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Active matter:
takes energy from the surroundings on a single particle level

molecular motors

active colloids

animals

microswimmers



Active turbulence: bacteria
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Dense suspension of microswimmers
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Motor proteins

Kinesin walking, from Inner Life of a Cell
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Active turbulence: motor proteins
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Active turbulence

Fluorescence Confocal Microscopy




Hook
S,

~.Flagellar

Bushing filament

27 by Y
28 o S4 4 Inner; membrane

Bacterial flagellar motor
(100 revs per sec unloaded)
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100 revs per second 6000 rpm unloaded   200-1000 loaded powered by protons moving across the membrane





Collective motion: macroscopic animnals




hydrogen peroxide

Pine group, New York
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Active matter
Meant to be out of thermodynamic equilibrium

Why is it interesting?



Active matter

Meant to be out of thermodynamic equilibrium

Why is it interesting?

1. to understand biological systems: biomechanics and self-assembly
2. To create new types of micro-engines

3. As examples of non-equilibrium statistical physics



Active turbulence

Dense suspension of
microswimmers

Microtubules driven
by motor proteins

Active turbulence

Fluorescence Confocal Microscopy

Confluent cell
layer




1. Introduction

2. Active turbulence and active topological defects

. Background 1: Swimming at low Re

. Background 2: nematic liquid crystals

. Active stress

. Active topological defects

. The hare and the tortoise, and other examples

3.3D 4. confined systems 5. mechanobiology




Low Reynolds number hydrodynamics
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inertial term viscous term

Reynolds number = inertial term / viscous term

= velocity x length / viscosity
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Large length scales:

High Re
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Small length scales p{@ﬂv.vw} Uy Vvt
Low Reynolds numbers

Goldstein group, Cambridge



Low Reynolds number hydrodynamics

small length scales, high viscosities

Stokes equations:  Vp = MVZV + f V-v=10




Purcell’s Scallop Theorem

Swimmer strokes must be non-invariant under time reversal

effectivs stroke

recoveny stioke



Hydrodynamics of active systems

Stokes equations Stokeslet
f I rr
Vp = uVov + f ve— (=4 —
p=H i S \r 13




Swimmers have no external forces or torques acting on them.

So all forces they exert on the fluid must act in equal and
opposite pairs.




Far flow field of a swimmer




Far flow field of a swimmer

;L

Up = - — (3 cos’f) — 1)

Swimmers have dipolar far flow fields because they
have no net force acting on them
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u (um/s)

Chlamydomonas

Goldstein group
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Dresher et al, PRL 105 (2010)
PNAS 108 (2011)

Volvox
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Goldstein group, Cambridge
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nematic symmetry

nematic phase
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Tensor order parameter, Q

3 0i;
Qij =(ninj — =)
2 3

Landau-de Gennes free energy

F = E(ainj )2 + EQij Qi + gQij Qi Qi + Z(Qii Q;)’

An ‘elastic liquid’




Topological defects in nematic liquid crystals
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topological charge

defects annihilate in pairs to

m = i dé give perfect nematic order
21T Jys




Continuum equations of liquid crystal hydrodynamics

P(at 4 uk@k)ui _ @J-H?-_j

l—[:y@‘scous _ Q,U-Eij

Lj

HPGSSWE = _P@ij + 2)\(ng + 6-ij/3)(QMHEk) — )\H‘;k(Qk} + 5@,/3)
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/ 00;Quy,

Tumbling parameter




Continuum equations of liquid crystal hydrodynamics

(O + u0)Qij — S;; = 'Hy;

Sij = (ANEi + Qi )(Qrj + 015 /3) +

(Qir + 0ire/3)(ANEy; — Qi) — 2MQi + 04 /3)( Qi)

o o2

F = K(0Qy)*/2+ AQyjQji/2 + BQijQ#Qri/3 + C(Q1;Q:)* /4



Continuum equations of liquid crystal hydrodynamics

t j’/ 7 N ]

couples nematic order and shear flows

relaxation to minimum of Landau-de Gennes free energy

PO + w0 )u; = O;11;;
s

viscous + elastic



Continuum equations of liquid crystal hydrodynamics

t j’/ 7 N ]

couples nematic order and shear flows

relaxation to minimum of Landau-de Gennes free energy

viscous + passive + active stress

ctive
HE‘: e __ _CQij




Active stress => active turbulence

ctiv
[ = —CQyj

Gradients in the magnitude or direction of the
order parameter induce flow.

Hatwalne, Ramaswamy,
Rao, Simha, PRL 2004
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