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ABSTRACT
We model a binary mixture of passive and active Brownian particles in two dimensions using the effective interaction between passive particles
in the active bath. The activity of active particles and the size ratio of two types of particles are the two control parameters in the system. The
effective interaction is calculated from the average force on two particles generated by the active particles. The effective interaction can be
attractive or repulsive, depending on the system parameters. The passive particles form four distinct structural orders for different system
parameters, viz., homogeneous structures, disordered cluster, ordered cluster, and crystalline structure. The change in structure is dictated
by the change in nature of the effective interaction. We further confirm the four structures using a full microscopic simulation of active and
passive mixture. Our study is useful to understand the different collective behavior in non-equilibrium systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0088259

I. INTRODUCTION

A complex system, in general, has a host of degrees of free-
dom out of which only a finite subset could be of interest to
describe certain properties of the system. Such a reduced descrip-
tion, also known as the effective free energy description in terms of a
set of selected degrees of freedom while integrating the remaining
degrees of freedom of the system, is a well-established tech-
nique in equilibrium.1 Depletion forces between hard sphere
colloids in dispersion belong to this category, for instance.2 Since
many of the equilibrium techniques, including a free energy based
description, break down for a system out of equilibrium,3 a
reduced description of such systems in analogy to equilibrium is
not obvious. In attempting reduced description of a system out
of equilibrium,4,5 hydrodynamic continuum equations for phase
separation in active Brownian particles are developed based on
the symmetries and conservation laws of the system. To the best

of our knowledge, studies based on the effective force have not
been attempted for non-equilibrium systems. Such a description
based on effective forces does not have either of the extremities,
neither as much coarse-grained as in the continuum approach
nor having all the detailed microscopic degrees of freedom in the
system.

Non-equilibrium systems exhibit a variety of collective behav-
iors. A collection of active or self-propelled particles6–10 is of
current interest, where the system is driven out of equilibrium.
Examples of active systems range from small scale of the order
of intracellular to macroscopic length scale of few meters,6,11–26

exhibiting a host of non-equilibrium phenomena, such as pat-
tern formation,13 non-equilibrium phase transition,27 large den-
sity fluctuations,28–31 enhanced dynamics,32–40 motility41–45 induced
phase separation,47–51 transport phenomenon,52,53 and so on. Col-
lection of spherically symmetric active Brownian particles (ABP),
such as the Janus particles, or active colloids shows motility induced
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phase separation (MIPS) at a packing density much lower than their
equilibrium counterparts.54 Recently, MIPS has been extensively
studied in various experiments on synthetic colloids, and bacterial
and cell suspensions.47–49,51 Recent advancement on MIPS for pure
ABPs without alignment shows the emergence of spatial velocity
correlations, affecting spatial organization of the ABPs.55,56 Moti-
vated by the MIPS in pure active systems, the mixture of passive
and active particles has also been explored in various experiments
and theoretical studies.13,32 There are reports on the phase sepa-
ration of passive particles by varying system parameters, such as
the activity of the medium and size of passive particles.57–60 Phase
separation of passive particles in the mixture can be a potential
model to explore the clustering and aggregation of macro-molecules
in a cellular environment.61–67

As a prototype of collective behavior in systems out of equi-
librium, it is interesting to develop a reduced description of the
MIPS. In equilibrium, the effective interaction among the solute
particles in a bath of solvent particles is measured in terms of the
pair correlation function of solvent particles g2(r)

58,68–69 or from
the average force acting by the solvent particles on two solute
particles at a fixed separation.70–76 There are recent reports on non-
equilibrium depletion forces.77–85 It has been shown in Ref. 77
that the effective force between passive particles in an active medium
cannot be accounted for in terms of g2(r). In addition, the solvent
mediated average force on two solute particles depends on the man-
ner in which particles are constrained. Both the features suggest
departure from the equilibrium scenario. Unlike the equilibrium
counterpart, it is not established, yet to the best of our knowledge,
how far the effective interaction in these out of equilibrium systems
can describe the collective behavior in steady state.58

In this study, we focus on the steady state spatial organiza-
tion of the passive particles in the presence of ABPs in terms of
the effective potential between two passive particles in the bath. We
fix the passive particles at a given separation, while the ABPs per-
form their motions. The component of the forces between the active
and passive particles along the separation vector of the fixed passive
particles is computed and averaged over many steady state configu-
rations to give the effective interaction between the passive particles.
We perform Brownian dynamics simulations with a large number
of passive particles with the effective potential to determine differ-
ent steady state structures of the passive system. We are thus left
with an effective single component system of the passive particles
alone without the ABPs where the active degrees of freedoms are
integrated out into the effective interaction. We observe four dif-
ferent structural orders of the passive particles in parameter space,
spanned by the size ratio and activity of passive and active parti-
cles: (i) homogeneous structure (HS), (ii) disorder-cluster (DC), (iii)
ordered cluster (OC), and (iv) crystalline structure (CS). Finally,
observed structures of passive particles are confirmed by the full
microscopic simulation of a binary mixture of active and passive
particles.

In the rest of the paper, we discuss the details of the binary
model system in Sec. II. Section III A discusses the result of effec-
tive force between two passive particles in the presence of small
ABPs. In Sec. III B, we show the effect of the effective force on a
purely passive system and the characteristics of four structures are
discussed in detail. Finally, we conclude the paper with a summary
and discussion in Sec. IV.

II. MODEL
Our system consists of a binary mixture of Na ABPs of radius

ra and Np passive particles of radius rp moving in two dimensions
Lx × Ly with the periodic boundary conditions. We define size ratio
of the particles S = rp/ra. Let us represent the position vector of
the center of the ith ABP and passive particles by ra

i (t) and rp
i (t),

respectively, at time t. The orientation of ith ABP is represented by a
unit vector ni(t) = (cos θi(t), sin θi(t)). The dynamics of the active
particle is governed by the overdamped Langevin equation

∂tra
i = vni + μ1∑

j≠i
Fij, (1)

∂tθi(t) = ηr
i (t). (2)

The first term on the right-hand side (RHS) of Eq. (1) is due to
the activity of the ABPs with active self-propulsion speed v. The
rate of change of the orientation θi of the ith ABP is given by
Eq. (2). The stochastic force ηr

i (t) at time t is defined as ⟨ηr
i (t)ηr

j (t′)⟩
= 2νrδijδ(t − t′). νr represents the rotational diffusion constant. The
persistence length of the ABPs is defined as l = v/νr , and the cor-
responding persistent time τ = 1/νr . We define the dimensionless
activity as V̄ = v

raνr
. The rotational diffusion constant is kept fixed at

νr = 0.005. The size of the active particles ra = 0.1. The force term Fij
in both equations is due to soft repulsive steric interaction between
the particles, Fij = −∇U(rij), where U(rij) = k(rij − (rβi + rβ′j))2 if
rij ≤ (rβi + rβ′j) and rβ is the radius of active or passive particles for
β and β′ = a or p, respectively. The mobility of active particles are
kept as μ1 = 1.0 and the force constant k = 1.0; hence, (μ1k)−1 = 1.0
defines the elastic time scale in the system. The area fraction
of the ABPs is ϕa = Naπr2

a/(Lx × Ly) and kept fixed at ϕa = 0.5.
The area fraction of passive particles depends on the size of pas-
sive particles. The smallest time step considered is Δt = 0.001.
The size ratio S and dimensionless activity V̄ are the two control
parameters and they are varied from (1 to 10) and (20 to 160),
respectively.

In order to calculate the effective potential between two pas-
sive particles, we choose Np = 2 at positions R⃗1 and R⃗2, respectively,
in the sea of ABPs (Na = 1000). We keep R⃗1 fixed and slowly
vary R⃗2 in small steps of δx = 1.5ra starting from the zero surface
to the surface distance between two passive particles. The active
particle coordinates are updated according to Eqs. (1) and (2).
For each configuration at a given distance between two passive par-
ticles, the system is allowed to reach the steady state. Typical time
for the steady state τ = 5 × 107. Furthermore, we use the steady state
configuration to calculate the force F S,V̄ (r) between two passive
particles at a surface to surface separation r, such that F S,V̄ (r)
= F12(r) +∑Na

i=1F1i(r). Here, F12(r) is the force due to the passive
particle second on the first, and ∑Na

i=1F1i(r) represents the sum of
all the forces due to active particles on the first passive particle for
a given configuration of two passive particles at separation r. Then,
the potential is calculated by integrating the force over the distance
Veff (r) = ∫ r

−∞
F S,V̄ (r)dr.70,71 Here, we set the lower limit as half of

the box-length. To improve the quality of data, 200 independent
realizations of the similar system is designed. We have measured the
system potential energy with respect to the time to ensure approach
to steady state.
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Now, we define the coarse-grained model to study the system
with effective potential Veff (r). Here, the system consists of a col-
lection of passive particles only without any ABPs, interacting with
the force F S,V̄ (r) calculated from the effective potential. We take
Np = 400 in two dimensions with linear dimensions Lx = Ly = 800ra
with the periodic boundary conditions in both the directions. Here,
the size of the passive particles is kept the same as for the corre-
sponding potential Veff (r) obtained from the binary system. Hence,
the area fraction of particles ϕp is different for the different ranges
of potential used. The position update of passive particles in the
coarse-grained simulations is given by the over-damped Langevin
equation

∂trp
i = −μ2∑

j≠i
∇Veff

ij (r) +
√

2DTηR
i (t). (3)

The first term on the right-hand side (RHS) of Eq. (3) defines the
effective interaction force between the passive particles pair i and
j, where r is the surface to surface separation between ith and jth
passive particles. The translational noise ηR

i (t) at time t is defined
as ⟨ηR

i (t)ηR
j (t′)⟩ = δijδ(t − t′). DT = 1.0 represents the translational

diffusion constant. The mobility of passive particles is taken as
μ2 = 2 × 10−2. All other parameters are the same as defined in Sec. II.
We consider the total simulation time steps t = 5 × 106. All the phys-
ical quantities calculated here are averaged over 50 realizations of the
random noise. Other details are the same as discussed previously.
The system is simulated for potentials obtained for the different
combination of S and V̄ . Here, the steady state is also judged based
on the potential energy fluctuations.

III. RESULTS AND DISCUSSIONS
A. Effective potential between passive particles

A schematic of the system at a fixed surface–surface separa-
tion (r) of passive particles is shown in Fig. 1. The results for the

FIG. 1. Plot showing the model picture of small ABPs and big passive particles
with size ratio S = 10 to calculate the effective potential Veff

(r) on passive parti-
cle separated by distance “r” exerted by the active depletant. Blue and red particles
show passive particles and ABPs. The black arrowed line shows the surface to sur-
face distance “r” between two passive particles. The number of ABPs and passive
particles are Na = 1000 and Np = 2, respectively.

FIG. 2. In this panel, we show the variation of numerically obtained active depletant
potentials Veff

(r) on passive particles for various V̄ and size ratio S, where r
ra

is
the passive particles separation distance from surface to surface normalize by the
ABP radius ra. Panel (a) shows the variation of potentials with colors black, brown,
green, and blue lines keeping fixed V̄ = 160 for S = 4, 5, 8, and 9, respectively.
Panel (b): black, brown, green, and blue lines represent the variation of potentials
for different V̄ = 40, 80, 120, and 160, for fixed S = 10. The magenta line shows
the reference line for the mean potential zero. The number of ABPs and passive
particles are Na = 1000 and Np = 2, respectively.

effective potential Veff (r) vs scaled surface–surface distance between
two passive particles r

ra
are shown in Figs. 2(a) and 2(b) for dif-

ferent combinations of activity V̄ and size ratio S, respectively. Let
us first discuss the results in Fig. 2(a). For a fixed V̄ = 160 and
small S(= 4), the potential is purely repulsive for small r

ra
and then

smoothly decay to zero for large r
ra
∼ 40. As we increase S(> 4), the

potential becomes attractive with minimum at an intermediate dis-
tance and approaches zero value for large distances. Furthermore,
the range and the depth of the attractive minima increases with
increasing S. Similarly, we show Veff (r) for different V̄ at a fixed
S = 10 in Fig. 2(b). For small V̄ = 40, the potential is purely repulsive
for small distances r

ra
and then approaches zero at large distances.

As we increase V̄ , the potential starts to develop attractive minima
at moderate distances and then approaches zero at larger r

ra
. The

depth of attractive minima and range of interaction increases on
increasing V̄ .

B. Steady state structural crossover
We extract the steady state structure of the pure passive parti-

cles with Veff (r). Note that the active bath particles are not explicitly
considered in these simulations. We show a representative particle
snapshot on the left-hand panels for structurally distinct configura-
tions. The radial correlation functions, g2(r), given by the distribu-
tion of the pair separations between the particles in the system, are
shown on the right-hand side panel corresponding to the snapshot.
We find the following four structures of passive particles:
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1. Homogeneous structure (HS)
Here, isolated passive particles are homogeneously distributed

for (S, V̄) = (4, 160) as shown in Fig. 3(a). Figure 3(b) shows the
radial correlation function g2(r) vs r

rp
. The g2(r) shows a single peak

at the diameter of the particle and then decay monotonically at larger
distances, confirming the homogeneous structure.

2. Disordered clusters (DC)
The passive particles form big clusters, but the particles are dis-

tributed randomly within the cluster, as shown in the representative

FIG. 3. Plots (a), (c), (e), and (g) show the steady state snapshots for the four
structures of the passive particles interacting through the potential obtained with
different combinations of activity V̄ and size ratio S shown in Fig. 2. (a) Homoge-
neous structure (HS) for S, V̄ = 4, 160, (c) disorder cluster (DC), for S, V̄ = 5, 160,
(e) ordered cluster (OC) for S, V̄ = 10, 160, and (g) crystalline structure (CS) for
S, V̄ = 10, 40. In the right panel top to bottom (b), (d), (f), and (h), we show the
radial correlation function g2(r) vs r/rp for the same values of V̄ and S in the
given structures discussed in panels (a), (c), (e), and (g), respectively. The number
of passive particles Np = 400.

snapshot in Fig. 3(c) for (S, V̄) = (5, 160). The right plot in Fig. 3(d)
that g2(r) bears signature of short ranged positional order.

3. Ordered cluster (OC)
The particles are arranged in big clusters with local hexagonal

order for (S, V̄) = (10, 160), as shown in Fig. 3(e). The g2(r) data
show the strong periodic peaks. The location of second and third
peaks appears at

√
3 and two times the location of the first peak

as shown in Fig. 3(f), consistent with the hexagonal packing. The
hexagonal packing is absent in the clusters of DC structure.

4. Crystalline structure (CS)
The passive particles form long range ordered domains with

primarily six-coordinated particles. There are small amount of
defects (2%–3%) having particles of 5-fold or 7-fold coordination, as
shown in the snapshot of Fig. 3(g) for (S, V̄) = (10, 40). The g2(r)
plot in Fig. 3(h) shows spilt first peak and rather broad higher peaks,
suggesting a long ranged order with defects. A detailed discussion
has been given in the supplementary material, Fig. 1.

Next, we quantify the cluster size distribution in the system
for different structures in the steady state. A cluster is defined as
a set of particles connected by a most probable distance r0. We
define the fraction of cluster of size n as the cluster size distribu-
tion (CSD) P(n). The normalized P(n) for different states are shown
in Figs. 4(a)–4(d) in the log–log scale. In the D structure, P(n) in
Fig. 4(a) shows small clusters. For the DC structure in Fig. 4(b), P(n)
shows an additional peak around for finite size, following which
there is a steep decay n−3.5 for large n. The peak for larger n gets
prominent for OC and CS, shown in Figs. 4(c) and 4(d), respectively.

FIG. 4. We plot cluster size distribution CSD P(n) vs mean number of particles
n for four distinct structures. In panel (a), for homogeneous structure (HS), we
show the CSD for fixed S = 4 and activity V̄ = 160. (b) Disorder cluster (DC):
for fixed V̄ = 160 and size ratio S = 5. (d) Ordered Cluster (OC): V̄ = 160 and
S = 10. (c) Crystalline structure (CS): for fixed V̄ = 40 and size ratio S = 10. In
the homogeneous structure, CSD decays exponentially, while in the crystalline and
order cluster, CSD decay with power law with exponent −2.0. Furthermore, for the
disorder cluster, CSD decays with the power of exponent −3.5. The number of
passive particles Np = 400.
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The tail of P(n) decays less steeply than the DC state, with the power
law exponent −2.0.

We characterize the steady state structures employing (1) the
size of the largest cluster m and (2) the bond orientation order para-
meter ψ6.86,87 The bond orientation order parameter is expressed in
terms of angular correlations between a vector defined in terms of
spherical harmonics that identify the local environment around a
central particle.86,87 In 2D, the bond orientation order parameter ψ6
is defined as

ψ6 =
1

Np

Np

∑
k=1

¿
ÁÁÁÀ 1

Nk

Nk

∑
j=1

ei6θkj , (4)

where Np is the total number of passive particles and Nk shows the
number of particles in the neighbor of jth particle. θkj is the angle
between the bond connecting the kth and jth particles. ψ6 ∼ 0 and
ψ6 ∼ 1.0 describe the disordered and perfect hexagonal packed struc-
ture, respectively. The values of m and ψ6 are shown in Table I for
cases in Fig. 3. The error bars in the number shows the range of
m and ψ6 for different S and V̄ , where the similar structures are
found. The m and ψ6 values suggest that CS have cluster size and
orientation order in between OC and DC and are not structurally
distinct.

In Fig. 5(a), we show the variation of m with S for different
V̄ . We find that m shows a jump to large values beyond a Sc, a
critical value of S. The inset shows that Sc decreases linearly with
V̄ . This suggests that larger V̄ favors the formation of larger clus-
ters. We show in Fig. 5(b) the variation of ψ6 as a function of S
for different V̄ . We observe that a long-ranged crystalline order
is set up above Sc for different V̄ with a small jump in the order
parameter value. The inset shows that Sc based on ψ6 does not
show strong sensitivity on V̄ , unlike that determined from the mag-
nitude of m. This suggests that the formation of a large cluster
is sensitive to V̄ , but the orientation order is primarily sensitive
to S.

Next, we consider the full steady state structural crossover dia-
gram to approximately demarcate the boundaries in S − V̄ plane, as
shown in Fig. 5(c), based on the values of m and ψ6. The crossover
diagram is divided broadly into two regions by the solid line where
region HS represents the homogeneous region, while the region
above the solid line shows different clustered regions (OC and DC)
divided by dashed lines. The HS region is characterized by small
m along with small ψ6. The DC structure corresponds to large
m(60) but small ψ6, while the OC structures correspond to large
values of both. The disordered structure crosses over to clusters for

TABLE I. Characterization of structures with respect to m and ψ6.

Structures m ψ6

HS 8.0 ± 5 0.05 ± 0.012
DC 75.0 ± 20 0.3 ± 0.120
OC 170.0 ± 25 0.70 ± 0.100
CS 138.0 ± 20 0.63 ± 0.15

FIG. 5. In panel (a), we show the mean cluster size m vs S, where black
circles, violet squares, green diamonds, and blue triangles represent different
V̄ = 40, 80, 120, and 160, respectively. Inset: (a) shows the variation of critical
size Sc vs V̄ with respect to mean size m. Panel (b) represent variation of ψ6 vs S,
where black circles, brown squares, green diamonds, and blue triangles represent
different V̄ = 40, 80, 120, and 160, respectively. Inset (b) shows the variation of
critical size Sc vs V̄ with respect to the mean bond orientation order parameter ψ6.
(c) We show the full phase diagram of four different structures in S–V̄ plane, tak-
ing care the restrictions over ψ6 and m. Dashed lines show the phase coexistent
between two states. (d) shows the nature of effective interaction in S − V̄ plane. In
all the plots, the number of passive particles is 400.

sufficiently large S for a given V̄ . The boundary shifts to lower S
with increasing V̄ , which is consistent with the data in the inset of
Fig. 5(a). The disordered clusters get ordered one where the bound-
ary is independent of (S) as observed in the inset of Fig. 5(b). On the
other hand, for large S and low V̄ , the disordered structure crosses
over to crystalline (CS) domains.

It may be important to point out that the structural crossover
suggests mutual adjustment of particle positions in response to the
change in the effective interaction. Thus, it is interesting to corre-
late the crossover boundaries to the changes in the nature of Veff (r).
The boundary between repulsive and attractive Veff (r) is shown in
Fig. 5(d). Veff (r) is repulsive for low V̄ . However, for larger V̄ where
the ABPs undergo a large number of collisions while the passive par-
ticles change mutual separation, there is a crossover from repulsive
interaction for low S to attractive interaction for larger S. The deple-
tion mediated33,34 force is an effective attraction between particles
for large size differences with the bath particles in equilibrium. This
is in sharp contrast to the change in the nature of the effective poten-
tial we observe in S − V̄ plane in non-equilibrium conditions. The
homogeneous structure is favored in the steady state for effective
repulsion between the passive particles, while the clusters are favored
when the interaction is attractive.

The crossover from the homogeneous structure to the crys-
talline domains takes place even if the interaction remains repulsive
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in the low V̄ regime. In this regime, τ is large so that the separa-
tion variable of the passive particles as a dynamical variable is more
strongly coupled to the dynamics of the ABPs. Both the strength
and the range of repulsive interaction increase with S and hence
larger effective Barker–Henderson hardcore diameter.88 This leads
to better packing among the passive particles that leads to par-
tial orientation order in the system. The orientation order in this
regime is purely a steady state effect as the system parameters are
far from order formation in equilibrium. We also check that the
variances of the potential energy ΔU, governing the specific heat in
equilibrium, do not show any characteristic peak, ruling out thermo-
dynamic phase transition, as shown in the supplementary material,
Fig. 2.

We further ensure that the two-body forces are dominant
compared to the effective triplet interaction among the passive par-
ticles. Since we get predominantly triangular particle configurations
in the simulations, we consider, for simplicity, symmetric triplet
configurations as in Ref. 89. The details of calculations are given
in the supplementary material. We find that the effective triplet
force is less compared to the effective two-body forces at least for
small separation, as shown in the supplementary material, Fig. 4.
For large separation, however, the two contributions are similar.
Since the structural organizations are primarily governed by the

FIG. 6. Plots (a)–(d) show the four distinct structures obtained from microscopic
simulation of ABPs and passive mixture with packing fraction ϕa = 0.5 and
ϕp = 0.2. The parameters V̄ and S are chosen from the phase diagram for four
structures shown in Fig. 5(c). (a) represents the homogeneous structure (HS) for
(S, V̄) = (4, 160). (b) shows the disorder cluster (DC) for (S, V̄) = (7, 160). (c)
shows the order cluster (OC) for (S, V̄) = (10, 160). (d) represents crystalline
structure (CS) for (S, V̄) = (9, 40). Smaller gray particles are ABPs, and red are
passive ones.

interaction at smaller distance, the structural crossovers are expected
to be robust.

C. Full microscopic simulations
Furthermore, the robustness of the structural organizations

from the simulations employing the two-body forces is checked
against full microscopic simulations of a mixture of active and pas-
sive particles with ϕa = 0.5 and ϕp = 0.2. In these simulations, we
introduce the full microscopic interaction between the active and
passive particles. Furthermore, the dimension has been taken as
Lx = Ly = 800ra with periodic boundary conditions in both direc-
tions. The position and orientation updates of ABP are given by
Eqs. (1) and (2), and passive particles are updated using the following
equation:

∂trp
i = μ2∑

j≠i
Fij. (5)

Other simulation details are as discussed in the model section. The
system is simulated for total time steps of t = 107. The steady state
structures of passive and active particles are observed in the steady
state for different size ratios S and activity V̄ . We show in Fig. 6
four structures obtained by the full microscopic simulation of pas-
sive particles in the sea of the active particles. Figures 6(a)–6(d)
represent the HS, DC, OC, and CS for the parameters S,
V̄ = (4, 160), (7, 160), (10, 160), and (9, 40), respectively. The snap-
shots closely resemble the four structures of a purely passive system
in the coarse-grained simulation. Hence, results obtained from the
coarse-grained simulations of purely passive particles mixture are
consistent with the results obtained for the full microscopic simu-
lation of a binary mixture of active and passive particles. Thus, the
forces from higher order particle configurations are not as significant
as the pair-wise forces.

IV. CONCLUSION
We have studied a reduced model for steady state structural

crossover of large passive particles in a bath of small Brownian active
particles in two dimensions using the Langevin dynamics simula-
tions. The effect of the active particle bath is taken into account
through the two body effective potential between the passive par-
ticles. The activity V̄ and the size ratio S are the two main control
parameters in the system. We observe four different steady state
structures of passive particles, namely, HS, DC, OC, and CS, dis-
tinguished by the largest cluster size and the bond orientation order
parameter. Finally, full microscopic simulations for the binary mix-
ture of active and passive particles reproduce the four structures.
This shows that the single component effective potential reproduces
the structural features.

Our study can be useful to understand the collective behav-
ior of passive particles in active baths, for example, crystallization
of passive colloids, segregation of protein, bacterial suspensions, cell
suspensions, paint industry, and so on. It will be interesting to study
the dynamics of the effective single component system to arrive at a
comprehensive understanding of a passive system in an active bath.
We have considered only white noise in our studies. It may be inter-
esting to include colored noise to get more interesting steady state
behavior.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the following: defect analy-
sis of long range ordered CS, variance of energy ΔU across different
phases, and effective triplet force contribution.
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