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Active matter

Drive at the microscopic level == Strongly out of equilibrium ===y Fundamentally new physics

e Biological relevance e Explore new dynamical phenomenology
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Active matter

Drive at the microscopic level == Strongly out of equilibrium ===y Fundamentally new physics

Clusters without Solitonic waves Filaments
attractive interactions [Bricard , Nature 2013] [Thutupalli, PNAS 2018]
[van der Linden, PRL 2019]
e Biological relevance e Explore new dynamical phenomenology
e Active Soft Materials e Build generic framework for Active Matter
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Active vs Passive particles

mi = =V (2)—yv + /29kTn

e Colloid in a fluid at equilibrium:
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Active vs Passive particles
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—> Dissipation: mean (drag) force from the fluid o< ~

=—> Injection of energy: fluctuating force from the fluid o< v&£T"
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Active vs Passive particles

0= mb = —Viu(@)=70 +7

e Active matter: ==y No FDT: system driven out of equilibrium
—> Dissipation: mean (drag) force from the fluid o<
=—> Injection of energy: fluctuating force from the fluid o< v&£T"

—> Injection of energy: self-propulsion force f,u(0)



Active vs Passive particles

0= mi = ~Vi () 70+ 7

e Active matter: ==y No FDT: system driven out of equilibrium
—> Dissipation: mean (drag) force from the fluid o<
=—> Injection of energy: fluctuating force from the fluid o< v&£T"

—> Injection of energy: self-propulsion force f,u(0)

e Breakdown of detailed-balance ==y Steady-state not easily infered from dynamics



Passive vs active dynamics

F=-VV(r)+v2Dn
Gaussian white noise i

Equilibrium Stat. Mech.
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Passive vs active dynamics

r=-VV(r)++v2Dn P=-VV(r)+vp

Gaussian white noise 7 Non-Gaussian persistent noise vp

Equilibrium Stat. Mech. No working theory

(2) p(2)
. ’ § a4
b
AIE Wy, 277
e :.-. ’;—/\“y Qg

=3 Rather frustrating situation: what can be saved from (near-) equilibrium methods?

Outside the limit in which v, amounts to a Gaussian white noise
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Self-organization in & out of equilibrium

e Thermal Equilibrium
=3 Time-reversal symmetry in steady-state

=3 Boltzman weight: guides our intuition
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e Thermal Equilibrium
=3 Time-reversal symmetry in steady-state

=3 Boltzman weight: guides our intuition
e Example: Liquid-gas phase transition
—> Passive Brownian particles with attractive interactions

—> Entropy vs Energy : disorder vs cohesion

—> Lowering T": transition from gas to liquid (with coexistence)
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Self-organization in & out of equilibrium

e Thermal Equilibrium
=3 Time-reversal symmetry in steady-state

=3 Boltzman weight: guides our intuition
e Example: Liquid-gas phase transition
—> Passive Brownian particles with attractive interactions

—> Entropy vs Energy : disorder vs cohesion

—> Lowering T": transition from gas to liquid (with coexistence)

e Outside equilibrium
=—> No generic formula for steady-state distribution

—> Little basis upon which to build intuition

—> Few guiding principles for self-assembly
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A statistical-mechanics framework for Active Matter
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A statistical-mechanics framework for Active Matter

10cm

e How to go from micro to macro ?
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A statistical-mechanics framework for Active Matter

10cm

e How to go from micro to macro ?

e To understand and control (self-)organization ?
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Run-and-tumble bacteria (gerg & Brown, Nature, 1972]

o Run: straight line (velocity v ~ 20 ym.s~1)

e Tumble: new direction (rate o ~ 1s~1, duration 7 ~ 0.1s)



Run-and-tumble bacteria (gerg & Brown, Nature, 1972]

.

o Run: straight line (velocity v ~ 20 ym.s~1)

e Tumble: new direction (rate o ~ 1s~1, duration 7 ~ 0.1s)

Run ~— Tumble



Self-propelled colloids

e E.g. Janus colloids with asymmetric coating
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Self-propelled colloids

e E.g. Janus colloids with asymmetric coating

@

H20-

e Self [diffusio-] phoresis

v

e Active Brownian Particles: continuous rotational diffusion

P(t) = vu(0) + /2Dim;  0(t) = /2D,.£

veedps™' Dy~ 3p2.57Y, Deg~1—4p?s™!
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Self-propelled colloids

e E.g. Janus colloids with asymmetric coating

@

H20-

e Self [diffusio-] phoresis

v

e Active Brownian Particles: continuous rotational diffusion

P(t) = vu(0) + /2Dim;  0(t) = /2D,.£

veedps™' Dy~ 3p2.57Y, Deg~1—4p?s™!
e Many other types of self-propelled colloids...
e Light-controlled [Palacci et al. Science 339, 936 (2013)] @
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Motility-control as a self-organization principle

»
.

e Self-propelled particles with propelling speed v

e Diverse reorientation mechanisms (ABPs, RTPs, AOUPs, etc.)

e Generic: properties of v == Control steady states
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Motility-control as a self-organization principle

»
.

e Self-propelled particles with propelling speed v

e Diverse reorientation mechanisms (ABPs, RTPs, AOUPs, etc.)

e Generic: properties of v == Control steady states

I. Non-interacting particles with spatially varying speed v(r)
II. Quorum-sensing: density-dependent speed v(p)
Ill. Application to bacterial pattern formation

IV. Multi-component systems
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Position-dependent self-propulsion speed v(r)

e Master-equation for the probability density P(r, 0)

OtP(r,0;t) = =V - [u(r)u(d)P(r,0)] + ©F

e OP: Randomization of orientation

OappP = Dy AGP(r,0);  OprpP = —aP(r,0) + /de’QiP(r,e')
T
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Position-dependent self-propulsion speed v(r)

Master-equation for the probability density P(r, 6)

OtP(r,0;t) = =V - [u(r)u(d)P(r,0)] + ©F

© P: Randomization of orientation

OappP = Dy AGP(r,0);  OprpP = —aP(r,0) + /de’QiP(r,e')
T

Any isotropic function: © f(r) = 0 ==$ Pstat (r) o< ﬁ (up to normalization issues)

SPPs spend more time where they go slower [Schnitzer 1993 PRE, JT & Cates PRL 2008, EPL 2013]
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Position-dependent self-propulsion speed v(r)

Master-equation for the probability density P(r, 6)

OtP(r,0;t) = =V - [u(r)u(d)P(r,0)] + ©F

© P: Randomization of orientation

OappP = Dy AGP(r,0);  OprpP = —aP(r,0) + /de’QiP(r,e')
T

Any isotropic function: © f(r) = 0 ==$ Pstat (r) o< ﬁ (up to normalization issues)
SPPs spend more time where they go slower [Schnitzer 1993 PRE, JT & Cates PRL 2008, EPL 2013]

(A bit of) translational diffusion only changes this quantitatively

Pstat o< 7= d(d — 1)Dy + da

1
VD ¥ 027’
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Experiments with bacteria

e Flagellar rotor can be controlled using light (proteorhodopsin)

e Quantitative check that p(r) o ﬁ [Arlt et al., arxiv:1902.10083]

J. Tailleur (CNRS-Univ Paris Diderot) 11/38


../Movies/MovieBacterialPaintingEinstein.mp4

Experiments with bacteria

e Flagellar rotor can be controlled using light (proteorhodopsin)

o Quantitative check that p(r) o ﬁ [Arlt et al., arxiv:1902.10083]

e Painting with bacteria (and light modulation)
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Experiments with bacteria

e Flagellar rotor can be controlled using light (proteorhodopsin)

o Quantitative check that p(r) o ﬁ [Arlt et al., arxiv:1902.10083]

e Painting with bacteria (and light modulation)

[Vizsnyiczai et al., Nat. Com. (2017)] [Arlt et al., Nat. Com. (2018)]

e Accumulation can be triggered by v(r), a(r), 3(r) == Many ways of slowing down
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Interactions: Quorum-Sensing

e Motility requires energy source == Interactions with the environment (food, fuel source, etc.)
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e Motility requires energy source == Interactions with the environment (food, fuel source, etc.)
e Local competition between particles

e Mobility depends on local density of active particles



Interactions: Quorum-Sensing
Motility requires energy source == Interactions with the environment (food, fuel source, etc.)
Local competition between particles
Mobility depends on local density of active particles
Simplest of model: Local in time, quasi-local in space [JT, Cates, PRL 2008]
;= o[p(r)]u(6;); 65 =[]

Particles measure an effective density j(r) K(r)

pr) = /dr'K(r —1’)p(r") o

pr') = 32607 — 1)



Interactions: Quorum-Sensing

Motility requires energy source == Interactions with the environment (food, fuel source, etc.)

Local competition between particles

Mobility depends on local density of active particles

Simplest of model: Local in time, quasi-local in space [JT, Cates, PRL 2008]

t; = v[p(r)u(0;); 6 =[]

Particles measure an effective density j(r) K(r)

) = [ ar' K = )ptr) o

pr') = 32607 — 1)

e In reality, much more complex (taxis, time-delay, etc.)



Engineering quorum-Sensing (saverie et a/ Nat com 2019]

e Janus colloids in water-lutidine mixture with T' < T,
[Volpe et al, Soft Mat. 2011]

e Light == Demixing on one side ==y Phoretic (self)-propulsive force
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e Janus colloids in water-lutidine mixture with T' < T,
[Volpe et al, Soft Mat. 2011]

e Light == Demixing on one side ==y Phoretic (self)-propulsive force

e v(p) through feedback mechanism
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Engineering quorum-Sensing (saverie et a/ Nat com 2019]

e Janus colloids in water-lutidine mixture with T' < T,
[Volpe et al, Soft Mat. 2011]

e Light == Demixing on one side ==y Phoretic (self)-propulsive force

e v(p) through feedback mechanism

vg_k 25
Vg :
Mo .
« ) L s ‘

Q'k =9 0
9 }

e Can we understand this using our simple model?
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Quorum-sensing in sillico

e Consider RTPs and ABPs with QS interactions: ©; = v[p(r;)Ju(6;);  6; = [...]
[JT & M. Cates; PRL 2008, EPL 2013; Solon et al. EPJST 2015, PRE 2016, NJP 2018]

N o
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Quorum-sensing in sillico

e Consider RTPs and ABPs with QS interactions: ©; = v[g(r;)]u(6;);  6; = [...]
[JT & M. Cates; PRL 2008, EPL 2013; Solon et al. EPJST 2015, PRE 2016, NJP 2018]

Tumble

Rotational diffusion
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Hand-waving explanation
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Hand-waving explanation

o Non-uniform speed v(r)
P(r,0) = =V, - [(r) P(r,0)u(8)] + D:93 P(r,0)

e Stationnary distribution P(r,0) = ﬁ [Schnitzer PRE 1993, JT & Cates PRL 2008]
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Hand-waving explanation

o Non-uniform speed v(r)
P(r,0) = =V, - [(r) P(r,0)u(8)] + D:93 P(r,0)

e Stationnary distribution P(r, §) = [Schnitzer PRE 1993, JT & Cates PRL 2008]

)

e Repulsive Interactions v/ (p) < 0 == Feedback loop

po+0p =

Tloey T 0P > K ~_H (17v’(po)6p)

”(PO v(po)+v’(po)dp — v(po) v(po)

v(po) +v'(po)dp
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Hand-waving explanation

o Non-uniform speed v(r)
P(r,0) = =V, - [(r) P(r,0)u(8)] + D:93 P(r,0)

e Stationnary distribution P(r,0) = ﬁ [Schnitzer PRE 1993, JT & Cates PRL 2008]

e Repulsive Interactions v/ (p) < 0 == Feedback loop
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Hand-waving explanation

o Non-uniform speed v(r)
P(r,0) = =V, - [(r) P(r,0)u(8)] + D:93 P(r,0)

e Stationnary distribution P(r,0) = ﬁ [Schnitzer PRE 1993, JT & Cates PRL 2008]

e Repulsive Interactions v/ (p) < 0 == Feedback loop

p0+5p:ﬁ+5p 17UI(P0)5P):p07POTU/5p

> S o r)8s = wle0) (L~ (o0

v(po) +v'(po)dp

e Linear instab. if 1 < —pg ’f;éfo”)) =3 Motility-induced phase-separation [Cates, JT Ann. Rev. Cond. Mat
Phys. 2015]

e How can we characterize this phase separation?
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Hydrodynamics of Equilibrium Phase-Separation

e Large-scale dynamics of phase-separating scalar systems away from criticality

é
p=—=V-Jp| where  J[p| = —J\J[p]véi:
P

o Free energy: = [ da[f(p(2)) + "% (Vp)?] + ...
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Hydrodynamics of Equilibrium Phase-Separation

Large-scale dynamics of phase-separating scalar systems away from criticality

p=—=V-Jp| where Jlp] = —M|p]

v
dp

Free energy: F = [ da[/(p(2)) + "2 (Vp)?] + ...

Most probable profiles

Phase-separated profiles:

GAS

P4

> Minimize Flp] with [ drp(r) = Vpg

‘_/_”

Pg

L
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Hydrodynamics of Equilibrium Phase-Separation

Large-scale dynamics of phase-separating scalar systems away from criticality

vr

p=—=V-Jp| where Jlp] = —M|p] 7

Free energy: 7 = [ da[f(p(x)) + “{*(Vp)?] + ...
Most probable profiles €=y Minimize F|p] with [ drp(r) = V po

Phase-separated profiles: Common tangent construction on f(po)

f(po)

GAS
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Hydrodynamics of Equilibrium Phase-Separation

e Large-scale dynamics of phase-separating scalar systems away from criticality

vr

p=—=V-Jp| where Jlp] = —M|p] 7

e Free energy: 7 = [dz[f(p(z)) + @(Vp)Q] +...

e Most probable profiles == Minimize F[p] with [ drp(r) = Vpo

e Phase-separated profiles: Common tangent construction on f(po)

Pa Pe
_/_ i

Pg

1y Pg: Pex L0

T T T T T
06 08 1.0 1.2 1.4

f(po)

GAS

o F'~Vpgandpg = g —> Chemical potential ;1 = g—ff = f’(po) and Pressure
p=—5%=nf"(p)— f(p)



Quorum sensing self-propelled particles

o i =v[p(ri)]u(6:); p(ri) = 5; K(lri —r5)); o® = [drK(r)r?

o Rotational diffusivity D,., tumbling rate o
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o i = v[p(ri)]u(®);  p(ri) = 3; K(Iri —x3); 0® = [drK(r)r?
o Rotational diffusivity D,., tumbling rate o

e Assume j(r) frozen == Non-interacting v(r;) =3 Determine d:p(r,1t)
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Fluctuating hydro + Mean-field approximation == hydro eq.
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Quorum sensing self-propelled particles

v = op(r)]u(0:);  p(ri) = 3 K(lrs —x3); o? = [drK(r)r?

Rotational diffusivity D,., tumbling rate «

Assume j(r) frozen =) Non-interacting v(r;) =—=—p Determine d;p(r,t)
Fluctuating hydro + Mean-field approximation == hydro eq.
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o? %Ap does not derive from a free energy



Quorum sensing self-propelled particles

v = op(r)]u(0:);  p(ri) = 3 K(lrs —x3); o? = [drK(r)r?
Rotational diffusivity D,., tumbling rate «
Assume j(r) frozen =) Non-interacting v(r;) =—=—p Determine d;p(r,t)

Fluctuating hydro + Mean-field approximation == hydro eq.

. é. v’ 2
p=V-{MV[§+az%Ap]}; M:pm

Flp(@)] = [ dir|p(logp = 1) + [* dslog[v(s)]| = [ d?rf(p(r))

o? %Ap does not derive from a free energy

—3 Common-tangent on f(p) leads to a wrong phase diagram
[Wittkowski et al. Nat. Com. 5, 4351 (2014)]



Hydrodynamics of Quorum-sensing active particles

p= V- MY 9= a0(p) — r(p)Ap v(p)
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Hydrodynamics of Quorum-sensing active particles

p=V-IMYe(o); 9= a0(p) — r(p)Ap v(p)

Vg
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Unfortunately g(p) # 21

A bit of magic: define R/ (p) = — lp) and ¢'(R) = go(p)
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Hydrodynamics of Quorum-sensing active particles
p=V-[MVg(p)];  g=golp) —k(p)Ap vz(p)
go = loglpu(p)], (o) = 0242 E:}:f:
Unfortunately g(p) # 21

A bit of magic: define R/ (p) = — lp) and ¢'(R) = go(p)

Then p:v[Mv Llad (VR)?]

372 W“H=/wWM+

2R’

Common-tangent construction on the effective free energy density ¢(R)
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Hydrodynamics of Quorum-sensing active particles

b=V M) 9=00(p) ~ w(p)Dp e
go = log[pv(p)],  k(p) = —0o> 2;/((5)) -
o
Unfortunately g(p) # 5];7,?] ®
A bit of magic: define R/(p) = h_(lp) and ¢'(R) = go(p)
Then = V[MV(S;Z))] with 7 = /dr[@(R) + 2’;, (VR)?]

Common-tangent construction on the effective free energy density ¢(R)

6004

« Simulations, 1d lattice
= Simulations, 2d RTP off-lattice
« Simulations, 2d ABP off-attice

400

—  Equ. construction
|
vy /e
T T J J J 2 '1 1‘ ;1 1‘(] 1‘2
06 08 1.0 12 14

=—> (Almost) quantitative agreement @



Be wise, discretize !
e Lattice-gas model of run & tumble particles (RTP)

[Thompson et al. JSTAT 2011; Soto & Golestanian PRE 2014; Whitelam JCP 2018]
+
d2

2.0 d,;z kdg\o ,,dg ,,dér 0
Qo & © . s . e 9
1 2 3 4 5 6 7

J. Tailleur (CNRS-Univ Paris Diderot)
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Be wise, discretize !

e Lattice-gas model of run & tumble particles (RTP)
[Thompson et al. JSTAT 2011; Soto & Golestanian PRE 2014; Whitelam JCP 2018]
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An exactly solvable case

e Lattice of oL sites with at most one particle per site

J. Tailleur (CNRS-Univ Paris Diderot)
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An exactly solvable case

e Lattice of oL sites with at most one particle per site
/L D A/ L

L%f\. .f\; .f\ ./\

Te—0
N
+0— @

Symmetric diffusion/exchange at rate D

Asymmetric hopping on empty sites at rate A/L

e Particles switch hopping direction at rate T'/ L2

Undergoes MIPS if po = N/L% and ) are large enough

J. Tailleur (CNRS-Univ Paris Diderot) 20/38



Phase equilibrium

e Exact hydrodynamic equations for density and magnetisation

T = %, t= tnzgro [M. Kourbane-Houssene et al, PRL (2018); C. Erignoux, arXiv:1608.04937]
Oip(z,t) = DAp+AV[m(1—p)]
orm(z,t) = DAm+ AV[p(1—p)|—2I'm
time 0.50
a2 simulation micro
PDE solution

0.8

density

04




Phase equilibrium

e Exact hydrodynamic equations for density and magnetisation

x = %, t= tmL‘grO [M. Kourbane-Houssene et al, PRL (2018); C. Erignoux, arXiv:1608.04937]
Orp(z,t) = DAp+AV[m(1l—p)]
orm(z,t) = DAm+ AV[p(1—p)|—2I'm

e More complicated but can still be solved using the same transform

time 0.50

simulation micro
PDE solution

0.8

density

04

e Exact, parameter-free result

PO

4 5 6 7
Peclet




MIPS from repulsive forces

e Self-propelled particles with pairwise forces (PFAPSs)
[Fily & Marchetti PRL 2012, Redner et al. PRL 2013, Stenhammar et al. PRL 2013, Bialké et al. PRL 2013, ...]

= 'Uu('g Z Fz] (rl - r_]) + V2D¢n;; 01 =2Dr§;
J

o Interactions yields decreasing v(p) = >, ; - u(6;) [Fily et al PRL (2012)]
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MIPS from repulsive forces

e Self-propelled particles with pairwise forces (PFAPSs)
[Fily & Marchetti PRL 2012, Redner et al. PRL 2013, Stenhammar et al. PRL 2013, Bialké et al. PRL 2013, ...]

I:i = vu(@i) — /-"ZFij(ri - I‘j) + 2Dt"7i; 07, =V QDT i
J

o Interactions yields decreasing v(p) = >, ; - u(6;) [Fily et al PRL (2012)]

0.75

=3 Same phenomenology as QSAPs

e Interesting qualitative & quantitative differences [Tjhung et al, PRX 2018; Caporusso et al, arxiv:2005.06893]
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Hydrodynamic description [Solon et al, PRE 2016, NJP 2018]
p(r)y=-V-J where J=uV . o; o = [Bunch of bulk correlators]
Piot = —ogz is the equation of state of the mechanical pressure
[Takatori et al. PRL 2014; Yang et al. Soft. Mat. 2014; Solon et al. PRL 2015]
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Pressure-driven instability

e Hydrodynamic description [Solon et al., PRE 2016, NJP 2018]

p(r)y=-V-J where J=uV . o; o = [Bunch of bulk correlators]
e Pot = —ogz IS the equation of state of the mechanical pressure
[Takatori et al. PRL 2014; Yang et al. Soft. Mat. 2014; Solon et al. PRL 2015]
vov(p)
P(p)=Pp+ Py whete Py=p ﬁ Zrl-u 5

e [’ passive pressure: mean force exerted through a plane
e P, flux of active impulse & momentum through a plane [Fily et al. JPA (2018)]

e P’(p) < 0 predicts linear instability
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Pairwise forces—Summary

e Phase diagram
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Equal mechanical pressure in coexisting phases

e Can do isobaric ensemble

o Failure of Maxwell construction

J. Tailleur (CNRS-Univ Paris Diderot)
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120

in quantitative agreement with generalized thermodynamical construction

— EOS
+ Measured -
O Coexistence densities

Quite rich physics still to be explored (surface tension, bubbles, etc.)
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Back to bacteria: Motility-Induced Pattern Formation (MIPF)
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Back to bacteria: Motility-Induced Pattern Formation (MIPF)
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Back to bacteria: Motility-Induced Pattern Formation (MIPF)
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Patterns instead of MIPS [Liu et al, Science (2011)]. Nice, but why ?

J. Tailleur (CNRS-Univ Paris Diderot)



Interplay between density and mobility: Quorum-sensing interactions
e Particle slow down at high density (slower, more tumbles, longer tumbles .. .)

e Instability mechanism: feedback loop [Cates, Tailleur, Ann. Rev. of Cond. Mat. Phys. 2015]

—> Bacteria accumulate where they are less motile

—> Bacteria lose motility at high density
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Interplay between density and mobility: Quorum-sensing interactions
e Particle slow down at high density (slower, more tumbles, longer tumbles .. .)

e Instability mechanism: feedback loop [Cates, Tailleur, Ann. Rev. of Cond. Mat. Phys. 2015]
— Bacteria accumulate where they are less motile
=) Bacteria lose motility at high density

=) Microscopic simulations starting from homogeneous systems

=107 t=10°7

t=1037

o/ (p) >0 100 voT

e Slow coarsening leads to complete motility-induced phase separation

e No finite-size patterns: What is the missing ingredient?



Pattern formation in bacterial colonies: a simple mechanism

e Coarsening is slow ==y Long-time dynamics (24 hours)

e Large-scale description of run & tumble dynamics: p=V [%V;} + 22y alfﬁ]
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Pattern formation in bacterial colonies: a simple mechanism

e Coarsening is slow ==y Long-time dynamics (24 hours)

e Large-scale description of run & tumble dynamics: p=V [%V;} + 22y (;f‘g]

e Missing ingredient: population dynamics

b=V Tl +up(1- )

..

—— Qualitatively accounts for the experiments

e What happened to the phase-separation ?
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Birth & death vs phase separation

e Quorum-sensing ==y Motility-Induced Phase separation ==» (piow, Phigh)
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Birth & death vs phase separation

e Quorum-sensing ==y Motility-Induced Phase separation ==» (piow, Phigh)
e Logistic growth:  piow < po == division; ppignh > po == death

e Competition == Micro-phase separation e

e Motility-induced phase separation + population dynamics == Finite-size patterns
[Cates et al. PNAS 2010; Liu el al. Science 2011]

J. Tailleur (CNRS-Univ Paris Diderot) 28/38



Mathematically: linear stability analysis

o Simplified model:  9;p =V - [Do(p)Vp + pVDeo(p)]—kAZp + ap( - pffo)

J. Tailleur (CNRS-Univ Paris Diderot) 29/38



Mathematically: linear stability analysis
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Mathematically: linear stability analysis
o Simplified model:  9;p =V - [Do(p)Vp + pVDeo(p)]—kAZp + ap( - pffo)
e Linear stability analysis: p(r,t) = po + - 6pq(t)e!VT == Gpqg(t) = dpq(0)era’

Aq = ~[De(po) + poDi(po)la” —rq* —

e Transition at finite g. when D.(po) + poD.(po) strongly negative ==y Patterns

0.0 0.5 1.0 15 2.0
q/qc
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Selection of a lengthscale

e Droplet of radius R
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e Local birth/death rate o > 0
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Selection of a lengthscale

e Droplet of radius R
e MIPS == Flux through boundary ¢ > 0

e Local birth/death rate o > 0

(Mass in the droplet) = —27R¢ + ar R>

4
dt

—> Steady-state radius R ~ 2¢/«

J. Tailleur (CNRS-Univ Paris Diderot)
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Multi-component bacterial colonies (with J. Huang, HKU)

e |dea: two strains A and B

e Reciprocal motility control
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Multi-component bacterial colonies (with J. Huang, HKU)

e |dea: two strains A and B

e Reciprocal motility control

Activator_A Activator_B
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Multi-component bacterial colonies (with J. Huang, HKU)

e |dea: two strains A and B

e Reciprocal motility control
Activator_A

30C12HSL

Activator_B

ooy
o = ° > ete 2ec 00 g
P oy s e dak S e e
v 30CEHSL
r T2° T i i 1
pLux \\\ \ j K Lask pCon

e Constant production of 30C12HSL == Enhance expression of CheZ in B

e Enhance expression of CheZ in A &= Constant production of 30C6HSL
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Multi-component bacterial colonies (with J. Huang, HKU)

e |dea: two strains A and B

e Reciprocal motility control

Activator_A

Activator_B

¢ ¢ 30C12HSL )y
00 . . /
e = ° TXRLE O — > o
i
O bt H e e
v 30C6HSL A

e Constant production of 30C12HSL == Enhance expression of CheZ in B

e Enhance expression of CheZ in A &= Constant production of 30C6HSL

e Reciprocal enhancement or inhibition of motility can be implemented

J. Tailleur (CNRS-Univ Paris Diderot)
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Experimental results [N. Zhou, Y. Zhao, A. Daerr]

Mutual activation of motility

B A A+B
Mutual inhibition of motility

A B A+B
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Macroscopic dynamics (Agnese Curatolo)

Time evolution of the density fields
o palr,t) =04 8(r — /(1)
o pp(r,t) =08 6(r —r (1))

Run-and-tumble dynamics + density-dependent swimming rate 54 (pg), Be(pa)

pa(r,t)=V- (DA(PB)VPA —Falps)pa+V2Da(pp)pa AA)
pp(,t) = V- (Dp(pa)Vos = F(pa)es + V2Dp(pa)ps An )
2

Dz (py) = m i Falpy) = —

0?2 1

G pr——
o 1+ 500
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The origin of the patterns
Linear analysis of the hydrodynamic equations around homogeneous profiles pg and p%:

pa=pA+6pa  pp=ph+ops
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The origin of the patterns
Linear analysis of the hydrodynamic equations around homogeneous profiles p% and p%:

pa=p%4+0pa  ps=ph+opp

a? Balp)Bpel) _ 1
(a+Ba)(a+BB) BaBB PAPB

RN

Mutual activation of the motility Mutual inhibition of the motility

Y>>0 Bp>0 By <0 By <0

PB

PA PA

Segregation Colocalization
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Overall dynamics

At longer time-scales: population growth

. +
pa(r,t) =V - [Da(pp)Voa —Falpp)pal — kA%pa + ppa (1 - PApiopB)
. +
pi(r,t) =V - [Dp(pa)Vos — Fplpa)ps] — kA%p5 + pps (1 - MpipB>
0
Quorum-sensing interactions Population dynamics
Mutual activation of motility Mutual inhibition of motility

A B A+B A B A+B

J. Tailleur (CNRS-Univ Paris Diderot) 35/38
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N-species MIPF

N populations of interacting active particles
Mutual inhibition ==) Phase separation with colocalization
Mutual activation ==y Phase separation with demixing

Population dynamics arrest growth: MIPS == MIPF

Simulations: spreading of the bacterial mixture

activation

inhibition

experiments




Summary

e A LOT can be achieved using motility-control to self-organize SPPs

e In silico & In experiments

e Theory starts to be well established

J. Tailleur (CNRS-Univ Paris Diderot)
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Summary

e A LOT can be achieved using motility-control to self-organize SPPs

e In silico & In experiments

e Theory starts to be well established

Thanks to: R. Blythe, T. Bodineau, M. Cates, A. Curatolo, A. Daerr, C. Erignoux, Y. Fily, J. Huang, Y.
Kafri, M. Kardar, M. Kourbane-Houssenne, C. Liu, D. Marenduzzo, N. Zhou, J. O'Byrne, .
Pagonabarraga, A. Solon, J. Stenhammar, A. Thompson, R. Wittkowsky, Y. Zhao
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A biased, unfair, restricted and incomplete view on MIPS & bacteria

e MIPS

Quorum sensing: [Tailleur Cates PRL 100, 218103 (2008); Cates Tailleur EPL 101, 20010 (2013); Solon
Cates Tailleur, EPSJT 224, 1231 (2015); ...]

Pairwise forces: [Fily Marchetti PRL 108, 235702 (2012); Redner, Baskaran, Hagan PRL 110, 055701 (2013);
Solon et al, PRL 114, 198301 (2015); ...]

On lattice: [Thompson et al, JSM P02029 (2011); Soto & Golestanian, PRE 89, 012706 (2014); Manacorda &
Puglisi, PRL 119, 208003 (2017); Whitelam at al, JCP 148, 154902 (2018); ...]

I 111

Generalized thermodynamics: [Solon et al., NJP 2018]

e Pattern formation in single-strain bacterial colonies
= Theory: [Cates et al, PNAS 2010]

=3 Experiments: [Liu et al, Science 2011]

e Pattern formation in two-strain bacterial colonies: [Curatolo et al, bioarxiv:2019]
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