PHYSICAL REVIEW RESEARCH 8, 033191 (2026)

Intrinsic chirality reshapes collective states in perception-driven active matter

Diganta Bhaskar . Abhishek Chaudhuri®,” and Anil Kumar Dasanna ®*
Department of Physical Sciences, Indian Institute of Science Education and Research Mohali, Sector 81,
Knowledge City, S. A. S. Nagar, Manauli PO 140306, India

® (Received 29 April 2026; accepted 22 July 2026; published 17 August 2026)

Biological systems often combine intrinsic rotation with directional sensing and nonreciprocal interactions.
However, the collective consequences of these combinations are poorly understood. Here, we extend a previously
studied model of active Brownian particles with vision-mediated steering, polar alignment, and steric repulsion
by adding intrinsic chirality, and examine how the additional rotational timescale introduced by intrinsic
chirality reorganizes the resulting collective dynamics. We vary the alignment-to-vision maneuverability ratio,
the vision angle, and the chirality to obtain dynamical state diagrams containing compact spinning clusters,
vortices, ripple loops, wormlike swarms, and mobile rotary clusters. Intrinsic chirality alters the balance between
vision-mediated cohesion and velocity alignment, giving rise to the observed rotary behavior. Large chirality
suppresses collective organization, while moderate-to-low chirality stabilizes rotating and translating clusters. At
moderate chirality, the model exhibits a ripple-loop morphology. We use both structural and dynamical measures
like polarization, orientational correlations, solid-body spin, and mean squared displacement to distinguish the

different regimes and the pathways between them.
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I. INTRODUCTION

Over the past few decades, self-propelled particles have
gained significant attention as minimal models for investigat-
ing collective, nonequilibrium dynamics in both synthetic and
biological systems. Among these, active Brownian particles
(ABPs)—isotropic particles with constant self-propulsion and
stochastic rotational diffusion—provide a canonical frame-
work for exploring emergent behaviors such as clustering
and motility-induced phase separation. In the absence of ro-
tational noise or other symmetry-breaking effects, isotropic
ABPs maintain a fixed orientation and move along straight-
line trajectories. Thus, self-propulsion itself gives a polarity
to the particles [1]. Presence of rotational diffusion progres-
sively randomizes their direction, resulting in a persistent
random walk. At the collective scale, such active units can ex-
hibit coordinated motion and self-organized group formation
without central control, as routinely observed in ethological
systems [2,3]. These phenomena manifest as swarms, flocks,
and herds, and constitute hallmark features of living sys-
tems across scales—from bacterial biofilms to schools of fish,
flocks of birds, and herds of mammals [4-7].

Chiral motion arises when microswimmers experience
an intrinsic torque, leading to circular or helical trajecto-
ries rather than purely linear propulsion. Such chirality can
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originate from structural asymmetries [8,9], hydrodynamic
interactions with boundaries in systems such as bacteria and
sperm cells [10-16], or more generally from obstacle inter-
actions and time-delayed dynamics [17,18]. Similar behavior
is observed in synthetic realizations, including self-phoretic
swimmers and artificial cells [19,20], indicating that intrinsic
rotation is a generic feature of active matter.

In systems with alignment interactions, chirality has been
shown to qualitatively reshape collective dynamics. Within
Vicsek-type models [21], the onset of flocking remains largely
unchanged, but intrinsic rotation leads to the emergence of
structures such as microflocks, vortices, and rotating polar
packets [22-24]. These states often reflect a competition
between alignment-induced ordering and rotational decor-
relation, resulting in finite-sized clusters, synchronization
phenomena [25], and chiral pattern formation [26]. Even
in the presence of excluded-volume interactions or attrac-
tions, chirality continues to promote rotating and vortexlike
structures [27,28], highlighting its role as a key ingredient
controlling collective organization.

A complementary route to collective behavior arises from
nonisotropic, perception-based interactions. In such systems,
particles respond selectively to neighbors within a restricted
field of view, leading to inherently nonreciprocal interactions.
Vision-based models, even in the absence of explicit align-
ment, can generate aggregates, milling states, and nematic
order [29,30], while additional ingredients such as adap-
tive motility or misaligned perception give rise to swirling
and circulating collective motion [31-34]. Extensions to
intelligent active Brownian particles, which combine vision-
based steering with alignment and steric interactions, exhibit
a broad spectrum of morphologies ranging from worm-
like swarms to compact aggregates [35,36]. More generally,
perception-driven nonreciprocal interactions provide a robust
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mechanism for generating complex nonequilibrium structures
[37,38].

Despite these advances, the combined effect of intrinsic
chirality and perception-driven interactions remains largely
unexplored. Previous studies of vision-cone interactions have
primarily focused on particles with linear self-propulsion,
whereas studies of chiral active matter have generally em-
ployed isotropic interaction rules. Consequently, it remains
unclear how the persistent turning tendency associated with
chirality modifies the anisotropic and nonreciprocal interac-
tions introduced by a finite vision cone. This interplay is not
simply additive: Chirality continuously rotates the direction
of self-propulsion, while perception restricts interactions to a
dynamically evolving angular sector, leading to a competition
between intrinsic rotation, directional sensing, alignment, and
steric interactions. As we show below, this competition gives
rise to qualitatively different collective organization and phase
behavior compared to systems in which either ingredient acts
alone, including the emergence of vortex, ripple, and rotary
states in parameter regimes where the corresponding nonchi-
ral vision-cone model does not exhibit them. Our results
demonstrate that intrinsic turning bias fundamentally reshapes
perception-mediated collective dynamics rather than merely
introducing a small perturbation to an existing model.

Therefore, we extend a vision-based model of interacting
active Brownian particles with alignment interactions by in-
corporating intrinsic chirality. By varying the vision angle,
alignment strength, and intrinsic turning rate, we systemati-
cally investigate how these competing ingredients reorganize
collective dynamics and the resulting nonequilibrium phase
behavior.

II. MODEL

We consider a system of N chiral active Brownian par-
ticles, with positions denoted by r;(r) i =1,2,...,N) at
time ¢. Each particle self-propels at a speed vg = F¢/y along
the propulsion direction &;(t) = (cos ¢;, sin (p,-)T, where ¢; is
the polar angle of the ith particle and F“—identical for all
particles—is the active force responsible for the propulsion.
The dynamics of the particles are described by the over-
damped Langevin equation,

1 1
r;(t) = voe; + —F;({r}) + —¢;(1). (D
Y 14

Here, y is the translational friction coefficient, and F; =
—aU(r)/or; is the interparticle force arising from steric or
excluded-volume interactions, which is taken to be the Weeks-
Chandler-Andersen potential:

4ef(2)" — (2) ] +e. r<2o,
0, otherwise,

U(r) = {

where o is the particle’s diameter and € is the depth of the
potential. The term ¢; represents stochastic forces, modeled
as Gaussian white noise, with

() =0, (5)-&;(t") =4ykgT §;;6(t — 1),

T being the temperature and kg is the Boltzmann constant.
The orientation dynamics of the ith particle, incorporating
visual-perception-based steering, polar alignment interac-

FIG. 1. (a) The alignment zone (shaded in gray) of radius R,,
the rotation direction (curved blue arrow), and the self-propulsion
direction (red arrow) of a particle i. ¢; is the angle that ¢; makes with
the x axis. (b) Two particles tend to align their orientation direction if
their alignment zones overlap. (c) jth particle falls within the vision
cone of the ith particle. So the ith one orients its propulsion direction
toward the jth one. 0 is the half-opening angle of the vision cone, Ry
is the maximum vision range, and #;; is the unit vector from ith to
Jjth particle.

tions, and an intrinsic chirality, is given by [35,39]

Q
9 = w; + — Z e "iMosin(ei; — i)
&l jeve
Q, .
+ Z sin(p; — ¢;) + Ai(t), 2
@b jePA

where the first term represents the angular velocity due to in-
trinsic chirality, the second term corresponds to vision-based
torque, the third term to polar-alignment torque, and the final
term to rotational noise. The noise is Gaussian and Markovian,
satisfying (A;(t)) =0 and (A;(t)A;(")) = 2D,8;6(t —1'),
and gives rise to rotational diffusion. The relative importance
of these torque contributions can be conveniently character-
ized in terms of their associated reorientation timescales.

The vision-perception-based steering torque acts as a cohe-
sive torque. ¢;; is the angle between it;; = (cos ¢;;, sin ¢; j)T
and the x axis, where u;; = r; — r; is the vector from particle
i to j (Fig. 1), and each chiral active Brownian particle has a
finite range of visual perception, sensing only particles within
a forward-facing vision cone (VC). 2, is the visual maneu-
verability, determining the timescale of the torque responsible
for reorienting it toward the neighbors it perceived, and the
normalization factor is

Nei= ) e/, 3)
jeve

The VC has a half-opening angle 6 and range Ry . A parti-
cle j lies within i’s VC if

ﬁ[j-e[2cost9, |rj—r,-|<RV. (4)
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TABLE I. Glossary of symbols and simulation parameters used
in the text, along with typical values.

Parameter Description Value (unit)
o Particle diameter 1.0
kT Energy scale 1.0

[ Packing fraction 0.00785
D, Rotational diffusion coefficient 0.08

Dy Translational diffusion coefficient 0.12562D,
Pe Péclet number 10-70

w Chiral angular velocity 0.125-25 D,
0 Vision angle w/6-1
Q, Vision maneuverability 12.5D,
Q, Alignment maneuverability 0.192,-20%2,
Ry Effective vision range (crowded) 1.50

Ry Vision range 4R,

R, Polar alignment radius 20

Instead of an abrupt cutoff [29], we use an exponen-
tial distance dependence [39]. The VC geometry and the
normalization factor N, ; explicitly break action-reaction
symmetry—thereby leading to nonreciprocal interactions—
while the weight ¢"%/®o biases interactions toward nearby
neighbors. As a result, the effective interaction range is set by
Ry, with Ry acting only as a geometric cutoff.

For the polar-alignment torque, €2, denotes the align-
ment strength and N,; the number of neighbors within the
interaction range R, (|r; —r;| < R,). Alignment and vision
contribute independently: A neighbor within R, contributes
to M, while one inside the VC contributes to M. If both
conditions are satisfied, the contributions add, yielding M; =
M{+ M.

Further, the activity of a chiral active Brownian particle is
characterized by the dimensionless Péclet number

pe =20 (5)
Dr
where Dr = kgT /y is the translational diffusion coefficient.

Here, we consider a relatively large set of independent con-
trol parameters, as presented in Table I, namely, the chirality
w, the Péclet number Pe, the packing fraction ®, the alignment
and vision maneuverabilities €2, and €2,, the vision angle 6,
the vision range Ry, and the polar-alignment radius R,. To
make analysis simpler, only the dimensionless Pe, the ratios
Q,/€2,, and w/D, are relevant in the following analysis.

Following Ref. [35], we restrict our study to the regime
./, € [0.1, 20] and vision angles 6 € [ /6, 7], where the
key characteristics of the system are most clearly manifested.
The chosen vision range corresponds to realistic scenarios
and, importantly, enables us to isolate intrinsic chirality as
the only additional ingredient relative to the reference system.
Consequently, any observed changes in collective behavior
can be directly attributed to the presence of chirality.

III. PARAMETERS AND SIMULATION DETAILS

We performed two-dimensional overdamped Brownian dy-
namics simulations in LAMMPS [41]. Lengths are expressed
in units of o and energies in units of k7. The interac-

tion strength is chosen as € = (1 + Pe)kgT', ensuring robust
excluded-volume interactions even at high activity [39]. The
translational friction coefficient is y = 100, and the rotational
diffusion coefficient is D, = 0.08, which defines the charac-
teristic timescale T = 1/D,.

The packing fraction is ® = mo2N/(4L?), where L is the
box length; periodic boundaries are applied in both directions.
We use an integration time step At = 5 x 107%; the system is
evolved for 2 x 107 steps to reach a nonequilibrium steady
state, and data are subsequently collected over 3 x 107 time
steps. Unless stated otherwise, simulations involve N = 625
particles at ® = 0.00785, below the threshold for motility-
induced phase separation [42].

The vision range is Ry = 1.50, with Ry = 4Ry, and the
alignment radius is R, = 20. The vision maneuverability
Q,/D, is held constant at 12.5, while the ratio 2,/ is
modulated by varying the alignment strength €2,,. This allows
us to probe the crossover from vision-dominated to alignment-
dominated dynamics.

Initial conditions

The initial configuration consists of particles arranged on a
square lattice at the center of the simulation box, with a lattice
spacing of o. Alternatively, the system can be initialized in a
dilute, gaslike state, where particles are positioned far apart
from each other. In this case, parameters corresponding to
single-aggregate states become diffusion-limited: The system
first forms several smaller aggregates, which then gradually
coalesce, resulting in a slower formation of a single aggregate.
This behavior has also been reported in Ref. [39].

IV. RESULTS

A. State diagram I: Dependence on chirality

Since intrinsic chirality modifies the rotational dynamics
of the particles, we systematically vary the angular veloc-
ity o from small to large values at a fixed Péclet number,
Pe = 10, and vision angle 6§ = /3. To characterize the re-
sulting dynamics, we explore the parameter space spanned
by the ratio of alignment to vision maneuverability, 2,/<2,,
and the reduced chirality, w/D,. Representative snapshots of
the distinct collective states (for w/D, = 0.25) are provided
in Fig. 2 for reference, with additional examples shown in
the Movies of the Supplemental Material [40]. Using the
clustering coefficient as a diagnostic, we construct the state
diagram shown in Fig. 3. The boundaries between different
regimes should be interpreted as gradual crossovers rather
than sharp thermodynamic phase transitions. The clustering
coefficient, defined as s;/N, where s; denotes the size of the
largest cluster and N is the total number of particles, quantifies
the propensity of the system to form clusters. Typically, dilute
regimes correspond to s;/N < 0.1, whereas strongly clustered
states satisfy s;/N > 0.2.

In this subsection, we provide a brief overview of the
observed collective states and their evolution with chirality.
A more detailed analysis of these states is presented in the
following subsection, where we examine the 6—2,/<2, state
diagram in detail.
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FIG. 2. Snapshots of representative collective dynamical states. Panels (1)—(5) show (1) wormlike cluster (2,/S2y : 20, 0 : /3), (2)
spinners (0.1, ), (3) ripple (0.5, w/4), (4) rotating cluster (20, ), and (5) vortex (4, m/2) structures. Particle colors represent their
orientation, with the color bar below showing how orientation angles are mapped to different colors. Small black arrows provide additional
directional cues. In panel (3), sublabels mark the following: (a) a ripple loop encompassing all particles, (b) loop breaking on the left, (c) an
enlarged view of particles reaccumulating after the break, and (d) formation of a new ripple. In panels (2) and (5), black curved lines trace the
trajectories of three highlighted particles (gray), showing that the dense spinning aggregates remain nearly stationary, whereas the vortex both
rotates and translates as a whole. Also see the Movies in the Supplemental Material [40].
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FIG. 3. State diagram of the observed collective states for Pe =
10 at a fixed vision angle of & = 7 /3. The ratio of alignment to vision
maneuverability, 2,/€2,, is varied along the x axis, while the reduced
chirality, w/D,, is varied along the y axis. The background color code
corresponds to time-averaged clustering coefficient, defined as s; /N,
where s; is the size of the largest cluster and N is the total number
of particles. Stars: spinners; filled squares and circles: dilute states;
empty circles: vortices, ripples, and milling rings; empty triangles:
worms; and inverted filled triangles: rotary clusters. The dashed red
horizontal line corresponding to w/D, = 0.25 indicates the parame-
ter regime that is the focus of subsequent analysis.

Pursuit-dominated regime: This regime is characterized
by pursuit-dominated interactions, i.e., 2, < €2,. When the
visual maneuverability is the dominant interaction, we find,
up to a reduced chirality of w/D, ~ 1.25 (Fig. 3), a single
jammed state in which angular velocities propagate through-
out the cluster, producing collective solid-body-like spinning.
As shown in Fig. 2 [panel (2)], the curved tracer lines confirm
that the entire cluster undergoes coherent spinning despite the
absence of global orientational order; we therefore refer to this
state as spinning rather than rotation. Beyond w/D, ~ 1.25,
the structural integrity of the cluster rapidly deteriorates, and
the system gradually evolves into a completely dilute state.

With a slight increase in the alignment strength, the ini-
tially jammed interior reorganizes into a coherent vortexlike
flow with particles remaining locally aligned [Fig. 2, panel
(5)]. The chirality then determines whether this restructuring
proceeds directly or through intermediate ripplelike states.
When vision-mediated maneuverability dominates, particles
within the vortex core align while rotating and acquire a net
outward orientation, promoting radial expansion of the com-
pact vortex. Owing to their wavelike morphology, we refer
to these expanding structures as ripples [Fig. 2, panel (3)].
Their orientational field exhibits a characteristic spatial orga-
nization, with particles tilted outward near the inner boundary,
inward near the outer boundary, and tangential alignment in
between. At very low chirality, the radial expansion saturates
after a modest increase in size, resulting in stable milling
rings. With increasing chirality, these evolve into continuously
expanding ripple states, indicating that chirality plays a key

role in sustaining the expansion dynamics. At still higher
chirality, the clusters begin to fragment, producing multiple
small but compact vortices (corresponding to the dip in the
color scale), which suggests that ripple formation requires a
sufficiently large number of interacting particles. Finally, for
sufficiently large chirality, the clusters completely disintegrate
and the system becomes dilute.

Alignment-dominated regime: When alignment moderately
exceeds visual cohesion, wormlike aggregates dominate at
very low chirality. These structures, well known in cohesive,
polar-aligning active Brownian systems, emerge as leader—
follower swarms in which a transient leader guides the group
while leadership is continuously exchanged [Fig. 2, panel
(1); see Movie M1 in the Supplemental Material [40]]. Their
appearance also demonstrates the consistency of our model
with the behavior of systems driven purely by linear self-
propulsion. As the chirality increases, the wormlike state gives
way to rotary clusters, which exhibit strong global polar-
ization combined with coherent collective rotation induced
by the intrinsic particle chirality [Fig. 2, panel (4)]. Unlike
jammed spinners, which suppress translation, rotary clusters
remain mobile and display collective orbital motion. A fur-
ther increase in chirality destabilizes these clusters, eventually
leading to a dilute state.

As is clear from Fig. 3, for sufficiently large chirality, the
system always evolves to a dilute state, irrespective of the
maneuverability ratio, €2,/€2,. As chirality increases, the rota-
tional timescale, 1/w, becomes shorter than the alignment and
visual-cohesion timescales, preventing particles from main-
taining the interactions needed for stable clusters. At w/D, =
6.25, only weak, transient patches remain, motivating the use
of alternative markers in the state diagram.

B. State diagram II: Dependence on vision angle

Having established the overall evolution of the system with
chirality in the preceding subsection, we now focus on the rep-
resentative parameter set w/D, = 0.25 and Pe = 10, where
the richest variety of stable collective states is observed. This
provides an ideal setting for examining how the vision angle
shapes the structure and dynamics of these states. Accord-
ingly, we vary the vision angle, 6, from 7 /6 to its maximum
value, . (For completeness, the case of higher persistence,
Pe = 70, is briefly discussed in the Supplemental Material
[40D).

To characterize the resulting dynamics, we explore the
parameter space spanned by the ratio of alignment to vi-
sion maneuverability, 2,/€2,. Unlike the w/D,—2,/2, state
diagram, this parameter regime is dominated by cohesive clus-
tered states. We therefore construct a second state diagram in
which the solid-body spin (SBS) (Sec. IV D 2) is represented
as a heatmap to highlight the degree of collective rotation.
The resulting diagram is shown in Fig. 4. As in the previous
state diagram, the boundaries between the different regimes
should be interpreted as smooth crossovers rather than sharp
transitions.

Q, < Q,: For large vision angles, each particle interacts
with a larger number of neighbors. Under weak polar align-
ment, these interactions stabilize the spinning state discussed
above [Fig. 2, panel (2)]. As the vision angle decreases, the
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FIG. 4. State diagram of the observed collective states for Pe =
10 at a fixed chirality of w/D, = 0.25. The ratio of alignment to
vision maneuverability, €2,/€2,, is varied along the x axis, while the
vision cone, 6, is varied along the y axis. The heatmap corresponds to
the value of dimensionless time-averaged solid-body spin of a cluster
(|S2al):/D,, which is detailed in the text (Sec. IV D 2). The average
is taken over time interval relevant for the state under consideration,
e.g., a spinner undergoes few complete spins, a ripple loop undergoes
two or more complete rotations, etc. Stars: spinners, filled squares:
chaotic aggregates, filled circles: vortices, empty circles: ripples,
empty triangles: worms, and inverted filled triangles: rotary clusters.
The dashed lines further separates the observed states based on their
SBS values, which is further elaborated in the text.

number of interacting neighbors is reduced, leading to a loss
of cohesion and the emergence of irregular, shape-changing
aggregates. Consequently, collective spinning is suppressed,
since efficient transmission of angular velocity requires a
compact structure. Similar nonrotating, droplike condensates
without internal ordering have been reported in vision-cone-
based active systems with delayed interactions [43], while
qualitatively similar swirling states have been observed in
related active matter systems [32].

Q, >~ Q,: As the alignment strength increases, the jammed
spinning state reorganizes into vortexlike flows. The vision
angle determines whether this restructuring proceeds directly
or through intermediate ripplelike states.

Axisymmetric vortex states are commonly observed in
chiral active systems, including models with alignment and
rotational disorder, dense chiral ABPs, and experiments
on bacterial colonies, colloidal rollers, and sperm layers
[8,11,24,25,44-46]. Consistent with previous studies, we ob-
serve a reversal between the intrinsic particle chirality and the
direction of collective rotation: vortices—including ripples
and milling rings—and spinning clusters rotate opposite to the
single-particle chiral motion, whereas rotary clusters translate
in the same sense as the intrinsic chirality [28,44,47] (see
Movies M3-M5 and M7 in the Supplemental Material [40]).

Collective chirality reversal has been reported even in the
absence of explicit alignment interactions, where vortexlike
domains emerge within larger clusters [44]. A continuum

model with alignment interactions likewise exhibits chiral-
ity reversal through the coexistence of a compact rotating
cluster and a dilute gaseous background [47]. In another
study, explicit attractive interactions produce compact vor-
tex clusters that undergo spontaneous reversals of their
rotational direction, unlike the persistent rotation observed
here [28]. Although the microscopic interactions differ, the
vision-mediated interactions in our model similarly stabilize
cohesive rotating clusters, giving rise to qualitatively similar
vortex structures.

Milling-ring states have been reported in systems with
vision-cone interactions, alignment, and delayed communi-
cation, where their stability depends on the field of view
and system size [35,48-51]. Similar closed-loop structures
also arise in stochastic acceleration models [52]. Unlike these
earlier mechanisms, however, both the ripple and milling-ring
states in our system emerge through the radial expansion of
an initially compact vortex. Their formation mechanisms and
internal structures are compared below.

The vision angle plays a central role in determining the
stability of these expanding states. At large vision angles,
interactions with many neighbors disrupt the leader-follower
organization required to sustain ripple expansion, promoting
fragmentation into smaller vortices. As the vision angle is
reduced, leader-follower dynamics are progressively restored,
stabilizing the ripple loops until cohesion is eventually lost at
very small vision angles. In most cases, the radial expansion
is not sustained indefinitely: Rotational diffusion gradually
disrupts the circumferential coherence of the loop, leading
to repeated cycles of breakup and reformation [Fig. 2 (3b)].
Under suitable conditions, however, the expansion saturates
at a finite radius, producing long-lived milling-ring states,
most prominently for Q2,/Q2, = 1 and 6 = /2 (Fig. 4). When
alignment becomes sufficiently dominant at large vision an-
gles, the outward expansion is suppressed and the system
relaxes into a single compact vortex.

Q, > Q,: When alignment moderately exceeds visual
cohesion, the system undergoes a sequence of transitions—
from vortex to wormlike aggregates and eventually to rotary
clusters—as the vision angle decreases. Consistent with ear-
lier studies [39,53], the internal organization of the worms
remain highly dynamic. At sufficiently small vision angles,
the reduced inward forcing from edge particles destabilizes
the wormlike structure, giving rise to loosely bound rotary
clusters.

States similar to the rotary clusters—often referred to
as rotating polar packets [24,25] or microflocks [22]—have
been reported in chiral aligning systems. Reference [24]
showed that a homogeneous orientationally ordered (po-
lar liquid) state is generically unstable to arbitrarily small
chirality disorder in the thermodynamic limit (L — o0).
This instability leads to the emergence of polar vortices
or rotating packets, suggesting that the steady state is in-
trinsically inhomogeneous. This perspective differs from the
activity-induced synchronization scenario, observed in sys-
tems with distributed intrinsic frequencies, as proposed in
Ref. [23].

For stronger alignment, the vortex interior becomes fully
ordered, resulting in rotary clusters at large vision angles. At
intermediate vision angles, wormlike states reappear, whereas
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TABLE II. Short definition of the states.

State Definition

Spinners Solid-body-like spinning motion (SBS & 0.015) without polar order

Vortices Solid-body-like spinning motion (SBS 2 0.025 at onset) with patches of aligned particles
Ripples Vortexlike, but turns to a gradually expanding ringlike morphology; breaks eventually
Worms Leader-follower-like swarming

Rotating clusters

Globally polarized clusters showing orbitinglike motion

at small vision angles the system again forms rotary clusters,
indicating reentrant behavior.

In Fig. 4, the color scale distinguishes the strongly spinning
vortex, ripple, and milling-ring states from the remaining col-
lective states. Since spinning clusters exhibit comparatively
weak solid-body spin, they appear similar in color to worm-
like clusters, rotary clusters, and disordered aggregates. The
dashed lines broadly classify the states according to their
SBS and are intended only as guides to the eye. Compact
vortices, milling rings, and ripples predominantly lie within
the range 0.025 < (|Qq])/D, < 0.075, well separated from
the remaining states. Spinning clusters form an intermediate
group at (|2¢|)/D, ~ 0.015, while wormlike and rotary clus-
ters exhibit the weakest solid-body spin, < 0.015. Although
spinners and rotary clusters both fall near or below 0.015, the
two are distinguished not by SBS magnitude alone but by the
presence (rotary) or absence (spinner) of global polar order,
as summarized in Table II. For the chaotic states, however, the
reported SBS values should be interpreted with caution, as the
absence of persistent coherent structures renders the notion of
a well-defined SBS less meaningful.

The overall phase behavior in Fig. 4 exhibits an inter-
esting correspondence with the w/D,—2,/2, state diagram.
Rotary clusters appear upon increasing the chirality in the
latter, whereas in the former they are recovered within specific
ranges of the vision angle. This suggests that increasing the
intrinsic chirality and tuning the vision angle can play qual-
itatively similar roles in promoting the emergence of rotary
clusters. A detailed investigation of this correspondence, how-
ever, lies beyond the scope of the present work.

Table II provides short definitions of the distinct states
observed.

C. Dynamical properties
1. Mean-square displacement

To investigate the system’s dynamical properties, we begin
by characterizing its translational dynamics. This is quantified
using the mean-square displacement (MSD) of all particles,
defined as

N

1
(@) = 5 D (it +10) = 7i(10)))- (6)

i=1

We compare the MSD of the emergent states with that of a
single chiral ABP [54,55]. Figure 5 shows the resulting MSD
curves together with that of a single chiral ABP.

A key observation is that the MSD of emergent collective
states exceeds that of a single chiral ABP, which is consis-
tent with expectations due to collective effects. Ripple and

wormlike states display ballistic behavior, characterized by
(r’(t)) ~ t2, over short to intermediate timescales, eventually
transitioning to a subdiffusive regime at longer times. In con-
trast, vortex and rotating cluster states also exhibit ballistic
scaling at intermediate times but transition to oscillatory be-
havior at long times. Rotary clusters display stronger chirality
than single particles under the same conditions. These oscilla-
tions stem from the coherent collective rotation of particles in
these states. Interestingly, spinner states do not exhibit such
oscillations—at least up to intermediate times—likely due
to their very long rotational timescales, resulting from the
absence of the local orientational order found in vortex and
rotating cluster states.

The scaling exponents are estimated from the approx-
imately linear regions of the log-log MSD curves. The
straight-line fits are intended only to highlight the dominant
dynamical behavior over these intervals, with no pronounced
curvature or crossover observed within the displayed time
range.

2. Mean-square angular displacement

Analogous to the translational dynamics quantified by the
MSD, the rotational dynamics of the particles can be charac-

% Q,/Q, = 1; ripple
10*y —— 4; wormlike ‘
_1— 20;rotary -
103 5 4; vortex A
0.1; spinner P o
/S\ 10! 5 ,,,/
= T S
10°4 .~Single cABP
’ analytic MSD
1071_
10725
10° 10! 102

Time interval (D, t)

FIG. 5. Mean-square displacements of the dominant collective
states: Only the distinct, stable configurations are shown. Worms
remain ballistic across most timescales, while spinners are superdif-
fusive at short-intermediate times but exhibit oscillatory behavior at
longer times. The dotted line marked “single cABP analytic MSD”
shows the MSD of a single chiral ABP. Rotary clusters exhibit
stronger chirality than single particles under the same conditions.
Data are averaged over ten runs. Parameters: 6 = 7 /4 for all states
(Fig. 4), except for the vortex state at 0 = /2.
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100 1™ /2 = 1;ripple ff;o
—— 4; wormlike Wik
03] 20; rotary y
4; vortex
102 ] 0.1; spinner

/

10° 10! 102
Time interval (D;t)

FIG. 6. Mean-square angular displacements of the dominant col-
lective states: We include only the most stable and well-defined
configurations. All data are averaged over ten independent simulation
runs. Parameters: 8 = m /4 for all states (Fig. 4), except for the vortex
state at 6 = /2.

terized by the mean-squared angular displacement (MSAD),
defined as

N

1
(AP*(0) = & D @it +10) — 0i(t0) )y (T)

i=1

The corresponding results are presented in Fig. 6. Particles,
collectively, in the rotary and vortex structures shows proper
ballistic angular displacement ((AD%(t)) ~ t%), whereas in
spinner, ripple, and worm it is reduced.

3. Orientation correlation function

Another key quantity that characterizes the collective dy-
namics of the swarm is the orientation correlation function
(OCF), also known as the temporal autocorrelation function.
It is defined as

N

1
Co(t) = > feilt +10) - eilto)). ®)

i=1

The corresponding plots are presented in Figs. 7 and 8. Fig-
ure 7 shows the OCFs for spinners, ripples, and worms, with
worms decaying much more slowly than ripples and spinners
exhibiting the fastest decay. These timescales reflect the de-
creasing order of alignment strength, ©,/Q2, =4, 1, and 0.1,
for the chosen states. In essence, stronger alignment leads to
a longer OCF decay timescale.

In Fig. 8, we present the OCF for rotary cluster and vortex
state. As noted in Secs. IV A and IV B, rotary clusters typi-
cally emerge for 2, > €2,, reflecting enhanced chirality. This
is also evident from the trajectories shown in the Video M6
of the Supplemental Material [40]. However, when averaged
over all particles and multiple realizations, the chirality of the
rotary cluster shows a slight deviation from the single-particle
estimate. The OCF for the rotary cluster, fitted with

y = Acos(wt 4+ B)e™'/%, 9)

1.0 4
spinner
0.81 — ripple
—— worm

0 200 400 600
Time interval (D, At)

FIG. 7. Orientation correlation functions of representative col-
lective states: The most stable configurations are selected for
analysis. Shown here are the OCFs of spinner, ripple, and wormlike
clusters. Data are averaged over ten independent realizations. The
parameters are 0 = 7 /4 with Q,/Q, = 0.1, 1, and 4 for spinner,
ripple and worm, respectively.

is shown in the upper panel of Fig. 8. Expressed in terms of
the dimensionless chirality, the fitted value is w/D, = 0.1975,
which is lower than the imposed value of 0.25. The correlation
decay time is t; ~ 536.23 D,t. A similar reduction in the
collective rotational speed has been reported in Ref. [22],
where rotating macrodroplets surrounded by a dilute gas of
particles were found to rotate more slowly than the constituent
chiral ABPs. The authors further showed analytically that this
slowdown is a consequence of the density-alignment cou-
pling, leading to an interaction-induced renormalization of the
effective chirality.

The same fitting as Eq. (9), applied to the OCF of the
vortex, yields w/D, = 0.0702 and a correlation decay time
14 ~ 1009 D,t. This decay timescale t; may be associated
with structural relaxation within the cluster and is expected to
be longer for close-packed vortices and shorter for rotary clus-

Rotating cluster

1 N
§ Ot--t+trtryrrrtry vyt v\ A A\
— - Fit: Acos(wt + B)e /™
Vortex
1 ]
oy 3\ N A ) ~
= \ [N N/ \ [\ A /.\‘
s 07 \ ] \" / '\ /" \ 7/ f"”/""\f"i 77777 \/
\/ M ’ — Fit Acos(wt + B)e /™

0 100 200 300 400 500 600
Time interval (D, At)

FIG. 8. Orientation correlation functions of rotary and vortex
clusters. For both of the states, the OCF is fitted to extract the
characteristic oscillation frequency. Data are averaged over ten inde-
pendent realizations. The parameters are 0 = 7 /4 with ,/2, = 20
for rotary and 6 = 7 /2 with ,/Q2, = 4 for the vortex.
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FIG. 9. Global polarization as a function of the maneuverability
ratio 2,/€2, for three different vision angles: 7, 7 /2, and 7 /4. The
data are shown for Pe = 10 and w/D, = 0.25. Error bars denote the
standard error of the mean; long error bars indicate coexistence of

multiple states within that parameter regime. The description of the
inset is given in the text.

ters. The fitted angular frequency (w/D,) reflects the spinning
period of a vortex, which is further supported by Fig. 4, where
the solid-body spin of vortices attains significantly higher
values (~0.07). It also indicates that for a rotary cluster the
fitted w/D, is not associated with spinning rather with the
orbital period.

Global alignment decreases steadily from the rotary cluster
to the vortex and ultimately to the spinner state. In the spinner
state, orientational order is entirely absent (also discussed
later), whereas in the vortex state strongly aligned patches
persist. The presence of these patches leads to positional shifts
of the entire vortex cluster, though in an incoherent way (see
Movie M7 in the Supplemental Material [40]).

D. Structural properties
1. Global polarization

The global polarization is defined as

P=<]iv Ze,->, (10)

where e; denotes the unit orientation vector of particle i and
(-); is a time average. This quantity measures the degree of
polar order in the system, i.e., how well the particles align
with each other. A large value of P corresponds to strong
alignment, commonly referred to as flocking. The results are
presented in Fig. 9.

Global polarization serves as an order parameter that dis-
tinguishes between different emergent states. Figure 9 shows
P versus the maneuverability ratio €2,/2, for several vision
angles. For small €2,/€2,, polarization remains close to zero
regardless of vision angle, reflecting weak aligning inter-
actions. As 2,/€2, increases, polarization develops, but the
onset depends strongly on the vision angle: Larger vision
angles require higher alignment strength to induce nonzero

polarization. This dataset corresponds to Pe = 10 and /D, =
0.25.

Up to ,/2, = 1, ripples, vortices, and spinning clusters
are obtained for the vision angles considered here. None of
them show any significant net directional alignment, resulting
in almost vanishing P values. For moderate €2,/$2, values,
net polarization starts depending on the vision angles, with
lower 6 forming more aligned structures. At around 6 =
7 /4, wormlike swarms start forming from €2,/2, ~ 2; conse-
quently, P starts growing. But the dominant configurations at
0 = m /2 and 7 are vortices; some realizations of 2,/Q, ~ 3
at 6 = w show vortices, while others show close-to-rotary
structures—indicating possible multistability, thus showing
the peak.

For large values of Q,/R2,, 0 = /2 gives well-formed
and stable wormlike swarms, whereas 8 = /4 and 7w gives
rotary clusters. Rightmost part of Fig. 9 shows that the rotary
structures—even though qualitatively showing a reentrance
for high and low vision angles—differ in internal ordering for
different vision angles.

As shown in Fig. 9, the growth of the net polarization
with ©,/€, depends systematically on the vision angle. For
smaller 6, polar order develops at lower values of €2,/,,
indicating that reducing the angular range of visual perception
has an effect similar to increasing the relative importance of
alignment. This suggests that the competition between polar
alignment and vision-mediated steering is not fully captured
by the bare ratio 2,/€2, alone.

A simple way to account for this dependence is to rec-
ognize that the number and angular distribution of neighbors
contributing to the visual torque change with the vision cone.
In a homogeneous configuration, the number of particles in-
side the cone scales approximately with its angular width,
Nyis ~ 6. This suggests an effective visual contribution of
2,6. We therefore examine the polarization as a function of
the scaled ratio €2,/€2,0. As shown in the inset of Fig. 9,
this rescaling produces an approximate collapse of the polar-
ization data for different vision angles. Within the explored
parameter range, the collapse indicates that €2,/(£2,6) pro-
vides a useful measure of the competition between alignment
and vision-mediated steering. The rapid increase of P around
Q,/(2,60) ~ 2 marks the crossover from weakly polarized,
rotation-dominated states to strongly polarized, alignment-
dominated collective motion.

2. Solid-body spin

To explicitly characterize rotational motion using actual
particle dynamics, we compute velocities from particle dis-
placements and define the solid-body spin of a cluster as

) (r R vzc) .

=7 -
o |r zc|

Here, r{ = r; — rem denotes the position of the ith particle
relative to the cluster center of mass, and v{ = v; — v¢py, is its
velocity relative to the center-of-mass velocity.

Velocities entering Eq. (11) are obtained using a central-
difference scheme, v(t) = [x(t + Ar) —x(t — At)]/(2A1).

The resulting (nondimensionalized) time-averaged absolute
SBS ((|2q])/D,) heatmap is shown in Fig. 4. Rotary

an
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states exhibit the weakest solid-body rotation ({|2.|)/D, <
0.015). Spinners show moderately larger but still low val-
ues (x0.015), substantially smaller, due to their low angular
speeds. In contrast, vortices attain the largest SBS values, re-
flecting both their coherent internal structure and high rotation
rates; a similar behavior is observed for ripples. The computed
SBS value of the vortices (Fig. 4) is consistent with the value
of w/D, = 0.0702 as obtained from the OCF. Wormlike states
also display weak solid-body rotation—perhaps a feature of
its instantaneous shape, while chaotic aggregates—often com-
posed of fragmented or dispersed clusters—exhibit negligible
SBS.

E. Structural analysis of ripple state

Before analyzing the structural properties of ripple clus-
ters, it is useful to distinguish them from superficially similar
states such as vortices. As discussed in Sec. IV A, ripple
formation (expanding loops) arises from the interplay of
strong visual maneuverability and a sufficiently large cluster,
which generates a net outward torque on particles near the
vortex core, breaking local symmetry and driving loop expan-
sion. This naturally raises the question of whether the ripple
represents a genuine collective state or merely a finite-size
artifact arising from the interplay between system size and
visual torque strength. Our finite-size analysis, presented in
the Supplemental Material [40], shows that ripple formation
first appears above a threshold system size and persists for all
larger systems investigated over an increasingly broad range
of maneuverability ratios. Since increasing €2,/€2, strength-
ens the alignment interaction relative to the visual interaction,
ripple formation is expected to become progressively more
difficult. However, we find the opposite trend with system
size: As the system becomes larger, ripples remain stable
over a broader range of €2,/€2,. This indicates that larger
clusters enhance the robustness of the visual-torque-driven
expansion, allowing it to withstand stronger competing align-
ment interactions. This interpretation is also consistent with
the observation in Sec. IV B that sufficiently strong alignment
ultimately suppresses ripple expansion and produces compact
vortices. Taken together, these results support the conclusion
that ripples are a genuine collective state that emerges only
when a sufficiently large cluster and strong visual maneuver-
ability act together in the presence of steric interactions.

1. Quantitative descriptors

To characterize ripple clusters, we employ several quanti-
ties:
Asphericity. The shape asymmetry is quantified via

_h = b|

A= ———, 12
L+5 (12)

where I} and I, are the principal moments of inertia. Here,
A = 0 corresponds to a perfectly circular loop, while A = 1
means large deviation from circularity.

Cluster circulation index and angular frequency. The
cluster circulation index—a diagnostic that quantifies the
degree of coherent tangential motion around the cluster cen-
ter, and the cluster-averaged angular frequency are defined,

respectively, as [35,53,56]

R O N O

C) = ; (—|r;(t) o e,-(t)) (13)
and

1 (@) =) x )|
N %, () = ()

where N, is the number of particles in the cluster, 7{(¢) the
position of the ith particle, r¢ () the cluster center of mass,
and &;(r) the particle orientation. Note that, by construction,
C(t) is dimensionless, whereas v(¢) has the dimension of
inverse length. Further, SBS is equivalent to angular frequency
and in Eq. (11), SBS is defined using particle velocities, ob-
tained from the particle displacements, rather than orientation
vectors, because the particle motion does not necessarily align
with the particle orientations in certain states, such as the
rotating cluster and the vortex states (data not shown). A
comparison between the temporal evolution of the angular
frequency and the SBS for the ripple state is provided in the
Supplemental Material [40].
Cluster radius. The average cluster radius is defined as

1 &
R@) = 5 3 @ilt) = rem (). (15)
¢ i=1

2. Ripple dynamics

v(t) = , (14)

The behavior of these descriptors is summarized in Fig. 10.
Each quantity is shown for both ripples that undergo breakup-
reformation cycles and for those that remain intact. The
plots indicate that ripple breakup occurred at ~1400D,t.
After breakup, the average ripple radius R,,(t)/o increases
slowly, reflecting the longer time required for reformation
after restarting from the dense configuration. In contrast, other
descriptors such as the cluster circulation index C(f) and
the asphericity A(¢) recover almost immediately. The cluster-
averaged angular frequency v(t)o rises sharply after breakup
and then gradually decreases in tandem with R, (t)/o. Over-
all, ripple loops expand steadily while their rotation rate
slows down. The near constancy of C(¢) across breakup event
indicates that the tangential orientational order underlying
the loop structure is largely maintained even across breakup
events. Finally, the low asphericity shows the loop remains
close to circular except under strong perturbations.

3. Internal structure

As discussed in Sec. IV A and illustrated in Fig. 2 (3),
ripple loops possess a characteristic internal organization:
Inner particles tilt outward, outer particles tilt inward, and
intermediate particles align tangentially. To verify this, we
compute the probability distribution of the radial orientation
component P (e, ), defined as [57]

e, =&;-F; = cos(A;),
where é; is the orientation of particle 7, #; is the radial unit
vector from the cluster center of mass, and A; is the angle
between them. Thus, e,; > 0 corresponds to outward-pointing
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FIG. 10. From top to bottom: (a) Average ripple radius R,,(¢)/o.
The blue curve shows steady growth, while the red curve corresponds
to a loop that temporarily broke, reformed, and continued to expand.
No fragmentation occurred. (b) Angular frequency vo decreases
as the ripple expands, indicating slower rotation for larger loops.
(c) Cluster circulation index C remains nearly constant except during
breakup events. (d) Asphericity A indicates that ripples remain close
to circular in shape unless disrupted. No ensemble averaging was
performed, since ripple dynamics (growth, breakup, reformation,
fragmentation) are highly unpredictable, and averaging would ob-
scure these distinctive behaviors.

orientations, e,; < 0 to inward-pointing ones, and e,; = 0 to
tangential orientations. The results are shown in Fig. 11.

Figure 11 compares the radial orientation component of
ripple and milling states. The ripple exhibits predominantly
tangential orientations with nearly balanced radial compo-
nents. The milling ring shows strong inward bias and reduced
tangential alignment. This generates an effective inward pres-
sure that hinders expansion.

4. Mechanistic study: Torque behavior across different states

A key question concerns the origin of ripple expansion.
Here, we examine this by analyzing the roles of visual and
alignment torques. As noted in Sec. IV A, ripples and milling
rings are morphologically similar to vortices, with ripple
formation associated with dominant visual torque. Since the
emergent states are governed by the competition between
visual and alignment interactions (with chirality acting at the
single-particle level), we analyze the time evolution of the
mean absolute visual and alignment torques, averaged over
all particles (Fig. 12).

We find that alignment torque dominates across all vortex-
like states. However, while the milling ring remains similar
to a compact vortex, the ripple shows a distinct temporal
evolution of (|7,|). As the ripple expands, the effective visual
torque increases gradually, followed by a sharp drop during
breakup, and a subsequent recovery upon reformation. This
corroborates with our claim that stronger visual torque is a
prerequisite for ripple expansion.

V. CONCLUSIONS

In this work, we extend perception-driven models of in-
telligent active Brownian particles with polar alignment by
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FIG. 11. Left: The figure illustrates the difference in orientational configurations of particles in a milling ring (top) and a ripple (bottom).
The ripple shown here is at an early stage of expansion, with a radius comparable to that of the milling ring. In the milling ring, radially
inward- and outward-oriented particles dominate over tangentially oriented ones. Both states are observed within the same parameter regime
as in the right figure. Right: Probability distribution (e, ) of the radial orientation component for a ripple and a milling ring both in their well-
formed region. Ripple: 2,/Q, = 1 and § = 7 /3, milling ring: ./, = 1 and 6 = 7 /2. Fitting: exp{—(x — u)*/o2} and exp{(x — n)?/c?},

respectively.
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FIG. 12. Variation of the mean absolute visual and alignment
torques, (|t,|) and (|7,|), averaged over all particles. Top to bottom:
Milling ring (parameters: 2,/2, = 1, 6 = m /2), vortex (£2,/2, =
4, 0 = /2), and ripple (2,/2, = 1, 6 = 7 /3). The ripple spans
a longer time interval, capturing its formation, breakup, and subse-
quent reformation.

incorporating intrinsic chirality. By systematically varying the
chirality, vision angle, and the competition between alignment
and visual maneuverability, we construct two dynamical state
diagrams revealing a rich variety of emergent states, includ-
ing spinners, vortices, ripples, wormlike swarms, and rotary
clusters.

Previous studies of visually interacting active systems have
shown that additional ingredients, such as delayed interac-
tions, misaligned perception, and stochastic acceleration, can
give rise to collective states commonly associated with chi-
ral dynamics, including vortices, spinners, and milling rings
[32,35,43,48-52]. Motivated by the ubiquity of chiral mo-
tion in active matter and the fact that intrinsic rotation is a
fundamental single-particle property, we investigated its role
in visually interacting systems. Our results demonstrate that
intrinsic chirality alone can generate collective behavior qual-
itatively similar to that previously attributed to delayed or
misaligned-perception effects. Moreover, in combination with
nonreciprocal vision-based interactions, chirality gives rise
to additional dynamical states, including ripples and rotary
clusters, which are absent in the corresponding systems with
purely linear self-propulsion.

Our findings position perception-driven active systems
within the broader family of alignment-based models and
show that the interplay between intrinsic chirality and
anisotropic visual interactions qualitatively transforms col-
lective behavior. Chirality acts as a competing timescale
that governs whether the system forms compact rotating ag-
gregates, vortices, wormlike swarms, or extended cohesive
structures. Ripple loops, in particular, emerge as a dis-
tinct vision-dominated dynamical regime driven by outward
torques acting on central particles and are stabilized only
when the particle number is sufficiently large and visual ma-
neuverability dominates.

The observed states can be systematically distinguished
using a small set of structural and dynamical measures,
summarized in Table III. Solid-body spin separates strongly
rotating vortices from weakly spinning spinners and rotary
clusters, polarization captures the transition from weak to
strong internal ordering, and orientation correlations quantify
the persistence of local orientational order. Together, these
measures provide a unified framework for classifying the col-
lective states across the explored parameter space.

Therefore, our results demonstrate that intrinsic chirality
does more than perturb the vision-cone model of Negi et al.
[35]. Rather, by continuously rotating the direction of mo-
tion relative to the sensing sector, chirality fundamentally
reshapes the effective interaction network, giving rise to col-
lective states and transitions that cannot be inferred from
chiral active matter with isotropic interactions or nonchiral
vision-cone models in isolation. Overall, our work bridges

TABLE III. Distinct states and qualitative comparison across parameter regimes.

Orientation Angular frequency/

State MSD MSAD (long time) correlation Polarization solid-body spin
Worms Intermediate: ballistic Superdiffusive Very fast decay Very high Low
Spinners Intermediate: superdiffusive Superdiffusive Fastest decay ~0 Low

long: oscillatory
Vortices Intermediate: ballistic Ballistic Oscillatory (spinning)  Very low High

long: oscillatory
Ripples Intermediate: superdiffusive Superdiffusive Very fast decay ~0 High

long: oscillatory
Rotary states Short: ballistic Ballistic Oscillatory (orbiting)  Very high Very low

intermediate-long: oscillatory
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two active-matter settings that are often treated separately—
chiral aligning systems and perception-based, nonreciprocal
models—and shows that their interplay gives rise to emergent
collective dynamics beyond those produced by either frame-
work individually. Future work could examine how these
phenomena depend on density, confinement, and dimension-
ality, and whether related ripplelike or vortexlike structures
persist in three-dimensional systems or experimentally realiz-
able chiral active suspensions.
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