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What is active matter and why is it interesting?
Background 1: nematic liquid crystals

Background 2: low Reynolds number hydrodynamics
Active nematics and active turbulence
Self-propelled topological defects

Confining active turbulence

Bacteria: the hare and the tortoise

Eukaryotic cells as an active system



Active matter: takes energy from its surroundings on a single
particle level and uses it to do work.

molecular motors | ~cells

active colloids

microswimmers






Bacterial flagellar motor

~.Flagellar
filament



Active propulsion:

Di Leonardo, Sokolov,



100 MICRONS

Galajda et al, ] Modern Optics 2011




Active turbulence: bacteria

Dense suspension of microswimmers



Active turbulence: eukaryotic cells




Why study active matter:

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
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nematic symmetry




nematic symmetry




Tensor order parameter, Q

5,
Qij = (ninj — §j>

Landau-de Gennes free energy

K A B C
J = 5(@@@)2 + 5@73]'@]'73 + ng‘ijkai ™ Z(Q@QJ"L')Z

An ‘elastic liquid’
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Continuum equations of liquid crystal hydrodynamics

(01‘ + ’U'k@k)QU — SZJ = FH?]




Continuum equations of liquid crystal hydrodynamics

(01‘ + ’U'k@k)QU — SZJ = FH?]

S'ij = (/\Ej,l;, + Qz’k)(@l{j + 5A?j/3> +

(Qik + 52A/3><>\EA] - QA]) - 2>\(sz + 52]/3>(QA18AU1)
Ejj = (Oluj + ajuz)/Q

Q,ﬁj = (ajui - aiu‘j)/Q



Continuum equations of liquid crystal hydrodynamics

(01‘ + ’U'k@k)QU — SZJ = FH?]

S'ij = (/\Ej,l;, + Qz’k)(@l{j + 5A?j/3> +

(Qik + 52A/3><>\EA] - QA]) - 2>\(sz + 52]/3>(QA18AU1)
Ejj = (Oluj + ajuz)/Q

ij = (é?jui — 8;1@-)/2
F = [X’(()kQU)Q/Q + leUQﬂ/Q + BQz]Q]kaz/g + C(QZJQJZ)2/4



Continuum equations of liquid crystal hydrodynamics

p(é)f T u’/f.ak)uuj — Q,H,J




Continuum equations of liquid crystal hydrodynamics

p(é)f T u’/f.ak)uuj — Q,H,J

viscous __ N
IT;; = 2L



Continuum equations of liquid crystal hydrodynamics

p(af T ’Uk@k)U.i — Q,H,J

viscous __ N

qussive = —Pdij -1- 2)\((—2@' -1 5-ij/3)(leHlk) — /\HzL(QLJ . m (5]@]'/3)

. i W
—MNQir + 0ir/3)Hyj — 0;Qu + Qi Hyj — HipQrj

/ 00; Qi

Tumbling parameter




Continuum equations of liquid crystal hydrodynamics

(a =+ u'ké)k)Qvi'-' — Sz = FHZ
| /]/ : A :

couples nematic order and shear flows

relaxation to minimum of Landau-de Gennes free energy

p<0f T u’l{,ak)’ll--j = OJHIJ
P

viscous + passive
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Stokes equations

Vp = uVov +f V-v=0




Purcell’s Scallop Theorem

A swimmer strokes must be non-invariant under time reversal

effective shoke

~~~~~~




Green function of the Stokes equation (Stokeslet)




Far flow field of a swimmer

Swimmers have dipolar far flow fields because they
have no net force acting on them

Q . e O



Dipolar far flow field




Far flow field of a swimmer

Swimmers have dipolar far flow fields because they
have no net force acting on them
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Goldstein group, Cambridge E-coli




Extensile
Pusher

¢ >0

Contractile
Puller

<0
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Extensile Contractile
Pusher Puller
>0 <0

Flow field has nematic symmetry



Active turbulence: bacteria

Dense suspension of microswimmers



Continuum equations of liquid crystal hydrodynamics

(a =+ u'ké)k)Qvi'-' — Sz = FHZ
| /]/ : A :

couples nematic order and shear flows

relaxation to minimum of Landau-de Gennes free energy
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P
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Continuum equations of liquid crystal hydrodynamics

(a =+ u'ké)k)Qvi'-' — Sz = FHZ
| /]/ : A :

couples nematic order and shear flows

relaxation to minimum of Landau-de Gennes free energy

p<0f T u’l{,ak)’ll--j = OJHIJ
P

viscous + passive + active stress

ng.]gti've _ _CQU
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Active stress => active turbulence

Active contribution to the stress —CQ

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

-

Hatwalne, Ramaswamy,
Rao, Simha, PRL 2004



nematic ordering is unstable to bend instabilities
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Active stress => active turbulence

Active contribution to the stress —CQ

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

-

Linear stability analysis =>
nematic state is unstable to vortical flows

Hatwalne, Ramaswamy,
Rao, Simha, PRL 2004



Active stress => active turbulence

Active contribution to the stress —CQ

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

-

Linear stability analysis =>
nematic state is unstable to vortical flows

What happens instead is active turbulence

Hatwalne, Ramaswamy,
Rao, Simha, PRL 2004
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microswimmers

Vorticity field
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Modelling active turbulence
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Active turbulence: topological defects are created and destroyed
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Topological defects are self motile 2



Flow fields around defects

.
0 025 05 075 1

Average flow speed o
(Proportion of max) L. Giomi
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Sanchez, Chen, DeCamp, Heymann, Dogic, Nature 2012
L. Giomi, M.J. Bowick, Ma Xu, M.C. Marchetti, PRL 110, 228101
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Why study confined active systems?

To control active turbulence

Many active systems are finite in extent — tissues,
organoids, tumours

The physics:

Two competing length scales

Motile topological defects



States of an Active Nematic in a Channel

8 -
- ® uniform director field
7 - ® laminar flow
) ® oscilating flow
> ® vortex lattice
B Che turbulent patches
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EPL (2005)
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States of an Active Nematic in a Channel
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Ceilidh Dance




Vortex lattice and active topological microfluidics
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States of an Active Nematic in a Channel

8 -
- ® uniform director field
7 - ® laminar flow
) ® oscilating flow
> ® vortex lattice
B Che turbulent patches
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No flow => laminar flow => the Ceilidh dance => active turbulence
Increasing activity =>

<= Increasing confinement



Microtubules and kinesin motors in channels
Widths 30 — 400 microns
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The dancing state in confined microtubule — kinesin mixtures

e F 2 '%‘,wr.-...taw.ﬂ,q VT

Distribution of defects across
the channel:

Blue -1/2

Green +1/2

Lxperitoeres



director_field Magnitude
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Shear + periodic bursts of defects

A
100 | >\i

Distance between defects is
set by the channel width

0 20 40 60 80 100



Shear + bursts of defects Defect bursts are periodic
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Active turbulence: eukaryotic cells




Thank You

Amin Doostmohammadi Guanming Zhang Romain Mueller

Benoit Laboux Thuan Beng Saw

Saw et al Nature, 2017
Mueller et al Physical Review Letters 2019




Topological defects in cell layers
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Isotropic stress around a topological defect

experiment
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Blebbistatin 50 uM and washout
Total defect density (/10000 um?)

Simulation
Activity decrease thenincrease
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Topological defects in epithelia govern the
extrusion of dead cells

T. Beng Saw, A. Doostmohammadi et al,
Nature 544 212 (2017)



Topology in biology?

Positions of apoptosis correlated with +1/2
topological defects

High stress drives YAP from nucleus to
cytoplasm which is a signal for cell death

Cell dies and is ejected from the monolayer



Questions

Why do isotropic cells give nematic defects?
Why are the defects extensile?

Can we model cell mechanics as an active system?



ance nematic fluctuations




Active dipolar force

active dipolar stress for cell i:

00, = —Cpi (x) Qi

active dipolar force density:

f7;dlpolalr —V.0g, = —(Qi - Ve,

\
J
\

(a) extensile (b) contractile



Nematic field
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Onset of active turbulence

rms
velocity

- 0.00

extensile activity

0.00200
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7 elasticity



Questions and some answers

Why do isotropic cells give nematic defects
Bootstrap effect of extensile forces

Why are the defects extensile?

Due to interactions between cells

Why don’t we see walls?

Hydrodynamic instability weak

Can we model cell mechanics as an active system? ‘ | ‘;?( ﬁ
I =S
'H'“ by ‘r; iy
v S

Polarisation dynamics

Cf vertex models

Confinement, cell division ....



