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Introduction
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Active matter

A passive system An active system

Active systems are characterised by the injection/conversion of energy at the
local /small scale.

Such systems are out-of-equilibrium and exhibit several exotic properties such
as concerted/collective motion, strange emergent phenomena, and unique
phase transitions.
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Nematics and nematic order

A very ordered nematic texture A less ordered nematic texture

We capture the degree of nematic order in the (traceless, symmetric) nematic

tensor (here, in 2D):
I
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Nematic defects

+% defect (a “comet”)
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—% defect (a “trefoil”")
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Active nematics in Nature

Escherlchla coli (25 pmx25 pm) Microtubule-kinesin

Meacock et al. (2021), Ardasheva et al. (2025) e
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Active nematics theory

We can model such systems using active nematohydrodynamics - PDEs
detailing the relationship between Q and the velocity field of the containing
liquid, -

Co-rotation Molecular field

(at+ﬁﬁ)o—(]®:—1
v
V-i=0
Strain Pressure, elasticity
(oc+a-¥)a=v - MActive)
so that the active stress: lMactive = —CQ injects energy into the system.

Doostmohammadi et al. (2018) @
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Active nematics and defects

Above a certain level of activity, defects spontaneously form (in pairs):
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Defects and biology

00:00

Hydra, Approx. 10% cells, FoV 1114 pm/600 pm

Livshits et al. (2017)
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Defects and biology

06:00:00 hpd

Hydra, Approx. 10° cells, Scale bar: 100 pm

Ravichandran et al. (2025) e
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Defects and biology
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Story 1: Defect organisation in active nematics at

criticality
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Defect organisation in active nematics at criticality

In practice, we study nematohydrodynamical theory
via simulations.

® 2048x2048 square mesh domains

Simon Andersen

® Periodic boundary conditions
® Hybrid Lattice Boltzmann methods

® Simulations burn in until a steady state is reached

After that we sample according to the correlation time of the fields

Marenduzzo et al. (2007) @
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Simulation - below transition

2000

1750

1500

1250

1000

750

500 |

250

Slide 14/37

-1/2 7=0.021 +1/2

250 500 750 1000 1250 1500 1750 2000




UNIVERSITY

Simulation - above transition

-1/2 7=0.024 +1/2
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Estimation of the largest defect-free patch

a =100
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The sizes of defect-free patches fluctuate at criticality

¢ =0.024

Area ratio (Ay)
5E E 5§ 5 &

o
%
T
L
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Activity (¢)
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Additional remarks

® The phenomenon is also found
in actual data (endothelial cell
monolayer, scale bar: 500 pm).

250 500 750 1000 1250

° +1/2 A -1/2 e

slide 18/37 .

[ ]




UNIVERSITY OF COPENHAGEN FACULTY OF SCIENCE

Additional remarks

® The phenomenon is also found
in actual data (endothelial cell
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monolayer, scale bar: 500 pm). “
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Story 2: Phase transitions from vorticity data
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Phase transitions from vorticity data

We turn our attention to the vorticity
field in our simulations: & =V X {I.

And compute the SEDT of the vorticity domains.
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Phase transitions from vorticity data

We compute (sublevel-set) persistent homology from the SEDT of these data,
vectorize these to (arctan-weighted Gaussian kernels) persistence images, and
submit them to PCA.

’ ” »
N = r‘ By <G
B IPCEASE :
SEDTs 1st PDs Pls

We use 5 selected frames for 15 activities with ¢ € [0.05,0.035] repeated for 5
random starting conditions.

Adams et al. (2017) e
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PCA identifies the transition
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Persistence distributions tells us how

12

Persistence, d - b

FACULTY OF SCIENCE
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Persistence distributions tells us how
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Persistence (lengths) are measured in units of the active length scale: I, = ,/%
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Additional remarks

® \Vorticity field data are much 175 T
more abundant than say defect 4
locations (data from 150 { s

time-resolved imaging of

. 1254
microtubules).
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Bantysh (2026), Schramm (2000), Andersen et al. (2025) @
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Additional remarks

® Vorticity field data are much
more abundant than say defect
locations (data from
time-resolved imaging of
microtubules).

® The transition is quite
interesting. Above the
transition, the zero-vorticity line
exhibits SLEg implying
conformal invariance.

Bantysh (2026), Schramm (2000), Andersen et al. (2025)
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Additional remarks

® \Vorticity field data are much ' ' i : 2 ! :
more abundant than say defect 04 F 002003
locations (data from ¢
time-resolved imaging of
microtubules).

® The transition is quite
interesting. Above the
transition, the zero-vorticity line e s T e T e
exhibits SLE6 |mp|y|ng Persistence, d-b
conformal invariance.

0.0 £

® |[s this a two-stage transition?

Bantysh (2026), Schramm (2000), Andersen et al. (2025) @
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Story 3: Active particles alter the topology of passive

media
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Active particles in passive media

We begin with a passive, colloidal gel
- doped with 10% active

The activity model has two
parameters:

® The magnitude of the
self-propelling force, F

® A timescale setting the
reorientation frequency of force
exerted by the active particles, T

And all particles are subjected to a
Morse potential which make them
sticky and give them an effective
radius, r.. The gel particles are
slightly polydisperse.
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Active particles in passive media

F/F,=0.08 (Large T) F/Fp =4 (Large 7)
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TDA, TDA, TDA

TDA offers an attractive framework
for quantifying this.

We compute alpha-shape filtrations
from the positions of the passive
particles and say that:

® Two particles interact(/overlap)
if they are closer than 2r.

® A 1-feature is a hole if another
particle can pass through it
without interacting with the
particles forming the hole
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A topological Goldilocks zone
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Wrapping up
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More defects
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More active nematics theory 1

where:

B SF\ST B . 5 > K - >
H= (E) ]—‘_/drC(l—Tr(Q )Tr(Q%) + E(V'Q)

and:

S=(AE+R)-(Q+1/2)+(Q+1/2)- AE- Q) —2A(Q+1/2) (Q: Vd)

Q= %(ﬁﬁ— o) E= % <§J+ (W)T)
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More active nematics theory 2

(6t + - 6) 0= 6 . (nViscous + I-IPassive + I-IAct:ive)

where:
I_IViscous = 277E
Mpassive = — PSij + 2A(Qjj + 8i7/2)( QucHia)
— A (Quj + 0kj/2) — M Qi + 0ik /2) Hyj
OF
leI 681‘ Qlk + Qlk kj ik QkJ
I_IAct:ive = _CQ
and:
V.d=0
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Nematohydrodynamical parameters
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Parameter Symbol | Value | Dimension
Bulk constant C 1 M/T?
Elastic constant K 0.05 ML2/T?
Flow alignment A 1 1
Rotational viscosity ~y 20 M/ T
Solvent viscosity n 100/6 M/T

LB relaxation time TLB 1 T
¢ - M/ T?

Activity
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