
PHYSICAL REVIEW E 108, 034603 (2023)

Phase separation of passive particles in active liquids

Pragya Kushwaha ,1 Vivek Semwal,2 Sayan Maity,1 Shradha Mishra,2 and Vijayakumar Chikkadi 1

1Indian Institute of Science Education and Research, Pune 411008, India
2Indian Institute of Technology (BHU), Varanasi 221005, India

(Received 10 August 2022; revised 24 February 2023; accepted 3 August 2023; published 8 September 2023)

The transport properties of colloidal particles in active liquids have been studied extensively. It has led to
a deeper understanding of the interactions between passive and active particles. However, the phase behavior
of colloidal particles in active media has received little attention. Here, we present a combined experimental
and numerical investigation of passive colloids dispersed in suspensions of active particles. Our study reveals
dynamic clustering of colloids in active media due to an interplay of activity and attractive effective potential
between the colloids. The strength of the effective potential is set by the size ratio of passive particles to the
active ones. As the relative size of the passive particles increases, the effective potential becomes stronger and
the average size of the clusters grows. The simulations reveal a macroscopic phase separation at sufficiently
large size ratios. We will discuss the effect of density fluctuations of active particles on the nature of effective
interactions between passive ones.
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I. INTRODUCTION

The Brownian colloids self-assemble to display a wide
variety of phases depending on their shapes and interactions
[1–3]. Their equilibrium phase behavior is governed by the
principles of equilibrium statistical mechanics [4,5]. However,
our understanding of the collective behavior of colloids far
from equilibrium remains a challenge [6,7]. In recent years,
active matter has emerged as a new paradigm for under-
standing nonequilibrium systems [8–11]. They are known to
display many interesting phenomena such as flocking [12,13],
motility-induced phase separation [14–16], active turbulence
[17], and superfluidity [18], which are absent in equilibrium
systems. Therefore, active matter offers novel approaches to
colloidal assembly in systems far from equilibrium. In this
article, we have investigated the phase behavior of colloidal
particles dispersed in active liquids.

Wu and Libchaber [19] did seminal experiments on the ac-
tive transport of colloidal particles in suspensions of bacteria.
They discovered anomalous diffusion and a large effective
diffusion constant, when compared to diffusion at equilib-
rium, which inspired a slew of theoretical investigations and
detailed experiments [20–27]. The subsequent efforts have
elucidated how enhanced diffusion arises due to an interplay
of entrainment of colloids by bacteria, far-field hydrodynamic
interactions, direct collisions, and the relative size of bac-
teria and colloids [23–25]. Further, the effective interaction
between a pair of passive particles in active media has been
predicted to be attractive, repulsive, and long ranged, depend-
ing on the geometry of passive particles, the activity of active
species, and their density [28–36]. This understanding has
opened new routes to colloidal assembly mediated by active
fluids [7,37].

The phase behavior of active-passive mixtures is a topic of
recent interest [11,37–45], where experimental investigations

are scarce [6,7]. On the one hand, theory and simulations at
high Peclet numbers have shown that homogeneous mixtures
of active and passive particles are unstable. The underly-
ing physics is similar to motility-induced phase separation
[40,42]. On the other hand, in the diffusive limit, theory
and simulations of nonequilibrium binary mixtures with dif-
ferent diffusivities and temperatures reveal phase separation
[41,44,46] due to spinodal-like instability. Surprisingly, there
is little known about mixtures at moderate Peclet numbers.
This is the range where most of the active matter experi-
ments involving living matter or synthetic systems, such as
diffusiophoretic colloids, fall. A recent study of colloids in
active suspensions of bacteria in experiments and simulations
reports dynamical clustering of colloids at moderate Peclet
numbers [6]. The clustering was shown to be stabilized by
the torque on active particles, which align their velocities
tangential to the surface of colloids, leading to microphase
separation. The experiments were conducted over a range of
densities of bacteria, while the simulations were performed
over a range of Peclet numbers and torques of active particles
to describe their phase behavior. However, the nonequilibrium
steady states of the system are dependent on several other pa-
rameters, such as the size ratio of colloids to bacteria, density
of colloidal particles, and the hydrodynamics interactions, and
our understanding of these aspects in active-passive matter is
far from complete. Here we present a combined experimen-
tal and numerical study of the phase behavior of colloidal
particles in active media, with a focus on the effect of size
ratio on the phase behavior and the role of density fluctuations
of active particles in mediating effective interactions between
passive ones. Our investigations are motivated by the well-
studied system of colloid-polymer mixture [47,48], where the
equilibrium phase diagram is determined by the competition
between thermal fluctuations and effective interaction that are
dependent on multiple parameters such as size ratio, polymer
concentration, and density of colloids.
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FIG. 1. (a) Histogram of bacteria velocities. The average velocity is 〈v〉 = 33.84 ± 9.98 μm/s. (b) Histogram of the size of the bacteria.
The size of the bacteria is its length along the longer axis. The average length of the cells is 〈l〉 = 2.68 ± 0.86 μm. (c) The rotational diffusion
time of the bacteria was estimated from their normalized velocity autocorrelation function. The dashed line is an exponential fit to the data,
which gives a rotational diffusion time of τr ∼ 1.67 s.

II. EXPERIMENTAL SYSTEM AND SIMULATIONS
MODEL

A. Experimental method

The active-passive mixtures in experiments are realized
using large colloidal particles and suspensions of motile bac-
teria. We have used polystyrene colloids of sizes ranging
from 5 to 15 μm, which were purchased from MicroParti-
cles, GmBH, Germany. The active suspensions were prepared
using Escherichia coli cells (U5/41 type strain). The cells
were cultured using well-established protocols in the litera-
ture [18,49]. They were grown overnight at 37 ◦C in a Luria
Bertani (LB) agar plate containing 1% tryptone, 1% NaCl,
0.5% yeast extract, and 1.5% agar. A single colony of E.
coli was added to 10 ml of LB broth and kept at 37 ◦C un-
til OD600 (optical density at 600 nm wavelength) reached a
value of 1.3. Bacterial cells were then harvested and washed
three times with motility media (10 mM potassium phosphate
(pH 7.0), 0.1 mM EDTA, 0.002% Tween-20, and 5 mM
L-serine) by centrifugation at 3000 rpm for 5 min at room
temperature to remove the traces of LB broth. The pellet was
later resuspended in motility media to get desired concentra-
tions. The observation chamber was created using a circular
cavity of size 1 cm and 100 μm deep, which was glued to
a polyethylene glycol (PEG)-coated coverslip using double-
sided tape. The bacteria density of the sample with OD600 = 1
was estimated to contain 6 × 109 cells/ml (b0). The density of
bacteria in our experiments was fixed at 10b0, which was well
below the density threshold for the onset of collective motion.

Figures 1(a)–1(c) show the distribution of speeds and sizes,
and the autocorrelations of cell orientations, respectively,
measured using a dilute suspension of cells. The average
speed of the cells is v = 33.84 ± 9.98 μm/s and their av-
erage size is l = 2.68 ± 0.86 μm. The rotational diffusion
timescale was estimated to be τr ∼ 1.67 s. The Peclet num-
ber, which is defined as Pe = τrv/l , turns out to be Pe ∼ 21
for our system. The phase behavior of colloidal particles in
suspensions of bacteria was investigated by varying the size
and density of the beads at a constant density of bacteria.
The diameters of the particles used in the experiments were
σ = 7, 10, and 15 μm, and their density is varied from

φ ∼ 0.1–0.4, where φ = Nπσ 2/(4A) is the area fraction and
N is the number of colloidal particles in the field of view of
area A. The size ratio S = σ/l is defined as the ratio of the
diameter of colloids to the length of the bacteria.

B. Simulation method

The simulations were performed using a binary mixture
of active Brownian particles (ABPs) with Na small active
particles of radius aa and Np big passive particles of radius ap

(ap > aa) moving on a two-dimensional frictional substrate.
The active particles are associated with a self-propulsion
speed v and an orientation unit vector vi = (cosθi; sinθi ),
where θi is the angle between the velocity vector and a ref-
erence direction [50–52]. The motion of ABPs is governed by
the following Langevin equations:

dri

dt
= vvi − μ1

∑

j �=i

Fi j +
√

2DT ηTi, (1)

dθi

dt
= �

∑

i

sin(θi − θi j ) +
√

2Drηri. (2)

Here μ1 is the mobility and Fi j is the force acting on
particle i due to particle j. The noise term is defined
as 〈ηr,Ti(t )ηr,T j (t ′)〉 = 2Dr,T δi jδ(t − t ′), DT and Dr are the
translational and rotational diffusion constants of active par-
ticles and � is the magnitude of torque that aligns the velocity
vector of active particles tangential to the surface of passive
particles [27], and θi j = arg (ri − r j ). The persistence length
lp = v/Dr of active particles is constant in our simulations; it
is set at lp = 20aa. The other constants in our simulations are
DT = 0.005 and � = 1.

The equation of motion for passive particles is

dri

dt
= μ2

∑

j �=i

Fi j, (3)

where μ2 is the mobility of passive particles. There is no trans-
lational noise in Eq. (3), so the dynamics of passive particles is
only due to interaction force. We choose the mobility of both
species to be the same, i.e., μ1 = μ2 = μ. Particles interact
through short-ranged soft repulsive forces Fi j = Fi j r̂i j , where
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FIG. 2. The structure of colloidal clusters in active liquids. Main
panel: The pair correlation function g(r) for φ ∼ 0.10 and S ∼
2.5, 3.5, and 5.5. The g(r) curves are shifted along the y axis for
clarity. Insets: The bright-field images of particles at φ ∼ 0.10 and
size ratios S ∼ 2.5 (left) and S ∼ 5.5 (right), respectively. The scale
bar in the images is 50 μm.

Fi j = k(ai + a j − ri j ) when ri j � (ai + a j ) and Fi j = 0 other-
wise; ri j = |ri − r j | and k is a constant. The elastic timescale
in our system is defined by (μk)−1 = (150)−1.

We simulate the system in a square box of length lbox,
with periodic boundary conditions. The system is defined by
the area fractions φa = Naπa2

a/l2
box and φp = Npπa2

p/l2
box of

the active and passive particles, respectively, the activity v

of active particles, and the size ratio (S = ap/aa) defined as
the ratio of the radius of a passive particle to the radius of an
active particle. A random homogeneous distribution of active
and passive particles in the box and with random directions
for the velocity of active particles are the initial conditions in
simulations. Equations (1)–(3) are updated for all particles and
one simulation step is counted after a single update for all the
particles. The simulation does not include the hydrodynamic
interactions that are present in experiments. The effect of a hy-
drodynamic interaction can be included using coarse-grained
studies similar to [53].

III. EXPERIMENTAL RESULTS

Dynamic clusters of colloids in active liquids
and the effect of size ratio

We first present the experimental results. The colloids used
in our experiments are non-Brownian as they are bigger than
5 μm. However, they diffuse in suspensions of bacteria due to
active fluctuations with a characteristic superdiffusive motion
on short timescales and a diffusive motion on long timescales.
To investigate their collective behavior in active suspensions,
we first analyze their pair correlation function g(r), which
is shown in the main panel of Fig. 2 at an area fraction of
φ ∼ 0.1 and size ratios S ∼ 2.5–5.5. The normalized g(r) for
different size ratios is shifted along the y axis for clarity.
What is prominent is the presence of a sharp peak at r = σ ,
and additional peaks develop at r = 1.7σ and r = 2σ with

increasing size ratio. The peak at 2σ indicates a second shell
of neighbors, and the one at 1.7σ is a signature of hexagonal
ordering in the cluster. These observations are evident in the
bright-field images presented in the insets of Fig 2. The larger
size ratios lead to larger clusters with enhanced order. These
images are reminiscent of clustering in systems of purely
active particles [15]. However, the clusters of passive particles
in our experiments break and form much more rapidly. A real-
time video of dynamic cluster formation is presented in the
Supplemental Material video SV1 for φ ∼ 0.10 and S ∼ 2.5
[54]. Recent simulations have reported similar dynamic clus-
tering and traveling interfaces of active-passive particles that
are not observed in our current study [40,42]. One of the main
differences between our experiments and these simulations
is the large Peclet numbers used in simulations. Further, as
reported by earlier investigations, clustering is a manifestation
of an attractive effective potential between the passive parti-
cles due to active fluctuations [28].

We next turn our attention to cluster size distribution
(CSD), p(n), which is a count of clusters of n particles [43,55].
The clusters in our experiments were determined by setting a
distance criterion of rc � 1.1σ to identify pairs of particles
as neighbors. This was set based on the position of the first
peak of g(r) in Fig. 2, and to account for small polydispersity
(<5%) in the size distribution of colloidal particles. The re-
sults of our analysis are presented in Figs. 3(a) and 3(b). The
main panel in Fig. 3(a) shows the CSD for varying size ratios
of S ∼ 2.5, 3.5, and 5.5 at a density of φ ∼ 0.1. For small
size ratios S < 5, p(n) has an exponential form exp(−n/n0) as
observed in the equilibrium case [52]. The clustering is weak
at these size ratios; however, for S > 5 the p(n) displays a
power-law decay with an exponential cutoff at large n, i.e.,
it is best described by p(n)/p(1) ∼ 1/nαexp(−n/n0). The fits
of this form to our data are shown in the figure using dashed
lines. The value of α varies with the area fraction φ of col-
loids. It takes values from α ∼ 0.57 at φ ∼ 0.1 to α ∼ 1.3 at
φ ∼ 0.4. These results indicate that the characteristic size of
clusters grows with increasing size ratio. The growth of clus-
ters is dramatic at larger area fractions; the inset of Fig. 3(a)
shows cluster distribution at φ ∼ 0.3. We further elucidate the
clustering of colloids by computing the average cluster size
using the expression 〈n〉 = ∑

np(n), which is presented in
Fig. 3(b) where the curves with different symbols correspond
to different area fractions ranging from φ ∼ 0.1 to 0.4. These
measurements were made in the steady state. What is clear
from Fig. 3(b) is that increasing the size ratio or the relative
size of colloids leads to larger cluster sizes. This suggests that
the effective potential between the colloids becomes stronger
with an increasing size ratio. One can intuitively understand
the underlying physics by considering the interaction between
an isolated colloidal particle and a swimmer. When the size
of a particle is small, bacterium entrains the particle to larger
distances before changing its direction of motion. However,
when the particle is large, the entrainment distance is small,
and the scattering angle of the swimmer is large [25]. It in-
dicates that the bacteria can suppress cluster formation when
the colloidal particles are smaller. What is not clear from our
experiments is whether larger size ratios lead to a macroscopic
phase separation in our system. To understand this aspect, we
turn to numerical simulations that allow a detailed exploration
of parameter space.
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FIG. 3. Size of colloidal clusters and the effect of size ratio. (a) Cluster size distribution in the main panel is shown for different size ratios
S ∼ 2.5, 3.5, and 5.5 at a density of φ ∼ 0.10. The symbols distinguish different size ratios. The inset shows the CSD plot for same size ratios
at φ ∼ 0.3. (b) The average cluster size 〈n〉 for varying S. The curves with different symbols correspond to different particle densities, ranging
from φ ∼ 0.1–0.4.

IV. SIMULATION RESULTS

A. Effective potential between a pair of ABPs in active media

We turn to simulations in order to understand the ex-
perimental observations. We first investigate the effective
potential between a pair of ABPs in active media in our simu-
lations. Consider two passive particles with their positions at
r1 and r2 in a system of ABPs with Na = 1800, corresponding
to an ABP area fraction of φa = 0.5. The position of the
first particle at r1 is fixed, while the position of the second
particle is slowly varied in small steps of �x = 0.5aa starting
from the zero surface to surface distance between two passive
particles. The cartoon of the system simulated for the force
calculation for a fixed r is shown in the top inset of Fig. 4.
The ABPs are shown in red and passive particles in blue for
S = 8. For resolution, only a part of the system near the two
passive particles is shown. The active particles’ positions and
orientations are updated according to the Eqs. (1) and (2). For
each configuration at a given distance between two passive
particles, the system is allowed to reach the steady state.
Further, we use the steady-state configuration to calculate the
force FS (r) between two passive particles at a surface to
surface separation r, such that FS (r) = F12(r) + ∑Na

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

∑Na
i=1 F1i(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. The
potential is then calculated by integrating the force over the
distance U (r) = ∫ r

−∞ FS (r)dr [56–58]. Here we set the lower
limit as one-fourth of the box length. The results are averaged
over 30 independent realizations.

The main panel in Fig. 4 shows the effective potentials
U (r) computed at Pe = 25 and four size ratios S = 3, 5, 8,
and 10, which are comparable to experimental values. The
distance is normalized by the radius of active particles, which
is kept fixed to 0.1. The negative side of the potential shows
attraction and the positive nature is repulsion. For all the
parameters the potential approaches zero at large distances,
and it is negative at intermediate distances. The depth of the

potential becomes deeper with increasing S. The inset shows
the effective potential with the distance r scaled by the size
of passive particles. Surprisingly, the minima of the potentials
for the size ratios S = 5, 8, and 10 fall at r/ap = 1, which
implies that the length scale characterizing the range of the
interaction potential is set by the size of passive particles.

B. Density fluctuations of active particles

The interactions between passive particles in simulations
are primarily mediated by active particles. Naturally, their

FIG. 4. The effective potential between a pair of colloidal parti-
cles. The main panel shows the plot of the effective potential U (r) vs
scaled distance r/aa for Pe = 25 and size ratios S = 3, 5, 8, and 10.
The top inset shows a snapshot of the part of the system used to
calculate the potential. The two bigger particles are passive particles
with the left one marked as particle 1 and the right one marked 2
with positions r1 and r2, respectively. The red circles are ABPs. The
line shows the surface to surface distance r between two passive
particles. The bottom inset shows the effective potential with the
scaled distance r/ap.
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FIG. 5. (a) The top and bottom panels show instantaneous snapshots of the system for size ratios S = 3 and 8, respectively. Many such
configurations are used to calculate the density correlations C(r). Red particles are ABPs and the blue particle at the center is the bigger passive
particle. (b) The main panel shows normalized correlations of density fluctuations C(r) due to a passive particle for various size ratios S. The
inset show the length scale extracted from C(r) as a function of the size ratio. The length scale is expressed in terms of active particle size.
(c) Number fluctuations of active particles around an isolated passive particle for three sizes S = 3, 5, and 8.

density fluctuations will influence the effective potential be-
tween passive particles. This notion is reminiscent of the
role that concentration fluctuations play in the origin of
critical Casimir forces in a binary mixture [59,60] and the
density fluctuations of depletants that are responsible for
depletion forces in colloid-polymer mixtures [47,48]. To
highlight these aspects in our simulations, we consider a
single passive particle in a system of ABPs. An instanta-
neous snapshot of the active particles and a passive particle
is shown in the top and bottom panels of Fig. 5(a) for size
ratios S = 3 and 8, respectively. The active particles cluster
around the passive particle, and this clustering is enhanced
for larger size ratios. This effect is elucidated by computing
the time-averaged density correlation C(r) = (〈ρ(0)ρ(r)〉 −
〈ρ(r)〉2)/(〈ρ(r)2〉 − 〈ρ(r)〉2) of active particles. The corre-
lations are calculated by considering circular bins of width
dr = 0.5aa around the particle center, starting from its sur-
face. So, ρ(0) is the average particle density in the first bin
from the surface of the particle and ρ(r) is the average particle
density in a bin at a distance r from the surface with an area
2πr dr. The scaled correlations C[r/L(S)] corresponding to
size ratios S = 3, 5, 8, and 10 are shown in Fig. 5(b). It is
evident that the correlations show a good scaling with respect
to the correlation length L(S). The inset of Fig. 5(b) shows
a correlation length L(S) extracted from C(r) to characterize
the typical size of clusters; L(S) is measured in terms of size
of ABPs. Clearly, L(S) increases linearly with S. Apparently,
increasing the size ratio leads to a larger number of active
particles interacting with a passive particle, so it promotes
bigger clusters. Since the correlation C(r) scales with L(S),
the relative size of the passive particle determines the den-
sity correlation of ABPs. These results strongly suggest that
larger passive particles interact over longer distances due to
enhanced density correlations of active particles.

The examination of number fluctuations �N of active
particles around an isolated passive particle yields similar
conclusions. It is computed considering an annular disk with
inner radius equal to the radius of the passive particle and
outer radius is varied. The mean and variance of the number
of ABPs are calculated for the different outer radius of the

disk. The same is repeated for three different sizes of the
passive particle or for three different size ratios S = 3, 5, and
8. In Fig. 5(c), we show the plot of �N vs N for three sizes
S = 3, 5, and 8. For all the cases the graph is a power law
with �N 	 Nα , where α 	 0.7 for moderate N for all S and
starts to deviate for large N . The deviation appears at relatively
larger N on increasing size ratio. Hence, increasing the size of
the passive particle increases the stretch of density fluctuation
of ABPs. These results establish that increasing the size ratio
leads to longer density correlations that play a central role
in the emergence of long-range effective potential between
passive particles in our simulations.

The above results of the numerical simulation were ob-
tained at a packing density of φa = 0.5 of ABPs. Keeping
in mind that experiments are performed at lower packing
densities of bacteria, we present the snapshots of the con-
figuration of ABPs around a single passive particle for a
lower packing fraction of φa = 0.3 in Fig. 7 in Appendix A.
The corresponding videos SV2 and SV3 for S = 3 and 8 are
provided as Supplemental Material [54]. The snapshots and
videos suggest that the density correlations of ABPs increase
with increasing size ratio S at lower packing fractions as well.

A similar analysis of density correlations C(r) of bacteria
in experiments reveals that they are suppressed (see Fig. 8 in
Appendix B). In addition to activity, the interactions between
colloidal particles are mediated by hydrodynamics due to the
presence of a fluid medium. Earlier studies of active-passive
matter have shown that hydrodynamic interactions play an
important role in promoting clustering [61,62]. However, a
comprehensive understanding of these aspects would neces-
sitate further investigations that are deferred for future work.

C. Phase behavior of active-passive mixture

We elucidate the effect of the above effective potential on
the full microscopic simulations of the active-passive mixture
performed using Eqs. (1)–(3). We simulated the system for
Pe = 25 and size ratios S = 3, 5, and 8, which are close to
experimental values. In Fig. 6, the steady-state snapshots of
passive (blue, bigger) and active (red, smaller) are shown
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FIG. 6. Snapshots of the system obtained from the microscopic simulation: two types of particles for different size ratios S = 3, 5, and 8
(left, central, and right columns) at Pe = 25. Red particles are ABPs and blue particles are passive particles, for fixed packing fraction φ = 0.60
in a system of size lbox = 140aa.

for different size ratios S = 3, 5, and 8 from left to right,
respectively. Clusters with moderate to strong ordering are
found on increasing S. For small S = 3, clusters are present
but without strong local hexagonal ordering. As we increase S,
the ordering and clustering is enhanced. We also calculated the
percent of passive particles participating in the largest cluster
for different size ratios and it increases from 35% to 67%
as we increase size from 3 to 8 (data not shown). Hence for
large size ratio passive particles show the macroscopic phase
separation.

V. CONCLUSION

In summary, we have shown that the phase behavior of
passive particles in active media is determined by the in-
terplay of activity and the attractive effective potential of
interaction. Our study establishes that the size ratio of passive
to active particles provides a convenient way of tuning the
effective potential to manipulate the nonequilibrium assembly
of passive particles. When the size ratio is large, the effective
potential is strong enough to lead to macroscopic phase sepa-
ration of passive particles. Furthermore, our simulations have
demonstrated that density fluctuations (correlations) of active
particles play a key role in the origin of stronger effective
potentials as the size ratio increases.

The colloidal particles in our experiments display dynamic
clustering. However, the average size of clusters was observed

to grow on increasing the size ratio [Fig. 3(b)]. This is because
when the size of the colloidal particles is similar to that of
bacteria, the clusters are disturbed easily by the bacteria. In
contrast, the clusters of larger particles are relatively more
stable. To understand these aspects in a better way, we per-
formed simulations using a mixture of ABPs and passive
particles. The effective potential between a pair of passive
particles in active media was found to be attractive and de-
pendent on the size ratio (Fig. 4). Increasing the size ratio
made the effective potential stronger and long ranged. Further,
our study suggests that the long-ranged interactions originate
from enhanced density fluctuations of active particles around
a passive particle. As the interactions of passive particles in
our simulations are mediated by active particles, the density
fluctuations of active particles have considerable influence on
the nature of effective interactions between passive particles.
The recent studies of a colloid-bacteria mixture had concluded
that the torque on an active particle stabilizes the passive
colloidal clusters [6]. Here, we provide an alternate view of
the phenomenon based on effective potential that is intimately
tied to density fluctuations of active particles.

The full simulations of active-passive mixtures showed
that when the size ratio is small, the passive particles form
dynamic clusters. However, when the size ratio is large,
the effective interactions become strong enough to cause
phase separation of colloidal particles. Even though our sys-
tem displays many similarities with an equilibrium mixture

FIG. 7. Clustering of active particles in the presence of single passive particles at the center. Snapshots of the system for ABPs at packing
fraction φa = 0.3, for different size ratios S = 3, 5, and 8, from left to right, respectively. The active particles are colored red and the centered
blue particle is a passive particle.
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of colloid-polymer, the underlying physics is strongly out
of equilibrium. The simulations in our study have ignored
the effect of hydrodynamic interactions. In experiments, the
interactions between colloids are mediated by activity and
hydrodynamics interactions. Exploring these aspects in detail
will lead to a comprehensive understanding of active-passive
mixtures.
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APPENDIX A: DENSITY FLUCTUATIONS OF ACTIVE
PARTICLES AT DILUTE DENSITIES

The packing density of active particles in Figs. 4 and 5 is
φa = 0.5. The density fluctuations of active particles observed
in Fig. 5(a) persist even at lower packing densities. This is
evident from the snapshots of active particles around a passive
particle in Fig. 7 for φa = 0.3 and S = 3, 5, and 8.

FIG. 8. The correlations of density fluctuations C(r) of bacteria
in experiments. It is shown for two different size ratios S ∼ 2.5 and
5.5 of a colloidal particle. The x axis is scaled by the size of the
bacteria l .

APPENDIX B: DENSITY FLUCTUATIONS OF BACTERIA
AROUND AN ISOLATED COLLOIDAL PARTICLE

The time-averaged density correlations C(r) =
(〈ρ(0)ρ(r)〉 − 〈ρ(r)〉2)/(〈ρ(r)2〉 − 〈ρ(r)〉2) are computed for
bacteria around an isolated colloidal particle in experiments.
These results are shown in Fig. 8 for size ratios S = 2.5
and 5.5, and they reveal that the density correlations are
suppressed in our experiments.
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