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What is active matter?
Definition (Active matter)

System composed of self-driven units, active particles, each capable of converting
stored or ambient free energy into systematic movement [Marchetti, Joanny, et al.,
Rev. Mod. Phys. (2013)].
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persistent motion
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[BBC Earth (2017)] [Patel (2021)] [Winter (2010)]
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Dense active matter: cell tissues and dense suspensions
[Guillamat (2020)]

[Rabani, Ariel, Be’er, PLoS ONE (2013)] [Stern, Shvartsman, Wieschaus, Curr. Biol. (2022)]

How may the competition between crowding effects and particle-level active forcing on
microscopic scales result in collective motion on larger scales?
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Epithelial finger formation

Finger-like protrusions form at the advancing edge of an MDCK cell tissue in a wound
healing assay. 3/14

fingers.mp4


Origin of finger formation

Chemical signaling? [Ouaknin, Bar-Yoseph, Biophys. J. (2009)]
Curvature-enhanced motility? [Mark, Shlomovitz, et al., Biophys. J. (2010)]
Leader cells with special properties? [Sepúlveda, Petitjean, et al., PLoS Comput.
Biol. (2013)]
Velocity gradient leading to accelerated front? [Alert, Blanch-Mercader,
Casademunt, PRL (2019)]
Pressure-dependent growth rate? [Ye, Lin, PRL (2024)]

+ →

[Garcia, Hannezo, et al., PNAS (2015)]

[Poujade, Grasland-Mongrain, et al., PNAS (2007)]

[Kammeraat, YEK, et al., arXiv (2025)]
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Self-propelled particles

Overdamped self-propelled particles.

Propulsion forces pi are stochastic with an
autocorrelation time τp (≡ persistence time).
Interaction potential U for N particles with packing
fraction ϕ in 2D periodic box. No propulsion
alignment.

ri

pi

�
��mr̈i = −ζṙi + pi
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Emergence of velocity correlations
[YEK, Jack, Berthier, PRL (2022)]

τp = 10−2, ϕ = 1.1

Equilibrium limit (τp ≪ 1): velocities and positions are independent (Maxwell-Boltzmann
distribution), no velocity correlations.
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Emergence of velocity correlations
[YEK, Jack, Berthier, PRL (2022)]

τp = 10−2, ϕ = 1.1 τp = 103, ϕ = 0.84

Equilibrium limit (τp ≪ 1): velocities and positions are independent (Maxwell-Boltzmann
distribution), no velocity correlations.

Far from equilibrium (τp ≫ 1): nonequilibrium velocity correlations, correlation length
grows with τp [Henkes, Kostanjevec, et al., Nat. Commun. (2020)].
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Heuristic argument for the emergence of velocity correlations

ζu̇ = −ku+ F act〈
F act(t)F act(t′)

〉
= ζkBTeff

exp(−|t− t′|/τp)
τp

1
2
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Active Voronoi model (AVM)

Representing the dense confluent
tissue as a 2D self-propelled (active)
Voronoi model [Bi, Yang, et al., PRX
(2016)] and the actomyosin cable as
a stretch- and bend-resisting chain.

ζṙi = −∇i(UVM + UAMC) + F act
i
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UVM =
∑
cells i

[
K

2
(Areai − A0)

2 +
Γ

2
(Perimeteri − P0)

2

]
UAMC =

∑
bonds b

[
ks
2
ℓ2b,b+1 +

kb
2
(θb − π)2

]
F act

i = ζv0(cos θi, sin θi); θ̇i =
√

2/τp ηi; ⟨ηi(0)ηj(t)⟩ = δij δ(t)

8/14



Derivation of bulk velocity correlations

Continuous model of viscoelastic self-propelled solid.

ζu̇ = B∇(∇ · u) + µ∇2u+K∇(∇ · u̇) + η∇2u̇+ ζv0n̂

⟨n̂(r, t) · n̂(r′, t′)⟩ = a2 δ(r − r′) e−|t−t′|/τp

(1) Velocity v ≡ u̇ spectrum i.e. Fourier transform of velocity-velocity correlations.

⟨ṽ(q, t) · ṽ(q′, t)⟩ ∝ v20 a
2 δ(q − q′)

(1 + ξ2∥,dq
2)(1 + ξ2∥,pq

2)
+

v20 a
2 δ(q − q′)

(1 + ξ2⊥,dq
2)(1 + ξ2⊥,pq

2)

ξ∥,d =
√
(K + η)/ζ; ξ∥,p =

√
(B + µ)τp/ζ + ξ2∥,d; ξ⊥,d =

√
η/ζ; ξ⊥,p =

√
µτp/ζ + ξ2⊥,d

(2) Short-time decay of velocity temporal autocorrelation is dominated by τp.

Continuous model parameters are
tuned against experimental velocity
correlations. AVM parameters are
derived via dimensional analysis.
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⟨ṽ(q, t) · ṽ(q′, t)⟩ ∝ v20 a
2 δ(q − q′)

(1 + ξ2∥,dq
2)(1 + ξ2∥,pq

2)
+

v20 a
2 δ(q − q′)

(1 + ξ2⊥,dq
2)(1 + ξ2⊥,pq

2)

ξ∥,d =
√

(K + η)/ζ; ξ∥,p =
√

(B + µ)τp/ζ + ξ2∥,d; ξ⊥,d =
√

η/ζ; ξ⊥,p =
√
µτp/ζ + ξ2⊥,d

(2) Short-time decay of velocity temporal autocorrelation is dominated by τp.

Continuous model parameters are
tuned against experimental velocity
correlations. AVM parameters are
derived via dimensional analysis.

9/14



Matching self-propelled Voronoi model with experiments
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Height equation theory for finger formation

Actomyosin cable as a stretch- and band-resisting viscoelastic cable driven by a correlated
noise vf and described by h(x, t) in the limit of small deformations.

ζhḣ = λ
∂2h

∂x2
− κ

∂4h

∂x4
+ η

∂2ḣ

∂x2
+ ζhv

f

Effective time- and space-correlated noise generated by a chain model.

vf ≡ ẏ; ζyẏ = µ
∂2y

∂x2
+ η

∂2ẏ

∂x2
+ ζyv0η

⟨η(x, t)η(x′, t′)⟩ = 1

2
a δ(x− x′) e−|t−t′|/τp
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Fingers (qualitative)
Experiments

AVM simulations

Height equation simulations

2d polymer simulations

a

b

c

d
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Fingers (quantitative)
s

x

h(x, t)

t̂(s, t)

(tangent correlation) Ct̂t̂(s; t) =
〈
t̂(s, t) · t̂(0, t)

〉
(height spectrum) ⟨|h̃(q, t)|2⟩
(roughness) BS(x; t) =

〈
[h(x, t)− h(0, t)]2

〉
AVM simulations Height equation theory + 2d polymerExperimentsa b c

t

t

t

d e f

g h i
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Conclusion

Epithelial fingers are long-lived fluctuations of the boundary driven by bulk collective
motion.
Fingers reach steady state and there is no evidence of finite-wavelength instability.
Leader cells, cell-cell signaling, and division modulate an intrinsic process instead of
causing it.
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