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Systems and phenomema




Persistent motion = condensation without attraction
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Motility-induced phase separation
Non-aligning SPPs: Fily & Marchetti; Redner, Hagan, Baskaran; Tailleur & Cates;
SP rods: S Weitz, A Deutsch, F Peruani



The trapping phase transition

f@. « .-

Kumar, Gupta, Soni, Sood,

P




Self—propelled defects

F% The symmetry of the field around the strength -1/2 defect
2 will result in no net motion, while the curvature around the
A% +1/2 defect has a well-defined polarity and hence should move
|17 { in the direction of its “nose” as shown in the figure.

&= V Narayan et al., Science 317 (2007) 105

motile +1/2 defect, static -1/2 defect

Defects as particles:

+1/2 motile, -1/2 not

+1/2 velocity ~ divQ

Giomi, Bowick, Ma, Marchetti PRL 2013
Thampi, Golestanian, Yeomans PRL 2014
DeCamp et al NMat 2015 .......




Active matter: definition

- Active particles are alive, or “alive”

— living systems and their components

— each constituent has dissipative Time's Arrow
— steadily transduces free energy to movement
— detailed balance homogeneously broken

— collectively: active matter

SR J'Stat Mech'2017

Marchetti, Joanny, SR, Liverpool, Prost, Rao, Simha,
Rev. Mod. Phys. 85 (2013) 1143-1189

Prost, Julicher, Joanny, Nat Phys Feb 2015

SR: Annu. Rev. Condens. Matt. Phys. 1 (2010) 323
Toner, Tu, SR: Ann. Phys. 318 (2005) 170

So:

motile creatures

living tissue
membranes + pumps
cytoskeleton + motors

but also:



Active matter: nonliving examples

\
(1)L fL
Catalytic particle in reactant bath |
Golestanian et al., Paxton et al., Saha etal. Au Pt
V..
b a
left lead pp, 2D metal
\\ y

Motile brass rod
Phys. Rev. B 76, 115304 (2007) Active quantum matter?

right lead pg



INTRODUCTION

framework

Thermal equilibrium: “closed” systems

E = constt E E’ t _t
>

Physics students

know the rules
E + E’ = constt

E = constt
Temperature of subsystem = constt

Active matter: open systems (& questions)
E in

*running engine + fuel t t
Eone °lVING Organism + food

\ Physics’students

don’'t know the rules




INTRODUCTION
framework

Si GROOVES:

NONDIAGONAL
MOBILITY
TR /
direction /

SR JSTAT 2017
Julicher, Ajdari, Prost RMP Collog 1993
Marchetti et al. RMP 2013

spatial direction

Velocity = v

Motor: catalyst for fuel breakdown; 2d configuration space

Driving force Dm = m -m In chemical direction

reactant product

Mobility nondiagonal: vel = Mob*Force has spatial component

Use this to understand “new” terms, ruled out in equilibrium dynamics?


file:///home/sriram/vj/S2_Defect_Motion.mpg

From Langevin equations to active dynamics

Temperature T; effective Hamiltonian H(q,p,X,11)
g (time-rev even), p (odd); X, I1: extra coord, momentum

Off-diagonal g-dependent Onsaaer coefficients
¢ = 0,

p+ F118pH = Flg(g_])()ﬂH — —aqH -+ 1)

14 T9(q)0,H + 90 H = —0xH + ¢

eliminate X from the p equation X — 81-[ H

SR JSTAT 2017 nOiSGS 7775 <77(0)€(t)> = 2]€BTF12(Q)5(t)



From Langevin equations to active dynamics

Temperature T; effective Hamiltonian H(q,p,X,11)

g (time-rev even), p (odd); X, I1: extra coord, momentum

i = 0,1
p—l— Fllc’?pH —+ Flg(g)aHH = —aqH + 1)
&—I— FE(Q)GDH + FQQGHH\ —GXH ‘|‘§

eliminate X from the p equation X — 81-[ H

SR JSTAT 2017 nOiSGS 7775 <77(0)€(t)> — QkBTFlg(q)5(t)



From Langevin equations to active dynamics

T
p+T0,H ?(Q)(’?XH — —0,H+ f
22
. T'ia(q) 1 £
X - O H — O+ H
P 7 g © Do

= ?7—(F12/F22)f has variance « ' =1"; _F%Q(Q)/FQQ

Active? Hold —0xH = —Au # 0 fixed




From Langevin equations to active dynamics

q

FlQ(Q)

p+T9,H

F22

Ap

0, H
—9,H + f

“New” terms, ruled out in equilibrium dynamics.
In general can’t hide by redefining H, temperature....

¢+17'0,H =

No inertia: g-only equation of motion

Ap
I
FQQF 12

()

+ It



Framework

example: active interface

q — h(x,t) = height field of interface

Invariance: h — h 4+ constant but not h — —h

: 15H AM 2]€BT
: = 1, (h, Y, ..
"o T TV H\/ ¢’

Symmetries — I'15 = constt + (Vh)?
—5

KPZ equation



ABP or AOUP from dimer + chemistry

M Rao
A Baule
LP DathChI SR 2008

A Maitra
SR 2018

Joint & relative (q,p) & (Q,P), “chemical” (X,I1)

P+ 7110,H +12(Q)0nH = —0,H + 1

MVzl(Q)apHﬂL Yo2OnH = —0xH +¢§
P+T110pH = —0gH + 1)




ABP or AOUP from dimer + chemistry

’)/QzaqH _ 712(Q)A Y22 712(62)5

1TD D MDD
: 1 )
Q | 8QH — ﬁ/rll D = 1722 — 712(Q)
Fll

Choosing v12/D x Q4+ h.o. propels particle along @)
H~-Q-Q+(Q- Q)
Propulsion speed ~ |q| >~ const: Active Brownian Particle ABP
H harmonically binds ()
Ay term ~ coloured noise: Active Ornstein-Uhlenbeck Particle AOUP
Notice translation diffusion in q equation.



K Vijay Kumar
M Rao
SR 2008

Brownian inchworm

any animals



Entropy production of active dimer
Pt

v = Y120/ Y22
For a potential harmonic in X, 0H/0X = kX

“U2 ’Uzk’)/gg
o = —
Y11 + Y33k Y11 (V11 + Y33k)

Without x reversal With x reversal

Dadhichi, Maitra, SR 2018: Harada-Sasa relates our nonzero o to Fodor et al's O



A single active particle

- p

-

_ o active, apolar, non-motile, in a groove
active, polar, motile, in a groove

Vijay Narayan, PhD thesis, 11Sc 2008

one motile rod in a sea of bead
S

Nitin Kumar, A K Sood, SR 2011

Vijay Narayan, Narayanan Menon, Nitin Kumar, Ajay Sood



Fluctuation relations Iin active matter

(d)

FET £ 1
=
«"_EL-[“- 10y o wwithout
: i = Medium
i : —e— With

Medium

Polar rod

self—propelled

through bead—bed

Nitin Kumar, A K Sood, SR
PRL 2011

An imitation self—propelled system: laboratory for exploring stat—mech of active matter

33
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Symmetry properties of the large—deviation function of the
velocity: a new “fluctuation relation”
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(1/) In [P(+W.

V(t) = v(t) - at)

Wo(t) = (1/7) TV )/ (V)] dt’

F(W;)

= lim;—o(—1/7)In P(W;)

F(W,) — F(—W,) x W,

Nitin Kumar, A K Sood, SR
PRL 2011
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Notable features

Large deviation function F: statistics of extremes
Central Limit Theorem: behaviour near minimum of F
Experiments:

120

Strongly non-Gaussian 100-“5?115\
Antisymmetric part linear 80-:313100 N

kink at zero argument S

Slope a: relative persistence 42

rates of + and - motion o

FIG. 4 (color online). Analogue of phase-space contraction
rate @ vs fB_ — B, the difference in persistence rates of
negative and positive velocities. Solid squares: @ = (.83 (I' =



Large—deviation function: theory

Mehl et al. Phys Rev E 78 (2008) 011123
‘Brownian particle: periodic potential + constant force
‘pronounced deviations from Gaussian behavior
-characteristic kink at zero entropy production

1.0 | 1
i numerical
0.8 _'II —

06 | | =

04| | | /—
02 b |\

0.0 b




Large—deviation function for velocity vector V

Kumar, Soni, SR, Sood PRE 2015

0

' Non-paraboloid
= - Strong asymmetry along V||
5

30

40

204

30} 4
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file:///home/sriram/talks/activemattertalks/current/many_animals.mpg


Anisotropically isometric fluctuation relation

Kumar, Soni, SR, Sood PRE 2015

D = diffusivity tensor

Velocity vectors V, V' with
—1 —1
ViDTV=V'DYV

Iim — In
o0 T PV, = V)

—¢-(V-V)

Hurtado et al. PNAS 2011, Villavicencio-Sanchez et al. EPL 2014
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FIG. 2. (Color online) (a) A typical plot of (2t)~' In[P.(V)/P.(V')] vs cosf — cos@’ over various constant-velocity contours for T =
0.26 s showing a linear trend for all V. (b) Data scaling of (QtV)'In[P.(V)/P.(V)] vs cos@ —cosf’. (c) Scaling of
(Qr V)~ ! In[P,(V)/P.(V")] with T variation. Here each t line contains all the V values as in (b). (d) Plot of (221 cos@) ~'In [P.(V)/P.(V")]
vs V for various t for the special case when 6 — 6" = 180°. Here 6 varies between —30° to 30° in steps of 10° for all t.



Nonliving dry active matter

Narayanan Menon

[ L /

Nitin Kumar =

—I

Granular dynamics simulations: Harsh Soni

12mm

4.5 mm
active, apolar, non-motile, in a groove
Confined quasi-2d geometry + aluminium beads 0.8 diameter
active, polar, motile, in a groove one motile rod in a sea of bead
S
Active nematic: Narayan, SR, Menon Science 2007
Large deviations, flocking: Kumar, Soni, Sood, SR PRL 2011, PRE 2014, Nat Comm 2014 & in prep
Trapping: Kumar, Gupta, Soni, SR, Sood arXiv 2018



Trapping active liquid crystals

N Kumar, R K Gupta, H Soni, S Ramaswamy, A.K. Sood arXiv:1803.02278

@

_. AN
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% S N

7

Rahul Gupta
4 TCIS, TIFR Hyderabad



The trap

>
.Up
o
-
£ O
)
s
eh
(@)
S 5
O ®©
L O

ps of 10°

L = 10f ~ 4.5 em with 20° < 6 < 160° in ste



Mechanically faithful simulations

Rahul Gupta & Harsh Soni

Rod = tapered sphere array
Newtonian rigid body dynamics
Friction p restitution e

Base, lid vertically vibrated

Rotational diffusion: random angular velocity, w = &gv

rel

€ = £0.01 (prob 1/2), at each rod-base or rod-lid collision
(reproduces experimental angular diffusion)

ué&e
0.05 & 0.3 particle-particle
0.03 & 0.1 rod-base
0.01 & 0.1 rod-lid
0.03 & 0.65 particle-V



Trapped and untrapped states

Experiment Simulation



file:///home/sriram/talks/activemattertalks/current/Medium.mpg
file:///home/sriram/talks/activemattertalks/current/Medium.mpg
file:///home/sriram/nitin/My%20Thesis/Movies/Movie_3.mpg
file:///home/sriram/nitin/My%20Thesis/Movies/Movie_1.mpg
file:///home/sriram/nitin/My%20Thesis/Movies/Movie_4.mpg

Trapping kinetics: experiments

Single particle /home/sriram/talks/activemattertalks/current/aps2016/nitin15Mar16/SM 6.avi

Collective trapped and untrapped states

transient trapping






Experiment Simulation

' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' I ' 1':| ! ! ! ! !
oS ] OB e e
1 o0 g0.00% |y 1 osle |
0.6 - ] _
. : 1 08 _
— 0.4- le= & 40|
- i f i 049 | 130|
] E ] 1 o 120
0.2, 5 ] 02T 110
] ] 1 100
0.0 e 0.090 (505 0.01 6015 0.0z 0 ¢o0 -

0 20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160
0 ()

_ . _ INSET: trapping threshold angle decreases
Trapping efficiency n =N a/A as noise increases

N, = # at zero velocity

a = projected area of particle
A _area of trap



Persistent motion = condensation without attraction
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Motility-induced phase separation
Non-aligning SPPs: Fily & Marchetti; Redner, Hagan, Baskaran; Tailleur & Cates;
SP rods: S Weitz, A Deutsch, F Peruani



Theory of trapping

f
Influx ni) f Esca o1 /T’UJ Motility—Induced

f \' Phase Separation
Redner-Hagan-Baskaran

S

self-propelling speed v

persistence time ~ 1/D,.,; =

Bulk, no MIPS: ¢vr/{ < 1

concentration n

: : : No condensation without traps
particle dimensions £ X w Clearly no bulk MIPS

particle area fraction ¢ = nfw What do traps do?



J \ J nv \ J J self-propelling speed v

: ‘. persistence time ~ 1/D,; = T

Trapping zone ~ut

D =0
rot

aggregate In trapped aggregate

Influx wins for any 67?
No threshold?



Resistance to growth: defects?

Tiltwall~ 0 r

S Weitz et al 2015
SP-rods

Kaiser et al

Gowrishankar & Rao asters



\X/—% Energy per unit length
\/ " g =16 g

3

°K, 4K, 0 n 0
gg ~ 5 —— + — -—ln-

) 7 nd toond’

()

C. Williams, M. Kléman. DISLOCATIONS, GRAIN BOUNDARIES AND FOCAL CON-
ICS IN SMECTICS A. Journal de Physique Colloques, 1975, 36 (C1), pp.C1-315-C1-320.



Dynamics of collective coordinate r

Effective flux: nv — 1/ — nv

Capture zone width: W, = vt

Wedge “energy” ~ 0%r

Free edge length rf — mobility M ~ 1/rf
a=2o0r3J3

Influx defect-induced expulsion
] | 19@
T vT ~
—:¢”U Deff— Deff MB
dt ro r

B = elastic constant for layered structure



Predictions

Influx defect-induced expulsion
dr lVV Qil
= . T _ D D~ MB
dt v ré r

B = effective smectic elastic constant

Simulation confirms

Trapping: all or nothing v & 40
. 130
- 1120
t'2 growth ? D 110
- {100
Threshold 6 | as rotational noise T v - 90

0,005 O.01 0,015 0,02




ACTIVE NEMATICS Il
topological defects

Nematic: apolar, goes nowhere on average

But curvature — current
Shankar, Marchetti, SR, Bowick, arXiv 2018

Splay . \\E\ Q = local alignment tensor
\@00 / - \“ ““ Gradients of Q; curvature

lof" Div Q: vector
/L

W Active: local current ~ div Q

/// SR, Simha, Toner 2003

n x curln



Topological defects in a nematic

2)
Kemkemer, R., Teichgraber, V., Schran&g ufmann, S. et al. Eur. Phys. J. E(2000)3
https://doi.org/10.1007/s101890070023

oK .

m=1, @,= P0= E
(c) (d)




Defect unbinding in active nematics
Suraj Shankar, M C Marchetti, SR, MJ Bowick

The symmetry of the field around the strength -1/2 defect

will result in no net motion, while the curvature around the
+1/2 defect has a well-defined polarity and hence should move
in the direction of its “nose” as shown in the figure.

V Narayan et al., Science 317 (2007) 105

motile +1/2 defect, static -1/2 defect

Defects as particles:

+1/2 motile, -1/2 not

+1/2 velocity ~ divQ

Giomi, Bowick, Ma, Marchetti PRL 2013
Thampi, Golestanian, Yeomans PRL 2014
DeCamp et al NMat 2015 .......




Defect unbinding In active nematics

Shankar K . .
et al. arXiv 2018 A V(r)= —1In ( ) v

Recall equil BKT transition: but +1/2 defect is maotile!
Like insulator in a field? Finite barrier?

Active nematic order always destroyed? But active nematics exist!
Bertin et al., NJP 15(8), 2013; Ngo et al., PRL 113(3), 2014

Shi et al.,, NJP 16(3), 2014 - - -



Langevin equations for + /— 1/2 defects:
positions and polarization

Shankar et al. arXiv 2018:

From active nematic dynamics

.........

+1/2 self-velocity « polarization

P _S uNeld + /2 g

U = —2?TKZ qiq; In i —
i7)




Langevin equations for + /— 1/2 defects:
positions and polarization

Shankar et al. arXiv 2018:
A A A 2- .- 2 '
& = — g0 (1 + 48;&;) - [pei|Vild|* — v|ei|*ViUd]

+ v/2Dge - eni(t) + vi(t)

Angular white noise polariz-a'ti'oh _noise--' 0O Y

= |e;|(cos #;,sin ;)

_.(_ /
F; ——VZ/{—\F\(cosw,,,smw,)

0t0; = v|F;| x const. sin(f; — 1&;)

Alignment torque: v<0: alignment; v>0: anti-alignment



Langevin equations for + /— 1/2 defects:
positions and polarization

Shankar et al. arXiv 2018:

Fokker-Planck steady state, single +/- 1/2 pair, small-activity expansion

pes(r) ox e Uer (/T

U (r) = 5 (f) —~ ‘7; In (1 + :2) +O(v*)

b S

Rotational diffusion
‘V‘/DR <K MK/‘ V‘ dominates
re ~ /K /Dr +1/2 can’t escape

Active nematic survives



Langevin equations for + /— 1/2 defects:
positions and polarization

Shankar et al. arXiv 2018:

Uer(r) ~ (TKer/2)In(r/a)
Keff(’l)) = K — (2@2/71')

= TBKT (v) < TBKT(V:O)

K . = 0 < persistence length of +1/2 motion = location of barrier

Threshold activity Vel =
14+ puy(3T/4K)]



Re—entrance!

Shankar et al. arXiv 2018: Threshold activity

B 16 T(1—1T)
A\« [1 + (:_-:w/:_ﬁ);;:-,ﬂ

. ! . . . ! . . . ! . . . ! . . . 1 -
02 0.4 06 0.8 10 T4

At high T: conventional defect unbinding wins
At low enough T, D_ goes to zero, I.e., persistence length grows

Directed motion of +1/2 wins, defects liberated, order destroyed
(A Maitra)



Summary

Unified picture of fluctuating active dynamics

— natural language to describe living materials

. . . Maitra et al
Confined active fluids arXiv-1711. 02407

— new force density: stable nematics

— polar: super—stable / —unstable

Y : _ — Kumar, Soni, Sood, SR
Artificial motile systems — a great test—bed NCorm 2014 & i prep

— a few motile particles can mobilize a big group

— trapping: motility—induced condensation vs defect 8iEigY ..

Pair sedimentation of discs

— analogies with self—phame|MenaystR giXiv-1803.10269



	Slide 1
	Slide 3
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 12
	Slide 13
	Slide 14
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 84
	Slide 100
	Slide 101
	Slide 102
	Slide 103
	Slide 104
	Slide 105
	Slide 106
	Slide 107
	Slide 108
	Slide 109
	Slide 110
	Slide 111
	Slide 112
	Slide 113
	Slide 116
	Slide 117
	Slide 118
	Slide 119
	Slide 120
	Slide 121
	Slide 122
	Slide 123
	Slide 124
	Slide 134

