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Introduction: active matter

Active particles are able to extract and dissipate energy from their
surroundings to produce systematic and coherent motion

= Energy enters and exits the system -2 out of equilibrium

= Energy is spent to perform actions, typically move (self-propel)
in a non-thermal way

= |n active systems, energy is injected and dissipated in the bulk,
not from the boundaries, in a way that does not explicitely
breaks any symmetry
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Vectorial active matter

spontaneous symmetry breaking to collective motion

Starlings flocks

Epithelial tissue

Human mammary epithelial MCF-10A
cells over-expressing RABSA protein

Giavazzi, Malinverno, Corallino, Ginelli,
Scita, Cerbino, J. Phys D (2017)




Vectorial active matter

Pattern formation

Filamentous Cyanobacterla Oscillatoria lutea
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Local order appears above a local density threshold p.




Confined active matter

* Typical experimental systems are confined (e.g. active colloids)

* |n active matter, confinement can qualitatively change collective
behaviour by inducing accumulation at walls, symmetry breaking,
phase separation, or effective long-ranged forces between boundaries.

PHYSICAL REVIEW LETTERS 133, 148301 (2024)
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« Confinement offers a route to control active matter systems

However, mechanical confinement is typically difficult to implement
at the micro-scales characteristics of biological agents.

Bricard, Cassin, Desreumaux, Dauchout, Bartolo Nature, 2013, 503.7474: 95-98.



Virtual confinement:
photoresponsive cyanobacteria

Filamentous cyanobacteria
revert spontaneously in the
presence of light gradients

I M. Kurjahn et al., Nat. Commun. (2024).



Confined flocking systems

* Minimal active matter model reproducing the phenomenology?
* Novel predictions? (Density protected states)
* Theoretical description of the mechanism driving pattern formation?

* Sorting of hetereogeneous populations?

Density-protected states in active matter under virtual confinement
G Fava, F Ginelli, B Mahault
arXiv preprint arXiv:2604.24232
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1. Minimal microscopic model

Vicsek-style point-like particles moving in 2d with constant speed vy
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@ Nematic alignment of self-propulsion direction fj;

o Repelling torque of strength 3, £ = J(r; —rj) with J(u) = u/Ju
allowing for positional overlaps;
e R, performs uncorrelated random rotations uniform in (—nm,n7];

@ Dry model — no momentum transfer to the surrounding fluid.

Active particles revert their self-propelled direction at

the light-to-dark-boundary . A
n, — —nNj

But not when passing from dark to light

_F. Ginelli, F. Peruani, M. Bar, & H. Chate, PRL, (2010)

A. Patelli, I. Djafer-Cherif, I. S. Aranson, E. Bertin, & H. Chate, PRL, (2019) Typical Snapshetbrimigioscopie

simiulations



Ring forms for generic active particles densities and finite repulsion
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S(x,t) =21/ Q% + Q% ®(x,t) = Larg[Qu + iQu2]




2. Density protected states

Density at the ring core self organize at a fixed

local density independent of global density

Typical snapshot of microscopic
simulations
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This is due to a nonequilibrium
active current that empties the
core up to the disorder threshold



The ring structure is extensive
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3. Theoretical description: field equations

The simplest set of equations capturing the ring formation reads

815,0 + V.-J= 0, J = Uop—DpV,O (2&)
ohp = —ap —mVp —mV - Q — kg(r)pn(yp), (2b)
%Q = [p(p—pc)—ETr(QY)] Q+ DV Q-m[V ® p]<sT 3

2¢

@ Mostly linear terms, exception for GL term
o Interface reversals — rg(r)n(y), () radial unit vector

@ Transport terms with positive couplings vo and 7 12 encode the
active nature of the dynamics

A. Peshkov, I. S. Aranson, E. Bertin, H. Chate’, and F. Ginelli, Phys. Rev. Lett. (2012).



(technical slide)

Enslaved polar field p=—a '[mVp kg(r)ph(p)]

Active current,
curvature induced

The ansatz (polar coordinates)

=p(r), Qu=35(r)cos28(¢)] Q2= 15(r)sin[2B(p)]

Gives
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Stable Ring solution: (B(QO) = @=L % J

S. Ramaswamy, R. A. Simha, and J. Toner, EPL (2003).



Nonlinear radial profiles (via Lambert’s function asymptotics)
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Hydrodynamic theory

With ring inner radius
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4. Sorting of heterogeneous population

« Cyanobacteria population is not homogeneous
in length, speed, etc...

» Virtual confinement as a sorting mechanism?

* (ongoing work)

Mean value of the difference of the number of particles of the two species N, — N; vs ratio (v, — v3)/(vy + v3)
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Conclusions

Localized light-responsive stimulus drives large-scale pattern
formation — patterns survive in the thermodynamic limit and exhibit
density protection at macro level.

Ring structure generic w.r.t parameters po, 1, (;

Robust: relies on minimal ingredients such as alignment and active
currents — testable in a broad range of experiments.

Active matter control: e.g. population sorting



