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Abstract. We examine the dynamics of individual colloidal particles in active media. Unlike Brownian parti-
cles, which display a Gaussian distribution in displacement, the colloids in active media show deviations from
this form. These deviations depend on the size of the colloidal particles. We have characterized these devia-
tions and interpreted the results using the concept of superstatistics. In addition, we also analyse the dynamic
clustering of colloids at intermediated densities in the steady state using aggregation and fragmentation models,
by constructing a transition matrix and applying a monomer approximation.

1 Introduction

Colloidal particles undergoing Brownian motion exhibit
two key characteristics: their mean squared displace-
ment (MSD) increases linearly with time—known as Fick-
ian diffusion—and their displacement distribution follows
Gaussian statistics. However, when colloids are suspended
in an active medium, such as a bacterial suspension, their
MSD shows superdiffusive behavior at short time scales
and transitions to normal diffusion at longer times [? ]. At
short times, the displacement distribution deviates from a
Gaussian form, displaying a Gaussian core with exponen-
tial tails. Over longer timescales, it gradually approaches
a Gaussian distribution.

Interestingly, for larger colloids, where thermal fluc-
tuations are negligible and motion is governed solely
by the activity of the surrounding medium [1], the dis-
placement distribution remains non-Gaussian even at long
times. However, even in this diffusive regime, devia-
tions from Gaussian statistics may persist [2]. Instances
of non-Gaussian displacement distributions with linear
MSD—referred to as “Fickian yet non-Gaussian” diffu-
sion—have been observed [3]. Such deviations may arise
from spatial or energetic disorder, viscoelastic effects,
environmental heterogeneity, or fluctuating instantaneous
diffusivities. To explain these phenomena, superstatisti-
cal framework [4] and diffusing diffusivity models[5] have
been developed. These approaches treat diffusion as an en-
semble of local environments, each characterized by dif-
ferent diffusivities sampled from statistical distributions
(e.g., Gaussian, Gamma, or Laplace), thereby capturing
the heterogeneous and fluctuating nature of diffusion in
complex media.

Additionally, assemblies of these large particles at in-
termediate densities exhibit dynamic clustering behavior,
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where clusters continuously form and break apart. Analy-
sis of cluster statistics at steady state reveals a clear trend
toward the monomer limit. The corresponding transition
matrix for aggregation and fragmentation supports this,
and the dynamics can be described by a solvable kinetic
model under the condition of detailed balance.

In this study, we investigate the non-Gaussian dis-
placement distributions of passive colloids in an active
bacterial bath, focusing on the regime where MSD be-
comes linear at long times. We also examine the kinetics
of colloidal cluster formation and fragmentation to better
understand the dynamic steady-state behavior of such sys-
tems.

2 Results on displacement PDF of
isolated colloids suspended in active
liquid

To investigate the PDF of displacement of a single particle
suspended in the active liquid, we considered a suspen-
sion of E. coli and polystyrene colloids. The experimental
procedure is detailed in SI. We used colloids of two sizes,
7um and 31um, with a fixed density of bacteria ¢, = 5bg
where by = 6 x 10%cells/ml. The area fraction of colloids
was maintained at ¢ ~ 0.005 to ensure they remained iso-
lated, minimizing interactions between them. Figure 1(a)-
(e) shows the MSD and PDF for 7um particles at various
lag-times, which are well beyond the crossover time from
superdiffusive to linear in MSD, indicated by dashed lines
in the colors as corresponding PDF, shown in the Fig 1(a).
Figure 2(a)-(e) presents the MSD and PDF for 31um par-
ticles. The dashed black curve represent the Gaussian fit-
ting, while the solid black curves show the Gaussian +
exponential fitting as described in the Eq. 1.

a

dx? d
P(dx) = bexp(—2—;)+ gexp(—%) (1)

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (https://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 340, 12007 (2025)
Powders & Grains 2025

https://doi.org/10.1051/epjcont/202534012007

10 10° 10! 102
At (sec)
(b) 104 T = 1.67 sec (C) 1[)4 T = 3.33 sec
0 )
= =,
o L
10’ ¢ v 10!
: b : J
-40 40 -40 40
da (m) da (pm)
(d) 104}t =5 sec (e) 104} = 6.67 sec
) )
= =
A 2 B
10* 3 10° by
40 40 -40 40
dx (pm) dx (pm)
Figure 1. Mean square displacement (MSD) and Probabil-

ity distribution function (PDF) of displacement for 7um parti-
cles at bacteria density ¢, = 5bg, (a) black and red solid lines
are showing the slope of 1.5 and 1 respectively to indicate the
crossover from super-diffusive to normal diffusive regime, verti-
cal dashed lines are showing the various lag-times for PDF: (b)
for T = 1.67 sec, (c) for T = 3.33 sec, (d) for T = 5 sec, (e)
for T = 6.67 sec, the dashed black curve is Gaussian fitting and
black solid curve represents the Gaussian +exponential fitting.

The 31um particles are large enough to have negligible
Brownian motion compared to the 7um particles. As
shown in Fig. 1(a), the smaller particles fit well with the
Gaussian distribution, whereas the larger particles fit the
Gaussian and exponential distribution, as shown in Fig.
2(a). The non-Gaussian exponential core observed in the
larger particles as presented in Fig. 2(b)-(e) may be at-
tributed to their widely varying diffusivities over differ-
ent time intervals along their trajectory. These aspects
requires further investigations that are in progress. This
work is ongoing, and these findings are the initial results.

3 Aggregation and fragmentation kinetic
model

The ability of active matter to self-organize and exhibit
various emergent behaviors is a well-established phe-
nomenon. However, understanding how passive and ther-
mal systems organize in the presence of active particles
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Figure 2. Mean square displacement (MSD) and Probabil-
ity distribution function (PDF) of displacement for 31um par-
ticles at bacteria density ¢, = 5by, (a) black and red solid lines
are showing the slope of 1.5 and 1 respectively to indicate the
crossover from super-diffusive to normal diffusive regime, verti-
cal dashed lines are showing the various lag-times for PDF: (b)
for T = 5 sec, (c) for T = 10 sec, (d) for T = 15 sec, (e) for
7 = 20 sec, the dashed black curve is Gaussian fitting and black
solid curve represents the Gaussian + exponential fitting.

remains an fascinating area of study. In all living matter,
there is a mix of active and passive components. While
the self-organization of passive components in passive en-
vironments is well understood and follows equilibrium
statistics, their behavior in active environments is less ex-
plored. In this study, we present an experimental analysis
of the cluster dynamics of non-Brownian passive colloids
in an active liquid, revealing their continuous formation
and disintegration by kinetic theory.

F. Ginot et al. [6] investigated the cluster phase of
Janus active particles by analyzing the size-dependent
fragmentation and aggregation rates. Their study ratio-
nalized the cluster size distribution and lifetimes using a
simple kinetic approach with a monomer approximation,
meaning that only single colloids take part in the aggre-
gation and fragmentation events, as most transitions occur
along the diagonal. In addition, it uses perimeter approx-
imation, indicating that particles associate and dissociate
primarily around the perimeter of clusters.
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The aggregation-fragmentation kinetic model is a fun-
damental concept in the study of systems where various
particles or clusters combine to form larger aggregates and
break apart into smaller fragments. The elementary binary
event can be represented as:

(] + [J] <=> [A;;C:CF;;Cii 1l + ] 2)

where, a cluster of size i and size j merges to form a clus-
ter of size i + j with aggregation rate A;;C;C;. And the re-
verse process occurs with the fragmentation rate F;;Ci, ;.
The general form of the time evolution of the cluster size
distribution, C,(¢), is governed by the master equation:

By imposing the condition of detailed balance, with for-
ward and backward rates in the Eq. 5, F,11Chi1 =
A,C,C,, are equivalent. We can get the steady state so-

lution
. Am—l n
=] 7 (6)

m=1

with C; if fixed by normalization. Eq. 6 applies whenever
A, and F, depends on the cluster size. For the particular
case mentioned in [7, 8] where the exchange rates have a
power law dependency with size: A, ~ n® and F,, ~ n,
the cluster size distribution simplifies:

- 1)/!]“’ -

Cy 7
Calt) = % D AGCICI=Cy Y AnCi Y Fn,c,-m—%cn > Fu n 1 ?
Fry=n 2 izl (3';j = In particular case, with a = o’ it further simplifies,
The kernels are time-independent, meaning the rates de- enIne
pend only on cluster concentrations and time-independent Ch~ — ®)
geometrical factors. This is a mean field theory, imply- "
ing no spatial correlations between clusters. Therefore, the with n, = —1/1In(c;). The assumption a = @’ recovers the

system must be sufficiently dilute for clusters to aggregate
by diffusion.

Aggregation

®

Fragmentation

¢ o

Figure 3. The bright-field images showing aggregation event (
top) and fragmentation event (bottom).

The model consists of an infinite set of coupled non-
linear first-order differential equations, making it impos-
sible to solve analytically in general. However, solutions
exist for specific systems under certain assumptions. To
solve the rate equations, various analytical and numerical
methods are employed. Analytical solutions are typically
available only for simplified cases. Numerical methods,
such as Monte Carlo simulations or discretized versions
of the rate equations, are often used to study more com-
plex systems. The above equation get simplified with the
monomer assumption. The binary event with monomer
approximation can be represented as:

[n] + [1] <=> [A,C1Col[Fra1 Cosilln+ 11 (4)
The kinetic equation becomes:

Cn(t) =A,-1C1Cho1 —ACICp + Frp1 Cop — F,C (5)

well appreciated cluster size distribution behaviour with
power law and exponential cutoff at large n.

(a) 15.0

Figure 4. Transition matrix for the aggregation and fragmenta-
tion events (a) For particle size 10um (b) For particle size 15um
(c) For particle size 31um at the bacterial density ¢, = 10by with
area fraction ¢ ~ 0.15. The color bar is showing the logarithmic
value of probability P(Ny|Ny, 7).

4 Results on cluster aggregation and
fragmentation

In our system of bacteria and colloid mixture, colloids
form dynamic clusters that continuously break and reform.
We identified the clusters using a cutoff of 1.20. The
bright field image of aggregation event and fragmentation
event is shown in Fig. 3.

We calculated the transition matrix for cluster aggre-
gation and fragmentation over a lag time of 7 = 0.2 sec,
where Ny represents the cluster size at time 7y and N; rep-
resents the cluster size at time 7o + 7. The values in the
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Figure 5. The cluster size distribution P(n)/P(1) vs n the black
curve is fitted with Eq. 8 with slope o ~ 1.4.

transition matrix indicate the probability of a cluster tran-
sitioning from size Ny to N, denoted as P(Ny|N, 1), is
shown in the Fig. 4. We have shown the transition ma-
trix for various particle sizes 10 um, 15 um and 31 wm at
bacterial density ¢, = 10by with area fraction of colloids
¢ ~ 0.15. The figure clearly shows that as the relative size
of the colloids increases, the probability of single-particle
aggregation and fragmentation events, which lie near the
diagonal of the matrix, also increases. This observation
strongly supports the monomer approximation, for which
the master equation is exactly solvable. Although the tran-
sition matrix clearly indicates the presence of monomer
approximation, it’s important to note that our clusters are
not solid structures; they are continuously restructuring
and changing shape while rotating. The aggregation pro-
cess does not occur with single particles merging directly
into large clusters. Instead, due to the rotation of the clus-
ters, particles are aggregating and detaching from the pe-
riphery, contributing to the dynamic nature of the system.
Given that these results are preliminary, we have not yet
calculated the aggregation and fragmentation rates. This
work is still ongoing. However, we have determined the
cluster size distribution and fitted it to Eq. 8. In Fig. 5, the
cluster size distribution for particles with a size of 31 um
is shown. The black curve represents the fit to Eq. 8, with
a slope of @ = 1.4. These results are reminiscent of cluster
size distribution found in earlier studies of nonequilibrium
systems undergoing aggregation, adsorption, and dissoci-
ation [9].

5 Conclusion

In summary, we investigated the dynamics of single par-
ticles suspended in an active bath, focusing on the mean
squared displacement (MSD) and displacement distribu-
tion of colloids. Our findings reveal that the diffusive

behavior of colloids is strongly influenced by their size.
For relatively smaller particles, the displacement distribu-
tion indicates Fickian diffusion, with Gaussian displace-
ment statistics observed over longer time scales. Whereas,
for larger particles where thermal effects are negligible,
the dynamics are predominantly driven by the activity of
the surrounding liquid. These particles still exhibit Fick-
ian diffusion over the long duration, but their displace-
ment distribution becomes non-Gaussian, characterized by
a Laplacian core, especially at lower bacterial densities
and with larger colloids. This phenomenon can be inter-
preted through the concept of superstatistics. Additionally,
we analyzed the cluster dynamics of colloids in the steady
state within the active bath using an aggregation and frag-
mentation kinetic model. The transition matrix provides
clear evidence of monomer approximation in our system,
allowing the kinetic equations to be exactly solvable under
the detailed balance condition.
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