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% Physical mechanism % Biological mechanism
Quincke rollers Bacterium

[Bricard et al, Nature 503 ]

e Simplest theoretical models =3 non-Gaussian correlated fluctuations

k\
ABP

e unusual fluctuations —» algebraic computations challenging

e steady-state distribution: unknown e departure from equilibrium: unquantified
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e Self-organization emerges from collective dynamics — active phase transitions
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e Statisical physics: minimal ingredients

Motility-Induced Phase Separation (MIPS)
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Statistical physics of Active Matter: MIPS

e Phase separation at equilibrium: attractive forces vs thermal noise
S Low T" — cohesion wins: liquid-gas coexistence

e Active particles: repulsion triggers phase-separation (MIPS) [Tailleur et al, PRL 2008]

} '
[Martin et al. PRE 2021] [Van Der Linden et aIA PRL 2019]
What is the mechanism behind MIPS ?
% active particle accumulate in slow regions % Repulsion slows down particles

U

formation of dense clusters

e MIPS in self-propelled spheres: starts to be understood

e MIPS for generic interactions: more complex
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e Phase diagram [Solon et al, PRL 114, 2015]
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Statistical physics of Active Matter: flocking

e Vicsek Model = relevant for experiments
Quincke rollers

Eo‘ Q' — 9/7‘203 f‘>

A Pack them
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e hydrodynamic + electrostatic interactions —_— effective alignment
[Bricard et al, Nature 503 |

e Experimental phase diagram similar to the Vicsek Model

Disordered gas Polar bands Ordered flock
e Emergence of flocks in the Vicsek Model: starts to be understood

What lies beyond for more complex systems ?

D. Martin (Laboratoire MSC) 6 /28



The four axes of this thesis

Exact results for a single active particle

0.5
Py(r)
— order 8
° numerics r
0.0 T T T
-2 -1 0 1

D. Martin (Laboratoire MSC)

7/28



The four axes of this thesis

Exact results for a single active particle

0.5
Py(r)
— order 8
° numerics 7]
0.0 T T
-2 -1 0 1

MIPS in dense polar flocks

D. Martin (Laboratoire MSC)

7/28



The four axes of this thesis

Exact results for a single active particle

0.5
B(r)

— order 8
° numerics

Fluctuation-induced first-order flocking

MIPS in dense polar flocks

D. Martin (Laboratoire MSC)

7/28



The four axes of this thesis

Exact results for a single active particle

0.5

Py(r)

— order 8
° numerics

Fluctuation-induced first-order flocking

MIPS in dense polar flocks

D. Martin (Laboratoire MSC)

)~ ew

2
o

(Dsp(x)8p(0)/p,

po =20, D = 0.36
po =30, D =054
po =40, D =0.73

10!
zy/o

7/28



The four axes of this thesis

Part |

Exact results for a single active particle

0.5
B(r)

— order 8
° numerics

Fluctuation-induced first-order flocking

Part 1l

Part I
MIPS in dense polar flocks

D. Martin (Laboratoire MSC)

5

po =20, D = 0.36
b po=30,D =054
b po=40.D =0.73

cood cvvd ol o

10!
zy/o

7/28



Microscopic Active Matter: exact approaches
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> Is it MIPS at play in a flock ? 0
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Postulated phenomenologically, could be rigorously derived
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Phenomenological hydrodynamics

e New phase transition at high density

Vicsek transition
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Quincke rollers experiments

Vicsek transition Beyond Vicsek Physics
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—> However, microscopic simulations disagree: why? Is it generic?
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Spins align with rate WjjE = exp (iﬂ%) <= fully connected Ising Model on site j
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Master equation + Mean-field approximation
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microscopic flipping |

== m,
W= exp(i/i’p—;)

Now makes it topological =3 alignment with k-nearest neighbours

Local interaction range y(z) —» adaptation to density fluctuations

-
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The topological Active Ising Model

Previous full mean-field equation for active Ising

dym = DV?m — V(vp) + 2pT sinh (3m> —2mI cosh <5’m

)

Y

microscopic flipping |

== m,
W —exp(i/ﬁ’p—;)

Now makes it topological =3 alignment with k-nearest neighbours

Local interaction range y(z) —» adaptation to density fluctuations

-

dym = DV?*m — V(vp) + 2pIsinh(pm) — 2mIcosh(Bm)++/20p 1

z+y(z) m(x) ~ B
e p(z)dz e e %m(z)f/w

z+y(x)

—y(z)

Linear stability analysis = continuous transition at mean field level
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Protected against fluctuations ?
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The fluctuating topological hydrodynamics

e Renormalization of linear Landau term

ol I‘k D
a—>a+—g > a density dependent
k Tup’ 02
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The fluctuating topological hydrodynamics

e Renormalization of linear Landau term

ol I‘k D
a—>a+—g > a density dependent
k Top 02

e Linear stability =3 discontinuous emergence of flocking

e Simulations of the topological stochastic PDE

m(z), p(x)

o

— 154

20 40 60 80 100

e So far =) predictions for field-theoretic models
o Let's try to see if it is robust for microscopic models !
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The microscopic topological dynamics

e Microscopic dynamics of the topological Active Ising Model

% Off-lattice Langevin particles
. . . /’:‘j:sjvum‘i'VQDnj
% Each particles carries a spin

*—>

*—>
*—>

wl

Uy

*—>
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The microscopic topological dynamics

e Microscopic dynamics of the topological Active Ising Model

% Off-lattice Langevin particles
. . . Tj =50 Uy + V2D 1
% Each particles carries a spin

~—> W j_
«—a N
— v g
o N_" — &
—e «—> *«—>
u
Y w+
Uy J

* Flipping rates Wji = I"exp(+fm;) with 7; = averaged magnetization of k-nearest neighbours
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The microscopic topological dynamics

e Results of the microscopic topological Active Ising Model
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The microscopic topological dynamics

e Results of the microscopic topological Active Ising Model

v a lo2 WSS = === ===="7
« bands
0.4 0.91° disordered :
g n
= 01 =
0.2 08
0.0 0.0 0.7
0 500 1000 1500 2000 02 03 04 05

= N/L,L,

l—) Same fate for microscopic topologlcal models

Is it model-dependent 7 Only for active spins ?
5 Holds also for topological Vicsek Model
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Revisiting the classification

First order / coexistence

e Vicsek: metrical alignment

N3 =~

. — |
AN

D. Martin (Laboratoire MSC)

Second order / continuous

e Vicsek: topological alignment

N7 >
.',:o"—>

F
s

e Active Ising Model: hydrodynamic
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Reuvisiting the classification

First order / coexistence

e Vicsek: metrical alignment ‘/J\ OA%fesek—tepekagfeaI»aJrfgﬁmeﬂt
/x: 1\\\\‘\. : /& T

reS : -

o f SO : o f ~

e Active Ising Model: numerics /_\ - ~Active-Ising-Model-hydrodynamic

e Fully connected models

Second order / continuous

e Are all models of collective motion first order ?
> No, fully connected alignment <= continuous transition

% no dependence on local density
a—ra+ 2o (5, 2) -
% vanishes as the number of particles diverges
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Part Ill: conclusion

e Fluctuations renormalize T, making it density dependent

e T.(p) turns a deceptive continuous transition into a first order scenario
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Part Ill: conclusion

e Fluctuations renormalize T, making it density dependent

e T.(p) turns a deceptive continuous transition into a first order scenario

e Topological alignment gives no protection =3 onset of flocking remains discontinuous
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Summary and outlook

e Quantification of departure from equilibrium in AOUP
3 overdamped active particle: go to underdamped scenario
s Effect of inertia on nonequilibrium signatures ?
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