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Introduction

•Dynamic Interface: The cell membrane is inherently
dynamic, fluctuating due to thermal noise and active
forces from the cytoskeleton, membrane proteins etc.

•Reciprocal Coupling: Active components deform the
membrane (inducing curvature) and are simultaneously
advected by the resulting shape, creating a feedback
loop [2].

•Limitations of Existing Models: Minimal models
often focus on single-species dynamics, neglecting the
complex cocktail of active agents in real cells.

•Theoretical Interest: The bead-slider model has been
extensively studied with Edwards-Wilkinson (EW) and
Kardar-Parisi-Zhang (KPZ) dynamics [5], making it a
robust framework for studying active matter on fluctu-
ating interfaces.

•This Work: We study the competition between mul-
tiple species—specifically “Pushers” (promote valleys)
and “Pullers” (promote hills)—whose affinity for curva-
ture is decoupled from their deformation effects, leading
to distinct emergent behaviours / patterns.

Motivation: Emergent Structures

We observe rich emergent behaviors when two species in-
teract. These structures motivate our deep dive into the
underlying model.

• (a) Micro-clustering: Separation into small clusters
[1].

• (b) Mixing: Strong correlation and homogeneous mix-
ing due to cancellation of activity.

• (c) Traveling Giant Cluster: Aggregation & directed
motion.

• (d) Lock-in: Arrested dynamics, phase separation.

(a) (b)

(c) (d)

Fig 1: Snapshots of different membrane configurations and particle dis-
tributions. (a) {+,−,−,+} Micro-clustering: similar to single species. (b)
{+,+,−,+} Homogeneous mixing: equal distribution. (c) {−,−,−,+} Trav-
eling Giant Cluster: Type 1 forms a large cluster chasing a smooth interface. (d)
{+,+,−,−} Lock-in: Arrested phase separation (extremely slow coarsening).

Model Schematic

1. Interface Dynamics: Sites flip (∧ ↔ ∨) with rates
depending on the number of particles n:

p±n = u
e±nβ

enβ + e−nβ
(1)

• β > 0: Pusher (∧ → ∨ favored).

• β < 0: Puller (∨ → ∧ favored).

2. Particle Dynamics: Hop rates to left/right sites are
biased by local slope ∇h:

q± = q0

(
1± γ

2
∇h

)
(2)

• γ > 0: Downhill bias (Gravity-like).

• γ < 0: Uphill bias (Anti-gravity).

Toy Model

+ve direction
for γ and β

p+3∨ → ∧

p−1∧ → ∨
q−

q+

Fig 2: Model Schematic. Interface updates: Valley → Hill (Blue) and Hill →
Valley (Brown). Particle motion: Downhill (Orange) and Uphill (Violet). Positive
β favors Hill → Valley; Positive γ favors downhill motion.

Single Species Results

Competition between gravity (clustering) and activity
(disruption) determines the phase.
Correlation G(r): Active particles show anti-correlation
at for some values of β and γ.
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Fig 3: Density Correlations G(r). (Left) Fixed γ = 0.8: increasing activity
|β| reduces correlation. (Right) Fixed β = −0.8: increasing gravity γ enhances
clustering.

Phase Diagram:

• Anti-correlation: Low γ, high |β|.
• Correlation: High γ.
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FIG. 4. Heatmap of G(r = 1) → G(1), showing three cor-
relation regions: (a) positive-correlation (> 0), (b) zero-
correlation (= 0, solid contour line), and (c) negative-
correlation (< 0). The dotted lines indicate the parameter
variations used in Figs. 2,3 and 5.

anti-correlated region, (ii) the uncorrelated region (ex-
cluding the trivial ω = 0 case) and (iii) the positively
correlated region. The significant decrease in correlation
values by adding activity in the system suggests a com-
petition between gravity-driven particle accumulation in
valleys and activity-driven dispersion of the particles. It
is natural to assume that gravity promotes particle clus-
tering, while activity in the form of “pullers” can desta-
bilise clusters, particularly by transforming valleys (filled
with particles) into hills. This competition is supported
by the anti-correlations observed for lower ω values. For
ε ↭ →0.3, G(1) saturates, and increasing activity has
no further e!ect. At a fixed high value of |ε|, if we in-
crease ω, we enter the zero-correlation region. In the zero-
correlation region, the e!ects of gravity and the activity
e!ectively cancel each other, and therefore, the particle
distribution is only a!ected by the stochasticity in the
system. Increasing ω further leads to positive correla-
tions, as shown in Fig. 4. G(1) values are still small
as activity suppresses the build-up of correlations in the
system.

We also study the mean cluster size distribution func-
tion represented by C(n), where n is the size of a cluster,
for various ε and ω values as shown in Fig. 5. Here, a
cluster is defined as a contiguous group of particles such
that empty sites on both ends bound the group. We have
also plotted C(n) for two special cases in all the subplots
as a benchmark. Firstly, when ω = 0, ε = 0 (shown
by symbol ↑), the interface and particle dynamics are
completely decoupled, and the particle motion is purely
di!usive. In this case, the cluster distribution is exponen-
tial. Secondly, when ω ↓= 0, ε = 0 (shown by symbol !),
the particles slide downhill and form passive clusters as

Symmetries
Cases Reversal Exchange Both

{+, +,↑, +} {↑,↑, +,↑} {↑, +, +, +} {+,↑,↑,↑}
{+, +,↑,↑} {↑,↑, +, +} C(2) C(1)
{+,↑,↑, +} {↑, +, +,↑} C(2) C(1)
{↑,↑,↑, +} {+, +, +,↑} {↑, +,↑,↑} {+,↑, +, +}
Trivial Cases
{↑,↑,↑,↑} {+, +, +, +} C(1) C(2)
{+,↑, +,↑} {↑, +,↑, +} C(1) C(2)

TABLE II. Analysis of system configurations with two parti-
cle types, representing signs of {ω1, ε1, ω2, ε2}, under symme-
try operations (reversal and exchange). The 16 mathemat-
ically possible configurations reduce to four distinct system
types, with the remaining cases being equivalent to these or
representing trivial systems (all particles identical). The no-
tation C(a) indicates that after the symmetry operation, the
configuration is identical to column a.

in Ref. [34]. The cluster distribution is a power-law type
with a significant number of large clusters. In Fig. 5(a),
we find that for low ω values, increasing |ε| can push the
distribution C(n) even lower than the purely di!usive case
(as shown in the inset). This is the anti-clustering regime
we discussed earlier.

In Fig. 5(b), we plot C(n) for ω = 0.8. If we compare
our result with the ω ↓= 0, ε = 0, we can conclude that in-
creasing |ε| shifts the distribution from power law to ex-
ponential. In this case, the slopes are always higher than
the purely di!usive system, unlike ω = 0.1 (Fig. 5(a)).
This indicates that in all such cases, we have a larger
number of clusters of bigger sizes. This feature has also
been observed in Ref. [28].

So far, we have studied the case where we have fixed the
gravity parameter ω(= 0.1, 0.8) and varied the activity
parameter ε, therefore moving horizontally from right to
left in Fig. 4. Now, we keep ε fixed in the same figure
and move vertically from bottom to top. We have plotted
C(n) vs n for ε = →0.1 and ε = →0.8 in Figs. 5(c) and
5(d), respectively. We can see that as ω increases, we have
more clusters of bigger size, thus showing more deviation
from purely di!usive behaviour. In the |ε| = 0.8 trends,
we see that first C(n) falls below the purely di!usive case
and then increases as ω increases. This is reminiscent
of the anti-clustering behaviour discussed in Fig. 4 and
Fig. 5(a).

In summary, the behaviour of the single-particle sys-
tem reveals that increasing activity disrupts clustering,
and the interplay between gravity and activity deter-
mines whether particles accumulate or disperse. We now
investigate the more complex dynamics that can arise
when two distinct species interact on the same interface.
This additional complexity allows us to explore a wider
range of particle behaviours and interface deformations.

Fig 4: Correlation Phase Diagram (G(1)). (a) Positive-correlation (> 0) driven
by gravity γ. (b) Zero-correlation (solid line) where activity balances gravity. (c)
Negative-correlation (< 0) dominated by activity breaking up clusters.

Cluster Structure: Active particles show Exponential decay, passive show
Power Law.
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Fig 5: Cluster Size Distribution C(n). (a,b) Varying β at fixed γ = 0.1, 0.8.
(c,d) Varying γ at fixed β = −0.1,−0.8. Active systems show exponential decay
∼ e−n/n∗, while passive cases (β = 0) show power-law decay ∼ n−1.5.

Two Species: System

Configurations

We analyze 4 distinct combinations of activity (β) and
gravity (γ) for two species. The system is denoted by the
order {β1, γ1, β2, γ2} : Given β = ±2, γ = ±1, there are
4 possible configurations:

{+,−,−,+} {+,+,−,+}
{−,−,−,+} {+,+,−,−}

Two Species Results

Cluster Distributions: Distinct decay behaviors for dif-
ferent phases. Type 1 in Phase (c) shows a power-law tail
(Giant Cluster).
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Fig 6: Cluster Distributions for Two Species. Notation {β1, γ1, β2, γ2}. (a)
{+,−,−,+} & (b) {+,+,−,+}: Both species show exponential decay, similar
to single species. (c) {−,−,−,+}: Type 1 (red) exhibits a power-law tail (Giant
Cluster), while Type 2 (blue) shows exponential decay. (d) {+,+,−,−}: Lock-in
phase shows distinct distributions.

Dynamics & Ordering Analysis:

•Giant Cluster Speed: Type 2 increase speed.

•Cross-Correlation: G1,2(r) indicates mixing (posi-
tive) or micro-separation (negative) between species.

•Very Slow Coarsening: τcc ∼ eL.
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Fig 7: Dynamics & Ordering. (Left) Giant Cluster Speed. (Middle) Cross-
Correaltions. (Right) Lock-in Timescales.

Discussion

Comparison to LH Model:

•Lock-in Phase: Resembles the Strong Phase Separa-
tion (SPS) in the Light-Heavy (LH) model [3] but arises
as a prolonged transient state due to slow coarsening.

•Giant Cluster: Similar to phases of LH model, but ex-
hibits distinct coherent motion driven by asymmetry.

Relation to CMAM: The giant cluster dynamics resem-
ble Conserved Mass Aggregation Models (CMAM) [4],
where aggregates move and merge. However, here the
cluster leaves a smooth interface trail that guides its
motion, unlike diffusive clusters in CMAM.

Dual Control: The reciprocal coupling allows simultane-
ous tuning of the Interface (roughness) and theParticles
(mixing vs. demixing), offering a strategy for designing
active surfaces.

Biological Relevance: Parallel to cellular dynamics
where cytoskeleton and proteins cooperate to generate
organized structures.
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