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@ Langevin dynamics
@ Equipartition of energy
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Phase separation between active and non-active particles

Active Brownian particles and passive particles Stenhammar

Effective temperature

o Active particles: velocity
Vo, rotational diffusion

Y constant D,
o100 ?{KIP ano 400 500
-]
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o Effective diffusion

constant
Farticles with different diffusivities Weber et al. Der = D + Vg/(6Df)
o Passive particles
Binary Mixtures of Particles with Different Diffusivities Demix Tp = DC

Simon N. Weber,[] Christoph A. Weber ? and Erwin Frey"[]

o Active particles

© e O Ta= Tp+(v§/(6D;)
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Phase separation in systems with two temperatures

Gene activity and nuclear domains Ganai et al
o Coarse grain genome into a 1um beads
o Active versus non-active beads with different T, = 20T¢q

Other examples
e Granules in cells T. Hyman, F. Julicher
o Molecular motors and diffusible particles on a filament
o Multiphase Interstellar Medium F. Combes
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Two particles at different temperatures

Langevin Equations

Caxa = —0au™® + (2T4Ca)E(2)
(sXs = —9sUu™" + (2Ts(s)"/%es(t)

o Each particle in contact with a reservoir at a fixed temperature
o &4,5 are Gaussian white noises of unit variance

Relative motion

e Equation for the relative distance r = x4 — x5
G = f(r) + (26 T) 2

o Relative mobility p1r = pa + s
o Mobility averaged temperature T = (uaTa + psTs)/ (1A + ps)
o Boltzmann distribution P(r) ~ exp —u™5(r)/T
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Non equilibrium effects

Center of diffusion motion

o Center of diffusion R = 24xa+Dsxs
DA+Dp

o Langevin equation

Cat ) A= TP 1) 4 o (car o) T2TEen(t)

o Effective temperature TAT2

Diffusion constant Dg =

1 + 1(Ta=Tp)? _ ¢als
1/DA+1/Dp 2 T (Ca+¢B)®

Non-equilibrium contribution

Energy flux
o Energy flux from B particle to A particle ws_,.4 = (—x494u™?) = (+xsdpu”?)

Ts—T
o Wsou = wE-AS(0,u*P(n))
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Violation of equipartition of energy

Inertial effects and kinetic energy
= —0aU™" + (2TuCa) %€ (1)

msis + (sX = —0su™" + (2Ts(s)'/*€s(t)

maXa + CaXa

o Finite kinetic energy (3max4) = 1 T5"

Effective kinetic temperature

o Harmonic interaction u® = 1xr?, elastic time 7e = 1/(kpr), T = Ma/Ca = Ms /(s

V.

27 HAMB
T = Tat+ ———(Ts — Ta) =252
A At +Te( 5 — Ta) 2
o Energy conservation for particle A
Ws_a = —(CVZ) + (V€)
o Effective temperature
T Teff
WA = e
TA TA
Active particles Nantes 9/20
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e Non-equilibrium phase transitions
@ Dilute solutions of hot and cold particles
@ Phase diagram
@ Beyond second virial approximation
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Fokker Planck equation

Fokker Planck Equation of a solution
e Pair potential interactions
U= 3 o (=) + T et 5
o Fokker Planck equation P = 3, 8; (8:U P/¢ + TidiP/¢i)

Concentration correlations

e Hierarchy of equations for the cumulants of the concentration
act(r) au N
ot = aar |: G ( ,r ) dar :|

+ [/‘9“ GAE (1Y) d }+Z;AVC()

o Pair correlation functions
/ N N, /
2O ) =30 0 [ (=)o (i —r) P({r})d{r} =
cA(r)eB(r) g*f(r,r)
e Depend on 3 body correlation functions

Grosberg, Joanny (Collége de France) Active particles Nantes 11720



Dilute solution: effective thermodynamics

Conservation equations

o Low density limit g4 = exp —u™* /T4, g°8 = exp —uPB /T, g5 = exp —uB/T

e Conservation equation with short range interactions

oc*(r) 19 <Ca3ua) __Oja

ot~ Gor\" or el
o Particle currents ja,5 = *Cf: ,3 Bué‘:’g

Effective thermodynamics

o Chemical potentials derive from an effective free energy

f=Tac*In(c*/e)+Tsc”In(c®/e)+(1/2) TaBach+(1/2)TsBsch+TBasctc?

o Nonequilibrium virial coefficients B.s = [ [1 — e U0/ Tas | Py

o Different temperatures for different virial coefficients Tz = T
o Osmotic pressure can be calculated from the effective free energy
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Phase diagram E. Ilker

Spinodal instability
o Volume fractions ¢, = ¢“B“/8, physical excluded volume condition ¢4 + ¢ < 1

i ity limit 804 8¢5 TATs Bag
o Spinodal stability limit 1804 14805 ~ 72 Babg

Triangular Phase diagram
e Same equilibrium conditions as thermodynamic phase diagram
o If Baa = Ban = Bgs = B phase separation exists only if Tg/T4 > 4

b) solvent

solve!

critical

/A= 20T
[/ da=3dp
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Depletion interactions in hard sphere solutions Akasura and Oosawa

Depletion interaction

o Force between the two spheres
f = PextS

e Using the ideal gas pressure, this
gives the exact three body interactions
for hard spheres

e Potential of mean force w(r) obtained
by integration of the force

e Pair distribution function

gap = €xp —L%f;r)

Conservation equations

Go back to the dynamic equations and insert the pair distribution function

Particle currents ja,5 = — 42 Mas

No well defined chemical potential, no equivalent thermodynamic
o Phase diagram directly obtained from the dynamic equation
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Non-equilibrium steady state, Phase diagram

a) solvent b) solvent

/ Ta =207 \

dy=dp

"\ pure pure /7

pure

@ Smaller region of phase separation ‘ —
@ Spinodal line and critical point '
@ No complete determination of steady

state phases. mixed state

only e

@ Beyond third virial coefficient Cates - =" . |

and Mao

Ta/Ts
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Outline

© Ornstein-Unlenbeck particles
@ Dilute solutions
@ Physics of small systems
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Langevin Equation with colored noise

Ornstein-Uhlenbeck particles
e Langevin Equation (& = f(x) + n(t)
o Colored noise (n(0)n(t)) = kKT¢/Texp —|t|/T
o Persistent random walk with a velocity vo, kT = Vi
o Run length vp7

Two parameters description
e Position and random force
ax

CE = f(x)+n(t)
Tt Tin = &)
o White noise (£(0)&(t)) = 2kT¢o(t)
e Analogy with a particle with inertia 7 dt2 +(—TE)% — f(x) =¢(t)
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Stress tensor andpressure

Fokker-Planck equation

OP(x,m) = — 0 [(n + () PO, m)] + 20, [nP(x, m)] + 285 [P(x, )]
o Advection in x and , Diffusion in 7
o Current loops in (x,n) space

Moment expansion
o Particle density p = [ dnP(x,n)
e First moment £,(X) = — (n;) (X)
o Second moment f;(X)p(X) = £ [((nimy) — (mi) (my)) p(X)]

Stress tensor
e Local force balance
e Stress tensor o = —”%(677,-577,-)

=
o Pressure N = 327 (on)

3KT¢

T

o No external force : Ideal gas (6?72) = pressure N = kTp Solon et al.

v
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Potential barrier and Particle pumping

Pumping by an asymmetric periodic potential

o Finite flux e

@ Penetration length in the harmonic potential U = Uy(

/ — KT 1/2
ouP k(kT/C+1)

@ Crossing a potential barrier

» 7 = 0 energy dominated, Boltzmann factor
> k7/¢ > 1, force dominated n > 2U, /L

~Ix
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Summa ry

@ Non-equilibrium phase separation due to temperature (activity) contrast

Energy fluxes between hot and cold thermal bath
Effective thermodynamics with a well defined free energy at low concentration
No effective thermodynamics at higher concentration
Other examples of phase separation in active systems
* Non homogeneous solutions, surface tension between two phases E. llker
* Polymers and copolymers with monomers at different temperatures Hsuan Yi Chen
* Self-diffusion in a mixture of active and passive particles E. llker, M. Castellana

yvyyvyy

@ Ornstein-Uhlenbeck Particles
» Strongly non-equilibrium effects in small systems
» Curvature effects in a 2d system
» Repulsive depletion forces C. Sanford
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