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DY 17.1 Mon 15:00 ZEU/0160
Field-controlled self-organization in an active spin system
— MiNTU KARMAKAR!23 eMATTHIEU MANGEAT?, SWARNAJIT
CHATTERJIEE®?, HEIKO RIEGER?, and Raja PauL3 — 'WIUCAS, Bei-
jing, China — 2Universitat de Barcelona, Barcelona, Spain — 3IACS,
Kolkata, India — %Saarland University, Saarbriicken, Germany — 5CY
Cergy Paris Université, Cergy-Pontoise, France

We investigate the collective response of active Potts particles to an
external magnetic field and uncover three striking nonequilibrium phe-
nomena. We first examine how the flocking transition is reshaped for
a homogeneous and unidirectional field: the coexistence regime be-
tween an apolar gas and a polar liquid is replaced by a phase separa-
tion between two polar-ordered phases, a low-density, weakly polarized
background and a high-density, strongly polarized band, both moving
along the field. Second, when the particles self-organize into a high-
density longitudinal lane whose long axis is perpendicular to the field,
the lane slowly treadmills against the field direction, driven by the
weakly polarized background. Finally, we identify a field-induced in-
terface pinning regime that arises when the domain is divided into
two regions with opposite field directions, causing particles to accu-
mulate and perform a back-and-forth motion at the interface. This
pinning phenomenon also leads to the emergence of a disordered state
in the presence of a random field orientation. A coarse-grained hydro-
dynamic theory supports and confirms the phenomena observed in our
microscopic simulations.

DY 17.2 Mon 15:15 ZEU/0160
Nucleation kinetics in two-dimensional polar active fluids
— oYuTa Kuropa and THomAas SpeEck — Institute for Theoretical
Physics IV, University of Stuttgart, Germany

Polar active fluids constitute one of the most important classes of active
matter. These systems possess alignment interactions that cause the
local polarization to align with that of neighboring particles, leading
to a flocking transition in which global polar order emerges. Exten-
sive numerical and analytical studies have established that the flock-
ing transition is discontinuous, and consequently, the phase diagram
possesses a coexistence region in which propagating polar bands ap-
pear. Despite intensive studies on flocking transitions, the nucleation
mechanism responsible for the formation of these bands remains poorly
understood. In this work, we numerically investigate the nucleation ki-
netics of polar bands using a particle model, namely active Brownian
particles with a Kuramoto-type alignment interaction, and we report
the behavior of the nucleation rate over a wide range of parameters.

DY 17.3 Mon 15:30 ZEU/0160
Collision dynamics of active Brownian hard disks — eJonas
BuBa — Soft Matter Theory Group, Theoretical Physics: Lab
for Emergent Phenomena, Friedrich-Alexander-Universitat Erlangen-
Niirnberg, 91058 Erlangen, Germany

Active matter systems, composed of self-driven agents, display emer-
gent behaviors such as collective motion, clustering, and motility-
induced phase separation (MIPS). To better understand the micro-
scopic origin of MIPS, we study collisions of active Brownian hard disks
within the framework of dynamical density functional theory (DDFT).
The particle interactions are modeled using fundamental measure the-
ory (FMT). Each particle is represented by a Gaussian density peak,
which allows us to quantify the mean delay from collisions for different
configurations. The post-collision density resulting from the simula-
tion can be described by a convolution of the pre-collision density,
enabeling the analysis of different contributions to the delay.

DY 17.4 Mon 15:45 ZEU/0160
Active Ornstein-Uhlenbeck Particles: A Stochastic Path In-
tegral Approach — eCARSTEN LITTEK, MIKE BRANDT, and FaLkO
Z1EBERT — Institut fiir Theoretische Physik, Universitdt Heidelberg,
Germany

In a recent publication (arXiv:2509.26296) we have developed a path
integral formulation of the stochastic dynamics of a single active Brow-
nian particle (ABP), with or without a constant torque, confined by
a harmonic trap. This approach is based on the particle’s microscopic
degrees of freedom and we have derived exact analytic time-dependent
expressions for key observable quantities such as the mean position and

Location: ZEU/0160

mean square displacement without the necessity of solving the Fokker-
Planck equation. Here we present the application of this approach
to the dynamics of active Ornstein-Uhlenbeck particles (AOUP). In
particular, we generalize our formulation to systems of many AOUPs
interacting via a suitable two-particle potential and derive the statis-
tical quantities relevant in the context of collective phenomena, such
as motility-induced phase separation (MIPS).

DY 17.5 Mon 16:00 ZEU/0160
Self-alignment and chirality in dense active matter: from
flocking to circling crystals — eMarco MusaccHio!, ALEXAN-
pER ANTONOV!, HaRTMUT LOWEN!, and LoreENzo CAPRINIZ —
Hnstitut fiir Theoretische Physik I1I: Weiche Materie, Heinrich-Heine-
Universitat Diisseldorf, Universitdtsstrafte 1, D-40225 Diisseldorf, Ger-
many — 2Physics Department, University of Rome La Sapienza, P.le

Aldo Moro 5, IT-00185 Rome, Italy

Several experimental systems in active matter are characterized, at the
single-particle level, by an effective torque that aligns particle orien-
tation with their instantaneous velocity. This mechanism, known as
self-alignment, appears in both biological and granular active systems.
In dense active systems, a sufficiently strong self-alignment can sup-
press mips and drive the system from a clusterized flocking state to an
homogeneous one, where all particles move collectively, with aligned
velocities. This flocking transition is approached for a broad range
of densities, even close to maximal packing, where the system is in a
crystalline configuration. Specifically, in the crystal case, the flock-
ing transition can be predicted analytically since the dynamics can be
mapped onto a velocity-dependent Landau*Ginzburg free energy, re-
vealing that this disorder*order transition is second order. The onset
of chirality drives the system from collective flocking to a circling crys-
tal phase, characterized by coherent circular motion of all the system.
Further increasing chirality suppresses the global rotation, leading to
a vortex-like structure in the velocity field. These findings are experi-
mentally testable in systems governed by self-alignment and chirality.

DY 17.6 Mon 16:15 ZEU/0160
Number fluctuations distinguish different self-propelling dy-
namics — eTRisTAN CERDIN'2, SopHIE MaRrBACH?, and CARINE
DouARcHE! — lUniversité Paris-Saclay, CNRS, FAST, 91405, Or-
say, France — 2CNRS, Sorbonne Université, Physicochimie des Elec-
trolytes et Nanosystémes Interfaciaux, F-75005 Paris, France

In nonequilibrium suspensions, static number fluctuations N in virtual
observation boxes reveal remarkable structural properties, but the dy-
namic potential of N(¢) signals remains unexplored. Here, we develop
a theory to learn the dynamical parameters of self-propelled particle
models from N(¢) statistics.

Theoretical plots of the mean-squared number difference (AN?Z(t))
exhibit 3 scaling regimes in time corresponding to the 3 regimes of self-
propelled particles: diffusive, advective and effectively diffusive again
at long times. By expanding the theory in each of these regimes, we
recover limiting laws for the number fluctuations, which can be used
in practice to quantify self-propulsion properties.

Additionally, unlike traditional trajectory analysis, N(t) statistics
distinguish between models, by sensing subtle differences in reorien-
tation dynamics that govern re-entrance events in boxes. This paves
the way for quantifying advanced dynamic features in dense, out-of-
equilibrium suspensions.

DY 17.7 Mon 16:30 ZEU/0160
Flocking transitions in dense mixtures of active self-
aligning and passive particles — eWEgizHEN Tanc!, AMIR SHEE?,
ZuaNcaNG Hanl, PaweL Romanczuk®?, Yarine Zuenc®?, and
CrisTIAN Hurepe!%6 — 1School of Systems Science, Beijing Nor-
mal University, Beijing, China — 2Department of Physics, Univer-
sity of Vermont, USA — 3Department of Biology, Humboldt Univer-
sitdt zu Berlin, Unter den Linden 6, Berlin, Germany — *Research
Cluster of Excellence ’Science of Intelligence’, Berlin, Germany —
5Northwestern Institute on Complex Systems and ESAM, Northwest-
ern University, Evanston, USA — SCHuepe Labs, 2713 West Augusta
Blvd #1, Chicago, USA
We investigate the passivity-driven flocking transition in a dense mix-
ture of self-aligning active particles and passive particles, using a min-
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imal model of active polar disks. We show that anisotropic damping
leads to a discontinuous flocking transition as a function of the fraction
of passive components, whereas isotropic damping produces a smooth
transition where the final ordered state can display sustained oscil-
lations and remain trapped in a metastable state, depending on the
exact spatial arrangement of the passive particles. We also explore in
detail the emergence of metastable oscillatory ordered states and their
relation to the spatial distribution of passive particles and interstitial
voids. Our findings demonstrate that heterogeneous activity and mo-
bility anisotropy can result in a rich variety of self-organized states
in various biological systems, synthetic active materials, and robotic
swarms.

15 min. break

Invited Talk DY 17.8 Mon 17:00 ZEU/0160
Topological transition in filamentous cyanobacteria: from
motion to structure — eMarco Mazza — Loughborough Uni-
versity, Loughborough, UK

Many active systems are capable of forming intriguing patterns at
scales significantly larger than the size of their individual constituents.
Cyanobacteria are one of the most ancient and important phyla of
organisms that has allowed the evolution of more complex life forms.
Despite its importance, the role of motility on the pattern formation of
their colonies is not understood. Here, we investigate the large- scale
collective effects and rich dynamics of gliding filamentous cyanobac-
teria colonies, while still retaining information about the individual
constituents’ dynamics and their interactions. We investigate both
the colony’s transient and steady-state dynamics and find good agree-
ment with experiments. We furthermore show that the Péclet number
and aligning interaction strength govern the system’s topological tran-
sition from an isotropic distribution to a state of large-scale reticulate
patterns. Although the system is topologically non-trivial, the parallel
and perpendicular pair correlation functions provide structural infor-
mation about the colony, and thus can be used to extract information
about the early stages of biofilm formation. Finally, we find that the
effects of the filaments’ length cannot be reduced to a system of in-
teracting points. Our model proves to reproduce both cyanobacteria
colonies and systems of biofilaments where curvature is transported by
motility.

DY 17.9 Mon 17:30 ZEU/0160
Novel Phase Coexistence in a Multi-Species Vicsek Model —
eELoisE LarpET!, LETIEN CHEN!-2, and THiBAULT BERTRAND! —

mperial College London, UK — 2University of Edinburgh, UK

A hallmark in natural systems, self-organization often stems from
very simple interaction rules between individual agents. While single-
species self-propelled particle (SPP) systems are well understood, the
behavior of mixtures of self-propelled particles with general alignment
interactions remains largely unexplored with a few scattered results
hinting at the existence of a rich emergent phase behavior. Here, we
first present a generalization of the two-species Vicsek model with re-
ciprocal intra- and interspecies (anti-)alignment couplings, uncovering
arich phenomenology of emergent states. Notably, we show that rather
than destroying polar order, anti-aligning interactions can promote
phase separation and the emergence of global polar order. Secondly,
we derive a kinetic theory for the system, finding good agreement be-
tween theoretical predictions and particle simulations. This includes
a novel mechanism for microphase separation, as predicted by a Tur-
ing instability. We finally show that these coexistence patterns can be
generalized to multi-species systems with cyclic alignment interactions.

DY 17.10 Mon 17:45 ZEU/0160
Flocking in weakly nonreciprocal mixtures — eCHARLOTTE
MyiN — Max Planck Institute for Dynamics and Self-Organization

(MPI-DS), 37077 Goettingen, Germany

We show that weakly nonreciprocal alignment leads to large-scale
structure formation in flocking mixtures. By combining numerical sim-
ulations of a binary Vicsek model and the analysis of coarse-grained
continuum equations, we demonstrate that nonreciprocity destabilizes
the ordered phase formed by mutually aligning or anti-aligning species
in a large part of the phase diagram. For aligning populations, this in-
stability results in one species condensing in a single band that travels
within a homogeneous liquid of the other species. When interactions
are anti-aligning, both species self-assemble into polar clusters with
large-scale chaotic dynamics. In both cases, the emergence of struc-
tures is accompanied by the demixing of the two species, despite the
absence of repulsive interactions. Our theoretical analysis allows us to
elucidate the origin of the instability, and show that it is generic to
nonreciprocal flocks.

DY 17.11 Mon 18:00 ZEU/0160

Collective behavior in nonreciprocal multi-species Vicsek
model with permutation symmetry — ¢JAE Donc Nou!, CHUL-
Unc Woo?2, and Heiko RIEGER? — Department of Physics, Uni-
versity of Seoul, Seoul 02504, Korea — 2Department of Theoretical
Physics and Center for Biophysics, Saarland University, Saarbriicken,

Germany

Nonreciprocal systems are typically built upon asymmetric roles
among interacting agents, such as a pursuer-evader relationship. We
propose a multi-species nonreciprocal active matter model that is in-
variant under permutations of the particle species. The nonreciprocal,
yet symmetric, interactions emerge from a constant phase shift in the
velocity alignment interactions, rather from an asymmetric coupling
matrix. This system displays rich collective behaviors, including a
species-mixed chiral phase with quasi-long-range polar order and a
species-separated vortex cell phase. We present numerical evidence for
these phases using particle-based Monte Carlo simulations and ana-
lytic evidence using continuum Boltzmann and hydrodynamic equa-
tions. Our work demonstrates that multi-species chiral fluids can be
realized by a nonreciprocal but symmetric alignment interaction, where
the rich collective behavior is a consequence of the interplay between
nonreciprocity and permutation symmetry.

DY 17.12 Mon 18:15 ZEU/0160
Flocking with random non-reciprocal interactions — eJiwon
Cuot!, JAE Donc Non?, and Heiko RieGer! — !Department of
Physics & Center for Biophysics, Saarland University, Campus E2 6,
66123 Saarbriicken, Germany — 2Department of Physics, University
of Seoul, Seoul, 02504, Korea

Flocking is ubiquitous in nature and emerges from alignment inter-
actions among self-propelled agents. Two species that anti-align or
interact non-reciprocally exhibit complex collective phenomena, rang-
ing from parallel and anti-parallel flocking and run-and-chase behavior
to chiral phases. Whether such behavior survives in the presence of
many species with random non-reciprocal interactions has remained
unclear. As a first step, we study a continuous-time Vicsek-like model
with fully random non-reciprocal interactions between particles. For
infinite-range interactions, flocking emerges once the alignment bias
becomes comparable to the non-reciprocal interactions, and deep in-
side this phase random non-reciprocity can still support slow global
chiral and oscillating states. For short-range interactions, even with-
out alignment bias, self-organized cliques form, where medium-sized
clusters with predominantly aligning interactions remain stable over
long times. We further investigate the robustness of clique formation
and the coexistence phase under angular noise using a discrete-time
Vicsek model with random non-reciprocal interactions. These results
provide a basis for studying multi-species flocking with complex non-
reciprocal interactions.



