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PRRTOR active matter ?

Collection of interacting self- driven
units with emergent behavior at large
scales

Energy input that maintains the
system out of equilibrium is on each
unit, not at boundaries

Robust behavior in the presence of
noise (generally nonthermal)

Orientable units — states with
orientational order

KITP, April 2014
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cEsrsTor - (soft) active matter?

swimming bacteria, janus particles, cell cytoskeleton

A
\

Without peroxide With peroxide z

g.sin(8)

Tubulin - green,
Actin -red,

Legionella Active suspension
Nucleus- blue

Active elements — complex fluid constituents
- polymers, colloids, membranes, ...

Weak interactions ~ k,7, slow dynamics, fluctuations, ...
+

Life - an internal source of energ
KITP, April 2014
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Cycles in the Cytoskeleton

Filaments/motors

Cytoskeletal filaments

7/ tnm
B SRS
E-actin microtubule
e F-actin and Myosin use ATP to turn chemical ?
energy into mechanical work (duty cycle) A

e Kinesin ‘walks’ along Microtubules using
ATP as fuel

e (ollective behaviour of fiaments/motors

a o
Fluorescently labelled F-actin ATP ADP + P

Unlabelled F-actin

| Coverslip

Schaller et al, (2010, 2013) KITP, April 2014
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Strokes of micron sized swimmers

Bacteria ,
Micron size

Algae  objects

<—————————  (CCW rotation  Helical
Movement bundle

4/
o D,

Escherichia colf

2 T om 1 Chromativm okenid

° ’ 10 pam

. Spirillum  volvfans
Weibel et al, PNAS (2005) ?

Butler & Camilli, (2005)

Collective behaviour of

bacillus subtilis Zhang et al, (2010)

KITP, April 2014



BRISTOL
Phenomenology of active units
Polar object
u;
Cyclic behaviour —> @2

1.0,
SN S t
: 4 § 0
~0.5 K
Phase variable 10

) wenan

KITP, April 2014
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Liquid crystals

Anisotropic objects (mesogens) -> “between” liquid & crystal

* Increase density, decrease T >

V4
iz

W)

Mesophase  1sotropic nematic smectic A smectic C
Broken none rotational translational + trans. +
Symmetry rotational rot.

Other phases : columnar, cholesteric

R— KITP, April 2014
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B BRISTOL Order parameters

@7
O Qi %
Nematic (uniaxial) . .

Traceless, symmetric tensor

1 director:
Qij = Qo (nmj - g%‘) n <« —n
Isotropic Nematic

Qo = 0 Qo 7 0 422

KITP, April 2014



G BRISTOL Order parameters
W

/6 A X
u
O
Polar mesophase %%

y aEbox director
ector P, = Pyp; p#—Dp
: Pol :
Isotropic ye ;{ olar ; ; ; t
N
Py, =0 Py # 0 f f \ \
e FER
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_ 5
< = N7

Qo=0 QO?AOA

Y
D = &
\_/
Py=0 Fo 70
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modelling collective behaviour

Identify large scale degrees of freedom f /7‘

Generic models of possible behaviours f]/)‘) f

Bottom-up modelling

Properties of ingredients © A

| 3%
-‘ ) @

Macroscopic properties

simplifications required to
make process tractable

KITP, April 2014
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Programme ?

Simple models for micron sized self propelled
objects (SPQO) — obtain design principles

v

Simplified physical theory that links microscopic
properties of SPO to macroscopic behaviour

<

Understand macroscopic mechanical properties
(initially qualitative -> eventually quantitative)

KITP, April 2014
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Micro-hydrodynamics

Re=pVL/n«1
Micron sized objects in fluid

p=1000 kg m>3, V=10°m s"!

AVt v - 6\—77V2 -Vp V:-v=0 [=106m,n=103Pas
V o= = n(0;vj + Ojv;) — pdy; Re=107

Cf: Sedimenting Colloid
_F = / dS - o
S

Total force on colloid from fluid balances external force
Neutrally buoyant swimming = no exteynal forces

F=0

Nonslip BC

—

F=mgz

— zero total force from fluid !
KITP, April 2014



Vé‘ University of
BRISTOL

Phenomenology of active units

Contractile/Extensile

Sign of force dipole YN

<0/ a>0

= Pushers/Pullers

"E-Coli/Chlamydomonas

We can classify/understand some aspects of the collective
behaviour in terms of these force dipoles.

Pushers : regions of orientational order, disordered on large
lengthscales

Pullers : disordered on all lengthscales

KITP, April 2014
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Phenomenology of behaviour

Contractile/Extensile

Sign of force dipole
pullers pushers
[ — stable I — unstabl
J local order
only
disordered P — unstable

KITP, April 2014
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What about the duty cycle ?

Q: Does this internal phase variable have consequences on the
behaviour of active matter?

Phase differences -> possibility of synchronization

Place where this happens is collective behaviour of cilia

KITP, April 2014
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Collective behaviour of cilia

Ciliated organisms — paramecium (100 um , 10 lengths/s)

Mucus—

Epithelial
cells

Can the cilia transport material on scales >> size ?
INI, June 2013
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Structure of axonemic cilia

Microtubules (M), Dynein (D), Nexin spring (N)

Cilia and Flagella Structure
Dynein
Xnns

Radial

Mi out‘ue; | Spok
crotubule e
Boublot PO Central

Figure 1

Basal Body (Kinetosome)

Generic simplified model — single object subject to time varying force

f
f -© r o= = v = 67na sphere radius, a
X 7k f
o f = ——a:—l—,u—(l—axz)—l—aa:g
T g

Viscosity dominated dynamics
INI, June 2013
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Oscillator

Viscosity dominated dynamics -> spontaneous oscillations

o # 0  Nonisochronous oscillations

On limit cycle, frequency of z
oscillations is amplitude dependent

f
Amplitude tightly constrained to limit cycle,
Phase varies more freely

INI, June 2013
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Filaments/motors -> oscillator
Force balance .. _ E g
T (a)
F=F,+F, + F, g #
F,=-ry F,=—Kz— Az’

Binding, Unbinding rate

wp < v/ K, v/k < wy o o
g4 " lo, (b)
p DD DD
arameters A
Step length =
E OdQRK (R—K) P K J d
e g A
3A dk Ag “’bll (c)
O-N/{—K N € kB—T 5 D222 22> >t

INI, June 2013
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Hydrodynamic interactions

* On lengthscales large compared to object, micron sized object

as collection of point forces on fluid
2 _ :
77v \ vp — 8 (I’) 9

e (QGreen’s function

v(r) =H(r) - f
H(r) = 87T1777“ (I4+rr)

Oseen tensor

KITP, April 2014
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Two interacting oscillators

a # 0 means amplitude-dependent frequency of oscillations

AV 2a , _1
f1@ é_fz ~ (i +H(r)f2);
- -
0 a4 = =5 (f2+H(r)f1),
TS 700 fi=—tutul(1-0ad) +odf
| = .
. . . H(’r‘) ~ — bUIk
Hydrodynamic interactions - r
r=d-+x2 — T h?
| | H(r) ~ — nearwall
Fast variable : amplitude r

Average over fast modes ->

Slow variable : phase : :
effective equation for slow modes

INI, June 2013
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Hydrodynamic Synchronization

Weakly interacting limit
d > 1o — 1 a/d << pu/k,ar/ko
T = % (Akeiwt + A};e_m) k=1,2
Average over fast oscillations :> A, = Ry, o' Pk
Phase difference ¥ = ¢2 — @1 w = f(cos ) sin

Enhanced when 8} # 0
In phase - a > 0

Antiphase - « < ()
Much slower if & — 0

INI, June 2013

Collective dynamics ?
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Tutorial example: Brownian motion

Langevin equation in over-damped limit (no inertia)
d

e

ar(t) = v (r(¢)) +u(t)
deterministic (e.g. from Random (thermal i/ ‘
potentlal)v(r) _ _%vv(r)ﬂuc’tuatlons) o
) =0 Gaussian white
(u( )> noise M )J (‘l‘ H t N“
(ui(t)uj (t’)) = 2D 52']' 5(t — 1 ) ' } ‘ '\ l

Probability density of finding particle in vol. d%z around X
P(x,t) = (0 (x — r(t)))

() — average over noise

KITP, April 2014
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From stochastic trajectory to probability

Dynamical equation for prob. density

0 _ r(t+ At) — r(t
£I—r}0 g P(x,t) = AliI_I)IO X [P(x,t+ At) — P(x,1)] ( t+At) | (2)
3 3 = Jt dtlr(tl)
— Jim L [(8 (x— x(t + A8)) — (8 (x— £(0)]
. 1 t+At 3
= - lim /t 4,V - (v(x) P(x, 1) + (u(t:) 8 (x — x(t ))))
0 0
Current, J(x,7) : (,%P 9z, Ji=0
t+At t+At 3
T, 1) = vi(x) P(x,t)~ lim %At / T N (t)u;(t2) aa.P(x,t)
‘ t =1 9 pg, 6(t1 —t5) "
Ji(x,t) = v;(x) P(x,t) — D o P(x,t)

81‘7;

KITP, April 2014
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Stochastic trajectory to probability |

N interacting particles + fluctuations

>

0T; =, , -
o = V(@1 8x)) + &

(Cia()€3(t)) = 2D;i00;j0030(t —t')

Up to pairwise interactions
Vi ({1, .., 2n}) = 00(@) + ) 7D (&, &)
N JF#u
One particle density ¢1(7,t) = Z (0 (77— Z;(t)))
i=1

Conservationlaw: Oic1 +V -J1 =0

KITP, April 2014
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Stochastic trajectory to probability

Current :
Ji(71,t) = T (F)er (7, ) + / diy 02 (7, ) co (71, 72, 1)

_DVe; 2-particle density

8,502 — F[Cz, 03] ¢oe

Closure problem (usual non-equil. Stat. mech. prob.)

Mean field approximation  ca2(71,72,t) = c1(71,t)c1 (72, 1)

(ignore correlations)

KITP, April 2014
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Stochastic trajectory tg probability 1V
One particle density c1 (7, t) = Z (6 (F— Z(t)))

S i—1
Orcr +V - J1 =0 Conservation law :
:f1(771, t)= —D 661 + ?7(1)(F1)01 (71,1)
Nonlinear current : +/dfF2 72 (7, 7)1 (71, t) c1(7a, t)
Interacting oscillators : ;o = {di, v }

Velocities (2 = {1 — ¢, 0}

Gradient operator V= {9, 9, }

INI, June 2013
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Coarse-graining the dynamics ..

Project on to moments (hydrodynamic modes) :
o Densit
plant) = [ dde(s,v,0) y

2m
B(y,t) := /O de®c(b,y,1): Phase coherence

Coarse-grain in space/time eLd< h<r

Global behaviour 0,dY = — (D — %4?0&7]_2 p0> ®° +h.o.t
8 yw Y

Synchronized state for o > ()

Leoni, TBL (2012)
INI, June 2013
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Coarse-graining the dynamics ..

Project on to moments (hydrodynamic modes) :

2 .
p(y,t) := /0 doc(p, v, t); Density

Phase coherence

27 _
®(y,t) := /0 dpe®c(p,y,t);

Coarse-grain in space/time eLd< h<r

« > (0 = Globally inphase

node
495 ‘ '
. P 480
« < 0 = Locally antiphase 5
485
+ long wavelength °
. 450 ; )
phase modulations . o . i "
oscillator # oscillator #

Leoni, TBL (2012)
INI, June 2013
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Cyclic swimmers

* (Re=0) Stokes equation is linear "

nV?v—-Vp=0 ;: V.v

e Swimming is a periodic sequence

of shape changes
I~ -0

e Ife.g. forward stroke = backward —
stroke =» no net motion 0= ds - o
o S, 5 S
= 3! ' Force - free
e e.
;L:'* S8 Purcell (1977)

KITP, April 2014
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A closer look at swimmer dynamics

Swimming stroke = oscillation

Identical swimmers = all oscillations in phase

Another possible
:> broken symmetry

Dissipative oscillator — single object subject to time varying force

. f
f@ io= v = 067na sphere radius, a
1
L . k
0 f = ——33—|—M—(1—0'562)—|-CY5133
T Y

Viscosity dominated dynamics -> spontaneous oscillations ;& > 0
KITP, April 2014
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3 bead model 11
L;=1;+d;
2a d/2 J J ( t)
— ﬁ 1 = dcos(w
O——=0O- -0 ,
do = dsin(wt)
L . L2 Najafi-Golestanian, (2004)
1 1 1 -reci
_ 2 3 ;73\ hon-reciprocal
v wd (E T 2 - (I, + 52)2> +0(d”/17) internal motion

 Dynamic force density, with average

_ _ 1
f(r) = —f4La0;Vi6(r — 1) + 5 fo L0004,V V;6(r — 1) + ...

dipole quadrupole da
k=1ly/l; k=1= f;=0 dequ’ydeQ
ushers ullers
I >1 0, B,

KITP, April 2014
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S AN Ising model’ of swimmers

Modity u

L; =1; +d
2a d/2 : 1

- E :O diy = ;F1 +u- (V(372) — v(x1))

ot oo ool - ° k‘ F
L L Fi = —=2di +p(l —od) = + ad]

Arm 1 = Spontaneous oscillator e Arm2isslaved to arm 1

dy ~ dcos(wt + @)
a > 0

do >~ dsin(wt + @)
e Average over fast period ->  Swimmer characterised by
X = (a,r,¢)

KITP, April 2014
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Capturing collective behaviour

Active element ]‘ ﬁZ Q

27

Polar order /' Nematic order /7,3
f/}‘;f 1//1

Phase incoherent Q
Synchronized (phase coherent) @

KITP, April 2014
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Stochastic trajectory to probability |

Nonlinear current :

J1(71,t) = —DVey + 70 (7)er (71, 1)
+ [ dr 8 @, e (7, ) o1 (7t
Oicr +V - Jp =0 D = D()

Interacting objs :  7; = {r;, U;, ©; }
Velocities : 7 = {V(i)a w(i)a Vi }
Gradient operator  V = {V, R, 0,,}
V=7

or
R =tx 2

ona KITP, April 2014
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Interactions

Interactions between swimmers (no fluctuations)

3
Z Z nam'v' a,vy = A,B and nom = 1,2,3.
m=1~y=AB
fB — o 3
A /‘ Hoams = H(x® — xP) for a # S
B/f 3 | | N
2 ‘velocities’
1 B - T R d
ha 1y — 4% = w® x a°
RB\\. 4_0\,%0—0—’ dt At
1y T2 34 interactions
\ R, [l
A d « ~ (X (87
0 x — R =va“"+V
dt
e Take account of phase Leoni, TBL, (2010, 2014)

e Interactions mediated by fluid (averaging over a cycle)
KITP, April 2014
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Length/timescales

e Internal motions ~ 10 nm
* In ms timescales
e Stall force of ~ 10 pN

e Objects of ﬁA_ength ~ 1 micron

Separation of scales

\
e Looking for phenomena
* on lengthscales > 100 microns

e Timescales of seconds-minutes

KITP, April 2014
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Projecting on to hydrodynamic variables

Polarized state ;}‘ /\ synchronized @

Moment expansion of concentration + truncation :

p(r,t) = / dadypc(r,a, p,1) density - conserved quantity

pPt) = [ dadoctei e

-possible broken symmetries

poirt) = [ didpe” clr. i)
Dynamics on length-scales much bigger than L

= (Gradient expansion

KITP, April 2014
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Synchronizable swimmers
3 bead model . 11
One arm spontaneous osciilator
2a d/2
~ B Additional phase variable ¢=0,2n
OO~ -0 ’/|\\
Ll Lz Leoni, Liverpool, PRL, in press (2014)
. Order parameters
u, . .. | N )
b, / 2 ﬁl Polarization (t) = N < Un(t)
N
1
- 1Pn (t)
Phase coherence ®(t) = N Z

KITP, April 2014
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Synchronization & polar order
P=Pp &=MeQ
(9tP — (b + UMQ)P
M = (C+EPHM

e

b=—D,+ p(1 —&)[' ) — Lply(k — 1)
ply — D,
C=r(2rk+ 1T y
‘=T
Leoni, Liverpool, PRL, in press (2014) Y
k<1 ‘BESh?E’ k> 1 O_[iullir_so

KITP, April 2014
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Phase coherent

Phase incoherent

BRISTOL
pullers pushers
I — stable [ — unstabl
local order
only
disordered P — unstable
0 i
pullers pushers
[ — unstable
local order I — stable
only l
P — unstable
disordered
0 W,

KITP, April 2014
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Summary

Q: Does an internal phase variable have consequences on the
behaviour of active matter?

KITP, April 2014
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Summary
e A: Yes!!

Studied collective behaviour of simple model swimmer with
a dynamic phase variable and simple force multipole to show
this

These consequences are not dependent on specific model
(can be obtained by phenomenology — writing down most
general terms allowed by symmetry)

Leoni, Liverpool, PRE, (2012)
Furthauer, Ramaswamy , PRL, (2013)
Leoni, Liverpool, PRL, in press (2014)

KITP, April 2014
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Summary

We focused on oscillators which synchronise in phase ¢y > ()

‘Ferromagnets’
Very interesting to explore oscillators which synchronize out of phase

(metachronal waves, ....)

‘antiferromagnets’ ....

KITP, April 2014



