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Nematic Order Ubiquitous in Active Systems
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3D realization
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Nematic liquid crystals

Quantifying order: Q-tensor
Landau-de Gennes free energy > Passive nematics
Excitation and Topological defects

Nematic Hydrodynamics _
Active stresses and Active nematic hydrodynamics
Motile topological defects

Some directions of current research
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Active hydrodynamics predicts linear instabi\ity

predicted theoretically Simha & Ramaswamy 2002
distortions €2 flow ‘§/( &
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Motility of +1/2 defects

= QOrder parameter deformations generate flow

= TRS-breaking active stresses + geometric polarity of +1/2 defect - autonomous motility

Motility from active flows:
'u—nViu=aV-Q

Defect rides with self-generated flow

C [875[' — U(I')] — F(r) Elastic force due ! :

to other defects

contractile

Direction of motion of +1/2 reveals
the nature of active stress

Giomi, Ma, Bowick, MCM, PRL 2013; Pismen, PRE 2013
J Rgnning, MCM, MJ Bowick, L Angheluta, Proc R Soc A 2022



Active Defects as Self-Propelled’ Particles

/In equilibrium defects can be described as " 'charged” particles \
with known interactions. Opposite-sign N
)))>/>\, = < >>>>
v

defects attract and annihilate

Pair dynamics and annihilation controlled X_ X
by balance of friction and attraction

S T=x, —1_ v = —V [K In(z/a)] )

\

In active systems defects y [Qi‘j: — Ub(g;)] — —V [K ln(x/a)]

ride with the active backflow
and behave as self-propelled  Up (m) —(04/77)R5(£L’ — $+)

particles. »\& S <
Qctlwtymayovercomeattractlon V7 §;> E/
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-0.50L

Defect Trajectories

-0.25}

Giomi, Ma, Bowick, MCM, PRL 2013



Three directions of current research on
active nematics

= Activity as a handle for tuning interfacial properties:
large fluctuations, wetting, active emulsions (with
Zvonimir Dogic)

= Tuning activity in space and time to control flows in
active fluids and deformations and shape in active gels

= Active nematic solids: defects as centers of stress
focusing = Hydra development



Giant fluctuations & traveling waves at active/passive interfaces

R Adkins et al., Science Aug. 2022; F Caballero, MCM, PRL 2022

AM Tayar et al. Nat Mat 2023; L Zhao et al., arXiv 2024

P Gulati et al. arXiv 2024 _
Increasing

g
Increasing kinesin P2 Active 1€
activity |a|
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Active Wetting
lg

Dextran

Low KSA High KSA
180 nM KSA 345 nM KSA

experiments

simulations



Active Emulsions: activity then coarsening

activity Steady state is an

 — active emulsion
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And 2D active interfaces

Liang Zhao, UCSB



Patterning activity to control defects in space & time

Optogenetically modified motor proteins allow spatiotemporal
control of activity in cytoskeletal suspensions

Light-sensitive
kinesins and
microtubules

Asters track the light
pattern up to 200 nm/s

Also: R Zhang, Nat Mat 2021,

T Ross et al. Nature 2019



Luca &

Constructing spatiotemporal profiles of active stresses to @ S
Suraj

)

A

achieve a target configuration of active defects and flow - g " spaniar

Linearity of Stokes dynamics allows us to construct a symmetry-based additive approach

€%V2u—u+F_1V-a(r,t)Q—F_1Vp:O V-u=0

| 27
Flow structure dictated by combined symmetry defect vo = lim - de u(r, 9)
of defect texture Q and activity field a velocities wo = lim b V x u(r, o)
r—a 0

/Defect symmetry number s = 2[1 — ql\

/ Activity profile decomposed in polar \
components of defined rotational symmetry:

\KK@SI iﬁ/ﬁfzwg N ol = Qeulrhe™ y

q=+1/2 :—1/2




A simple rule for additive control of defects

k=20 k=1 k=2
ks ola), o) ola)
; ; Activi @0 @0 o
Sd - 1 \</{/+ prtOﬁltey x i > T \/:x
€i¢+\
As=s—k
~1/2 As|=1 -N defect velocit
— s| = 1 - Nonzero defect velocity
—
Sq =3 5 As| = (0 - Nonzero defect vorticity
N /
39 _ Other 4s values leave defects unaffected



Parabolic activity trap moves -1/2 defect
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Defect braiding with active topological tweezers

-

-60

-30

X OF

30

60

0.8

o 0.6
1140.4

10.2

wma T

{-0.2
1-0.4

§ -0.6

-0.8

2000 —

1500 —

Time

1000 —

500 —

Defect Trajectories

Defect trajectory braiding in
chaotic state provides a
guantitative measure of
fluid mixing = topological
entropy Tan et al. Nat Phys
2019
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Excised spheroid

Hydra budding and regeneration Maroudas-Sacks et al. Nat Phys 2020

Regenerating
spheroid

Induction “ Defect
of order evolution
T

Future head
coincides with
+1 defect

Future foot
coincides with

Nematic organization of
supracellular actin controls
morphogenetic processes

Specific defects as organizers of
head, foot, tentacles

Interplay of mechanics, geometry and
biochemical signaling:

= sphere elongates into ellipsoid = coupling
between geometry and orientational order

= Strain promotes expression of
head morphogen (Wnt)
Ferenc et al. Sci Adv 2021



Defect motility in active nematic solids

1
Coupling nematic texture to strain  €;; = 5(5’z~uj + 0ju;) €kl = —5,0/,00

0:Q = (1 + bexy, — Tr[Q7))Q + KV*Q + xé

1

b>0 = compressional strains (Gkk < O) aligns
“melt” the nematic

Force 8]- [2#67;]' -+ (B + ,u)éz-jekk] + ﬁj[(ozB — b)TT[Q]25ij + (Oé — X)Qij] =0

balance

elastic forces Active stresses can tune and
even suppress instabilities
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Defects move

Nematic fluid

advected by local

flow

L Giomi, MJ Bowick, X
Ma, MCM, PRL 2013
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The elasto-nematic coupling can give rise to stable +1 defects that
form by merging of two self-propelled +1/2 defects
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