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Active particles convert energy to motion

Energy enters the system on a single particle level

molecular motors cells nematic walruses
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Active turbulence

microswimmers

Vorticity field



Active turbulence of cells




Nematics and their equations of motion
Active flow

Continuum equations for active nematics
The physics of active turbulence

Microtubulues and molecular motors

Cell colonies:
Cell division is a sources of activity
Growing cellular colonies and active anchoring

Cell extrusion at topological defects



Liquid crystals
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Viscoelastic

Splay

Bend

Topological defects

/7

/7 /¢
271717 /2
/11 11/
</ )1/ —ix

Y A |



Hydrodynamics of active systems

Stokes equations Stokeslet
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Hydrodynamics of active systems

Swimmers are force free => flow field is dipolar
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Continuum equations of liquid crystal hydrodynamics
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couples nematic order and shear flows

relaxation to minimum of Landau-de Gennes free energy
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1. Active stress => active turbulence

Active contribution to the stress _C Q

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

-

nematic state is unstable to vortical flows

Hatwalne, Ramaswamy,
Rao, Simha, PRL 2004



Instabilities in active nematics




Modelling active turbulence
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Active turbulence: topological defects are created and destroyed
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Onset of active turbulence:

————— o ——— —— e e —a-— s e . e - - ———
T S V= S ——— [ — - ——— ——

— —— — e e—— —— ——_——— — ararar ——— —— -——— A — e r——— ——

—-—r— — —_— —— i —
—— -_— —_— — —— s — e ae—w— —— — i — o y—
A—— e —— ———— —— ——  erm—
— —— - —_———— e e -—— —— e
[E————— — P ——C— — i ——— - —— —— - ———— — —
—— —— -— -— e, . — ———— ——
—r — — ——— P NS L N U S ——
— — J—— - ——— — —— —— A A — o A — el
- - -— — —— — s el g e . B 4
—_— —— - — A e —_— — — —— — ——— A ——— i ———— a——— —
- —ar—— — _— — . - p— —
——— ——— -— s g . g P s W
_— — — T e ———— — — —— e — —— ————"
- ——— [ N — —-— _—
—r g — -_— —— ey ——p— i S ey — ——— S— —— —r— e — —ACwem .
e ————————— ———— e e -——r—a - —_ — —————
—— . = — —— —— — — DA — — —t— —— S — ———
-—— - ——— —— o — -————— ——— —————a— —
—— ———— . —— —— -—— —— . — . a4
—_— - -_— S e e — g iy
-_— ————— -— - f— ——— -
A . e —— —— — p— -—
- —— e D o — o A— —— —— —_ - — — — it
—-— _— — -— -— ——— i — ————— e ———
— —_———— mre— o . — —— _— —_—— m——
———— -— — e ———  — ——— ——— — — S
p— ——a—r— p— ——

—— [ S— -_— — —— i g . g
—— — -—— —————— a— -— ——— —
—— ——— — — -_— -—
—— e — e J— ———— — ——— -— -———
—— — ——— - — — -—

j— -— — —— ——— i el e o
— — R A — e —— —— — A — e — -_—
— ——— T —— e A " B e el S
- —r— - — ———— — —
— — [e—— A — — — g —— —
_— e — — —— —— ——
——— ——— — — T ——— — o — —— i r— — S Y~ S WY
F——— —— — - ——— —— — ———
—— e e i — —— — g . e g e
———— — i — ey e ey oy Sy
p— -— ——— -
- -_— Sy ——— —— e —
— -—— -— -_— -—
——— — — —— ———— —— — —_—

-— — — =

_— — e ——— . e e == — ————— — ——

— i — g . g . g . g e et
—_— A —— — ——— ——— ———— —— —————
-—— —— -— =— —— i —— —— ——
e e —— — — S —— ra—— = — e — . — — —T
——— —— e —— ——
i i e—r— i — e — ——— i — e re— e —_— r—
— - — -———— — = ——r— e
e i e e e e O e o B e o e (L Bl — -— e e e Y e i g Yl e Y e Y.
-——— — = —_— —_— —_—— i ———— e —— e
—_—— - — ——r— = ——
———— . —— ——— —— —— — T — o p— c——
——— p—— - — — L — e — P p— e —— G — o ap—
— —— e = — —
-t — — i e ope .
e R R S ————— — e — ———r— e — r—
e e e e e e e P s e e i P s e e . g M T el g M A e " B, g . M
o r— — . ———— e — — Sr—— — — —— — ey
— — —— =SS — i — ——— ———
— ——— — P — -—— — e —— ————— . e
A — g e— — s — — — g — —
—_———— ————— - —_— m— — = —_—— — —————— —————
el . . e — i — —— — -l - —
_— ———— e —
e e e o e aape— — e T Sy e el s e S || s g e i s P e e
== = === === — —
N — . — —————— e — - — e . ———— " —
o ——————— =~ —— —_— -— —-—— ——
o —————— -— —— ——— 1

———— —— e —— — — —— -— -—— -
e = e g g e A . g e WA W g e g —— ——A—

— — - —— T —— i - — —
e P = 3 — —— P — = npr— ———r— —
e e —r—— — e —— e e e e A —y— g o y— e — . g g e e e e

e TS e - —— — ———
——— T —— ———— i - — —_— - ——— e e e+
-— — —— ———— —— —— e ——
—_— g ——— -— — — — o — ———
- e c— i — == == — — -—
. —————— ———r e — — —_— -— —— ——
— g i A — — p—— e —p— g — c—p i Tag— Sh— ol c— T w— [rm— e et - E—
—_— — e —————




Molecular motors
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Kinesin clusters

Sanchez, Chen, DeCamp, Heymann, Dogic,
Nature 2012



Sanchez, Chen, DeCamp, Heymann, Dogic, Nature 2012
L. Giomi, M.J. Bowick, Ma Xu, M.C. Marchetti, PRL 110, 228101



Onset of active turbulence:

Microtubule bundles, p. chen, Brandeis University
« Stage-1: Walls — driven by hydrodynamic instabilities
« Stage-2: Defects — driven by elasticity and flow



1. Active turbulence

) \\\\\“\\\ T
s5 '/L ;/ }\%t\\\\§; ::E \ ;:\ S :\‘:\\:%,; &%3\3\
Ly })»}}) \ m

7
Y |

22229 m}v
““““ s ;f’zé.’;ﬂ 2

e i i i i

"~ - et

A4S prs S

hydrodynamic (7% , ‘:‘:‘::::::._'.,--
instabilities - ({1\{; i«(@f{gﬁ{{{{g«? Q"((((({((( (4(/<
R RN “:}

-~

N
MMM

N
.
22 )

N

f2::<:@<fi<<<§gi{i§;;§§(@@\ (((Q
)

NN {{
3: ST RN \\\\\ ANAN
N
}
B!

N AT
i e )i

(((
S
nematic order . . a5 s S5 5 70

60 poo N TT—
A /}z}})) )) N —_— » N

T

mi-%//ﬂld»)z ey

75 B0

G s
N&kkkicozzzzzrz7= -
NS &« = topological
t\??{?}:\\&\\“ NS \N\\I{‘{i«ﬁg««: defects

35‘\\ _Tss —— 3
NI 222

R = - St e

25 > sy .

ki
@@

N
S




Nematics and their equations of motion
Active flow

Continuum equations for active nematics
The physics of active turbulence

Microtubulues and molecular motors

Cell colonies:
Cell division is a sources of activity
Growing cellular colonies and active anchoring

Cell extrusion at topological defects
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Two sources of activity:

Motility

Cell division
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2. Division acts as extensile stress

Contractile Extensile

W/O division With division W/O division With division
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Flow field around dividing epithelial cells

(Contractile + friction) Lene Oddeschede



The active interface

v

time
Interface instability is asymmetric

+1/2 topological defects originate from the interface
and move into the bulk



Consequence of the active stress
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force due to gradient in direction of order parameter
force due to gradient in magnitude of order parameter
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|sotropic stress around a topological defect
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ACTIVE NEMATICS
Cell division is a source of activity
Cellular colonies show active anchoring

Cell extrusion occurs preferentially at topological defects

arXiv:1605.00808

Active turbulence in active nematics
Sumesh P. Thampi, Julia M. Yeomans
European Journal: Special Topics

arXiv:1603.00194

The Hydrodynamics of Active Systems

Julia M Yeomans

Lecture Notes, 2015 Enrico Fermi Summer School on Soft Matter Self-
Assembly, Vienna




