temperature Ty,.

expressions discussed above, which show that for low or moderate
Pe, the kinetic temperature is not simply proportional to m but has
a more complicated mass dependence encoded, for example, in the
factor « [cf. Eq. (8)]. This becomes visible in Fig. 10, which reflects
that the different temperatures do of course not fully match even if
rescaled with M.

Effect of the packing fraction

Finally, we exemplarily analyzed the effect of the total pack-
ing fraction on the values of the kinetic temperatures Ty, and
Trina> the configurational temperature Tonr, and the Einstein tem-
perature Tgi,. We have chosen the total packing fraction as
@op € {0.025,0.05,0.1,0.2} such that the system is still uniform and
does not undergo MIPS™”'"" and fixed an intermediate mass
of M =0.1. As shown in Fig. 11, increasing the packing fraction

decreases the temperature values but the overall Pe dependence is

ARTICLE pubs.aip.org/aipl/jcp

the same. This is because increasing the total packing fraction leads
to an increased collision rate. The collisions tend to slow down the
active particles and hinder the particles to reach their self-propulsion
speed vo. Hence, increasing the packing fraction opposes the effect of
activity on the average speed of the particles and reduces the values
of the considered temperatures. Close to equilibrium, all temper-
atures are equal to the bath temperature for all packing fractions
except for the Einstein temperature [Fig. 11(d)]. Here, we have used
the same drag coefficient y, for all packing fractions to calculate
Tgin. However, increasing ¢, , reduces the MSD and, hence also Tin.
In particular, the resulting diffusion coefficient becomes smaller for
larger packing fraction. Hence, Tgin also decreases with increasing
@0~ This also happens close to equilibrium and leads to an Einstein
temperature slightly lower than the bath temperature. One could
compensate for this effect by calculating the effective drag coefficient
as shown in Eq. (19).

CONCLUSIONS

Our analytical and numerical results show that different possi-
bilities to define temperature typically lead to different temperature
values. However, close to equilibrium, all temperatures coincide. In
active systems, one can approach (effective) equilibrium states in
two ways, First, in the limit Pe — 0, activity vanishes and the system
forms an equilibrium system made of passive Brownian particles,
for which all temperatures coincide with the bath temperature. Sec-
ond, in the limit M — oo, the persistence time 7, becomes small
compared to the inertial time 7 = m/y,. Then, the motion of the
active particles is dominated by (rotational) diffusion and the system
reaches an effective equilibrium state at a higher temperature than
the bath temperature. This is also indicated by a vanishing entropy
production rate in the limit 1/M = 7,/7m — 0.

It is now tempting to distinguish between “good” and “bad”
temperature definitions: a “good” temperature definition should
provide consistent temperature values that are independent of
details of the thermometer and the confining potential. Therefore,
we conclude that the oscillator temperature and any tracer-based
temperature definition generally can be considered as a compar-
atively “bad” definition of temperature in active systems. This is
because the oscillator temperature strongly depends on the potential
strength k and bears the risk of not agreeing with the bath tem-
perature in the equilibrium limit for interacting particles because
it does not appropriately account for interaction forces compared
to the virial temperature for example. In turn, any tracer-based
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FIG. 11. Effect of the packing fraction. Temperature values for a fixed mass M = 0.1 as a function of the Péclet number Pe and at different total packing fractions ¢,
(indicated in the keys) for (a) the kinetic temperature Ty, (b) the fourth-moment kinetic temperature T, (C) the configurational temperature T, and (d) the Einstein

temperature Tg,. The black dashed line denotes the bath temperature Ty,.
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definition requires heavy and small tracer particles such that they
(i) follow the slow dynamics of the active system and (ii) do not
affect its structure.”>”’ Furthermore, some temperatures are compu-
tationally demanding such as the effective temperature. In contrast,
all other temperatures can be considered as comparatively “good”
in the sense that they do not suffer from these drawbacks. While
their values of course depend on details of the considered sys-
tem (dimensionless parameters such as the reduced mass, Péclet
number, and packing fraction), we found that several temperatures
approximately coincide even far from equilibrium. Concretely, the
kinetic temperature Tyin, the fourth-moment-based kinetic temper-
ature Tyins, and the configurational temperature Tons constitute a
class of temperatures that all assume very similar temperature val-
ues over a wide parameter range. Notably, the virial temperature
Tyir, the Einstein temperature Tgin, the oscillator temperature Tosc,
and the effective temperature T form a second class of temper-
atures whose values approximately coincide with each other but
which strongly differ from those of the first class. Beyond that, we
found that the two different classes of temperatures can be matched
in the far-from equilibrium regime where the system is dominated
by activity (large Pe, small mass) by rescaling temperatures with
the particle mass.

Overall, regarding the question “how to define temperature in
active systems,” we note that our numerical results reflect the gen-
eral expectation that far from equilibrium, different temperatures
lead to different temperature values. This is because the particle
positions and velocities are non-trivially coupled in active systems
and, in general, often follow different non-Boltzmann distributions.
This implies that it is impossible to uniquely quantify fluctuations
in active systems based on a single temperature parameter. How-
ever, beyond this generic fact, we found that certain possibilities to
define temperature are advantageous over others in the sense that
they are (i) easy to calculate from numerical (or experimental) data,
(ii) do not depend on properties of the used “thermometer” such as
tracer size and mass or a confining potential, and (iii) mutually lead
to similar temperature values over a wide parameter regime. In par-
ticular, the kinetic temperatures Ty, Tkins, and the configurational
temperature Tonf have these advantages.

The present study serves as a starting point toward a system-
atic classification and unification of different possibilities to define
temperature in active systems. It invites further studies to generalize
the suggested temperature definitions and to fundamentally explain
and exploit the identified temperature classes that lead to similar
temperature values. Such studies could also answer the fundamental
question of which of the presented temperatures can be interpreted
as a measure for the direction of energy transfer as heat. Of course,
alternatively, for non-homogeneous systems, one can choose to give
up the definition of a global temperature altogether in far-from-
equilibrium systems and to define a local temperature instead, which
can be done by calculating the presented temperature definitions in
a subdomain of the considered system.
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APPENDIX A: THE ACTIVE ORNSTEIN-UHLENBECK
PARTICLE MODEL

The active Ornstein-Uhlenbeck particle (AOUP) model rep-
resents an alternative model to the ABP model and is commonly
used for analytical calculations.”'"*"'*" Similar to the ABP model,
the AOUP model is a dry model, and the translational degrees of
freedom follow the Langevin equation given in Eq. (1) in the main
text. In contrast, in the case of AOUPs moving in two spatial dimen-
sions, the orientation vector p; is represented by a two-dimensional
Ornstein-Uhlenbeck process that allows both the modulus p, and
the orientation angle ¢, to fluctuate with related amplitudes. The
dynamics of p; is described by

dp; P; 1
K v, Al
dt Tp i V Tpxl (A1)

where again 7, = 1/D; denotes the persistence time and y, is Gaus-
sian white noise with zero mean and unit variance.””*'"” It should
be noted that with the notation used here, both the ABP and the
AOUP models share the same autocorrelation function of the ori-
entation vector p; with an exponential shape, ie., (p;(t) - p;(0))
= exp(—t/7p) and thus also the same equal-time second moment
(p}) = 1.""7"% The difference between the two models is visible in
the higher-order moments and the full-shape of the active-force dis-
tribution. Indeed, the latter is Gaussian in the case of AOUPs but it
is characterized by a constant modulus in case of ABPs.'’®

APPENDIX B: ANALYTICAL RESULTS FOR THE KINETIC
TEMPERATURE

In the main text, we discussed the analytical expression of
the kinetic temperature for free non-interacting ABPs. Let us now
consider a few more complicated setups. By confining the system
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through an external harmonic potential Uext(r) = ke* /2, for the
AOUP case [Eq. (A1)], one obtains™

Tppe/m

= Bl
1+ oy /m + Tok/m B

Since the second moments of the distribution for ABPs and AOUPs
are equal, this result holds also for ABPs. Equation (B1) shows that
the harmonic confinement reduces the kinetic temperature. In the
overdamped regime, i.e., prt/m > 1, Eq. (B1) simplifies to

1

= B2
1+ 1pk/y; (B2)

For a general external potential Uey, exact analytical results are not
known. However, naively, we can derive an approximate result based
on an equilibrium-like approximation obtained in the overdamped
regime, which reads'"”

-1
ar [1 + ;PVZUext(r)] . (B3)
t

It should be noted that this result is consistent with Eq. (B2
harmonic external potential in the overdamped regime.

For interacting active particles, there are no simple analytical
expressions for the kinetic temperature except in very dense sys-
tems displaying a solid configuration. In this case, for AOUPs, we
obtain'*

) for the

ks Toe " = kn Ty +

V(Z) Tp)t Z (B4)
s

72
1+ 1 /71 + 6WET,

The term w} reads
w123=7( (%) + u(x)) (B5)

where X is the average distance between different particles, i.e., the
lattice constant of the crystal, u is the interaction potential, and .7 is
a numerical factor that shows a non-trivial dependence on 7, m/y,,
and wg.'" We remark that the kinetic energy of a single active par-
ticle in a solid configuration is smaller than the kinetic energy of a
free active particle: In the solid, the neighboring particles hinder the
motion of a target particle and decrease its kinetic energy.

APPENDIX C: VIRIAL TEMPERATURE FOR INERTIAL
ABPS

For inertial ABPs [Egs. (1) and (2)], the virial temperature can
be calculated by inserting the total force, i.e., the right-hand side of
Eq. (1). This leads to four contributions: the first contribution comes
from the drag force —y,v; and involves the correlation function
(r; - vi). In the steady state, it can be rewritten in terms of the
effective diffusion coefficient,

2(1’,‘ ~V,‘> = at(l',‘ . 1‘,‘) = &MSD(t) t.—l.) 8t(2dDefft) =2dD.. (C1)
>

This contribution is equal to the Einstein temperature as defined

in Eq. (18). The second contribution comes from the effective self-

propulsion force y,vop;. It contains the correlation (r; - p;) between

ARTICLE pubs.aip.org/aipl/jcp

the position and orientation of the active particles. The third contri-
bution involves the Gaussian white noise \/2kg T}, y:&;. It leads to the
correlation (r; - &;) = 0.*> The remaining contribution involves the
interaction forces F;j = —V,u(rij) and possible external forces. The
contribution from the interaction forces can be written as

z
z

(ri- Bj)

N i-1
ri-Fi +Z rj-Fji

j=1

- =
I
—
M N
)
-

(1'11 Fl]) (C2)

by applying Newton’s third law and using F; = 3.7 j=1,j+i Fij. Here,
we use r; = r; — r;. Finally, we can write the virial temperature for
inertial ABPs as

kB T{,\IFP = yttlil'gloatMSD(t)
N

+ miﬂ Ti+ Fexti — Z rij - Fjj — povori - p; ) (C3)

j<i

APPENDIX D: DERIVATION OF THE OSCILLATOR
TEMPERATURE

Consider a passive tracer particle trapped in a harmonic poten-
tial and suspended in a bath of Brownian particles. Due to the colli-
sions of the bath particles with the tracer, the latter is driven by these
collisions, which can be modeled as random driving force following
a Gaussian white noise process. Let x denote the displacement of the
tracer particle with respect to its equilibrium position (here only in
one spatial dimension for simplicity). Then, the equation of motion
for the tracer particle of mass m reads

mi = —yx — kx +\/2ks Tyé(¢), (D1)

with the drag coefficient y of the bath, the force constant k, and
Gaussian white noise &(t) of zero mean and unit variance. Here, T
denotes the temperature of the bath, which is related to the position
fluctuations (xz) via

(x?) = ks T
P

This relation can be derived as follows: first, we write down the

Fokker-Planck equation for the probability density P(x, v, t) with

v = x by following the standard text book,'"”

0Pr |y 1o} y k \o0

8t_{m 8x+( v x)

(D2)

9 falTy &
v m? 0V

}9’. (D3)

Now, it can be shown that the solution of the Fokker-Planck
equation is given bymk),] 10

P(x,v) = exp{ k}g%(%mvz + kaz)}, (D4)
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which is simply the Boltzmann distribution with normalization con-
stant A = [dx [dvP(x,v).""! Then, the position fluctuations can be
determined as

() < S fare o) Jd {5 )
Jdx [dv(x,v) Jdx exp {_ﬁ}

2% T
- ﬁ(szT)“/Z) k
) k 2mkg T
- ol (DS)

where we have used Eqgs. (21.24b) and (21.25) from Ref. 112, p. 1100.

APPENDIX E: THE EFFECTIVE TEMPERATURE

The effective temperature is based on linear response theory
and the fluctuation dissipation theorem (FDT). It can be derived
as follows: let us consider a (weak) time-dependent perturba-
tion that couples to an observable A. Then, the linear response
function, which describes the response of an observable B to the
time-dependent perturbation, is given by

Rap(t,t') = —kBLT(B(t)A(t’)), (E1)

where the average (-) is taken over the unperturbed system.''” It is
related to the time-integrated linear response (susceptibility) by

t
XAB(t,O) = fdt’ RAB(t, t,), (E2)
0

following the notation in Ref. 29. By setting A = B = x, where x
denotes the position of a particle in x direction, one can show that

t t t'
! N _ 1 ! "y . AN 4
Xxx(t,O)_O/dt Ru(t,t') = kBTOfdt Ofdt (x(t)x(t"))

t t
1 ’ e N g
:mofdt O/dt (x(t)x(t"))
1
= mMSD(t), (E3)

with the mean-square displacement MSD(¢) = ([x(t) - x(0)]*).
Hence, the FDT for the time-integrated linear response reads

2kp Ty (t) = MSD(1). (E4)
Following Ref. 29, this can be generalized to d spatial dimensions,
2dkg Ty(t) = MSD(¢), (E5)

with

¢ d
X(1) = f A" S Rea(t,t"). (E6)
0 a=1
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In order to define an effective temperature for systems out of equi-
librium, one introduces a time-dependent effective temperature
Teft(t), which is defined by'®*’

MSD(t)

kg Teff(t) = W

(E7)

REFERENCES

"Wikipedia Contributors, Temperature—Wikipedia, the free encyclopedia,
https://en.wikipedia.org/w/index.php?title=Temperature & oldid=1181931812,
2023 (accessed 06 November 2023).

2Wikimedia foundation, 1Inc, Wikipedia: The free encyclopedia,
https://www.wikipedia.org, 2004 (accessed 06 November 2023).

3]. Casas-Vazquez and D. Jou, “Temperature in non-equilibrium states: A review
of open problems and current proposals,” Rep. Prog. Phys. 66, 1937 (2003).

“0. G. Jepps, G. Ayton, and D. J. Evans, “Microscopic expressions for the
thermodynamic temperature,” Phys. Rev. E 62, 4757 (2000).

SA. Puglisi, A. Sarracino, and A. Vulpiani, “Temperature in and out of equi-
librium: A review of concepts, tools and attempts,” Phys. Rep. 709-710, 1
(2017).

5D v. Schroeder, An Introduction to Thermal Physics (Oxford University Press,
Oxford, 2021).

7P. A. Mello and R. F. Rodriguez, “The equipartition theorem revisited,” Am. J.
Phys. 78, 820 (2010).

8R. Clausius, “Ueber einen auf die Wiarme anwendbaren mechanischen Satz,”
Ann. Phys. 217, 124 (1870).

L. Berthier and J.-L. Barrat, “Nonequilibrium dynamics and fluctuation-
dissipation relation in a sheared fluid,” J. Chem. Phys. 116, 6228 (2002).

191, Berthier and J.-L. Barrat, “Shearing a glassy material: Numerical tests of
nonequilibrium mode-coupling approaches and experimental proposals,” Phys.
Rev. Lett. 89, 095702 (2002).

"D. Geif§ and K. Kroy, “Brownian thermometry beyond equilibrium,” ChemSys-
temsChem 2, e1900041 (2020).

12 A. Sarracino and A. Vulpiani, “On the fluctuation-dissipation relation in non-
equilibrium and non-Hamiltonian systems,” Chaos 29, 083132 (2019).

"3M. Baldovin, A. Puglisi, A. Sarracino, and A. Vulpiani, “About thermometers
and temperature,” J. Stat. Mech.: Theory Exp. 2017, 113202.

%S, R. De Groot and P. Mazur, Non-Equilibrium Thermodynamics (Dover
Publications, Inc., 1984).

15]. C. Mauro, R. J. Loucks, and P. K. Gupta, “Fictive temperature and the glassy
state,” J. Am. Ceram. Soc. 92, 75 (2009).

'®L. Petrelli, L. F. Cugliandolo, G. Gonnella, and A. Suma, “Effective temperatures
in inhomogeneous passive and active bidimensional Brownian particle systems,”
Phys. Rev. E 102, 012609 (2020).

7E. Fodor, C. Nardini, M. E. Cates, . Tailleur, P. Visco, and F. van Wijland, “How
far from equilibrium is active matter?,” Phys. Rev. Lett. 117, 038103 (2016).

'8p, Gaspard and R. Kapral, “Active matter, microreversibility, and
thermodynamics,” Research 2020, 9739231 (2020).

"9L. Caprini, U. M. B. Marconi, A. Puglisi, and A. Vulpiani, “The entropy
production of Ornstein-Uhlenbeck active particles: A path integral method for
correlations,” . Stat. Mech.: Theory Exp. 2019, 053203.

291, Dabelow, S. Bo, and R. Eichhorn, “Irreversibility in active matter sys-
tems: Fluctuation theorem and mutual information,” Phys. Rev. X 9, 021009
(2019).

21E. Flenner and G. Szamel, “Active matter: Quantifying the departure from
equilibrium,” Phys. Rev. E 102, 022607 (2020).

227, Preisler and M. Dijkstra, “Configurational entropy and effective temperature
in systems of active Brownian particles,” Soft Matter 12, 6043 (2016).

23A. K. Omar, K. Klymko, T. GrandPre, P. L. Geissler, and J. F. Brady, “Tuning
nonequilibrium phase transitions with inertia,” J. Chem. Phys. 158, 42 (2023).
245, Mandal, B. Liebchen, and H. Léwen, “Motility-Induced temperature
difference in coexisting phases,” Phys. Rev. Lett. 123, 228001 (2019).

J. Chem. Phys. 161, 224904 (2024); doi: 10.1063/5.0234370
© Author(s) 2024

161, 224904-13

L0:0G:L1 ¥202 Joqwa0sQ 60


https://pubs.aip.org/aip/jcp
https://en.wikipedia.org/w/index.php?title=Temperature&amp;oldid=1181931812
https://www.wikipedia.org
https://doi.org/10.1088/0034-4885/66/11/r03
https://doi.org/10.1103/physreve.62.4757
https://doi.org/10.1016/j.physrep.2017.09.001
https://doi.org/10.1119/1.3386255
https://doi.org/10.1119/1.3386255
https://doi.org/10.1002/andp.18702170911
https://doi.org/10.1063/1.1460862
https://doi.org/10.1103/physrevlett.89.095702
https://doi.org/10.1103/physrevlett.89.095702
https://doi.org/10.1002/syst.201900041
https://doi.org/10.1002/syst.201900041
https://doi.org/10.1063/1.5110262
https://doi.org/10.1088/1742-5468/aa933e
https://doi.org/10.1111/j.1551-2916.2008.02851.x
https://doi.org/10.1103/physreve.102.012609
https://doi.org/10.1103/physrevlett.117.038103
https://doi.org/10.34133/2020/9739231
https://doi.org/10.1088/1742-5468/ab14dd
https://doi.org/10.1103/physrevx.9.021009
https://doi.org/10.1103/physreve.102.022607
https://doi.org/10.1039/c6sm00889e
https://doi.org/10.1063/5.0138256
https://doi.org/10.1103/physrevlett.123.228001

The Journal

of Chemical Physics

251, Hecht, S. Mandal, H. Léwen, and B. Liebchen, “Active refrigerators powered
by inertia,” Phys. Rev. Lett. 129, 178001 (2022).

265, Saw, L. Costigliola, and J. C. Dyre, “Configurational temperature in active
matter. I. Lines of invariant physics in the phase diagram of the Ornstein-
Uhlenbeck model,” Phys. Rev. E 107, 024609 (2023).

27E, J. Schwarzendahl and H. Lowen, “Anomalous cooling and overcooling of
active colloids,” Phys. Rev. Lett. 129, 138002 (2022).

Z8M. Han, J. Yan, S. Granick, and E. Luijten, “Effective temperature concept eval-
uated in an active colloid mixture,” Proc. Natl. Acad. Sci. U. S. A. 114, 7513
(2017).

2L F. Cugliandolo, G. Gonnella, and L. Petrelli, “Effective temperature in active
brownian particles,” Fluctuation Noise Lett. 18, 1940008 (2019).

39D, Loi, S. Mossa, and L. F. Cugliandolo, “Effective temperature of active matter,”
Phys. Rev. E 77, 051111 (2008).

31C. P. Sanjay and A. Joy, “Effective temperature and Einstein relation for particles
in active matter flows,” Phys. Rev. E 105, 065114 (2022).

32G. Szamel, “Self-propelled particle in an external potential: Existence of an
effective temperature,” Phys. Rev. E 90, 012111 (2014).

33D. Levis and L. Berthier, “From single-particle to collective effective temper-
atures in an active fluid of self-propelled particles,” Europhys. Lett. 111, 60006
(2015).

34L. Caprini, U. Marini Bettolo Marconi, A. Puglisi, and H. Lowen, “Entropons as
collective excitations in active solids,” J. Chem. Phys. 159, 041102 (2023).

35L. Caprini and U. Marini Bettolo Marconi, “Inertial self-propelled particles,”
J. Chem. Phys. 154, 024902 (2021).

36L. Hecht, J. C. Urefia, and B. Liebchen, “An introduction to modeling
approaches of active matter,” arXiv:2102.13007 [cond-mat.soft] (2021).

37p. Romanczuk, M. Bir, W. Ebeling, B. Lindner, and L. Schimansky-Geier,
“Active brownian particles,” Eur. Phys. J.: Spec. Top. 202, 1 (2012).

38H. Lowen, “Inertial effects of self-propelled particles: From active Brownian to
active Langevin motion,” J. Chem. Phys. 152, 040901 (2020).

32p. Digregorio, D. Levis, A. Suma, L. F. Cugliandolo, G. Gonnella, and I. Pag-
onabarraga, “Full phase diagram of active brownian disks: From melting to
motility-induced phase separation,” Phys. Rev. Lett. 121, 098003 (2018).

“OM. R. Shaebani, A. Wysocki, R. G. Winkler, G. Gompper, and H. Rieger,
“Computational models for active matter,” Nat. Rev. Phys. 2, 181 (2020).

“TL. L. Gutierrez-Martinez and M. Sandoval, “Inertial effects on trapped active
matter,” J. Chem. Phys. 153, 044906 (2020).

“ZM. Sandoval, “Pressure and diffusion of active matter with inertia,” Phys.
Rev. E 101, 012606 (2020).

“31. Su, H. Jiang, and Z. Hou, “Inertia-induced nucleation-like motility-induced
phase separation,” New J. Phys. 23, 013005 (2021).

“41. Goldhirsch, “Introduction to granular temperature,” Powder Technol. 182,
130 (2008).

“®A. Puglisi, A. Baldassarri, and V. Loreto, “Fluctuation-dissipation relations in
driven granular gases,” Phys. Rev. E 66, 061305 (2002).

“6V. Kumaran, “Temperature of a granular material ‘fluidized’ by external
vibrations,” Phys. Rev. E 57, 5660 (1998).

“7 A. Baldassarri, A. Barrat, G. D’Anna, V. Loreto, P. Mayor, and A. Puglisi, “What
is the temperature of a granular medium?,” J. Phys.: Condens. Matter 17, $2405
(2005).

“8L. F. Cugliandolo, J. Kurchan, and L. Peliti, “Energy flow, partial equilibration,
and effective temperatures in systems with slow dynamics,” Phys. Rev. E 55, 3898
(1997).

“°R. Di Leonardo, L. Angelani, G. Parisi, and G. Ruocco, “Off-equilibrium effec-
tive temperature in monatomic Lennard-Jones glass,” Phys. Rev. Lett. 84, 6054
(2000).

50W. Kob and J.-L. Barrat, “Fluctuations, response and aging dynamics in a simple
glass-forming liquid out of equilibrium,” Eur. Phys. ]. B 13, 319 (2000).

51S. De Karmakar and R. Ganesh, “Phase transition and emergence of active
temperature in an active Brownian system in underdamped background,”
Phys. Rev. E 101, 032121 (2020).

521, Caprini and U. Marini Bettolo Marconi, “Active matter at high density:
Velocity distribution and kinetic temperature,” J. Chem. Phys. 153, 184901 (2020).

ARTICLE pubs.aip.org/aipl/jcp

53U. M. B. Marconi, A. Puglisi, and C. Maggi, “Heat, temperature and Clausius
inequality in a model for active Brownian particles,” Sci. Rep. 7, 46496 (2017).
S4E. Schiltz-Rouse, H. Row, and S. A. Mallory, “Kinetic temperature and pressure
of an active Tonks gas,” Phys. Rev. E 108, 064601 (2023).

55U. M. Bettolo Marconi, L. Caprini, and A. Puglisi, “Hydrodynamics of simple
active liquids: The emergence of velocity correlations,” New J. Phys. 23, 103024
(2021).

56C. Maggi, M. Paoluzzi, A. Crisanti, E. Zaccarelli, and N. Gnan, “Universality
class of the motility-induced critical point in large scale off-lattice simulations of
active particles,” Soft Matter 17, 3807 (2021).

575. Saw, L. Costigliola, and J. C. Dyre, “Configurational temperature in active
matter. II. Quantifying the deviation from thermal equilibrium,” Phys. Rev. E 107,
024610 (2023).

58D. Loi, . Mossa, and L. F. Cugliandolo, “Effective temperature of active complex
matter,” Soft Matter 7, 3726 (2011).

59M. Himpel and A. Melzer, “Configurational temperature in dusty plasmas,”
Phys. Rev. £ 99, 063203 (2019).

%Y. Han and D. G. Grier, “Configurational temperatures and interactions in
charge-stabilized colloid,” . Chem. Phys. 122, 064907 (2005).

1Y, Grasselli, G. Bossis, and R. Morini, “Translational and rotational temper-
atures of a 2D vibrated granular gas in microgravity,” Eur. Phys. ]. E 38, 8
(2015).

62Y. Komatsu and H. Tanaka, “Roles of energy dissipation in a liquid-solid
transition of out-of-equilibrium systems,” Phys. Rev. X 5, 031025 (2015).

63 A. Prevost, P. Melby, D. A. Egolf, and J. S. Urbach, “Nonequilibrium two-phase
coexistence in a confined granular layer,” Phys. Rev. E 70, 050301 (2004).

6% A. Lobkovsky, F. V. Reyes, and J. Urbach, “The effects of forcing and dissipation
on phase transitions in thin granular layers,” Eur. Phys. J.: Spec. Top. 179, 113
(2009).

5P, Melby, F. V. Reyes, A. Prevost, R. Robertson, P. Kumar, D. A. Egolf, and
J. S. Urbach, “The dynamics of thin vibrated granular layers,” J. Phys.: Condens.
Matter 17, S2689 (2005).

88F, V. Reyes and J. S. Urbach, “Effect of inelasticity on the phase transitions of a
thin vibrated granular layer,” Phys. Rev. E 78, 051301 (2008).

7K. Roeller, J. P. D. Clewett, R. M. Bowley, S. Herminghaus, and M. R. Swift,
“Liquid-gas phase separation in confined vibrated dry granular matter,” Phys. Rev.
Lett. 107, 048002 (2011).

8K. Feitosa and N. Menon, “Breakdown of energy equipartition in a 2D binary
vibrated granular gas,” Phys. Rev. Lett. 88, 198301 (2002).

2C. S. Campbell, “Granular material flows — An overview,” Powder Technol. 162,
208 (2006).

70 A. Ivlev, H. Léwen, G. Morfill, and C. P. Royall, Complex Plasmas and Colloidal
Dispersions, Series in Soft Condensed Matter Vol. 5 (World Scientific, Singapore,
2012).

7TA. V. Ivlev, J. Bartnick, M. Heinen, C.-R. Du, V. Nosenko, and H. Léwen,
“Statistical mechanics where Newton’s third law is broken,” Phys. Rev. X 5,011035
(2015).

2], C. Maxwell, “V. Tllustrations of the dynamical theory of gases.—Part L. On the
motions and collisions of perfectly elastic spheres,” London, Edinburgh Dublin
Philos. Mag. J. Sci. 19, 19 (1860).

73L. Boltzmann, “Uber die Beziehung zwischen dem zweiten Hauptsatz der mech-
anischen Wirmetheorie und der Wahrscheinlichkeitsrechnung respektive den
Sitzen tiber das Warmegleichgewicht,” Wien. Ber. 76, 373 (1877).

741. Shea, G. Jung, and F. Schmid, “Passive probe particle in an active bath: Can
we tell it is out of equilibrium?,” Soft Matter 18, 6965 (2022).

73L. Hecht, I. Dong, and B. Liebchen, “Motility-induced coexistence of a hot liquid
and a cold gas,” Nat. Commun. 15, 3206 (2024).

78R, Becker, Theory of Heat (Springer, Berlin, Heidelberg, 1967).

77M. Caraglio and T. Franosch, “Analytic solution of an active brownian particle
in a harmonic well,” Phys. Rev. Lett. 129, 158001 (2022).

78V. Démery and E. Fodor, “Driven probe under harmonic confinement in a
colloidal bath,” J. Stat. Mech.: Theory Exp. 2019, 033202.

720. Dauchot and V. Démery, “Dynamics of a self-propelled particle in a
harmonic trap,” Phys. Rev. Lett. 122, 068002 (2019).

J. Chem. Phys. 161, 224904 (2024); doi: 10.1063/5.0234370
© Author(s) 2024

161, 224904-14

L0:0G:L1 ¥202 Joqwa0sQ 60


https://pubs.aip.org/aip/jcp
https://doi.org/10.1103/physrevlett.129.178001
https://doi.org/10.1103/physreve.107.024609
https://doi.org/10.1103/physrevlett.129.138002
https://doi.org/10.1073/pnas.1706702114
https://doi.org/10.1142/s021947751940008x
https://doi.org/10.1103/physreve.77.051111
https://doi.org/10.1103/physreve.105.065114
https://doi.org/10.1103/physreve.90.012111
https://doi.org/10.1209/0295-5075/111/60006
https://doi.org/10.1063/5.0156312
https://doi.org/10.1063/5.0030940
https://arxiv.org/abs/2102.13007
https://doi.org/10.1140/epjst/e2012-01529-y
https://doi.org/10.1063/1.5134455
https://doi.org/10.1103/physrevlett.121.098003
https://doi.org/10.1038/s42254-020-0152-1
https://doi.org/10.1063/5.0011270
https://doi.org/10.1103/physreve.101.012606
https://doi.org/10.1103/physreve.101.012606
https://doi.org/10.1088/1367-2630/abd80a
https://doi.org/10.1016/j.powtec.2007.12.002
https://doi.org/10.1103/physreve.66.061305
https://doi.org/10.1103/physreve.57.5660
https://doi.org/10.1088/0953-8984/17/24/003
https://doi.org/10.1103/physreve.55.3898
https://doi.org/10.1103/physrevlett.84.6054
https://doi.org/10.1007/s100510050038
https://doi.org/10.1103/physreve.101.032121
https://doi.org/10.1063/5.0029710
https://doi.org/10.1038/srep46496
https://doi.org/10.1103/physreve.108.064601
https://doi.org/10.1088/1367-2630/ac2b54
https://doi.org/10.1039/d0sm02162h
https://doi.org/10.1103/physreve.107.024610
https://doi.org/10.1039/c0sm01484b
https://doi.org/10.1103/physreve.99.063203
https://doi.org/10.1063/1.1844351
https://doi.org/10.1140/epje/i2015-15008-5
https://doi.org/10.1103/physrevx.5.031025
https://doi.org/10.1103/physreve.70.050301
https://doi.org/10.1140/epjst/e2010-01197-y
https://doi.org/10.1088/0953-8984/17/24/020
https://doi.org/10.1088/0953-8984/17/24/020
https://doi.org/10.1103/physreve.78.051301
https://doi.org/10.1103/physrevlett.107.048002
https://doi.org/10.1103/physrevlett.107.048002
https://doi.org/10.1103/physrevlett.88.198301
https://doi.org/10.1016/j.powtec.2005.12.008
https://doi.org/10.1103/physrevx.5.011035
https://doi.org/10.1080/14786446008642818
https://doi.org/10.1080/14786446008642818
https://doi.org/10.1039/d2sm00905f
https://doi.org/10.1038/s41467-024-47533-9
https://doi.org/10.1103/physrevlett.129.158001
https://doi.org/10.1088/1742-5468/ab02e9
https://doi.org/10.1103/physrevlett.122.068002

The Journal

of Chemical Physics

80D, Wexler, N. Gov, K. @. Rasmussen, and G. Bel, “Dynamics and escape of active
particles in a harmonic trap,” Phys. Rev. Res. 2, 013003 (2020).

81D. Chaudhuri and A. Dhar, “Active brownian particle in harmonic trap: Exact
computation of moments, and re-entrant transition,” J. Stat. Mech.: Theory Exp.
2021, 013207.

82, Di Bello, R. Majumdar, R. Marathe, R. Metzler, and E. Rold4n, “Brownian
particle in a Poisson-Shot-Noise active bath: Exact statistics, effective temperature,
and inference,” Ann. Phys. 536, 2300427 (2024).

85Y. Holubec and R. Marathe, “Underdamped active Brownian heat engine,”
Phys. Rev. E 102, 060101 (2020).

84C. A. Guevara-Valadez, R. Marathe, and J. R. Gomez-Solano, “A Brownian
cyclic engine operating in a viscoelastic active suspension,” Physica A 609, 128342
(2023).

85Y. Holubec, S. Steffenoni, G. Falasco, and K. Kroy, “Active Brownian heat
engines,” Phys. Rev. Res. 2, 043262 (2020).

86R. Wiese, K. Kroy, and V. Holubec, “Modeling the efficiency and effec-
tive temperature of bacterial heat engines,” arXiv:2406.19059v2 [cond-mat.soft]
(2024).

87 A. Argun, A.-R. Moradi, E. Pinge, G. B. Bagci, A. Imparato, and G. Volpe, “Non-
Boltzmann stationary distributions and nonequilibrium relations in active baths,”
Phys. Rev. E 94, 062150 (2016).

88 A. Einstein, “Uber die von der molekularkinetischen Theorie der Wirme
geforderte Bewegung von in ruhenden Fliissigkeiten suspendierten Teilchen,”
Ann. Phys. 322, 549 (1905).

89G. Szamel, “Evaluating linear response in active systems with no perturbing
field,” Europhys. Lett. 117, 50010 (2017).

%A, R. Sprenger, S. Jahanshahi, A. V. Ivlev, and H. Lowen, “Time-dependent
inertia of self-propelled particles: The Langevin rocket,” Phys. Rev. E 103, 042601
(2021).

91C. Scholz, S. Jahanshahi, A. Ldov, and H. Léwen, “Inertial delay of self-propelled
particles,” Nat. Commun. 9, 5156 (2018).

92]. R.Howse, R. A. L. Jones, A.J. Ryan, T. Gough, R. Vafabakhsh, and R. Golesta-
nian, “Self-motile colloidal particles: From directed propulsion to random walk,”
Phys. Rev. Lett. 99, 048102 (2007).

93B. ten Hagen, S. van Teeffelen, and H. Lowen, “Brownian motion of a
self-propelled particle,” J. Phys.: Condens. Matter 23, 194119 (2011).

9L, F. Cugliandolo, “The effective temperature,” J. Phys. A: Math. Theor. 44,
483001 (2011).

98D. Villamaina, A. Puglisi, and A. Vulpiani, “The fluctuation—dissipation relation
in sub-diffusive systems: The case of granular single-file diffusion,” . Stat. Mech.:
Theory Exp. 2008, L10001.

%G. Ciccotti, G. Jacucci, and I. R. McDonald, “Thought-experiments” by
molecular dynamics,” J. Stat. Phys. 21, 1 (1979).

ARTICLE pubs.aip.org/aipl/jcp

7], D. Weeks, D. Chandler, and H. C. Andersen, “Role of repulsive forces in
determining the equilibrium structure of simple liquids,” J. Chem. Phys. 54, 5237
(1971).

98A. P. Thompson, H. M. Aktulga, R. Berger, D. S. Bolintineanu, W. M. Brown,
P. S. Crozier, P. J. in’t Veld, A. Kohlmeyer, S. G. Moore, T. D. Nguyen et al.,
“LAMMPS - a flexible simulation tool for particle-based materials modeling at
the atomic, meso, and continuum scales,” Comput. Phys. Commun. 271, 108171
(2022).

991, Hecht, K.-R. Dormann, K. L. Spanheimer, M. Ebrahimi, M. Cordts, S. Man-
dal, A. K. Mukhopadhyay, and B. Liebchen, “AMEP: The active matter evaluation
package for Python,” arXiv:2404.16533 [cond-mat.soft] (2024).

1907 Shea, G. Jung, and F. Schmid, “Force renormalization for probes immersed
in an active bath,” Soft Matter 20, 1767 (2024).

101C. Dai, I. R. Bruss, and S. C. Glotzer, “Phase separation and state oscillation of
active inertial particles,” Soft Matter 16, 2847 (2020).

192G, H. P. Nguyen, R. Wittmann, and H. Lowen, “Active Ornstein-Uhlenbeck
model for self-propelled particles with inertia,” J. Phys.: Condens. Matter 34,
035101 (2022).

1931, L. Bonilla, “Active ornstein-Uhlenbeck particles,” Phys. Rev. E 100, 022601
(2019).

104D, Martin, J. O’Byrne, M. E. Cates, E. Fodor, C. Nardini, J. Tailleur, and F.
van Wijland, “Statistical mechanics of active Ornstein-Uhlenbeck particles,” Phys.
Rev. E 103, 032607 (2021).

05T, F. F. Farage, P. Krinninger, and J. M. Brader, “Effective interactions in active
Brownian suspensions,” Phys. Rev. E 91, 042310 (2015).

1981, Caprini, A. R. Sprenger, H. Lowen, and R. Wittmann, “The parental active
model: A unifying stochastic description of self-propulsion,” ]. Chem. Phys. 156,
071102 (2022).

1971, Caprini, U. Marini Bettolo Marconi, and A. Puglisi, “Activity induced
delocalization and freezing in self-propelled systems,” Sci. Rep. 9, 1386 (2019).
1981, Caprini and U. Marini Bettolo Marconi, “Spatial velocity correlations in
inertial systems of active Brownian particles,” Soft Matter 17, 4109 (2021).

199H. Risken, The Fokker-Planck equation, Springer Series in Synergetics (Springer,
Berlin, Heidelberg, 1984).

1198, Dybiec, E. Gudowska-Nowak, and I. M. Sokolov, “Underdamped stochas-
tic harmonic oscillator driven by Lévy noise,” Phys. Rev. E 96, 042118
(2017).

"L, Boltzmann, “Studien iiber das Gleichgewicht der lebendigen Kraft zwischen
bewegten materiellen Punkten,” Wien. Ber. 58, 517 (1868).

1121, Bronshtein, K. Semendyayev, G. Musiol, and H. Miihlig, Handbook of
Mathematics, 6th ed. (Springer, Berlin, Heidelberg, 2015).

1131 _P. Hansen and I. R. McDonald, Theory of Simple Liquids, 3rd ed. (Elsevier,
Burlington, 2006).

J. Chem. Phys. 161, 224904 (2024); doi: 10.1063/5.0234370
© Author(s) 2024

161, 224904-15

L0:0G:L1 ¥202 Joqwa0sQ 60


https://pubs.aip.org/aip/jcp
https://doi.org/10.1103/physrevresearch.2.013003
https://doi.org/10.1088/1742-5468/abd031
https://doi.org/10.1002/andp.202300427
https://doi.org/10.1103/physreve.102.060101
https://doi.org/10.1016/j.physa.2022.128342
https://doi.org/10.1103/physrevresearch.2.043262
https://arxiv.org/abs/2406.19059
https://doi.org/10.1103/physreve.94.062150
https://doi.org/10.1002/andp.19053220806
https://doi.org/10.1209/0295-5075/117/50010
https://doi.org/10.1103/physreve.103.042601
https://doi.org/10.1038/s41467-018-07596-x
https://doi.org/10.1103/physrevlett.99.048102
https://doi.org/10.1088/0953-8984/23/19/194119
https://doi.org/10.1088/1751-8113/44/48/483001
https://doi.org/10.1088/1742-5468/2008/10/l10001
https://doi.org/10.1088/1742-5468/2008/10/l10001
https://doi.org/10.1007/bf01011477
https://doi.org/10.1063/1.1674820
https://doi.org/10.1016/j.cpc.2021.108171
https://arxiv.org/abs/2404.16533
https://doi.org/10.1039/d3sm01387a
https://doi.org/10.1039/c9sm01683j
https://doi.org/10.1088/1361-648x/ac2c3f
https://doi.org/10.1103/physreve.100.022601
https://doi.org/10.1103/physreve.103.032607
https://doi.org/10.1103/physreve.103.032607
https://doi.org/10.1103/physreve.91.042310
https://doi.org/10.1063/5.0084213
https://doi.org/10.1038/s41598-018-36824-z
https://doi.org/10.1039/d0sm02273j
https://doi.org/10.1103/physreve.96.042118

