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A system of particles with motility variable in terms of a vision-type of perception is investigated by a
combination of Langevin dynamics simulations in two-dimensional systems and an analytical approach
based on conservation law principles. Persistent swirling with predetermined direction is here induced by
differentiating the self-propulsion direction and the perception cone axis. Clusters can have a fluidlike
center with a rotating outer layer or display a solidlike rotation driven by the outer layer activity.
Discontinuous motility with misaligned perception might therefore serve as a powerful self-organization
strategy in microrobots.
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Self-assembly into swirling cohesive groups is a frequent
strategy used by living organisms in a wide range of length
scales [1]. Performing circular trajectories around a
common center has shown to increase the structure resis-
tance to external perturbations, and it is used with foraging
optimization of predator protection purposes [2]. At the
macroscopic level, examples are schools of fish [3] or
swarms of insects [4], and at the microscopic level, vortex
formation in colonies of bacteria [5]. Artificially, swirling
has been obtained by employing external magnetic fields to
control colloidal microrobots [6] and nanoparticles [7]; by
employing light to locally control Janus particles [8,9]; or
by employing external electric fields to Quincke rollers in
circular confinement [10–14]. Most of the mechanisms for
vortex formation involve intrinsic particle chirality [15–17]
or, alternatively, a combination of attractive forces, to ensure
group formation and interparticle alignment [18]. Vortex
formation has also been found in systems with no explicit
alignment, where agents actively turn toward a crowd [12],
with an externally applied torque [19,20], delayed attractions
[21,22], or sedimenting active droplets [23]. To find different
and still simple strategies that result in a controllable vortex
formation remains a challenge. This can find very interesting
applications in the development of smart active materials or
self-organizing microrobots [6,24–29].
Navigation strategies based on a visual-type of percep-

tion are intrinsic to many living systems and result in a very
rich variety of flocking behaviors, such as aggregation,
milling, or meandering [30–38]. Visual-type of perception
restricts the interactions to neighbors placed inside a finite
cone with propulsion direction as the symmetry axis and tip
at the particle position. This limited field of interaction
is common to most animals and implies nonreciprocal
interactions that have shown to lead to a rich collective
behavior [32,39–42]. Inspired by such biological systems,
minimal microscopic models have, for example, shown to

lead to gaslike, milling behavior and wormlike or aggregate
structures [43–50]. Provided a particular perception, a rule
is required to determine the particle action, which ulti-
mately governs the system properties. To apply this concept
to the design of synthetic materials, a simple, yet interesting
strategy is a discontinuous self-propulsion, which can be
implemented as a switch in experiments with external laser
heating [9,51,52] and has been employed in systems of
particles with quorum sensing [51,53]. A computer assisted
feedback loop to control the individual interactions of
synthetic colloids has shown to form cohesive groups
[34,54], and if the interaction accounts for the perception
of the neighbors positions, this can lead to a spontaneous
breakdown of symmetry and to the formation of swirls [9].
Finally, misalignment between motion and interactions has
been studied for single spinning colloids in a viscoelastic
media and micron-sized algae in confinement [55–57].
In this Letter, perception and motion are not considered to

have the same direction, see Fig. 1. Such misalignment
shows to be sufficient to induce the formation of cohesive
clusters with a predetermined rotation direction. Only the
position of the neighboring particles is relevant and not
their orientations, which clearly differs from and simplifies
existing strategies. Cluster formation and rotation are inves-
tigated by simulations as a function of the misalignment
angle γ and the perception threshold q�. These two quantities
qualitatively modify the cluster rotation and structure, which
can be dilute or compact, homogeneous or nonhomo-
geneous. These behaviors are quantitatively well described
by an analytical approach based on conservation principles.
A system of N particles is here considered, each

characterized by their position ri, and the orientation along
which the propulsion takes place, ei ≡ ðcosϕi; sinϕiÞT ,
with ϕi the angle between the orientation and the x axis [see
Fig. 1(a)]. Each particle perceives its surrounding via the
function
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Pi ¼
X
j∈ ci

1

rij
; if rij < rc; ð1Þ

for particles j in the “perception cone” ci of particle i, with
i; j ¼ 1;…; N, as illustrated in Fig. 1(a). The perception is
assumed to decay with the inverse of the interparticle
distance rij, with rc the maximum perception distance. The
cone half-width angle is α, while γ is the angle displace-
ment of the cone’s symmetry axis with respect to the
particle self-propulsion direction ei. Interactions are non-
reciprocal for α < π, i.e., a particle j can be located inside
the field of vision of another particle i, whereas i is located
outside the field of vision of j, such that the perception
of any particle strongly depends on the orientation of its
vision cone.
To complete the description, we define the normalized

perceptions as q ¼ P=P0. The “homogeneous perception”
P0 is the perception of a particle placed in the center of a
circular region with homogeneous density and radius
R0 ¼ rc=2. The homogeneous perception is expected to
increase linearly with the width of the vision cone α, the
system number density ρ ¼ N=ðπR2

0Þ, and the region
radius, such that P0 ¼ αρR0, which, by construction, does
not depend on γ. Without misalignment, γ ¼ 0, the particle
vision cone’s symmetry axis and self-propulsion orienta-
tion coincide, and particles oriented toward or against the
center have a perception imbalance, which translates into
the cluster coherence. With misalignment, γ ≠ 0, not only
the radial, but also the tangential orientation of the vision
cone is relevant, and an imbalance appears also between
CO and AO particles. A CO particle has a self-propulsion
orientation tangential to the group’s center, and its vision
cone director ci points toward the group center, see
Fig. 1(b). Conversely, an AO particle has the vision cone

director pointing against the group center. Perception
profiles in Fig. 1(b) are numerically calculated for three
test particles with fix orientations placed at different
positions relative to the cluster center in a given initial
configuration, with all other particles positions randomly
chosen. Results are provided as an average over ten
independent initial configurations. The maximum percep-
tion here corresponds to an oblique modification of the co-
oriented case.
The particles’ motion is governed by overdamped

Langevin dynamics, which corresponds to micrometer-size
Brownian particles

ṙi ¼ viei þ fEVi þ
ffiffiffiffiffiffiffiffi
2Dt

p
ξi;

ϕ̇i ¼
ffiffiffiffiffiffiffiffi
2Dr

p
ηi; ð2Þ

where ξi and ηi are translational and orientational white
noises, and Dt and Dr are the translational and rotational
diffusion coefficients. The excluded volume force is
fEV ¼ −∇U, with Uðσ; ϵÞ the Weeks-Chandler-Anderson
potential, with σ the particle diameter, and ϵ ¼ 100kBT the
repulsion strength. The particle’s propulsion velocity vi is
defined by a two-stage velocity vi ¼ v0Θðqi − q�Þ, with v0
a constant self-propulsion velocity, and q� the normalized
threshold perception value, similar to previous experi-
ments [34]. Simulations start from a circular homogeneous
configuration with radius R0, and Eq. (2) is integrated with
the Euler algorithm and Δt ¼ 10−5. Default para-
meters [34] fix the Péclet number Pe ¼ v0=ðσDrÞ, as
Pe ¼ 4.8. All quantities are normalized or expressed in
simulation units, here σ and Dt. We present here a study of
systems with N ¼ 1000 particles, v0 ¼ 40, Dr ¼ 8.3,
ρ0 ¼ 0.51, kBT ¼ 1, and α ¼ π=4. Other values of N or
rc can be also chosen, considering these quantities modify
the homogeneous perception P0 and some details of the
results.
Typical snapshots in Fig. 2 show particle positions,

orientations, activities, and velocities calculated from the
displacements during a time interval δt ¼ 0.2. The iso-
tropic displacements in Fig. 2(a) prove the lack of net
motion in the absence of misalignment. Conversely, cases
with misalignment γ ≠ 0 in Figs. 2(b)–2(e) clearly rotate.
The misalignment mechanism selects as active the CO
particles, these are oriented with the vision cone inducing a
bias in the motion which results in a net angular momen-
tum. The torque arises then by this bias, without any
additional orientation of the individual particles, such that
the self-propulsion orientation field is isotropic in all cases,
as shown in the enlargements in Fig. 2. The distribution
of active and passive particles in the cluster is mostly
homogeneous for the q� ¼ 1, see Figs. 2(a)–2(c). This can
be understood in terms of the perceptions profiles in
Fig. 1(b), since for q� ¼ 1 all CO particles have perceptions
above the threshold and AO particles below. For lower

(a) (b)

FIG. 1. (a) Illustration of an active particle with misaligned
visual perception. The propulsion direction occurs in the ei
direction, the vision cone is centered in the direction ci with half-
width angle α. The relative angle between ei and ci is given by the
misalignment γ. (b) Perception radial profiles and sketches for co-
oriented (CO), antioriented (AO), and maximum perception (Max)
oriented test particles, with r the distance to the cluster center of
mass, in the initial homogeneous conditions, for γ ¼ π=4.
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values of q�, the cluster is fluidlike and composed mainly
of active particles, with passives only in the outer layer,
see Fig. 2(d). This occurs because in the center all CO and
AO particles have perceptions above the threshold [see
Fig. 1(b)], and only toward the cluster surface do AO
particles become passive. For higher q�, the cluster is
solidlike and composed largely of passive particles. In this
case only CO particles far from center have large enough
perceptions to become active, and these ensure the cluster
cohesion and rotation, see Fig. 2(e). Finally, note that in all
cases passive particles outside the cluster will eventually
reorient and become active, rejoining the cluster.
A quantitative characterization of the cluster structure is

performed via radial profiles of the number density calcu-
lated from the cluster’s center of mass rc:m: and separately
for the density of active ρa and all particles ρ. For q� ¼ 1,
Fig. 3(a) shows that the density ρ is constant at the center and
decays at the interface, an indication of a coherent cluster,
while the active particles’ density shows an additional
increase at the center. Both densities do not significantly
change for γ ≤ π=4, which means that for too large misalign-
ments, the cluster coherence is not affected. With further
increase of the misalignment, such as γ ¼ 3π=8 in Fig. 3(a),
cluster size and interface width become slightly larger, while
the number of active particles decreases. In the limit of
γ ≃ π=2, only particles moving tangentially to the cluster
become active, such that no cluster coherence is possible.
Considering a particular value of γ, such as γ ¼ π=4, the
variation of the perception threshold does not affect much
the overall cluster size [see Fig. 3(b)], but the motility
distribution, as already explained for snapshots in Figs. 2(b),
2(d), and 2(e).

The average radial profiles of the angular velocity ω and
of the active particles’ tangential polarization pa

t are shown
in Figs. 3(c) and 3(d). These are normalized with the local
relative density, ω̃ðrÞ≡ ωðrÞρðrÞ=ρ0, to diminish noise in
the cluster surface. The average angular velocity is further
normalized with ω0 ¼ v0=R0, the angular velocity of a
CO-oriented particle placed at the initial cluster boundary.
Increasing γ enhances the motion bias, which enlarges the
average tangential orientation and, consequently, also the
induced torque and overall angular velocity, as shown in
Fig. 3(c). In contrast, changing the perception threshold

(a) (b) (c) (d) (e)

FIG. 2. Snapshots of the system in stationary state for various γ and q�, with particles’ color-coded activity (see related videos in
Supplemental Material [58]). The arrows in the upper row indicate average short-time displacements, illustrating cluster dynamics, and
axis lines mark the area in the bottom row. The arrows in the bottom row correspond to particle orientations, illustrating the chosen bias.
Cohesive clusters showing behaviors: (a) compact nonswirling (no misalignment); (b) solid-body rotation (misalignment); (c) non-
compact swirling (high misalignment); (d) active core and swirling outer layer (low threshold); (e) solid-body rotation, passive core with
active dragging particles (high threshold).

(a) (b)

(c) (d)

FIG. 3. Steady-state radial profiles for (a),(b) the number
density of all particles ρ (symbols) and of only active particles
ρa (dashed lines); (c),(d) angular velocity ω̃=ω0 (solid lines, left
axes) and tangential orientations of the active particles p̃a

t (dashed
lines, right axes). In (a),(c) simulation results for fixed perception
threshold q� ¼ 1 and varying the misalignment γ; in (b),(d) for
fixed γ ¼ π=4 and varying q�. The continuous lines are fits for the
simulation data of ρ and ω̃ with Eq. (3) which determine the
steady-state values Rc, ρb, and ωb.
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does not have a monotonic effect on the orientation and
rotation properties. For small values, such as q� ¼ 0.4, the
orientation of the active particles and rotation appears only
in the outer layer. Particles in the cluster center perceive
enough neighbors to become active independent of their
orientation, such that this part remains fluidlike and both
angular velocity and tangential active orientation have close
to zero values. Closer to the cluster surface, only particles
with a vision cone oriented toward the center become
active, such that not only cohesion, but also a well-defined
torque is induced. For increasing q� values, the selection of
inward-oriented particles is more restrictive, making cohe-
sion and compaction stronger. Because of steric inter-
actions in the compact state, active particles drag along
the passive ones, resulting in solidlike rotations with a
constant velocity at the cluster center, decaying toward the
cluster boundary. For q� ¼ 1, the distribution of active and
passive particles is mostly homogeneous in the whole
cluster, and both rotation and orientation are constant at
the cluster center, decaying only at the cluster boundary.
For larger values of q�, such as q� ¼ 1.6, density, orienta-
tion, and rotation of the active particles vanish at the cluster
center and become significant mostly for max-oriented
particles [see Fig. 1(b)] in the outside layer. The external
active particles drag the rotation of the compact cluster,
such that the angular velocity is constant in the center.
The radial profiles in Fig. 3 mostly show to be constant at

the cluster center with a soft decay at the cluster boundary,
behavior that can be characterized by

ρðrÞ ¼ ρb
2

�
1þ tanh

�
Rc − r
2ζ

��
; ð3Þ

where ρb is the bulk density, Rc is the cluster radius, and ζ
can be understood as the half-width of the cluster interface.
The values of ρb and Rc obtained from the fits are shown in
Fig. 4(a) as a function of γ for various values of q�. The
radius Rc in Fig. 4(a) remains reasonably constant for a

wide range of γ, and only for the largest misalignment does
the radius rapidly increase until the cluster eventually
dissolves becoming a gas.
The functional form of RcðγÞ can be analytically estima-

ted by considering that (for details, see Supplemental
Material [58]) (i) the cluster is circular and has a stable
size; (ii) at the cluster surface, the number of particles
diffusely leaving the cluster and actively joining the cluster
exactly balances; (iii) without misalignment, the cluster is
cohesive with a size Rγ0 determined by steric interactions,
this value is measured in simulations and tends to a close
package configuration for moderately large values of q�;
(iv) diffusion is given by Deff, the enhanced coefficient
related to the average activity, which is then the only fitting
parameter (see Fig. S3). From the second condition, it
follows that Deffρb=Rc ¼ vopa

r , with pa
r the active par-

ticles’ radial polarization. Such polarization can be calcu-
lated from the particles at the cluster boundary with
orientations for which the vision cone encloses a portion
of the cluster sufficiently large for q to excess q�, which
implies pa

r ∼ ρb cos γ [see Fig. S2 and Eqs. (S9) and (S10)
in [58] ]. With this we obtain

Rcðq�; γÞ ¼
Deffðq�Þ
Aðq�Þ

�
1

cos γ
− 1

�
þ Rγ0ðq�Þ; ð4Þ

where Aðq�Þ is related to the angle-activity threshold (see
Supplemental Material Figs. S1 and S2 [58]). Figure 4(a)
shows an excellent quantitative agreement of Eq. (4)
with the simulation data. The measured cluster density
ρb shown in the inset of Fig. 4(a) can be directly related to
the cluster size by ρb ¼ N=πR2

c, and the match of Eq. (4)
and simulation results is also excellent. Similar comparison
and agreement of Rc and ρb as a function of q� for fixed
values of γ is shown in Fig. S4 in [58].
The angular velocity radial profilesωðrÞ in Figs. 3(c) and

3(d) can also be described by the functional form in Eq. (3),
by considering that the prefactor corresponds now to the
bulk angular velocity ωb. For small q� cases, where the
center is not rotating, Eq. (3) applies only in the outer layer.
The dependence of ωb on γ and q�, as obtained in the fits, is
shown in Fig. 4(b). For small γ values, ωb grows linearly
with γ up to a maximum value from which it decreases until
it vanishes for the dissolving cluster, for γ ≲ π=2. In the
case of q� ≃ 1 and large γ the rotation growth is faster,
which is related to the fast central rotation, where the
velocity is measured, but it will eventually decrease again
for γ → π=2. The nonmonotonous dependence of ωmax
with q� can be seen in Fig. 4(b) and for fixed values of γ
also in Fig. S4 in [58]. For small q� values, almost all
particles are active, such that the orientation bias and the
rotation are small. Increasing q� makes the orientation bias
more pronounced, which increases the overall rotation
speed, as long as the center of the cluster remains active.
When the cluster center becomes passive and only the

(a) (b)

FIG. 4. Cluster properties as a function of the misalignment γ,
for q� ¼ 1. (a) Radius Rc (density ρb in the inset); (b) angular
velocity ωb. Symbols are obtained as fits to the simulation results
in Fig. 3 with Eq. (3); continuous lines correspond to the
analytical predictions in Eq. (4) for Rc, related to it and Eq. (S3)
for ρb, and in Eq. (S14) for ωb (see Supplemental Material [58]).
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outside boundary remains active, the overall rotation speed
decreases with q�. The functional form of ωbðγÞ can be
estimated by considering that the rotation is determined by
the active particles in the cluster surface ωb ¼ v0pa

t =Rc,
and then calculating pa

t , the tangential polarization of the
active particles following a similar procedure as before
(see details in Supplemental Material [58]). Figure 4(b)
shows good agreement between analytical predictions and
simulation results for the cases corresponding to a compact
rotating cluster, i.e., large q� and not too large γ, in
particular, the linear increase with γ. For more dilute cases,
the estimations are only qualitative due to the performed
approximation of the polarization at the cluster radius.
In conclusion, the misalignment between the particles’

self-propulsion and perception cone directions is an effec-
tive mechanism to induce rotation in systems of agents with
perception-dependent motility, while keeping their cohe-
sion. This is therefore a new and simple alternative method
to induce swirling, also conceptually interesting since, in
contrast to previous approaches [9,43,45,46], it does not
require explicit alignment, nor external torques, and the
rotational direction is controlled. Our main conclusions can
be extended to a larger range of parameters, in particular, to
systems with a different number of particles N, width of the
vision cone α, or perception range rc (see one example case
in Supplemental Material [58]). The cluster properties,
morphology, and stability depend on such parameters,
together with the perception threshold q� and the degree
of misalignment γ. The agreement of theory and simula-
tions supports the arguments that the cluster size is given
with steric interactions and the balance of particles dif-
fusely leaving the cluster and particles actively joining the
cluster together, and that the swirling velocity is determined
by the tangential polarization of the particles selected as
active at the cluster. The proposed interaction mechanism is
asymmetric and nonreciprocal and can be implemented in
experiments of colloids activated by light or in robot
swarms, serving then as a self-organization strategy with
various potential purposes.
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Zhang, Proc. Natl. Acad. Sci. U.S.A. 118, e2104724118
(2021).

[15] B. Liebchen and D. Levis, Phys. Rev. Lett. 119, 058002
(2017).

[16] B. Ventejou, H. Chaté, R. Montagne, and X.-Q. Shi, Phys.
Rev. Lett. 127, 238001 (2021).

[17] J. Mecke, Y. Gao, C. A. Ramírez Medina, G. Gompper, and
M. Ripoll, Commun. Phys. 6, 324 (2023).

[18] T. Vicsek and A. Zafeiris, Phys. Rep. 517, 71 (2012).
[19] I. Williams, E. C. Oğuz, T. Speck, P. Bartlett, H. Löwen, and

C. P. Royall, Nat. Phys. 12, 98 (2016).
[20] N. K. Dewangan and J. C. Conrad, Soft Matter 15, 9368

(2019).
[21] P.-C. Chen, K. Kroy, F. Cichos, X. Wang, and V. Holubec,

Europhys. Lett. 142, 67003 (2023).
[22] X. Wang, P.-C. Chen, K. Kroy, V. Holubec, and F. Cichos,

Nat. Commun. 14, 56 (2023).
[23] B. V. Hokmabad, A. Nishide, P. Ramesh, C. Krüger, and

C. C. Maass, Soft Matter 18, 2731 (2022).
[24] H. Yu, Y. Fu, X. Zhang, L. Chen, D. Qi, J. Shi, and W.

Wang, Program. Mater. 1, e7 (2023).
[25] G. Gompper et al., J. Phys. Condens. Matter 119, 193001

(2020).
[26] S. Ceron, G. Gardi, K. Petersen, and M. Sitti, Proc. Natl.

Acad. Sci. U.S.A. 120, e2221913120 (2023).
[27] G. Gardi, S. Ceron, W. Wang, K. Petersen, and M. Sitti, Nat.

Commun. 13, 2239 (2022).
[28] Y. Hou, H. Wang, R. Fu, X. Wang, J. Yu, S. Zhang, Q.

Huang, Y. Sun, and T. Fukuda, Lab Chip 23, 848 (2023).
[29] V. Lecheval and R. P. Mann, J. R. Soc. Interface 20,

20230127 (2023).
[30] T. Bagarti and S. N.Menon, Phys. Rev. E 100, 012609 (2019).
[31] R. Bastien and P. Romanczuk, Sci. Adv. 6, eaay0792 (2020).
[32] M. Durve, A. Saha, and A. Sayeed, Eur. Phys. J. E 41, 49

(2018).
[33] X. Lan, W. Xu, Z. Zhao, and G. Liu, IEEE-CAA J. Autom.

Sin. 8, 648 (2021).

PHYSICAL REVIEW LETTERS 132, 268301 (2024)

268301-5

https://doi.org/10.1103/RevModPhys.88.045006
https://doi.org/10.1038/s41598-021-99982-7
https://doi.org/10.1038/s41598-021-99982-7
https://doi.org/10.1371/journal.pcbi.1002915
https://doi.org/10.1371/journal.pcbi.1003697
https://doi.org/10.1103/PhysRevE.54.1791
https://doi.org/10.1103/PhysRevE.54.1791
https://doi.org/10.1126/scirobotics.aav8006
https://doi.org/10.1177/0278364918784366
https://doi.org/10.1177/0278364918784366
https://doi.org/10.1038/s41467-018-06445-1
https://doi.org/10.1038/s41467-018-06445-1
https://doi.org/10.1038/s41467-020-16161-4
https://doi.org/10.1038/s41467-020-16161-4
https://doi.org/10.1038/ncomms8470
https://doi.org/10.1103/PhysRevLett.123.208002
https://doi.org/10.1103/PhysRevLett.123.208002
https://doi.org/10.1038/s41567-021-01238-8
https://doi.org/10.1039/D1SM00363A
https://doi.org/10.1039/D1SM00363A
https://doi.org/10.1073/pnas.2104724118
https://doi.org/10.1073/pnas.2104724118
https://doi.org/10.1103/PhysRevLett.119.058002
https://doi.org/10.1103/PhysRevLett.119.058002
https://doi.org/10.1103/PhysRevLett.127.238001
https://doi.org/10.1103/PhysRevLett.127.238001
https://doi.org/10.1038/s42005-023-01442-3
https://doi.org/10.1016/j.physrep.2012.03.004
https://doi.org/10.1038/nphys3490
https://doi.org/10.1039/C9SM01570A
https://doi.org/10.1039/C9SM01570A
https://doi.org/10.1209/0295-5075/acd9ea
https://doi.org/10.1038/s41467-022-35427-7
https://doi.org/10.1039/D1SM01795K
https://doi.org/10.1017/pma.2023.6
https://doi.org/10.1088/1361-648X/ab6348
https://doi.org/10.1088/1361-648X/ab6348
https://doi.org/10.1073/pnas.2221913120
https://doi.org/10.1073/pnas.2221913120
https://doi.org/10.1038/s41467-022-29882-5
https://doi.org/10.1038/s41467-022-29882-5
https://doi.org/10.1039/D2LC00573E
https://doi.org/10.1098/rsif.2023.0127
https://doi.org/10.1098/rsif.2023.0127
https://doi.org/10.1103/PhysRevE.100.012609
https://doi.org/10.1126/sciadv.aay0792
https://doi.org/10.1140/epje/i2018-11653-4
https://doi.org/10.1140/epje/i2018-11653-4
https://doi.org/10.1109/JAS.2021.1003880
https://doi.org/10.1109/JAS.2021.1003880


[34] F. A. Lavergne, H. Wendehenne, T. Bäuerle, and C.
Bechinger, Science 364, 70 (2019).

[35] M. Moussaïd, D. Helbing, and G. Theraulaz, Proc. Natl.
Acad. Sci. U.S.A. 108, 6884 (2011).

[36] J. P. Newman and H. Sayama, Phys. Rev. E 78, 011913
(2008).

[37] D. J. G. Pearce, A. M. Miller, G. Rowlands, and M. S.
Turner, Proc. Natl. Acad. Sci. U.S.A. 111, 10422 (2014).

[38] A. Strandburg-Peshkin, C. R. Twomey, N.W. F. Bode, A. B.
Kao, Y. Katz, C. C. Ioannou, S. B. Rosenthal, C. J. Torney,
H. S. Wu, S. A. Levin, and I. D. Couzin, Curr. Biol. 23,
R709 (2013).

[39] S. Saha, J. Agudo-Canalejo, and R. Golestanian, Phys. Rev.
X 10, 041009 (2020).

[40] M. Knežević, T. Welker, and H. Stark, Sci. Rep. 12, 19437
(2022).

[41] K. L. Kreienkamp and S. H. L. Klapp, New J. Phys. 24,
123009 (2022).

[42] M. Fruchart, R. Hanai, P. B. Littlewood, and V. Vitelli,
Nature (London) 592, 363 (2021).

[43] L. Barberis and F. Peruani, Phys. Rev. Lett. 117, 248001
(2016).

[44] F. Peruani, J. Phys. Soc. Jpn. 86, 101010 (2017).
[45] A. Costanzo and C. K. Hemelrijk, J. Phys. D 51, 134004

(2018).
[46] A. Costanzo, Europhys. Lett. 125, 20008 (2019).
[47] R. S. Negi, R. G. Winkler, and G. Gompper, Soft Matter 18,

6167 (2022).

[48] S. A. M. Loos, S. H. L. Klapp, and T. Martynec, Phys. Rev.
Lett. 130, 198301 (2023).

[49] P. Stengele, A. Lüders, and P. Nielaba, Phys. Rev. E 106,
014603 (2022).

[50] M. Fruchart, R. Hanai, P. B. Littlewood, and V. Vitelli,
Nature (London) 592, 363 (2021).

[51] T. Bäuerle, A. Fischer, T. Speck, and C. Bechinger, Nat.
Commun. 9, 3232 (2018).

[52] N. A. Söker, S. Auschra, V. Holubec, K. Kroy, and F.
Cichos, Phys. Rev. Lett. 126, 228001 (2021).

[53] A. Fischer, F. Schmid, and T. Speck, Phys. Rev. E 101,
012601 (2020).

[54] C.-J. Chen and C. Bechinger, New J. Phys. 24, 033001
(2022).

[55] N. Narinder, C. Bechinger, and J. R. Gomez-Solano, Phys.
Rev. Lett. 121, 078003 (2018).

[56] X. Cao, D. Das, N. Windbacher, F. Ginot, M. Krüger, and C.
Bechinger, Nat. Phys. 19, 1904 (2023).

[57] S. A. Bentley, H. Laeverenz-Schlogelhofer, V. Anagnostidis,
J. Cammann, M. G. Mazza, F. Gielen, and K. Y. Wan, eLife
11, e76519 (2022).

[58] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevLett.132.268301, for a detailed derivation of
the analytical estimation of Rc, ρb, and ωb, additional data for
the dependencies of such cluster properties with q�, and videos
illustrating the different behaviors in Fig. 2.

[59] Jülich Supercomputing Centre, J. Large-Scale Res. Facil. 7,
A182 (2021).

PHYSICAL REVIEW LETTERS 132, 268301 (2024)

268301-6

https://doi.org/10.1126/science.aau5347
https://doi.org/10.1073/pnas.1016507108
https://doi.org/10.1073/pnas.1016507108
https://doi.org/10.1103/PhysRevE.78.011913
https://doi.org/10.1103/PhysRevE.78.011913
https://doi.org/10.1073/pnas.1402202111
https://doi.org/10.1016/j.cub.2013.07.059
https://doi.org/10.1016/j.cub.2013.07.059
https://doi.org/10.1103/PhysRevX.10.041009
https://doi.org/10.1103/PhysRevX.10.041009
https://doi.org/10.1038/s41598-022-23597-9
https://doi.org/10.1038/s41598-022-23597-9
https://doi.org/10.1088/1367-2630/ac9cc3
https://doi.org/10.1088/1367-2630/ac9cc3
https://doi.org/10.1038/s41586-021-03375-9
https://doi.org/10.1103/PhysRevLett.117.248001
https://doi.org/10.1103/PhysRevLett.117.248001
https://doi.org/10.7566/JPSJ.86.101010
https://doi.org/10.1088/1361-6463/aab0d4
https://doi.org/10.1088/1361-6463/aab0d4
https://doi.org/10.1209/0295-5075/125/20008
https://doi.org/10.1039/D2SM00736C
https://doi.org/10.1039/D2SM00736C
https://doi.org/10.1103/PhysRevLett.130.198301
https://doi.org/10.1103/PhysRevLett.130.198301
https://doi.org/10.1103/PhysRevE.106.014603
https://doi.org/10.1103/PhysRevE.106.014603
https://doi.org/10.1038/s41586-021-03375-9
https://doi.org/10.1038/s41467-018-05675-7
https://doi.org/10.1038/s41467-018-05675-7
https://doi.org/10.1103/PhysRevLett.126.228001
https://doi.org/10.1103/PhysRevE.101.012601
https://doi.org/10.1103/PhysRevE.101.012601
https://doi.org/10.1088/1367-2630/ac5374
https://doi.org/10.1088/1367-2630/ac5374
https://doi.org/10.1103/PhysRevLett.121.078003
https://doi.org/10.1103/PhysRevLett.121.078003
https://doi.org/10.1038/s41567-023-02213-1
https://doi.org/10.7554/eLife.76519
https://doi.org/10.7554/eLife.76519
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.268301
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.268301
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.268301
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.268301
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.268301
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.268301
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.268301
https://doi.org/10.17815/jlsrf-7-182
https://doi.org/10.17815/jlsrf-7-182

