Condensed Matter Physics, 2026, Vol. 29, No. 1, 13803: 1-10 CoONDENSED
DOIL:[10.5488/CMP.29.13803 MATTER

- , PHVSIES
ISSN: 1607-324X https://cmpj2.icmp.lviv.ua

Vortex formation in the Vicsek model with internal
chirality of self-propelling objects

W. T. Gozdz"”, A. Ciach™“f

Institute of Physical Chemistry, Polish Academy of Sciences, 01-224 Warszawa, Poland

Received 11 December 2025; revised 17 January 2026; accepted 19 January 2026; published 30 March 2026

Effect of internal chirality on collective motion of a large number of active objects is studied by simulations of
appropriately modified Vicsek model. We add a fixed angle to the noise and consider small ratios, p, between this
angle and the maximal deviation from the average local direction of motion. When the above ratiois p = 1/120,
the traveling bands observed with the symmetrical noise are destroyed, and small bands moving in different
directions appear. Circular rotating flocks of objects with the same orientation are formed for p = 1/7.5. Stable
vortexes in the stationary state were found from p = 1/60to p = 1/20. Velocity autocorrelation function shows
equilibrium between the inflow and the outflow to and from the vortex. Long-time evolution is considerably
influenced by a temporary trapping of the objects in the vortex. The ballistic behavior for the symmetrical noise
changes to the diffusive behavior for the chirality leading to the onset of vortexes.
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1. Introduction

In biological systems, many active microorganisms like bacteria, algae, active cells such as sperma-
tozoa, lymphocytes, or organisms like insects, birds, fish, and herds of other animals, as well as artificial
microswimmers can exhibit complex motion [1H12]]. Complex spatiotemporal organization in ensembles
of self-propelled objects includes flocking, swirling, travelling bands formation and phase separation [1-
6]. The movement of individual objects in the ensemble can be governed by the interactions with the
environment or with other members of the ensemble.

In precise theoretical models of active objects moving in a solvent or on interfaces, the structure
and hydrodynamics of the solvent are considered in addition to the movement of the objects [6, [13] [14];
thus, the numerical complexity of this type of modelling restricts the study to a small number of active
particles. On the other hand, the collective motion of large numbers of active objects can have similar
features regardless of the mechanism of propulsion and the nature of the objects, as observed in flocks of
birds or schools of fish. Thus, the pattern formation by a large number of active objects can be studied
by highly simplified models, such as the Vicsek model [15] and its variations [16H18]].

In this work we focus on the influence of internal chirality of self-propelling objects on synchronization
of the motion of a very large number of these objects moving on an interface or a surface. Here by the
chirality we mean a preferential rotation of the self-propelled objects to the left or to the right side
of the object. Internal chirality can be induced for example by an asymmetric shape or by different
lengths of two flagella in a bacterium, and several models of self-propelling objects with internal chirality
were introduced and studied [S, [19H21]]. Notable examples of self-propelling chiral objects in nature
include many biological active objects, such as ensembles of microtubuli [22]], E. coli close to walls and
interfaces [[23]], magnetotactic bacteria in rotating external fields [24]], and sperm cells [25]]. Some synthetic
swimmers, such as L-shaped self-phoretic swimmers [26] and actuated colloids can be characterised by
internal chirality as well. In a macroscale, vortex formation can be observed in schools of fish or in large
swarms of insects.
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To study the collective motion of very large groups of self-propelled chiral objects, we modify the
Vicsek model and restrict ourselves to a two-dimensional (2D) system. We are particularly interested
in the effect of chirality on the synchronized motion of the active objects in conditions leading to the
formation of travelling bands in the original Vicsek model [27]. We first study the spatio-temporal
organization for different degrees of chirality, and then perform more detailed investigations for the range
of chirality leading to the formation of a vortex, or of several vortexes in very large systems.

The model and the simulation method are described in section[2] The results are presented in section 3]
In the final section ] we present concluding remarks.

2. Model and methods

In the 2D Vicsek model [15]], the speed, v, of each self-propelled particle is constant, but the velocity
vector depends on the direction of motion of close neighbors. More precisely, the collective motion
follows from adjusting the velocity of each particle to the average velocity of the particles whose distance
from the considered particle is r < 7. The radius r. and vy define the unit length and speed, respectively.
Time unit in the model is set to 6t = r./vg. We use dimensionless length, speed and time, and assume
re =1.0,v0 = 1.0 and 61 = 1.0.

The time evolution of the position of the i-th particle is governed by the following equation,

r;(t+06t) = r;(t) +v;(¢)ot, 2.1

where r;(t) and v;(¢) denote the position and the velocity of the particle i at time ¢. The angle formed by
the velocity vector of the i-th particle with the x axis is denoted by 6;(¢). The angle 8, (¢ + 6¢) at the next
time step is calculated according to the following formula

0;(t +6t) = (0(1)),. + A0, 2.2)

where (0(t)),. is the average of the angles 6;(¢) with j refering to all the particles located inside the
circle of radius r. and the center at r; (). In (2.2), A6 represents the deviation from the average angle at
each time step (or “noise’) and in the original Vicsek model is given by Af = Ay = (2& — 1)BOyax, Where
& is a random number uniformly distributed in the interval [0, 1] and 6.« is the noise amplitude.

In order to study the effect of internal chirality of the active objects on the collective motion, we
modify the noise in and postulate that in our modification of the Vicsek model

A = (26 = 1)Omax + 6., 2.3)

where 6, is the degree of chirality that takes the same constant value for all particles. Similar model was
investigated for a small system with the number of particles of the order of 1000 in [[19]]. For such a small
number of particles, however, even the travelling bands in the systems without chirality are not formed.

We fix the noise amplitude 6., the number of particles N as well as the number density p. The
edge length of the square simulation box, L = 4/N/p, is determined by N and p. We assume periodic
boundary conditions. The simulations runs are of the length of 103 time steps to reach a steady state
and 10° time steps to take averages. In this article, we present the results obtained for N = 810000,
p = 0.50 and Op,x = 1.0rad = (180/xn)°. In the initial configuration, the particles occupy sites of a
square lattice with 900 x 900 lattice sites. For this set of parameters in the original Vicsek model, i.e.,
with the symmetrical noise, the particles move collectively, forming traveling bands. We verified that
N = 810000 is sufficiently large and sufficiently small for formation of a single vortex in a system with
small chirality. We restrict ourselves to the chirality 0.5° < 6, < 8°, i.e., to quite small deviations from
the symmetrical noise, and perform a more detailed analysis for 1° < 8, < 3° leading to the formtion of
a vortex.

To characterize the dynamic behaviour of the system, we compute the mean square displace-
ment (MSD) and the velocity auto-correlation function (VAF) according to the following formulas:

N

MSD(1) = {(Ar(1)?) = % D ri(n) - ri(0)], 2.4)

i=1
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where the averaging (...) in the first equality means averaging over trajectories of N = 810000 particles,
and

N
VAF(1) = % <Z [0:(0) -vi<r>]>, 2.5)
i=1

where the averaging (...) is over 20 runs, v;(¢) is the velocity of the i-th particle at time 7 and *“-” denotes
the scalar product.

3. Results

Our aim is to study the effect of the internal chirality on the synchronised motion observed in the
Vicsek model with symmetrical noise. Therefore, we present the results obtained for NV, p and 6.« having
the values for which self-assembly into traveling elongated bands takes place for 6, = 0° [27, 28] (see
section . In ﬁgureE], a snapshot of a stationary state for 8, = 0° is shown as a point of reference for the
pattern formation with 8, > 0°.

Figure 1. (Colour online) Typical configuration in the stationary state in the system with the density
p = 0.5, the number of particles N = 810000 and the chirality §,, = 0°. The velocity vectors of
the particles (left-hand panel) are represented by small arrows with different color representing different
orientations of the particle. The color coding of the angle formed by the velocity vector with the horizontal
axis is presented in the circle below. The thin, vertical, yellow straight line in the center of the left panel
shows the average direction of motion of all active objects. The local density of the active objects (right-
hand panel) is represented by colorful spots, with the density increasing from the dark to the bright color.
The color coding is shown in the color map below the local densities. Note the elongated bands of objects
moving in the same direction, and a small fraction of objects dispersed outside the bands.

We have observed a strong dependence of the collective behavior of the active objects on the
chirality 6,. In the case of the smallest considered chirality, 8, = 0.5°, the traveling bands that were
observed for 6, = 0° in reference [27] are broken, and as shown in figure 2} isotropic structure consisting
of small bands moving in different directions is obtained.

Thus, already very small chirality has a disordering effect on the synchronized motion in one direction.
In the opposite case of the largest considered chirality, 8, = 8°, objects moving in the same direction
form compact approximately circular flocks that rotate as a whole, as can be seen in figure[3]

In the intermediate case, however, the chirality leads to a synchronized motion that is completely
different from the synchronized motion in the case of 8§, = 0° and 8, = 8°. Namely, in our system, a
significant fraction of the active objects self-assembles into a vortex. Typical configurations are shown
in figure 4| and E] for 8, = 1° and 6, = 3°. For 6, = 2°, the configuration is similar to the two above
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Figure 2. (Colour online) Typical configuration in the stationary state in the system with the density
p = 0.5, the number of particles N = 810000 and chirality 6, = 0.5°. In the left-hand panel, the
velocity vectors of the particles are represented by small arrows with different color representing different
orientations of the particle. The color coding of the angle formed by the velocity vector with the horizontal
axis is presented in the circle below the shown velocities. In the right-hand panel, local density is shown
for the same configuration, with the density coded according to the color map shown below the density
distribution.

Figure 3. (Colour online) The same as in ﬁgurebut for 6, = 8°.
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cases, and the vortex takes on an intermediate size. In a system with N and L being increased several
times under the constraint p = 0.5, a number of vortexes appears.

Formation of the vortexes is clearly seen in figure [] and [5| by visual inspection. In order to analyse
the evolution of the system with self-assembled vortexes on a quantitative level, we calculate the velocity
autocorrelation function and the mean square displacement, equations and , forg, = 1°,2°,3°,
for all active objects, both inside and outside the vortex. The results are shown in figure [6] and [7] as
functions of ¢/5, because we collected the data points every 5 time steps.

Let us first note that in the absence of the noise (6max = 0°) an isolated object with the chirality 6,
returns to the initial position after time 7' = 360°/6, = 360, 180, 120, and the radius of the circular
motionisry = T/(2x) ~ 57.3,28.6,19 for 8, = 1°,2°,3°, respectively. The presence of different objects
and the noise, however, have a significant effect on the time evolution. Interesting information can be
obtained from the properties of the VAF(z) for relatively short times. As shown in figure [6] in each
case the VAF(r) that is equal to properly averaged cos[6;(¢) — 6;(0)] [see (2.5)], is a smooth function
with damped oscillations. The shape of the VAF(¢) indicates that the vortex rotates as a whole with
the period T that is approximately equal to the time between the first and the third zero of the VAF(¢),
or twice the time between the first minimum and the next maximum. We obtain 7' ~ 276, 144, 110 for
0, = 1°,2°,3°, respectively. The smaller period of the circular motion in the vortex suggests that the
trapped particles move on average on a circle with the radius » < r . Therefore, the angle 360° is reached
after shorter time than in the circular motion of the isolated particle without the noise. Indeed, the density
in the vortex takes on the maximum for r ~ 36,15.1,9.46 for 6, = 1°,2°,3° that is smaller than the
radius r ¢ of the circular motion of isolated particle without the noise.

Figure 4. (Colour online) Typical configuration in the stationary state in the system with the density
p = 0.5, the number of particles N = 810000 and chirality 6, = 1°. Left-hand column: velocities of
the particles in the whole system (top) and in a part of the system with the vortex zoomed in (bottom).
The color coding of the velocity of the particles is shown in the circle below. Right-hand column: local
density in the same configuration in the whole system (top) and in a part of the system with the vortex
zoomed in (bottom). The color coding of the local density is shown in the color map below.
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Figure 5. (Colour online) Typical configuration in the stationary state in the system with the density
p = 0.5, the number of particles N = 810000 and chirality 6, = 3°. Velocities of the particles and local
density are shown in the left-hand and right-hand panel, respectively. For the coding of the velocity of
the particles and the local density see figure 2]

In figure[6] a rather fast decay of VAF() can be observed, whereas the vortexes are stable for a long
time, much larger than the decay time of VAF (7). This is because some objects are constantly absorbed
in the vortex, and some other objects constantly escape from its periphery. The objects escape because
the density decreases with the distance from the center of the vortex, and at the periphery there are not
enough particles to fix the orientation of a significant fraction of the objects. The absolute value of the
maximum is considerably smaller than the absolute value of the minimum of the VAF(¢). It means that
a considerable fraction of the objects forming the vortex escapes from it before returning to the initial
orientation. At the same time, new objects enter the vortex.

" 1 " 1 " 1 " 1 "
0 100 200 300 400 500
t/5
Figure 6. (Colour online) The velocity autocorrelation function [see (Z.3)] in the system with the density
p = 0.5 and the number of particles N = 810000. Red, green and blue lines correspond to the degree

of chirality 6, = 1.0°,2.0°,3.0°, respectively. In the inset, VAF(¢) is shown for short time of evolution,
t < 1000. Time is divided by 5, because we collected the data points every 5 time steps.

As seen in figure [6] the period of rotation decreases considerably with increasing chirality, and the
minimum becomes slightly deeper, consistent with decreasing size and increasing density of the vortex.
Apart from that, the short-time evolution in each considered case is similar. For larger time, however,
oscillations with a smaller period are present only for 8, = 3°, where the vortex takes on the smallest
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size. This behavior may be due to the presence of objects trapped in the vortex in the inner ring, where
density is large enough to keep the circular movement of a considerable fraction of the objects. The
period of this movement, T;, = 2nr;, /0 ~ 59, where v is the average speed taken over a few time steps
(figure [6)) is smaller than 7' ~ 110, because the objects in the outer rings escape and do not contribute to
the oscillatory behavior of VAF(¢) for such long times.

The properties of the long-time evolution of the active objects can be inferred from the shape of the
MSD(#) shown in figure {7, When 6, = 0°, a ballistic evolution with (Ar(t)?) ~ 12 is clearly seen for
log(t/5) > 2, i.e., for t > 103. For 0, between 1° and 3°, the log[MSD(¢)] has a characteristic shape
with three time regimes. For short times, the slope is nearly constant and larger than 1. For intermediate
times, ¢ ~ 102107, the slope takes on a very small value and increases to 1 for large time of evolution,
t > 10%. The almost flat part of the log[MSD(#)] moves to smaller time for increasing chirality. Similar
behavior of MSD has been observed in [20]], in the case of an inertial chiral active Ornstein—Uhlenbeck
particle moving on a two-dimensional surface.

10

log(t/5)

Figure 7. (Colour online) The MSD function. The density p = 0.5 and the number of particles N = 8§10000.
Red, green and blue lines correspond to the degree of chirality 6, = 1.0°,2.0°,3.0°, respectively. The
black dashed line corresponding to 8, = 0is included for comparison. In the inset (Ar(1)?) is shown as a
function of ¢ for t > 5500. Time is divided by 5, because we collected the data points every 5 time steps.

(Ar(1)?) o« t for t > 103 indicates a diffusive behavior for 1° < 0, < 3°. The slopes of (Ar(1)?) for
large ¢ on the linear scale (see the inset in figure [/)) show differences between the diffusion constant D
for different chirality. From the relation (Ar(¢)?) = 4Dt for a 2D system and from the lines shown in the
inset in ﬁgurewe obtain the results D = 3, 1.65 and 1.38 for 6, = 1°,2°, 3°, respectively.

For the chirality 1° < 6, < 3°, a significant fraction of the active objects self-assembles into a long-
lived vortex and the remaining objects form small clusters homogeneously distributed in the simulation
box. The decrease of D for increasing 6, is consistent with a larger overall time spent by the objects in
the vortex with a decresing size for increasing 6, , because the objects that are temporarily trapped in the
vortex move in the restricted space.

The average displacement after the same time of evolution decreases with increasing chirality. In
the case of the chiral objects, the displacement is considerably smaller than in the case of the objects
without chirality. From figure [7| we can see that for # ~ 10*, we have VYMSD ~ 3000 and VMSD ~ 300
for Oy = 0° and Oy = 1°, respectively. Note that the noise in our model is between —60° and 60°, and
the deviation from the symmetry of the noise as small as 1° leads to quite different displacement of the
objects after long time of evolution.

4. Conclusions

We have found that the internal chirality of active objects considerably influences the synchronized
motion that was observed in the Vicsek model for a very large number of active objects moving on a
surface. In our modification of the Viscek model, the chirality is modelled by a systematic turn to the
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right by the angle 6, added to the random deviation from the average local direction of motion that can
occur in the range from —6p,x to +0max [see ]. In our simulations 6,,x = 60°, N = 810000 and
p =0.5.

The bands travelling in the same direction in the case of the symmetrical noise (with 8, = 0°) are
destroyed by very small chirality, as we have shown for the systematic turn to the right by the angle
6, = 0.5°i.e., only for 6, /0max = 1/120. The relatively large chirality, 8, = 8°, leads to the formation
of approximately circular flocks of objects that rotate as a whole, and all members of the flock move
approximately in the same direction.

The vortexes appear and remain stable in the stationary state for small chirality, as we have shown for
0, =1°,2°,3° that is between 6, /Omax = 1/60 and 6, /Omax = 1/20. The shape of VAF as well as visual
inspection of the time evolution show that the stability of the vortex follows from the compensation of
the constant escape of the objects from the vortex by the constant inflow of other objects. Trapping of the
objects in the vortexes drastically modifies the long-time evolution that changes from the ballistic one
in the case of bands travelling in the same direction for 6, = 0° to the diffusive one, with the diffusion
constant decreasing with increasing chirality.

Let us finally mention that similar results were obtained in diffrent models of active matter [29-31]].
This suggests universality of the vortex fomation by self-propelled objects with small chirality, where by
the universality we mean independence of this phenomenon of the details that are diferent in different
models. In this context it is worth mentioning that depending on possible applications, the internal
chirality can be an advantage or a disadvantege. If a movement in the same direction of active objects
such as microrobots or drones that adjust the velocity to the average direction of close neighbors is
required, then even small asymmetry in their construction should be avoided. On the other hand, vortex
formation can find various applications. For example, when the active objects adsorb impurities in the
system, they become localized in the vortex where the density takes a maximum, and can be easily
removed. Also, as observed in bacterial colonies, vortex formation can generate enough torque to rotate
a rigid rod, by which micromechanical actuation can take place. Our results show for which degree of
chirality the formation of a vortex can be expected, and can guide a design of biomimetic active objects
with synchronised motion on demand.

In future studies it is important to investigate the role of boundary conditions and obstacles that are
commonly present in nature and the role of the number as well as different chiralities of active objects.
Practical open questions concern in particular the role of chirality in (i) transporting microscopic cargo
along specific paths, (ii) directed flows in microchannels, (iii) controlling the mixing or segregation of
different components in a fluid and (iv) designing autonomous transport systems at the microscale.
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dopmyBaHHSA BUXOpiB y Mogeni Biueka 3 BHYTpPilLHLOIO
XipaZibHiCTIO CAMOPYXOMUX 06'€KTIB

B. T. l03a3b, A. Liax

IHCTUTYT Qi3nyHoI Ximii Monbcbkoi akagemii Hayk, 01-224 Bapluasa, MonbLuia

BnanB BHYTPILLHbBOI XipafbHOCTI Ha KONEKTUBHWIA PyX BENNKOT KiNbKOCTi aKTUBHUX 06'EKTIB BMBYAETLCS 3a AO-
NMOMOrO MOJZE/0BaHHA B pamMkax MoAnikoBaHoi Mogeni Biueka. Mu gosaemo $ikcoBaHWMA KyT AO LUYMY Ta
PO3rSAAEMO Mani BiHOLLEHHS P LibOro KyTa A0 MaKCMManbHOrO BiAXWAeHHS Bif cepeAHbOro A0KaabHOro Ha-
npsaMKy pyxy. Konu BuiiesragaHe BigHowweHHs ctaHoBuTe p = 1/120, pyxomi 30HK, Wo cnocTepiratoTses i3
CUMETPUYHUM LLYMOM, PYIHYIOTLCS, i 3'ABAAIOTLCA Mai 30HW, L0 PyXatoTbCA B Pi3HUX HanpsMKax. Kpyrosi
06epToBi CKyNUeHHsl 06'eKTiB 3 04HAKOBOI OpieHTaLlieto GpopmytoTbes npu p = 1/7.5. CTabinbHi Buxopu y
CcTauioHapHoMy ctaHi bynn BussneHi Big p = 1/60 go p = 1/20. AsTokopensujiiHa dyHKUiA LUBUAKOCTET
noKasye piBHOBary Mix npuninMeom Ao Ta BiANA1BOM 3 BMXOpPY. TMMYacoBe 3aX0onieHHs 06'ekTiB y BUXOPi 3Ha-
YHOIO MipOO BMJIMBAE Ha JOBroYacoBy e€BO/OLiI0 cucTemn. banicTnyHa nosegiHka A8 CUMETPUYHOTO LLYMY
3MIHIETBCA Ha ANPY3iliHy NoBeAiHKY ANS XipasbHOCTI, WO NPU3BOAUTL A0 BUHUKHEHHS BUXOPIB.

KnrouoBi cnoBa: camopyxomi 06’ekTy, BHYTPILUHS XipanbHICTb, KONEKTUBHWUI PyX, MOAeb Biveka
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