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Using computer simulations in two dimensions, we investigate the dynamics and structure of a passive
polymeric tracer with different topologies immersed in a low-density active particle bath. One of the key
observations is that polymers exhibit faster dynamics compared to passive colloidal particles at high activity,
for the same particle density, in both linear and star polymer topologies. This enhanced motion is attributed to
the accumulation of active particles, which induces prolonged and persistent movement of the polymer. Further
analysis reveals that star polymers exhibit more complex and intriguing behavior than their linear counterparts.
Notably, the accumulation of active particles promotes the pairing of arms in star polymers. For instance, a
three-armed star polymer adopts a conformation similar to a linear polymer with two arms due to this pairing;
as a result, at high activity, the dynamics of both the polymers converge. Finally, we explore the dynamics of a
linear polymer with the same total number of beads as the star polymer. Interestingly, at high activity—where
arm pairing in the star polymer is significant—the star polymer demonstrates faster dynamics than the linear
polymer, despite having the identical number of beads. These findings contribute to a broader understanding of
the interactions between active and passive components of varying topologies in dilute systems and highlight

their potential for innovative applications ranging from materials science to biomedicine.
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I. INTRODUCTION

Active matter is constituted of small units that convert
their internal energy—typically replenished periodically from
their environment—into directed motion. Unlike passive sys-
tems, active matter exhibits nonthermal fluctuations, breaks
detailed balance, and violates the fluctuation-dissipation rela-
tion, keeping the system inherently out of equilibrium [1,2].
These characteristics enable intriguing behaviors and poten-
tial applications, such as targeted cargo transport and efficient
delivery in both biological (in vivo) and laboratory (in vitro)
environments. Several studies have been dedicated to un-
derstanding how active forces interact with thermodynamic
forces [1,3-9], and to exploring ways to harness these forces
for specific microscale tasks [10,11].

The coexistence of active and passive elements is a key
feature of many living systems. For instance, the motility
of microorganisms in active systems plays a crucial role in
nutrient mixing and maintaining ecological balance in aquatic
environments [12,13]. The enhanced diffusion of passive
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components in an active bath affects various passive entities
such as enzymes, granules, and extracellular products [14].
These components are influenced by cyclic conformational
changes in biomolecules such as DNA and RNA during active
transcription processes, which are fueled by ATP [15].

Recent studies have explored the statistical mechanics of
active agents in a passive bath [16-18] as well as passive
agents in an active bath [19-34]. In contrast to spherical
passive colloidal particles in an active bath, asymmetric
passive agents—such as V-shaped wedges—exhibit a more
pronounced directed motion. This occurs because active par-
ticles tend to accumulate in the cusp of the wedge, exerting
an asymmetric pressure on its walls and driving a persistent
movement [35,36]. In a passive bath, in contrast, the pressure
exerted by passive particles is isotropic, resulting in no net
directional motion.

The simple model system of a passive tracer in an active
bath has been explored both numerically and experimentally
by various groups [35-37]. It has been observed that maximal
efficiency occurs at an optimal number of active particles.
At high packing fractions, the bath becomes jammed, which
restricts the mobility of the carrier object [38]. Conversely,
at low packing fractions, there is insufficient accumulation of
active particles near the object to induce significant motion.
Unlike hard asymmetric objects, soft and flexible objects in
an active bath display intriguing behaviors. Several studies
have investigated the interactions between active particles and
deformable passive objects, as well as the behavior of active
polymers [39,40]. A linear polymer immersed in a bath of
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active Brownian particles (ABPs) adopts different conforma-
tions depending on its stiffness. For instance, a semiflexible
linear polymer forms transient hairpin structures due to the
accumulation of ABPs in regions of high curvature, which
promotes polymer shrinkage. In contrast, a fully flexible
polymer tends to expand with increasing activity [22,28,30].
Similar to hard passive asymmetric objects, flexible linear
polymers also exhibit enhanced dynamics, driven by the lo-
calized accumulation of active particles in highly curved
(“parachute-shaped”) regions [28]. While previous studies
have focused on linear polymer topologies, less attention has
been given to branched and star-shaped polymers in active
baths. Star-shaped polymers, in which multiple arms are con-
nected at a central core, have biological counterparts in the
form of certain viruses, such as astroviruses [41]. Some stud-
ies have also engineered star-shaped molecules to mimic viral
properties, investigating their dynamics [42,43]. Moreover,
the tunable properties of star-shaped polymers have made
them an attractive candidate for drug delivery applications
[44-48]. While computational studies have examined the be-
havior of star polymers in passive baths (both good and bad
solvents) [49], investigating their conformational changes and
dynamics, there is still limited research on the behavior of
star-shaped polymers in an active bath [38].

In this work, we explore the dynamics and conformational
changes of star polymers and compare their behavior to that
of tracers with other topologies in a dilute bath of ABPs using
computer simulations in two dimensions. We observe an in-
triguing conformational behavior of the star-shaped polymers
in such an environment. Notably, beyond a threshold value of
the active force, a “folded” conformation emerges for the star
polymer with three arms, such that two arms are paired while
the third remains at a distance. This occurs due to the asym-
metric accumulation of active particles. In previous studies, a
similar behavior has also been observed in systems of flexible
polymers, where increased activity at low packing fractions
promotes the pairing of two polymer chains [50]. In contrast,
at relatively high densities, active particles can form dy-
namic crystalline structures, establishing a stable, oscillating
bridge between particles. This bridge gives rise to significant
long-range dynamic repulsion during wetting near confining
boundaries. However, as the density decreases, the bridge
gradually breaks down, resulting in an intriguing transition
to long-range dynamic depletion attraction [38,51,52]. The
pairing of the arms, together with the accumulation of active
particles, drives prolonged directed motion. This is evident
from the increased mean-squared displacement (MSD), the
positive temporal velocity autocorrelation function (VACF),
and the enhanced persistence time with increasing activity.

The described arm pairing in star polymers is more fa-
vorable and occurs at lower activity levels for semiflexible
polymers as compared to flexible ones. When comparing the
behavior of a star polymer with that of passive colloidal
particles—whose size is similar to that of a single bead of
the polymer—we find that the dynamics of the star polymer’s
center of mass is faster and more persistent at high activ-
ity. This is attributed to the accumulation of active particles
and the pairing of arms. The difference is evident in the
higher MSD of the star polymer’s center of mass compared
to that of the colloidal particle at long times and high activity.

Additionally, the star polymer exhibits a larger scaling expo-
nent of the MSD and a more pronounced positive temporal
VACF under these conditions. Interestingly, at high activity
the conformation of the star polymer—in which two arms
are paired and the third is extended—resembles that of a
linear polymer. To gain a clearer understanding, we compare
the behavior of a three-armed star polymer (with 61 beads)
with that of a linear polymer (41 beads), and our findings
suggest that their dynamics converge at high activity. Addi-
tionally, we compare the star polymer with a linear polymer
containing the same number of beads. The results indicate
that, at high activity—where arm pairing in the star polymer
is significant—the dynamics of the star polymer are slightly
faster and more persistent than those of the linear polymer, de-
spite having the same number of beads. This difference can be
explained by the distribution of the radius of gyration, as the
linear polymer exhibits a significantly larger radius of gyration
compared to the star polymer. Additionally, the time evolution
of the VACF shows that the star polymer maintains a higher
correlation as compared to the linear polymer. In the present
study, the size of the aABPs is taken to be equal to the bead
size of the passive polymer. Previous studies have explored
the effect of relative size differences between active particles
and crowders, showing that larger crowders lead to stronger
accumulation of active particles [53-55]. In the context of our
study—examining star polymers in an active bath—when the
polymer beads are relatively larger than the ABPs, we expect a
more pronounced accumulation of ABPs around the polymer.
However, increasing the bead size also reduces the dynamics
of the polymer’s center of mass. A systematic investigation
of this size effect would indeed be interesting and is planned
for future work. This paper is organized as follows. In Sec.
II, we present the model and simulation details. Results and
discussion are presented in Sec. III and finally, we conclude
the paper in Sec. IV. Additional information is compiled in
the Appendix.

II. MODEL AND SIMULATION DETAILS

We carry out coarse-grained computer simulations of a
passive tracer embedded in a low-density dry active bath of
ABPs, in two dimensions with periodic boundary conditions.
The considered tracers include passive colloidal particles, lin-
ear polymers with 41 and 61 monomers, and the star polymer
with three (N,m = 3) and four arms (N, = 4), in which each
arm consists of 20 monomers and is connected with a central
monomer. The diameter of the individual tracer particles and
the monomers of the polymeric objects is o, the same size
as the bath ABPs. To set up the system, we fix the passive
tracer in a square box of length 1200 populated with ABPs.
A schematic of our system is shown in Fig. 1. In the simu-
lations, we consider packing fractions of the bath ¢ = 0.06
and ¢ = 0.15, where ¢ is defined as ¢ = %. Here,
Aapp = 7(%)? is the area of a single ABP.

The dynamics of the position r;(¢) of the ith particle of
mass m is described by the Langevin equation

d*r;i(t) dr;
m— =y - ; VV(r; — 1)) + £i(t) + Fe(d)).

ey
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FIG. 1. Schematic of the model system (not to scale): (a) a single star polymer with three arms (blue). (b) A passive linear polymer (blue).
(c) A single passive particle (blue). Each of these systems is simulated separately while immersed in a dilute bath of ABPs (green). The red
arrows indicate the instantaneous directions of the ABPs. Pairwise nonbonded interactions among the polymer beads, between the polymer
beads and ABPs, between passive particles and ABPs, and among the ABPs themselves are modeled using the WCA potential, represented by
double-headed arrows. Additionally, the neighboring beads of the polymer are connected via the FENE potential, and a bending potential is

applied to restrict polymer bending.

a2 Erio)
i

gibly small as compared to the drag force y 4% 7> Where y is
the friction coefficient. To ensure that the system is prac-
tically overdamped, we took the comparatively high value
of ¥ = 200. For this choice, the momentum relaxation time,
Trel = m/y, remains quite short—about 5 x 1073 (in units of
the elementary time 7y = /mo? /¢, where o, €, and m are the
fundamental Lennard-Jones units of length, energy, and mass,
respectively). In contrast, the characteristic Brownian dynam-
ics timescale—the time it takes a particle to diffuse a distance
comparable to its own size—is given by tgp ~ ,}(’B—”TZ =200
(in units of 1p). For this high friction coefficient, we have
% =5x107%r «
effects are negligible and the system operates in the Brownian
(overdamped) regime. This approach has been widely adopted
in the literature [28,40,56]. The kth component f;(¢) of the
thermal force f; on particle i is taken as an independent Gaus-
sian white noise with zero mean and variance {fj (¢)fj;(¢")) =
2ykgT 8;;818(t —t'), where §;; is the Kronecker delta and §(z)
is the Dirac § function. Moreover, kgT represents the thermal
energy in terms of the Boltzmann constant kg and the absolute
temperature 7. The ABPs are simulated as disks of diameter
o moving under the action of a constant force F along a
predefined orientation vector e(6;) = {cos(6;), sin(6;)}. Fe is
thus the active force (“propulsion strength”) of magnitude
F of the ABPs that drives the system out of equilibrium.
The dimensionless Péclet number can be used to express
this propulsion strength relative to the thermal particle speed
as Pe = 7 = :—‘; such that Pe = 0 for passive tracers and
Pe > 0 for the ABPs.

The orientation #; of the velocity of the ith ABP is a
function of time according to the stochastic equation

a6, = /2Dgn(2)
dr RAE)-

Here, Dp is the rotational diffusion coefficient, which is
related to the persistence time tgz of an ABP by the rela-
tion g = 1/Dpg [57]. The term n(t) represents a zero-mean
Gaussian random vector with unit variance. We again as-
sume componentwise and particle-particle independence, i.e.,
(mk(l‘)n_ﬂ(l‘/)) = 2DR5k18ij5(l‘ —l‘/), where n;(t) is the kth
component of the noise acting on particle i.

In the overdamped limit, the inertial term m is negli-

2 . . .
ZLT = 2007, which ensures that inertial

@

The total pairwise interaction potential V (r; — r;) is de-
fined as V = Vyyca + Veeng + VBena- Here, the monomers of
the polymers are connected by the finitely extensible nonlin-
ear elastic (FENE) potential

Kr? Tij 2
—=3= log 1—[$] s Fj < Fmaxs

= 0Q,

(©)

VEene(rij) =
otherwise,

where r;; = |r; —r;| represents the separation between
monomers i and j (with position vectors r; and r;, respec-
tively) of the polymer; ru.x = 1.50 is taken as the upper limit
of r;; and K denotes the force constant, which accounts for
the stiffness of the polymer. To restrict the bending of the
polymer, we introduce the bending potential

VBend = K(l - Cos(d)bend))v 4)

where x = 75 (in units of kgT') lies in the range in which
the polymer behaves as a stiff, semiflexible chain [58], and
drenda denotes the angle between two successive bond vectors
of the polymer. We employ purely repulsive pairwise non-
bonded interactions between the monomers of the polymers,
modeled in terms of the Weeks-Chandler-Andersen (WCA)

potential [59]
o 112 oif . 1/6
—r,f-] _ [ ] )+e,,, ifri; < 2/%0y;,

otherwise.

de ij ([
Viwea(rij)=
= 0,
)
Here, ¢;; is the strength of the interaction with the effective
interaction diameter o;; = (0; + 0;)/2.

All simulations are performed using a Langevin thermo-
stat, and the equation of motion is integrated using the velocity
Verlet algorithm in each time step [60]. We initialize the
system by placing the passive tracer in the center of the bath
and relaxing the initial configuration for 107 steps. The simu-
lations are carried out for 6 x 10® steps, where the integration
time step is taken to be 5 x 107, and the positions of the
monomers are recorded every 100th step. The simulations
are carried out using LAMMPS [61], a freely available open-
source molecular dynamics package. In our simulations, we
measure the length in units of o and the energy in units
of thermal energy € = kgT. All other physical quantities are
therefore presented in dimensionless units expressed in terms

013053-3



YADAV, METZLER, AND CHAKRABARTI

PHYSICAL REVIEW RESEARCH 8, 013053 (2026)

TABLE I. Model parameters used in our simulations.

Parameter Value

OABP o

Obeads o

Nagp 1101 (¢ = 0.06) and 2751 (¢ = 0.15)
% 5% 1073

kgT 1

At 5% 107*

Pe 0, 5,10, 15, and 20

30, 40, 50, and 60

of these fundamental units o, €, and m. Details of the model
parameters are given in Table L.

III. RESULTS AND DISCUSSION

A. Behavior of a three-armed star polymer
in a dilute active bath

Soft particles represent a class of materials with a “dual
nature,” in the sense that they exhibit properties that fall
in between those of hard colloids and polymer coils [62].
Typical examples include microgels [63], micelles [64], and
star polymers [64,65], whose phase behavior and dynamics
are strongly influenced by their degree of softness. In this
context, multiarm star-shaped systems—with adjustable arm
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N
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s Pe = 30
< Pe =50
o010
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0.0 25 5.0 7.5 10.012.515.017.520.0
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0.051
00
180 1.0
150 -
<€ 120
I 0.6
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< 0.4
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301 0:=
0 0.0
0 4 20 0.00 0.01

8 12 16
Ra,—a,/0

number, length, and flexibility—offer a versatile platform for
investigating how varying degrees of “softness” influence the
dynamic behavior, due to their tunable deformability and po-
tential for interdigitation. In literature, it was studied how the
softness of a material can be modulated by the doping with
active particles [66], and can influence the conformation and
dynamics of the polymer, which has been extensively studied
for linear polymers [28,39,40]. Here, in this work, we explore
the behavior of a three-armed star polymer in a dilute bath of
active particles, specifically, the dynamics, and the conforma-
tional changes and observe some intriguing behavior.

1. Conformational changes of the star polymer

In contrast to linear polymers, star polymers exhibit
a more intricate architecture due to their multiple arms
[64,65,67-69]. To characterize their structural features, we
compute the pairwise center-of-mass separation

RA,»—Aj = \/(xcom(i) - xcom(j))2 + ()’com(i) - ycom(j))2 ©6)

for i, j = 1,2,3 between the three arms of a three-armed
flexible (« = 0) star polymer.

Figure 2(a) presents the probability density of this sep-
aration Ry,_,; for all possible combinations of i and
j (i, j=1,2,3), for varying Péclet number Pe of the sur-
rounding active bath particles. As Pe increases (we vary it in
the range Pe = 0, . . ., 30), the distribution initially broadens,

(b) 0.014 —_—Pe = ()
0.012 Pe =10
-, 0.010 Pe =30
qf 0.008 —Pe =
S;j 0.006
A, 0.004
0.002
0 25 50 75 100 125 150 175
0a,—a;
(d)  ooso] Pe = 50
0.0254
0.000
180 1.0
1501 o
< 120/
L 0.6
<t 90
< 0.4
60
304 0.2
0 L 0.0
0 0.00 0.01

4 8 12 16 2
Ra,_4,/0

FIG. 2. Probability density functions of (a) the arm-arm separation 7 oy and (b) the arm-arm angle Opi-a; for different values of the
Péclet number Pe. Panels (c) and (d) show the 1D and 2D probability of RA,._AJ. and QAi_Aj for Pe = 0 and Pe = 50, respectively. Snapshots of
conformations of the star polymer and associated ABPs shown in panels (c) and (d) demonstrate the accumulation of ABPs induced by higher

activity.
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FIG. 3. Radial distribution function g(r) of ABPs surrounding (a) a star polymer for different Pe. The inset in panel (a) shows a snapshot
of the system with the star polymer immersed in an active bath at Pe = 50. (b) Effective interaction potential between a pair of arms (blue) of
the star polymer as a function of their separation Ry, _4; for different values of Pe. The insets in panel (b) show the conformations of the star

polymer for a given separation Ry,—4;: (i) 3.0, (ii) 6.0, and (iii) 9.0.

indicating enhanced fluctuations in the arm separations as
shown in Movie_S1 and Movie_S2 (see Appendix H and
Supplemental Material [70]). At high activity (Pe = 50), a
pronounced peak appears at smaller values of Ra,_4;, fol-
lowed by a broad distribution of the population at larger
separations. The peak at lower R4,_4, does not occur exactly
at Ry, /0 = 1.0, due to the self-avoidance of the polymer
beads and the accumulation of some ABPs between the arms
[50]. The bimodality of the distribution is characteristic of a
transient pairing of two arms, while the third remains spatially
separated, fluctuating over time as shown in Movie_S3 (see
Appendix H and Supplemental Material [70]). To gain fur-
ther insight into this pairing behavior, we calculate the angle

Oni—A;»
0 cos™! ( Ai- A )
'A;i—. j = Ta A
. AlIA,]

between the arm vectors, where A; = (x™ — x¢, yle™ — y¢),
and A is defined analogously. Here, the superscript “c” refers
to the central bead of the star polymer, and “term” denotes the
terminal beads of the polymer.

As shown in Fig. 2(b), the distribution of the arm-arm angle
0a,—4; develops a sharp peak at lower angles with increasing
Pe, particularly between Pe = 30 and Pe = 50. This indicates
the emergence of a preferential alignment or pairing between
two arms. A broader component at larger angles persists,
reflecting the variability in the orientation of the third arm.

Figs. 2(c) and 2(d) display the joint probability density
of Ra,—a; and 64,4, at Pe =0 and Pe = 50, respectively.
At equilibrium (Pe = 0), the distribution is centered around
moderate values of (RAi_Aj) with a broad angular spread, con-
sistent with a disordered, coillike conformation. In contrast,
under strong activity conditions (Pe = 50), the distribution
becomes varied, with a significant population concentrated at
low values of both Ra;—a, and OA/._AJ., indicative of a paired-
arm configuration. A secondary population at higher values
of both parameters corresponds to the fluctuating, unpaired
third arm. These results suggest that at high activity, the
star polymer indeed adopts a dynamic-induced asymmetric

@)

conformation wherein two arms transiently associate, effec-
tively forming a linear structure with the third arm extending
outward.

The accumulation of active particles near a polymer has a
significant effect on the conformation it adopts in the active
bath. For instance, conformations such as the bent struc-
ture of a semiflexible linear polymer or the looping of an
end-attractive linear polymer are strongly influenced by the
presence of active particles [28,38,71]. To understand the
behavior of a star polymer, with its much complex struc-
ture as compared to its linear counterpart, in an active bath,
we calculate the radial distribution function g(r), of ABPs
around the polymer, as shown in Fig. 3(a). We observe a
noticeable accumulation of ABPs in the vicinity of the chain.
This accumulation becomes more pronounced with increas-
ing Pe, reflected in the increasing height of the peak of
g(r) at r = 1. We also observe that with the bath increas-
ing activity, not only does the peak at »r = 1 become more
pronounced, but also a secondary peak emerges at a larger
distance. The inset in Fig. 3(a) shows a snapshot detailing
that ABP accumulation predominantly occurs in regions of
higher curvature. This suggests that both the accumulation
and the resulting bent conformation of the polymer are more
favorable at higher Pe. Another interesting observation is the
pairing of the arms of the star polymer at high activity, en-
abling it to adopt a conformation similar to that of a linear
polymer.

At high activity, the accumulation of active particles fa-
cilitates the formation of an asymmetric polymer structure—
specifically, the pairing of two arms while the third arm
remains separate. To understand the relationship between the
adopted conformation and ABP accumulation, we calculated
the effective interaction energy between two arms of the star
polymer (details provided in Appendix A), relative to the
conformation with Rpi-a; = 9.0, the value corresponding to
their separation at Pe = 0, as a function of Ra—a; for various
values of Pe. To perform this calculation, a biased poten-
tial was applied between the two arms [shown in blue in
the snapshot of Fig. 3(b)] to achieve a particular separation.
In this setup, the accumulation of active particles near the
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selected arms and their separation serve as defining parame-
ters for the energy. In Fig. 3(b), in the absence of activity with
Pe = 0, the energy profile remains nearly flat around zero,
except for a positive deviation at around R4,_; = 1.0, which
arises due to the self-avoidance of the polymer beads. At
finite activity with Pe = 30, the energy profile indicates that
conformations with smaller separations around Ry—a; = 1.0
are less stable than those with larger separations. Interestingly,
at relatively high activity with Pe = 50, the energy profile
shows a stabilization of conformations with a smaller distance
around Ry,—4, ~ 3, supporting the tendency of the arms to
pair at high activity. This stabilization of conformations, such
that the separation between arms is minimized, goes hand in
hand with the significant accumulation of ABPs at such high
activity levels. Therefore, we conclude that the stabilization
of paired-arm conformations is facilitated by the asymmetric
accumulation and the resulting exerted pressure of active par-
ticles on the polymer arms. Such effective attractions between
passive tracers in an active bath have been previously reported.
For example, when two passive particles are immersed in
a bacterial bath, a short-range “attraction” emerges between
them as the level of activity in the bath increases [52]. Similar
short-range attractions have also been observed for a linear
polymer chain and a rigid rod in a bath of ABPs [50,51]. In all
cases shown in Fig. 3(b), the depletion potential Ugep(Ra,-4;)
shows a significant positive value at Ry,—4, = 1.0, which in-
creases with growing Pe. This confirms that the high positive
value of Ugep(Ra,—4;) at short distances arises due to both
polymer self-avoidance and the limited presence of ABPs
between the arms, a direct consequence of the star polymer
geometry.

J

Z(xi — Xcom )2 -

1 i

- Noeads Z(xi — Xeom)(Vi — Yeom)

where X.om and y.om denote the coordinates of the polymer’s
center of mass, and Npeags = 61 is the total number of beads
in the star polymer. To analyze the shape anisotropy, we
diagonalize the gyration tensor (8) to obtain its principal
components

S = diag(A1, 13), )]

where A7 and A3 are the eigenvalues of the tensor. The first
invariant of § yields the squared radius of gyration

R =Tr(S) = A7 4+ 13. (10)
We compute the time and ensemble-averaged value of R; asa
function of the Péclet number Pe across multiple trajectories.
Specifically, in Fig. 12(c), we plot the averaged squared ra-
dius of gyration (R;(Pe)) as a function of the bath activity
for both flexible (black) and semiflexible (red) star poly-
mers. At vanishing activity (Pe = 0), the flexible star polymer
has compact, coiled conformations, resulting in smaller (Rﬁ)
values. As the activity increases, collisions with active parti-
cles lead to a swelling of the polymer, reflected in increased
(R;) values.

The inclusion of rigidity in a polymer exhibits more inter-
esting features in an active bath. For instance, a semiflexible
linear polymer (k > 0) adopts a hairpinlike structure due to
the accumulation of active particles in regions of high curva-
ture and rigidity—a configuration not typically observed in
flexible polymers [28,30,71].

In Figs. 12(a) and 12(b), we plot the probability den-
sity function for R4, 4, for flexible (x = 0) and semiflexible
(k =75) star polymers. As shown in Fig. 12(a), for the
flexible polymer in the range Pe =0, ..., 20, there is no
emergence of a peak at lower values of Ra—a;; instead, the
distribution broadens with increasing values of Pe. In contrast,
for the semiflexible polymer case shown in Fig. 12(b), at
Pe = 0, the distribution is peaked at a higher value of Ra;—a;-
On increasing the activity to Pe = 10, a new peak emerges
at a lower value of R4, _4;, and its intensity increases further
at Pe = 20, accompanied by a broader distribution at larger
values of Ra;-a;- A similar distribution of conformations is
also observed for flexible polymers at Pe = 50 in Fig. 2,
further supporting the observation that higher bath activity
reduces the effects of polymer stiffness. As discussed previ-
ously, the shown distribution corresponds to conformations
in which two arms of the polymer are paired, while the
third arm is located at a certain distance. Based on these
observations, we conclude that the interplay between poly-
mer rigidity and interactions with active particles favors such
conformations even at low Pe in the case of semiflexible
polymers.

In addition to calculating the inter-arm distance RA,.—A,. and
the arm-arm angle 64,—4,, we compute the gyration tensor for
the star polymers, defined as

% Z(xi — Xeom)(Yi — Yeom)

1

Z(yl - ycom)2 - )"%
i

(

In contrast, the semiflexible star polymer adopts an ex-
tended conformation at Pe = 0, primarily due to the effect
of arm rigidity. As activity increases, (R;) decreases, which
we attribute to the pairing and bending of arms caused by
the asymmetric accumulation of active particles in regions of
high curvature of the polymer. An intriguing feature emerges
at high activity levels: The effect of activity starts to domi-
nate over the rigidity of the arms, as mentioned above. As a
result, the values of (R;) for both flexible and semiflexible
star polymers begin to converge, indicating that both types
of polymers adopt similar conformations under strong ac-
tivity. This swelling and collapsing behavior of the flexible
and semiflexible star polymers in an active bath is similar to
that observed for flexible and semiflexible linear polymers,
respectively [28,71].

2. Dynamics of the star polymer

In the existing literature, it has been explored how the
activity of bath particles facilitates a prolonged persistent
motion of asymmetric hard passive particles [35-37]. The
persistent motion of an object in a given direction in some
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sense closely mirrors what Feynman described in his well-
known “Ratchet-and-Paw” lecture, in which he explored the
second law of thermodynamics through the lens of statisti-
cal mechanics. The idea of harnessing work from a chaotic
environment through rectification depends on breaking both
time-reversal and spatial-inversion symmetries. In Feynman’s
example, time-reversal symmetry is disrupted by using two
thermal baths at different temperatures, while in another case,
it is broken by a bath of active particles with inherently
irreversible dynamics [72]. This disruption violates detailed
balance, a condition in equilibrium systems where forward
and reverse processes occur with equal likelihood. When
time-reversal symmetry is no longer valid, breaking spatial
symmetry—such as by using an asymmetrically shaped gear
or shuttle—can enable rectification and thus allow for directed
motion or work extraction [73,74]. Experimentally, energy
extraction from a symmetric stochastic process in the sense
of a Maxwell demon could indeed be demonstrated for a
colloidal particle [75].

It is important to understand such partially rectified dynam-
ics in the context of soft particles with elongated topologies
[36]. Recent studies have focused on soft linear polymers
in active baths, where the polymers exhibit significantly
enhanced dynamics [28,76]. Beyond linear deformable poly-
mers, the behavior of other topologies has also been explored
in active environments [77]. In this context, to further advance
our understanding of passive polymers in active media, we in-
vestigate the dynamics of a three-armed flexible star polymer
immersed in a bath of ABPs as a function of time. Due to
the presence of the active particles, the star polymer switches
between several conformations, as discussed in the previous
section. As we show now, this also affects intriguing dynamic
behavior.

To quantify these effects, we track the center-of-mass posi-
tion r{°™ of the star polymer and compute the componentwise
time-averaged mean-squared displacement (TAMSD) as a
function of the lag time t [78-80]

Tnax—T
2
_— T (e — %" (r))"dt
Thax — 7 /O (rl t+o " ( ))

1)

whose average over a number N of independent trajectories is
the ensemble-averaged (mean) TAMSD [78-80]

§ri(t) =

(6r2()) = Zaﬂ(r) (12)

For Brownian motion, the mean TAMSD (§ riz(r)) grows lin-
early with lag time 7. However, in the presence of ergodic
anomalous dynamics, we observe a power-law scaling of the
form

(8r2()) ox T, (13)

where o < 1 indicates subdiffusion and o« > 1 indicates
superdiffusion [80-82].

In Fig. 4(a), we plot the time evolution of the mean
TAMSD [Eq. (12)] for different values of the Péclet number
Pe. It is evident that upon increasing the activity Pe of the
active particles leads to an enhancement of the motion as

measured by (8r7(t)). This enhancement arises from frequent

encounters and asymmetric accumulation of active particles
around the polymer. The extent of this enhancement is related
to the persistent motion of the polymer, which is evident
in Fig. 4(b), where we show how «(t) increases with Pe,
indicating a pronounced transient superdiffusive behavior and
thus enhanced persistence. Further evidence of the prolonged
persistent motion is provided by the VACF and the effective
persistence time T, of the center of mass motion of a passive
star polymer [83]. as shown in Figs. 4(c) and 4(d), respec-
tively. The VACEF is here defined over the time average

(0 + D)
W)

where v; is a component of the velocity Vo of the polymer’s
center of mass. The effective persistence time (z,,) is defined
as the duration during which the center of mass of the polymer
maintains its motion in a given direction. It is mathematically
expressed as

VACF = (14)

~
r,,:/ VACFdr, (15)
0

where ¢* is the time at which the VACF reaches zero.

In Fig. 4(c), we observe that beyond Pe = 20 the VACF
exhibits a pronounced positive temporal correlation that ex-
tends over a longer period for the higher Pe values Pe = 30
and 50, indicating prolonged persistent motion. To quantify
the enhancement in the persistence, we plot the relative persis-
tence time (15) as a function of Pe in Fig. 4(d). For Pe < 20,
there is no significant effect, and the ratio remains nearly
constant. However, beyond Pe & 20, there is a noticeable
increase in the persistence time with activity. Notably, the Pe
value at which this significant increase in the persistence time
occurs coincides with the emergence of a distinct polymer
conformation: the pairing of two arms while the third arm
remains separated. We conclude that the persistent motion
of the star polymer is closely linked to this conformation,
which is governed by the asymmetric accumulation of active
particles.

Another fundamental quantity of interest for understanding
the star polymer dynamics is the intermediate scattering func-
tion (ISF), defined as a function of the difference in the center
of mass position as separated by the lag time ,

ik(rom () = FOm0))), (16)

where rjom(r) and r?"m(O) are the positions of the center
of mass of the polymer at times t and 0, respectively. The
symbol (-) again denotes averaging over different trajectories.
In Fig. 5(a), we plot the time evolution of Fy(k, t) for k = 1.0
at different values of Pe. It is evident that the decay of F;(k, T)
becomes faster with increasing Pe as compared to the case
Pe = 0 in the absence of activity.

In the case of Brownian dynamics, the dependence of the
intermediate scattering function (16) on k is given by

Fy(k, ) = (exp (—

Fi(k, T) = exp(—Dk*t) = exp (-k{ﬂ), (17)

where in the second equality we used the fact that the diffu-
sivity D is related to the relaxation time 7, via 7y = 1/D [84].
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FIG. 4. Log-log plot of the time evolution of (a) the mean TAMSD (8r2(t)); log-linear plots of (b) the time-local anomalous diffusion
exponent a(7), along with the (c) VACF of the motion for different values of Pe and (d) the relative effective persistence time t,(Pe)/7,(Pe = 0)
at some value of Pe divided by its inactive value, as a function of Pe for the center of mass motion of the star polymer. Inset in panel (c) shows

a magnified view of the same.

Since our star polymers in the active bath exhibit
pronounced persistent motion—especially at high activity—
deviations from the simple exponential form (17) are
expected. To account for this, we employ the modified expo-

nential form
Fik.1)=c [ ‘ ]ﬁ
s , T)=¢€X - 3
P\ =

(18)

102 10" 10° 10" 102 10® 10*
T

where f is the stretching coefficient. For 0 < B < 1 the form
(18) is referred to as a “stretched exponential function” [85] or
Kohlrausch-Williams-Watts (KWW) form, historically linked
to the works of Kohlrausch [86] and Williams and Watts
[87]; see also Refs. [88-91]. Values of 8 > 1 in relation (18)
produce a “compressed exponential” behavior. The exponent
B characterizes the extent to which the decay of Fi(k, 7) is
faster than the simple exponential decay, the latter being the

(b) 2.0
1.8}

16 }

Q 1.4}

1.2}

o} }

0.8

0 10 20 30 40 50
Pe

FIG. 5. Log-linear plots showing the time evolution of the intermediate scattering function [Eq. (16)] for (a) wave number k = 1. Panel
(b) shows the change in the compressed exponential coefficient 8 defined in Eq. (18) as a function of Pe.
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FIG. 6. Time evolution of the (a) mean TAMSD (8%r;(t)) on log-log scale for different activities Pe, (b) time-local anomalous diffusion
exponent (7 ) on log-linear scale at Pe = 50, and (c) VACF on log-linear scale at Pe = 50 for the COM of the star polymer (dotted lines) and
the single colloidal particle (dashed lines). The inset in panel (c) shows the significant range of positive correlations as compared to the single

particle, whose VACF remains approximately zero throughout.

hallmark of Brownian dynamics. In Fig. 5(b), we plot the
variation of B8 with Pe for k = 1. At Pe =0, we observe
B =1, and Eq. (18) reduces to the Brownian form given in
Eq. (17). As activity increases, 8 becomes greater than unity
and continues to grow with increasing Pe. A faster relaxation
dynamics with 8 > 1 is in fact typical in systems exhibiting
long persistence times and for sufficiently high Pe, when the
dynamics of the star polymer approaches those of free ABPs,
we expect 8 will become independent of the active force; fur-
ther increases in activity will then primarily affect t; and the
diffusivity [92,93]. We show that the intermediate scattering
function relaxes more rapidly at larger values of k at other
activity levels, as well (see Fig. 13).

B. Comparison of the behavior of a passive particle and a star
polymer in a dilute active bath

The dynamics of passive colloidal particles and linear
polymers in an active bath were shown to enhance the
particle diffusion, often affecting (transient) superdiffusion
[19-22,22-34]. In particular, it was shown that linear poly-
mers in active baths have intriguing conformational and
dynamic properties. To further investigate the effect of the
polymer topology, we compare the dynamics of our star poly-
mer with other entities, starting with a single particle. To this
end, we simulated a passive particle of diameter o in a dilute
active bath; the results are displayed in Fig. 6, in compari-
son with the dynamics of our three-armed star polymer. In
Fig. 6(a), we show the componentwise mean TAMSDs of the
single particle position r; and of the center-of-mass position
r{®™ of the star polymer. In the passive case (Pe = 0), the
dynamics remain normal-diffusive, regardless of the tracer
topology, as shown in Fig. 6(a). The differences in the ampli-
tude arise due to the effective tracer size: the colloidal particle
exhibits a faster dynamics in comparison to the larger star
polymer. With increasing activity, the dynamics of colloidal
particles show only a slight change, indicating that activity has
no profound effect on their motion. In contrast, the star poly-
mer displays a significant enhancement in the mean TAMSD
with increasing activity. This enhancement is also evident
from the larger values of the anomalous diffusion exponent

a(7) for the case Pe = 50 for the star polymer as compared to
the passive colloidal particle in Fig. 6(b).

The high values of «(t) along with the longer relaxation
time toward the normal-diffusive regime with @ = 1 observed
for the star polymer, as compared to the colloidal particle,
indicate a more persistent and effective motion in the pres-
ence of activity. The prolonged persistent motion of the star
polymer with a positive VACF, relative to the passive colloidal
particle, as shown in Fig. 6(c) supports the increase of the
mean TAMSD for larger Péclet numbers. Note that for the
highest Péclet number shown (Pe = 50), the mean TAMSD
of the star polymer even overshoots the values of the single
particle at longer times, despite the larger size of the star
polymers. The VACF shown in Fig. 6(c) demonstrates the
relatively long time range over which the star polymer has
significant positive correlations, before eventually decaying to
Zero.

C. Comparison of the behavior of a linear polymer with 41
beads and the three-armed star polymer in a dilute active bath

We now compare the dynamics of our star polymer with
that of a linear polymer. We choose the size of 41 beads for
the linear polymer, as in this case we expect that the behavior
of star and linear polymers becomes approximately the same
at high activity, when the star polymer has two aligned arms.
The mean TAMSD of both polymers is shown in Fig. 7(a)
along with the long-time diffusivity

D = lim %(&?(r))

t—>o00 471

19)

in Fig. 7(b). Indeed, at high Pe the effective long-time dif-
fusivity of both topologies converges, despite the fact that
the star polymer consists of 61 monomers as compared to
the 41 of the linear chain. This difference causes the smaller
diffusivity and amplitude of the mean TAMSD at smaller Pe.
In Fig. 7(c), we plot the VACF of the center of mass for the
linear polymer (solid line) and the star polymer (dotted line)
for Pe = 50. In this high-activity case, both show very simi-
lar behavior with extended-in-time positive correlations. To
understand the structural features of the polymers underlying
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FIG. 7. (a) Log-log plot of the mean TAMSD vs the lag time for the COM of the star polymer (dotted lines) and a linear polymer (41
beads, solid lines). (b) Linear-log plot of the diffusivity of the COM for the star polymer (black) and the linear polymer (red) as a function of
Pe. (c) VACF on a log-linear scale at Pe = 50 for the COM of the star polymer (61 beads, black) and the linear polymer (41 beads, red). The
inset in panel (c) shows a magnified view with a clear local minimum at short times.

the observed convergence of their dynamics at high Pe, we
plot the probability density function of the radius of gyration
R, for the star polymer (black line) and the linear polymer
(red line) at different values of the Péclet number in Fig. 8.
Specifically, in absence of activity (Pe = 0) in Fig. 8(a), the
density for the star polymer is peaked at a higher value of
R, compared to that of the linear polymer. Additionally, the
distribution for the linear polymer is more broadly spread.
Upon increasing the activity to Pe = 20, the difference be-
tween the distributions diminishes, and at high activity with
Pe = 40 in Fig. 8(c), the distributions cover almost the same
range of R,. The convergence in the distributions for the linear
and star polymers at high activity confirms the similarity in
their structural features. This also supports the pairing of two
arms of the star polymer, while the third arm remains at a
variable distance, resulting in a conformation similar to that of
a linear polymer in an active bath, due to the effective pressure
exerted by the accumulating ABPs in regions of higher curva-
ture. In both cases, the accumulation of ABPs increases with
increasing activity, as demonstrated in Fig. 14. The similarity
in the structure of linear and star polymers at high Pe is also
evident in Fig. 15(a), where the difference in the squared
radius of gyration between the star and linear polymers de-
creases with increasing Pe and nearly vanishes at high Pe.

D. Comparison of the behavior of a linear polymer with 61
beads and a three-armed star polymer in a dilute active bath

In Fig. 9, we compare the radius of gyration of a three-
armed star polymer and a linear polymer for the case when
both have the same total number of monomers. In Fig. 9(a),
we plot the probability density function of the radius of gy-
ration for the three-armed star polymer (black) and the linear
polymer (red) at Pe = 0. The distribution is peaked at a higher
value for the linear polymer as compared to the star polymer,
reflecting the effect of topology on the polymer extension.
As the activity increases to Pe = 20, as shown in Fig. 9(b),
and then to Pe =40 shown in Fig. 9(c), the difference
between the two topologies becomes more pronounced;
specifically, the distribution for the linear polymer broadens
and shifts further to higher values of R,. This difference in
extension is also evident in Fig. 15(b), where we plot the
difference in the average squared radius of gyration between
the linear and star polymers as a function of activity. The
difference indeed increases monotonically with Pe, supporting
the intuition that the pairing of arms in the star polymer, along
with its more complex topology, limits its extension under
active conditions.

To analyze further the effect of topology on the polymer
dynamics, we plot the time evolution of the mean TAMSD of

Pe=0 Pe =20 Pe = 40
(@ 1.0 (b)o.4 (c) 0.4
— Star — Star — Star
0.8] — Linear 41 —— Linear 41 —— Linear 41
) 0.3 0.3
—~ 0.6 — —
> ~ 0.2 0.2
a 04 & &
0.2 0.1 0.1
2 3 4 5 6 7 8 0.0—3% 8 10 12 0 —F=% 3% 10 1
Ry/o Ry/o Ry/o

FIG. 8. Probability density function of the gyration radius for the star polymer (61 beads, black) and the linear polymer (41 beads, red) for

(a) Pe = 0, (b) Pe = 20, and (c) Pe = 40.
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FIG. 9. Probability density function of the gyration radius for the star polymer (black line) and the linear polymer (61 beads, red line) at

(a) Pe = 0, (b) Pe = 20, and (c) Pe = 40.

the center of mass and the corresponding long-time diffusivity
in Fig. 10. Figure 10(a) demonstrates that at lower activity lev-
els (Pe < 20), the mean TAMSD of the center of mass for both
the linear polymer (61 beads) and the star polymer with three
arms (also 61 beads) are nearly identical. However, at higher
activity, specifically at Pe = 50, the mean TAMSD of the star
polymer exceeds that of the linear polymer. This supports the
observation related to the structural features of the polymers:
While the linear polymer extends more readily, the arms of
the star polymer tend to pair, limiting its extension. A similar
trend is observed in Fig. 10(b), where the diffusivity of the
star polymer is shown to increase significantly at high Pe as
compared to that of the linear polymer. This enhancement in
the dynamics of the star polymer relative to the linear polymer
at high activity is further supported by the time evolution of
the VACF, shown in Fig. 10(c). Namely, the VACF for the star
polymer (black color) is more positive than that of the linear
polymer (red color), confirming the more persistent motion of
the star polymer in this high activity regime.

To better understand the effect of topology on transport in a
dilute active bath of tracers, we analyze the behavior of tracers
with different topologies that vary in the number of arms,
Ny, ranging from a single colloidal particle (Nym = 0) to a
linear polymer, in which two arms of 20 beads are connected
to a central bead, and further to star polymers with Ny, = 3
and Nym = 4. We then compare their center-of-mass MSD

((Srl.z(r)) at Pe = 50. As shown in Fig. 16(a), with increasing
Nym—from Ny = 0 (colloidal particle) to Ny = 2 (linear
polymer)—the dynamics is enhanced, particularly at long
times. A further increase to Nym, = 3 (a star polymer with
three arms) still results in faster center-of-mass dynamics as
compared to the colloidal particle and exhibits a behavior
similar to that of a linear polymer. This is attributed to the
adoption of specific conformations and the asymmetric accu-
mulation of ABPs, as discussed in previous sections. When
Nam is increased to four (a star polymer with four arms),

(Sriz(r)) remains larger than for the colloidal particle but be-
comes slightly smaller than that of the linear polymer and the
three-armed star polymer. The snapshots in Fig. 16(b) indicate
that this behavior arises from arm pairing and the accumula-
tion of ABPs around the tracer. From these observations, we
conclude that the change in dynamics with increasing number
of arms is nonmonotonic. In addition to varying the number of
arms, we also simulate a ring polymer consisting of 41 beads
in the same active bath. Interestingly, it adopts a quasilinear
conformation due to the accumulation of ABPs, as evident
from the snapshots in Fig. 16(c). Overall, we find that de-
formable filaments with the discussed topologies exhibit more
efficient transport than single colloidal particles in an active
bath. Such enhanced transport, combined with the tunable
properties [44—48] of these systems—such as rigidity, chain
length, and the number of arms in the star polymer—makes
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FIG. 10. (a) Log-log plot of the mean TAMSD vs lag time for the COM motion of the linear polymer (61 beads, solid lines) and the star
polymer (dotted lines). (b) Linear-log plot of the diffusivity of the COM for the star polymer (black) and the linear polymer (red) as a function
of Pe. (c) VACF on a log-linear scale at Pe = 50 for the COM motion of the star polymer (black) and the linear polymer (red). The inset in

panel (c) shows a magnified view.
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them promising candidates for drug-delivery applications. A
more detailed study of these parameters would be both intrigu-
ing and important for biomedical purposes.

IV. CONCLUSION

We presented an investigation of the dynamics and confor-
mational changes of star polymers in a dilute bath of ABPs
using two-dimensional molecular dynamics simulations, and
compared their behavior with tracers of other topologies.
Our results reveal distinctive conformational responses of
star polymers in the active bath. Notably, beyond a certain
threshold of activity as measured by the Péclet number Pe,
the star polymer adopts a configuration in which two arms
pair while the third remains extended—an arrangement driven
by the asymmetric accumulation of active particles in regions
of higher chain curvature. The pairing of the arms of the
star polymer in the active bath resembles observations from
previous studies, in which passive tracers (both linear and
colloidal) experience depletion-induced attractive forces due
to the accumulation of active particles [50-52]. This asym-
metry, combined with the arm pairing of the flexible star
polymers, results in prolonged directed motion, as evidenced
by the enhanced mean TAMSD, sustained positive VACF, and
an increased persistence time with increasing Pe.

Semiflexible star polymers exhibit this arm-pairing confor-
mation at lower activity levels as compared to their flexible
counterparts, suggesting that polymer rigidity promotes such
structural asymmetry. When compared to passive colloidal
particles—each having the same size as a single polymer
bead—the star polymer exhibits faster and more persistent
center-of-mass dynamics at high activity, owing to the same
mechanisms of arm pairing and active particle accumulation.
This difference is clearly reflected in the higher mean TAMSD
larger time-local anomalous diffusion exponents, and more
pronounced positive VACF observed for the star polymer as
compared to the colloidal particles at high Pe. The persistent
dynamics of the star polymer arise from its asymmetric struc-
ture and the accumulation of active particles in regions of high
curvature [28,36,94].

Interestingly, at high activity, the conformation of the star
polymer—with two arms paired and one extended—closely
resembles that of a linear polymer. This structural similar-
ity is reflected in their dynamics as well. To explore this,
we compared the dynamics of a three-armed star polymer
(61 beads) with those of a linear polymer consisting of 41
beads. The results show that their dynamics indeed converge
at high Pe.

Furthermore, when comparing a star and a linear poly-
mer with the same number of beads, the star polymer still
demonstrates faster and more persistent dynamics at high
activity. This distinction is attributed to their conformational
differences, as indicated by the smaller radius of gyration of
the star polymer relative to the linear chain. Additionally,
the velocity autocorrelation function confirms that the star
polymer retains a higher level of temporal correlation than
the linear polymer under similar conditions. We primarily
investigate systems at a packing fraction of ¢ = 0.06, but
previous studies indicate that this effect is valid within the

range of packing fractions where the accumulation of active
particles is not sufficient to trap the tracer dynamics [35-38].
In particular, Ref. [38] reports that at packing fractions of
¢ = 0.4 and ¢ = 0.6, the polymer experiences trapping due
to the stable clustering of active particles in its vicinity. This
occurs because, at these packing fractions, active particles
undergo phase separation into dense and dilute regions, a
phenomenon known as motility-induced phase separation. Al-
though the focus of [38] is on the role of star polymers as
nucleation centers for phase separation at ¢ = 0.4, the dynam-
ics and conformational changes of star polymers were also
studied at ¢ = 0.6, where trapping and subdiffusive behavior
are observed. Moreover, the nature of interactions between
particle pairs at high packing fractions changes from attractive
to repulsive [51]. Our additional simulations at ¢ = 0.15 and
Pe = 50 [Fig. 16 (right)] show conformations similar to those
at ¢ = 0.06, suggesting that ¢ = 0.06 is not the optimal pack-
ing fraction for persistent motion. This is because the similar
polymer structure and the greater accumulation of active par-
ticles at relatively higher packing fractions are expected to
promote more persistent motion. A systematic investigation
of these parameters would indeed be necessary to determine
the exact optimum packing fraction for persistent motion
in the future. Overall, we find that deformable filaments
with the examined topologies exhibit more efficient transport
than single colloidal particles in an active bath. This en-
hanced transport, together with the tunable characteristics of
such systems—such as rigidity, chain length, and the number
of arms in star polymers [44-48]—highlights their potential
as promising candidates for drug-delivery applications. This
comprehensive investigation of these parameters would be
both valuable and relevant for biomedical research.
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APPENDIX A: CALCULATION OF THE EFFECTIVE
ENERGY BETWEEN ARMS PAIR OF STAR POLYMER

To obtain the effective interaction energy between a pair
of arms of the star polymer placed in a dilute active bath at a
given center-of-mass separation R4,_4;, we enforce a specific
separation by applying a harmonic bias potential between the
polymer arms shown in blue. The star polymer is immersed in
an active bath, as schematically illustrated in Fig. 11, where
the polymer beads are shown in blue and the active particles
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FIG. 11. Schematic depiction of the model system (not to scale):
a single star polymer with three arms immersed in an active bath.
This system is simulated separately under the influence of a harmonic
bias potential, Vyias(R;, R}), applied between pairs of arms (shown in
blue), and immersed in a dilute bath of ABPs (shown in green). The
red arrows indicate the instantaneous directions of the ABPs.

in green. The harmonic bias potential used to maintain the
specified arm separation is given by [50,51,96]
Voias(Ri, R)) = 3K'(IR; — Rj| — Ro)?, (AD)
where R; and R; are the center-of-mass position vectors of
the two polymers, k' is the harmonic force constant, Ry is
the equilibrium (or target) separation, and R4,_4; = |R; — R}|
is the Euclidean distance between the centers of mass. Each

monomer in a chain, located at position r;, experiences a
confining force given by

Vhias \ ORo
fi=— -
aR() ar,»

(A2)

We start with a separation R4, 4, = 9.0, which corresponds
to the distance between the selected pair of arms at Pe = 0.
The star polymer is then simulated in an active bath for
the specified value of Ry—a; under the influence of the bias

1.0 R RS LTI
0.8}
. Pe=0
- 06} Pe =10
- Pe = 30
oo 0.4F Pe = 50
0.2}
0.0}
0.2 - - L it -
10° 10" 102 10® 10* 10°
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FIG. 13. Log-linear plot showing the time evolution of the self-
intermediate scattering function, F,(k, ), for different values of Pe
at k = 1.0 (dotted lines) and k = 6.5 (solid lines).

potential until the system reaches a steady state. To obtain
the steady-state conformations, we run biased simulations for
5 x 107 steps and consider the last 3 x 107 steps as steady-
state conformations, during which the separation between the
centers of mass of the polymer arms remains constant.

Using the steady-state configurations, we calculate the ef-
fective force FS(Ry, A;) between two arms of the star polymer
at a center-of-mass separation Ry,_4;. Since the calculated
force F S(RAi_Aj) includes contributions from the bias poten-
tial, the actual force arising from the accumulation of active
particles is obtained by subtracting the bias force from the
measured FS (Ra,—a;). The corresponding potential is then
calculated by integrating the net force FSw (Ra,—a;) over the
separation distance,

Udep(RA,-—A/) = _fFSnm (RA,-—Aj)dV,

as described in Ref. [97]. We perform 10 independent trajec-
tories, and for each trajectory, there are 3 x 107 steady-state
conformations. Thus, the calculated force is effectively aver-
aged over 3 x 10® realizations for each separation.

a) 0.25 b) 0.40 c
( ) —Pe=0 ( ) 0.35 —Pe=0 ( )120 - —a— Flexible
Flexible Pe =10 : Pe=10 Semiflexible —e— Semiflexible
0.20 ——Pe =20 0.30{ —Pe=20
- =
To1s < 025
|
< < 0.20
£2 0.10 /= 0.15
A A 0.10
0.05
0.05
0.0 2.5 5.0 7.5 10.012.515.017.520.0 25 50 7.5 10.0 12.5 15.0 17.5 20.0 0 1I0 2.0 30 4.0 5.0 6.0
RAi*Aj /U RAi_Aj /0 Pe

FIG. 12. Probability density function of Ry,_4; for (a) flexible and (b) semiflexible star polymers. (c) Change in the averaged squared
radius of gyration, (R§> as a function of Pe for flexible (black) and semiflexible (red) star polymers.
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(b) 25

FIG. 14. Radial distribution function of ABPs surrounding (a) a linear polymer and (b) a star polymer. The insets in both panels show
snapshots of the respective polymers surrounded by ABPs in an active bath with Pe = 60.

APPENDIX B: COMPARISON OF THE STRUCTURAL
FEATURES OF FLEXIBLE AND SEMIFLEXIBLE STAR
POLYMERS IN AN ACTIVE BATH

To understand the effect of polymer rigidity on the struc-
tural features of the star polymer, we plot the probability
density function of the arm-arm separation Rs,_4; for the
flexible star polymer in Fig. 12(a) and the semiflexible star
polymer in Fig. 12(b). Additionally, we plot the average
squared radius of gyration as a function of Pe in Fig. 12(c).
The black line corresponds to the flexible polymer (x = 0),
and the red line depicts the semiflexible polymer (k = 75).

APPENDIX C: INTERMEDIATE SCATTERING FUNCTION
OF THE CENTER OF MASS MOTION OF THE STAR
POLYMER FOR DIFFERENT WAVE NUMBERS IN A

DILUTE ACTIVE BATH

For Brownian dynamics, the ISF is given by
Fy(k, T) = exp(—k’D1); i.e., the ISF relaxes faster at higher
k values. To understand the dynamics of the center-of-mass
motion of a passive star polymer under the influence of the
active bath, we plot Fi(k, ) at k = 1.0 (dotted lines) and
k = 6.5 (solid lines) in Fig. 13 for different values of Pe. We

I —a— Star-Linear41

(Pe))

 ——

A(R?
)
©
S

30 40

Pe

0 10 20

50

observe that, for a given Pe, the ISF relaxes faster at k = 6.5
as compared to k = 1.0.

APPENDIX D: RADIAL DISTRIBUTION FUNCTION OF
ACTIVE BROWNIAN PARTICLES SURROUNDING
LINEAR AND STAR POLYMERS

In the case of a linear polymer, prolonged persistent motion
is related to the looping of the polymer (“parachute shape”)
caused by the accumulation of active particles [28]. To un-
derstand the effect of the accumulation of active particles
near our star polymer and how this differs from linear poly-
mers, we calculated the radial distribution function g(r), of
the ABPs surrounding the polymer filaments, as shown in
Fig. 14. We observe that in both cases—Ilinear polymer in
Fig. 14(a) and star polymer Fig. 14(b)—there is a noticeable
accumulation of ABPs around the polymer. This accumulation
becomes more pronounced at higher activity, reflected by an
increase in the peak height of (g(r)) at r = 1 with increasing
Pe. Furthermore, we observe that with increasing activity, a
secondary peak emerges at larger distances. This secondary
peak is more pronounced for the star polymer as compared
to the linear polymer. From the snapshots shown as insets in
the two panels of Fig. 14, we observe that ABP accumulation
occurs primarily in regions of higher curvature, which favors

(b) 20
= W7f _—
&)
—1| Il 1.3}
<) () —
&1~ g
as -~ T
= —=— Linear61-Star
| 07
=
& o3}
0 10 20 30 40 50
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FIG. 15. Relative difference of the average squared radius of gyration as a function Pe for (a) the star polymer and a linear polymer with

41 beads, and (b) the star polymer and a linear polymer with 61 beads.
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FIG. 16. (a) Log-log plot of the time evolution of the mean TAMSD (8r2(t)) for tracers with different Nym; (b) snapshots of the four-arm
star polymer at Pe = 0 (top) and Pe = 50 (bottom); and (c) snapshots of the ring polymer with 41 beads at Pe = 0 (top) and Pe = 50 (bottom).

a similar structure for both the linear and star polymer at
high Pe.

APPENDIX E: DIFFERENCE IN THE SQUARED RADIUS
OF GYRATION OF LINEAR AND STAR POLYMERS AS A
FUNCTION OF ACTIVITY

Here, we present a plot showing the relative difference in
A(R%(Pe))
{R2(Star,Pe=0))’
polymer and a linear polymer with 41 beads in Fig. 15(a),
and for a linear polymer with 61 beads and a star polymer in
Fig. 15(b). For the star polymer and the linear polymer with
41 beads, the relative difference decreases with increasing Pe,
whereas in the case of the linear polymer with 61 beads and

the star polymer, it increases.

the average squared radius of gyration for a star

APPENDIX F: COMPARSION OF THE DYNAMICS OF THE
TRACERS HAVING DIFFERENT NUMBERS OF ARMS

Here, we present a plot showing the MSD (8ri2(t)) of
the center-of-mass of tracers with different numbers of arms,
ranging from single colloidal particles (Nym = 0) to a star
polymer with four arms (N, = 4), for Pe = 50. The behavior
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1 ARG

&. . ]
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* ]
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changes nonmonotonically with increasing number of arms,
particularly at long times, as shown in Figs. 16(a) and 16(b)
shows snapshots of the four-arm star polymer at Pe = 0 (top),
where the polymer adopts a coil conformation, and at Pe = 50
(bottom), where the polymer folds and pairing of arms be-
comes evident. Similarly, Fig. 16(c) presents snapshots of a
ring polymer consisting of 41 beads at Pe = 0 (top), where
the ring adopts a coil conformation, and at Pe = 50 (bottom),
where the ring polymer exhibits a conformation similar to that
of a linear polymer due to the accumulation of ABPs.

APPENDIX G: CONFORMATIONS OF THREE-ARMED
STAR POLYMER AT PACKING FRACTION ¢ = 0.15

Three-armed star polymers adopt a coil conformation
at Pe=0 and ¢ =0.15, as shown in Fig. 17 (left).
At Pe =50, they adopt a folded conformation in which
two arms of the star polymer are paired, as shown in
Fig. 17 (right). The conformations adopted by the three-
armed star polymer at the given Pe values are similar to
those observed at ¢ = 0.06, as discussed in the previous
sections.

FIG. 17. Snapshots of the three-armed star polymer at ¢ = 0.15 for Pe = 0 (left) and Pe = 50 (right).
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APPENDIX H: DESCRIPTION OF THE MOVIES

Movie_S1: The movie demonstrates that the passive star
polymer (blue) adopts a coil conformation in a bath of ABPs
(red) with Pe = 0 and ¢ = 0.06.

Movie_S2: The movie shows that the passive star polymer
(blue), in a bath of ABPs (red) with Pe = 30 and ¢ = 0.06,

adopts a swollen conformation. Additionally, we observe an
accumulation of ABPs between the arms, facilitating their
separation.

Movie_S3: The movie shows that the passive star polymer
(blue), in a bath of ABPs (red) with Pe = 50 and ¢ = 0.06,
adopts an interesting conformation where two of its arms are
paired while the third remains at a distance.
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