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|.  Flow: Inspired by experiments of Yuka Tabe
(Work with former graduate student Lena Lopatina,
now at Los Alamos National Laboratory)

I. Phase separation: Inspired by simulations of
Sharon Glotzer




Experiment: Driven flow in %
chiral liquid-crystal films LCI e CPIP

Experiments by Yuka Tabe (Waseda Univ.) and Hiroshi Yokoyama (LCI)
« Experiment #1. Langmuir monolayers of chiral molecules on glycerol
— Change humidity of air = Water transport across monolayer
— Motion of water = Precession of chiral liquid-crystal molecules

— Boundary conditions on domain walls, competition between
driving and elastic interactions = Complex director modulations

— Observe only precession, not flow = Presumably because of
viscosity of underlying fluid




Experiment: Driven flow in %
chiral liquid-crystal films LCI e CPIP

« Experiment #2: Freely suspended films of chiral liquid crystals in
smectic-C phase

— Different humidity on two sides = Water transport across film
— Motion of water = Precession of chiral liquid-crystal molecules

— No underlying viscous fluid = Observe both director rotation and
large-scale flow (based on motion of dust particles)

« Experiment #3: Freely suspended films of chiral liquid crystals in
smectic-A phase

— Motion of water = Rotation of chiral liquid-crystal molecules
about their long axes

— Cannot observe director rotation, because there is no director

— Observe large-scale flow (based on motion of dust particles),
less than in smectic-C case
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Simulation: Phase separation

LCI e CPIP

THEORY

Emergent collective phenomena in a mixture of hard shapes through active rotation

! Department of Mechanical Engineering, University of Michigan, Ann Arbor, Michigan 48109, USA

2 Department of Chemical Engineering, University of Michigan, Ann Arbor, Michigan {8109, USA
? Department of Materials Science and Engineering,
University of Michigan, Ann Arbor, Michigan 48109, USA
(Dated: August 12, 2013)

We investigate collective phenomena with rotationally driven spinners of concave shape. Each
spinner experiences a constant internal torque in either a clockwise or counterclockwise direction.
Although the spinners are modeled as hard, otherwise non-interacting rigid bodies, we find that
their active motion induces an effective interaction that favors rotation in the same direction. With
increasing density and activity, phase separation occurs via spinodal decomposition, as well as self-
organization into rotating crystals. We observe the emergence of cooperative, super-diffusive motion
along interfaces, which can transport inactive test particles. Our results demonstrate novel phase
behavior of actively rotated particles that is not possible with linear propulsion or in non-driven,

equilibrium systems of identical hard particles.

PACS numbers: 89.75.Kd, 64.75.X¢, 47.11.Mn

Introduction.—Active matter is a rapidly growing
branch of non-equilibrium soft matter physics with rel-
evance to fields such as biology, energy, and complex
systems [1]. In active matter, dissipative, steady-state
structures far-from-equilibrium can emerge in systems of
particles by converting energy to particle motility [1, 2].
Recent works have reported novel eollective behavior not
possible with passive matter, such as giant number flue-
tuations (3], clustering [4], swarming [5, 6], fluid-solid
phase separation of repulsive disks [7-9|, and collective
rotors [10]. Effective interactions emerging between hard,
self-propelled particles were shown to cause phase separa-
tion [9, 11-13] and coexistence [9] in simulations. Exper-
imentally, some of these phenomena were demonstrated
by driving the system via vibration [14-16], chemical re-
action [17, 18], and light activated propulsion [19]. To
date, most studies have focused on self-propulsion where
the constant input of energy to each particle goes directly
into translational motion and hence active forces couple
to particle velocities. Converting the input of energy into
rotational motion, however, does not directly influence
translational motility, and couples only to the particles’
angular momentum. We denote such a coupling of active
driving forces to angular velocity as active rotation.

Active rotation may be achieved by various methods,
e.g. external magnetic fields [20, 21] and optical tweez-
ers [22-24]. Biological organisms can spin naturally, such

Rotating
Crystals

¢

0.0 — —— ——
025 0.3 0.35 0.4 045 05 0.55 06 0.65 0.7



o (EDRATE CENTENN ;g éé é g

Theoretical Issues LCL e CPIP

« Specific connection between experiment and simulation
— Driven rotation in experiment < active rotation in simulation

— Future experiment could investigate racemic mixture of right-
and left-handed molecules, look for chiral phase separation
Induced by water transport

« General principles
— How does driving/activity induce flow?
— How does driving/activity induce phase transition?
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Lagrangian dynamics LCI e CPIP

« LagrangianL =T -V * With constraints

kineti tential df - Z( ot u acg)
Inetic otentia . .
P dt| og. 8qJ ~ "oq, "'ag.

- Equation of motion

d( oL oL « With dissipation and constraints
2l = 2= =0
/! dt{ad; | oa, 8qj T 0q; aq,
generalized coordinates
« With dissipation Strategy
« Construct general
d( 8!_ ] oL ap =0 expressions for T, V, and
dt\oq; ) aq; 6qj D allowed by symmetry
D = Rayleigh dissipation function » Derive Lagrangian
= half the rate of energy dissipation equations of motion
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« Generalized coordinates * Modes that dissipate energy

A, =1V, +0,v,) «<— shear rate

« Generalized velocities « Dissipation function density
v(r,t) D =nAA
« Kinetic energy density « Lagrangian equation of motion
=1pV[’ pdvi’t) -7V =-vp(r,t)
« Potential energy density Lagrange multiplier
V =0 IS pressure p
« Constraints Navier-Stokes equation

V-v =0 <«<— incompressibility
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THEORY

Key issue: Coupling between orientation and flow
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Nematic liquid crystal LCL e CPIP
« Generalized coordinates * Modes that dissipate energy
A(r,t) A =10V, +0v;)
_ N N = — w x n <« director rotation wrt
« Generalized velocities background flow
v(r t) '(r,t) where background rotational flow is
w=3VxVv

« Kinetic energy density

L2 a2 « Dissipation function density
T =3pVv +3IN

: : D = (Au Au) (n AN, )
- Potential energy density ' (n,AA,N,)
TR X
V=0 + (NN + (N AIJnJ)

 Constraints
V.v=0

A =1
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Nematic liquid crystal LCL e CPIP
« Generalized coordinates * Modes that dissipate energy
A(r,t) A =10V, +0v;)
_ N N = — w x n <« director rotation wrt
« Generalized velocities background flow
v(r t) '(r,t) where background rotational flow is
w=3VxVv

« Kinetic energy density
« Dissipation function density

D = %a4(Aiinj)+%a1(n Ayn; )

7]

+%(a5 +a6)(niA--A- n )

T =21pV +2I0°

« Potential energy density

V:O +%7/1(NiNi)+7/2(N Aljnj)
 Constraints where o's = Miesowicz viscosities
V-v=0 Ericksen-Leslie y, = rotational viscosity

a2 theory ¥, = torsion coefficient




Example: Shear alignment LCI o CPIP
« Potential energy density V=0
,v (V'y)x — (can add elasticity and anchoring
/\ later if we wish)
« Dissipation function density

27 e s’
/ / D =const +1y,(6+1v')

+1y,v'(6+1v')cos 26

* Impose a shear flow profile

=(v'y)% « Constraints automatically satisfied

« Calculate the bulk nematic « Equation of motion

alignment, parameterized by ) .
* Generalized coordinate 6 « Steady-state solution
 Generalized velocity 6 1
. . . d . H — —COS_l — ﬁ

Kinetic energy density > y

2

T =const + 116?
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«  Case 1 %: Fluid with spinning %
KENTSWE . .
particles but no director LCL e CPIP

THEORY

 Generalized coordinates « Modes that dissipate energy
A = %(5ivj +6jvi)

| -~ AQ = Q- «— SPinwrt
» Generalized velocities background flow

v(r,t) Q(r,t) < spin where background rotational flow is

L _ w=3VxVv
« Kinetic energy density

« Rayleigh dissipation function

= 1oV +31Q7 2
D =nAA,; +37,/AQ)

» Potential energy density

V =0 Similar to Ye-Lubensky
| theory for chiral
« Constraints granular materials

V-v=0




Model for chiral SmA film: Oﬁ«%

Simple rectangular geometry LCI o CPIP
_ o - . . . .
O — O O O gdglljtrl?ancael gtlfjézagon function due
@ v-vyg— , @

tOp view DSUff = %G(V(ymin)_v(ymax))

« Generalized velocities

Constraints automatically satisfied
Equations of motion torque from

v(y,t), Q(y,1) water transport
o | dae (o Llov)_
« Kinetic energy density Eﬂﬁ +§@ = Twater
2 2 2
URSVYSTs e oS P R
dt oy 2'tey 2 0y

« Dissipation function density

Boundary conditions

D_1n(avj2+1ytﬂ+1avj2
S A I Y o Wi
oy 2 2
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Where does this term come from?
Possibilities are:

« Dissipation function: Term of

D=..—7,,.Q=...— 7,0
* Free energy: Term of torque from
q water transport
P == Tuae? I—Q+7/1 Q"'}@ = Twater
dt 2 oy

« Somewhere else?




Model for chiral SmA film: %
KENT STATE .
Simple rectangular geometry LCI o CPIP

® —— ® O O  |f there’s no shear stress o
. . .
O - _VE E)A( . ®) resisting the shear flow, then
- = Twater
- viy)=v, —
top view (y)=Vv, ( 2 )y
« Steady state solution
T — O Q(y) = z-Water(i + ij
V(y) =V, _( water jy 71 477
21

If the boundaries prevent shear
flow, then they must be providing

a shear stress of o= 7

T\water 4 Twater — O

V1 4n

Qfy) =

Fluid must be providing shear

stress on boundary of o= -z, .,
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Phase separation L.CI ® CPTP

Question:

 How to combine active rotation with continuum hydrodynamic
description of the phase transition?

Variables:

* Chiral composition yAr,t) = pyign(r,t) — Pen(r,t)
« Spin Q(r,t)

* Flow velocity v(r,t)
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T Analogy with hypothetical O&%
equilibrium problem LCI e CPIP

If it were equilibrium statistical mechanics...
« Use free energy

entropy 9f mixing

1+y 1+y 1-w 1-w 1 2 1
F=KkgT log| —— — |log| —* — K|V —aQ” -b
(557 o 57 (72 ool 5 e o v

%aﬂz—bt//ﬂ

1 1 1 2
~ KTy’ + KTy + =Vl +
SKeTy ™+ CkeTy" 42 V|

« Minimize over Q2 = effective free energy in terms of y only

b2
F Kol —— v~ +=k|V +—kT
eff — 2( }/j K‘ W‘ 12 W

2

« Chiral symmetry-breaking transition at critical temperature kT = —
a

How to formulate the corresponding active problem?
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Case A

S,

LCI e CPIP

« Zero-dimensional, no conservation law, no flow velocity
« By analogy with previous problems, equations of motion must be

Derive from
rotational viscosity term
In dissipation function

Derive from
entropy of mixing term
In free energy

Active spinning term:
Derive from dissipation
function, free energy, or ?

—

LW

. Q

AN

Active spinning term:
Derive from ?
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1910-2010 Case B LCI e CPIP

« One-dimensional with conservation law for chiral particles,
still no flow velocit
S

« Conservation law gives — =———
¢ ot OX

2
where currentis J =- W — ..a—l/zj— Q
OX
Derive from Derive from gradient Active spinning term:
entropy of mixing term in free energy Derive from ?

« Equations of motion become
dQ _
dt

2 2
dl//: g {Jr...w—...a—l//—...ﬂ}

—...Q+.y

dt  ox?°
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Case B solution LCI ® CPIP

 In steady state for rotation: %—? =0 =) Q=..y

« Substitute into equation of motion for chiral composition y(Xx,t)

ovlsi) 2 7]

« \When active coupling is big enough: = .
piing g g dt o2 ox2

 Fourier transform x — Q: d‘//CE?’t) = (+ q°—... q4)u(q,t)

« Spinodal decomposition with favored wavevector

w(x,t)~ Q(x,t)~e" ' cos(gx)
W
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Case C

S,

LCI e CPIP

« Two-dimensional with conservation law for chiral particles

and with flow velocity v,(xt)

« Equations of motion

e Similar solution as in case B,
but with flow:

— ov oV 1 0 10V
PNyt ri | Q--—F|=0
ot oy: 2 “0oX 2 OX
|a_Q_|_ _}% —_
o T o )T
oy [ o (o 10y,
ot a2 T e 2 ox
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Open questions L.CI @ CPIP

1910-2010

1. How to justify the way | introduced driving?
How to relate the two driving coefficients?

2. What if the system had a first-order transition?
How to model nucleation and growth of active
system?



