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While equilibrium interfaces display universal large-scale statistics, interfaces in phase-separated active
and driven systems are predicted to belong to distinct nonequilibrium universality classes. Yet, such
behavior has proven difficult to observe, with most systems exhibiting equilibriumlike fluctuations despite
their strongly nonequilibrium microscopic dynamics. We introduce a hard-disk model driven by active
collisions, conceived as an effective two-dimensional description of a vibrofluidized granular system that,
contrary to self-propelled models, displays clear nonequilibrium interfacial scaling. We observe for the first
time, the jqjKPZ and wet-jqjKPZ universality classes while revealing a new, previously overlooked
universality class arising in systems with slow solidlike or glassy dynamics. Conservation laws and slow
dynamics select these distinct classes.
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Introduction—At thermodynamic equilibrium, the
Boltzmann distribution governs all static observables [1].
For example, every liquid-gas critical point—whether in
a colloidal suspension, a molecular fluid, or the μVT
ensemble—shares the same static critical exponents [2],
while the dynamics are captured by different dynamical
exponents z [3,4]. Similarly, interfaces in equilibrium
phase-separated systems—such as those found in liquid-
liquid colloid demixing [5], polymer blends [6], electrolyte
solutions [7], or two-dimensional (2D) Ising models [8]—are
all governed by the capillary-wave Hamiltonian on large
scales with surface tension γ: H½h� ≃ ðγ=2Þ R ddxð∇hÞ2,
where hðx; tÞ is the height of a d-dimensional interface [9].
Dynamically, projection methods show that the Fourier
components hðk; tÞ evolve as [9–17]

∂thðk; tÞ ¼ −κjkjα−2 δH
δh

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2κjkjα−2D

q
ζðk; tÞ; ð1Þ

whereD is proportional to the temperature, ζðk; tÞ is a unit-
variance Gaussian white noise, and κjkjα−2 is a damping.
The dynamical exponent z characterizing the interface
relaxation time equals α, which depends on the conserva-
tion laws of the underlying (dþ 1)-dimensional order
parameter dynamics [12]. The fluctuation dissipation theo-
rem ensures that static properties quantified by the static
height correlation ShðkÞ≡ hjhðkÞj2i ∼ k−d−2χ with χ ¼
ð2 − dÞ=2 are independent of z at equilibrium [9]. This
decoupling between statics and dynamics is, however, only
guaranteed at equilibrium.

With the rise of interest in active matter [18–20] and the
ubiquity of interfaces in biology [21–27], research on far-
from-equilibrium interfaces has surged. In this Letter, we
focus not on growing interfaces, such as those described
by Kardar-Parisi-Zhang (KPZ) [28,29], which make up a
large class of physical systems, but rather on nongrowing
interfaces in phase-separated systems. Freed from a
Hamiltonian framework, these interfaces can exhibit pecu-
liar behavior such as negative surface tension [20,30–32],
instabilities [9,33–36], and traveling waves [37–40]. These
effects can typically be captured either by introducing
effective parameters into the equilibrium interface equation
[Eq. (1)] or by coupling this equation to another field.
Surprisingly, the measured fluctuations in granular or scalar
active matter interfaces often follow the equilibrium result:
S ∼ jkj−2 [41–52]. This equilibriumlike behavior remains
puzzling. While microscopic violations of detailed balance
do not always survive coarse graining in other systems
[53–60], theoretical predictions for interfaces in active
matter suggest a wide variety of nonequilibrium behaviors
depending on the conserved quantity of the underlying
dynamics. For example, in overdamped systems, such as
active Brownian particles, the interface is predicted to obey
the jqjKPZ equation [61,62],

∂th ¼ −κγjkj3hþ λjkjF ½ð∇hÞ2� þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2κjkjD

p
ζ; ð2Þ

where F denotes the Fourier transform and λ controls the
nonlinearity strength. Despite extensive research in inter-
facial fluctuations of active matter interfaces [41–48,52],
jqjKPZ has been reported only once in numerical simu-
lations of strongly confined active particles [63]. Including
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momentum conservation should yield the wet-jqjKPZ
equation [64],

∂th ¼ −κγjkjhþ λjkj−1F ½ð∇hÞ2� þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2κjkj−1D

q
ζ; ð3Þ

which remains unobserved. Finally, for some nonequili-
brium hyperuniform (HU) systems where the noise is
momentum conserving, but the deterministic evolution
includes viscous drag so that momentum is not a locally
conserved quantity [65–67], the interface obeys

∂th ¼ −κγjkj3hþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2κjkj2D

q
ζ: ð4Þ

To date, only this last equation has been clearly observed
numerically in large-scale systems [68]. For 1D interfaces,
each of these cases has different exponents:

1D interface Eq. χ z Ref.

Equilibrium (1) 1=2 α [9]
jqjKPZ (2) 0.3–0.4 2.2–2.8 [61,64]
Wet jqjKPZ (3) 1 1 [64]
HU interface (4) 0 3 [68]

Thus, three predicted nonequilibrium phase-separating
models with distinct dynamics yield different static rough-
ness exponents, breaking equilibrium universality.
The contribution of this Letter is twofold. (i) We

introduce a hard-disk model driven by active collisions,
inspired by a vibrated granular system which, in contrast to
regular self-propelled active matter, exhibits clearly and for
the first time all three nonequilibrium universality classes
theoretically predicted for interfaces separating coexisting
liquid and gas phases. (ii) We show that the emergence of
solidlike ordering or glassiness in one of the phases
qualitatively modifies interfacial fluctuations, leading to
new, previously overlooked universality classes. Taken
together, these results reveal how conservation laws and
slow relaxation processes can fundamentally reshape the
static properties of interfaces in active matter systems.
Model—Taking inspiration from a granular system

[69,70], we model N 2D hard disks of mass m and
diameter σ in a periodic Lx × Ly box at packing fraction
ϕ ¼ Nπσ2=ð4LxLyÞ. Each particle i follows the Langevin
equation,

m
d2ri
dt2

¼ −mΓ
dri
dt

þ
X
j≠i

Fcoll
ij þ

ffiffiffiffiffiffiffiffiffiffiffiffi
2mΓT

p
ζ iðtÞ; ð5Þ

where Γ is a damping, T is a kinetic temperature, and Fcoll
ij

acts as a momentum-conserving nonequilibrium collision
such that at contact (jri − rjj ¼ σ), the kinetic energy of i
and j changes by [68,71]

ΔEij ¼ ΔEþ
ij −m

1 − α2

4
ðvij · σ̂ijÞ2; ð6Þ

with vij ¼ vi − vj, σ̂ij ¼ ðri − rjÞ=jri − rjj, and 0 ≤ α ≤ 1

a coefficient of restitution. If Γ ¼ 0, we set α < 1 to
dissipate the energy injected by ΔEþ

ij > 0. The injected
energy depends on the times since each particle’s last
collision τi and τj,

ΔEþ
ij ¼ 2δE0 þ δE

�
1 − e−τi=τr

�
β þ δE

�
1 − e−τj=τr

�
β; ð7Þ

where 2δE0 and 2ðδE0 þ δEÞ are, respectively, the mini-
mum and maximum possible injected energies. The terms
ð1 − e−τ=τrÞβ interpolate between these limits: τr sets the
characteristic recharging time, while β controls how sharp
the approach to the maximum is. For large δE, dense
regions cool and compress, while dilute regions heat and
expand, destabilizing the homogeneous phase and driving
phase separation with an interface separating the two
phases [68,71]. Physically, Eqs. (6) and (7) provide an
effective 2D description of a vibrofluidized granular
monolayer: vertical energy injected by a vertically vibrating
plate is intermittently converted into horizontal motion
during collisions [72]. The eliminated out-of-plane dynam-
ics is encoded as a particle-level internal “recharging” state
that controls ΔEþ

ij. In this coarse-grained 2D picture, the
activity emerges through collision-mediated energy trans-
fer, similar to models with nonreciprocal interactions or
chiral forces, where detailed balance is broken by inter-
actions [73,74].
We perform hybrid time-stepped and event-driven

molecular dynamics simulations [75] of Eqs. (5) and (6)
in an elongated box (Lx > Ly ≡ L). Time and energy are
measured in arbitrary units τ̂ and Ê ¼ mðσ=τ̂Þ2=2, respec-
tively. The system is initialized with a step density profile
along x at the coexistence densities of the two phases, and
the interface position hðy; tÞ is tracked over time (see
Supplemental Material [76]).
Numerical results—The critical exponents are obtained

from correlation functions starting from the flat interface of
initial size L at t ¼ 0 [79],

W2ðL; tÞ ∼
�
L2χ if t ≫ τssðLÞ
t2χ=z if t ≪ τssðLÞ

; τssðLÞ ∼ Lz; ð8Þ

whereW2 ≡ hðhðy; tÞ − hhðy; tÞiLÞ2iL is the mean-squared
width of the interface and τss is the time required to reach
stationarity. In practice, we estimate τss from the inter-
section between the early-time fit W2 ∼ t2χ=z and the
saturation value W2ðL; t → ∞Þ [76]. We will also use
the static height correlation in the steady state ShðkÞ≡
hjhðk; t ≫ τssÞj2iL ∼ k−1−2χ in 1D. The simulation results
are summarized in Fig. 1, with three limiting cases of our
model shown in different rows. The average h·iL is over
initial conditions with system size and flat interface length
Ly ¼ L and, when applicable, multiple uncorrelated snap-
shots of the same run.
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(i) jqjKPZ scaling. In the top row (T ≠ 0 and Γ ≠ 0),
the Langevin bath damps the momentum, leaving the
density as the only conserved field. This should place
the resulting interface in the jqjKPZ universality class
where the following critical exponents are expected: 2.2≲
zjqjKPZ ≲ 2.8 and 0.3≲ χjqjKPZ ≲ 0.4. Figure 1(a) shows a
snapshot where the dense (left) region is colder, a strong
nonequilibrium signature. The interface roughness is
quantified in Fig. 1(b) by the static height correlation
ShðkÞ ∼ k−1.5, yielding χ ≃ 0.25. This roughness is signi-
ficantly reduced compared to the equilibrium value
χeq ¼ 1=2. Figure 1(c) presents the time evolution of the
interface width squared for various system sizes. During
coarsening, we observe a slow growth of the interface
width squared W2ðtÞ ∼ t0.18, incompatible with the equi-
librium scaling ∼t1=3. Combining this with χ ≃ 0.25 yields
a dynamical exponent z ≃ 2χ=0.18 ≃ 2.78 via Eq. (8).

These exponents are confirmed in Figs. 1(d) and 1(e),
which show measurement of τss and W2

ss ≡W2ðt → ∞Þ as
a function of L. Within finite-size limitations, our measured
exponents are therefore consistent with the jqjKPZ scaling.
(ii) Wet-jqjKPZ scaling. In the middle row (Γ ¼ 0),

the momentum is locally conserved due to the absence
of a Langevin bath. This additional conservation law is
expected to place the system in the wet-jqjKPZ universality
class, characterized by zwet ¼ 1 and χwet ¼ 1. As shown
in Fig. 1(f), the interface is visibly rougher than in the
previous case. This is quantified in Figs. 1(g) and 1(j),
where ShðkÞ ∼ k−3 and W2

ss ∼ L2 are found, both yielding
χ ≃ 1, consistent with theoretical expectations. The dynam-
ics in Figs. 1(h) and 1(i), however, show deviation from
standard coarsening behavior: the interface width does
not exhibit clear power-law growth. This is consistent
with direct simulation of the wet-jqjKPZ field equation,

(a)

(f)

(k)

(l)

(m)

(n)

(o)

(g)

(h)

(i)

(j)

(b)

(c)

(d)

(e)

FIG. 1. Simulations of three qualitatively distinct systems based on Eqs. (5) and (6). In the first row, only the density field is conserved;
in the second row, momentum is also conserved, and in the last row, only the density field is conserved, but the mesoscopic noise
conserves the center of mass of the system. (a),(f),(k) Snapshots centered on the interface, with particles colored by velocity. (b),(g),(l)
The steady-state static height correlations as a function of wave number. (c),(h),(m) The time evolution of the interface width squared,
starting from a flat interface, for various system sizes. (d),(e),(i),(j),(n),(o) The system-size dependence of the coarsening time and
steady-state width squared W2

ss ≡W2ðt → ∞Þ. The averages are computed over 50–1000 independent initial configurations, with at
least 300 snapshots taken for each configuration. In (a)–(e), we set T=Ê ¼ 0.05, Γ=τ̂ ¼ 0.05, τr=τ̂ ¼ 4, δE0=Ê ¼ 0.0025, δE=Ê ¼ 15,
β ¼ 10, α ¼ 0.99, and Lx ¼ 2Ly. For (f)–(j), we set Γ=τ̂ ¼ 0, τr=τ̂ ¼ 3, δE0=Ê ¼ 0.0125, δE=Ê ¼ 25, β ¼ 10, α ¼ 0.95, and
Lx ¼ 8Ly. For (k)–(o), we set T=Ê ¼ 0, Γ=τ̂ ¼ 0.075, τr=τ̂ ¼ 3, δE0=Ê ¼ 0.0125, δE=Ê ¼ 25, β ¼ 10, and α ¼ 0.95, Lx ¼ 2Ly.
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which reported an anomalous roughening [64]. Our sim-
ulations are also plagued by persistent oscillations (see
Supplemental Material [76]). For these reasons, we do not
try to investigate the typical coarsening time of this system.
(iii) Hyperuniform scaling. In the bottom row (T ¼ 0

and Γ ≠ 0), momentum is damped but still conserved by
the collisions—the only source of activity. As shown in
Fig. 1(k), this leads to a very flat interface [68]. This is
quantified in Fig. 1(l), where the static height correla-
tion scales as ShðkÞ ∼ k−1, consistent with the theoretical
prediction χHU ¼ 0 in d ¼ 1. χ ¼ 0 implies that the inter-
face width grows only logarithmically during coarsening
[Fig. 1(m)], preventing a meaningful extraction of z from
early-time dynamics. Instead, we determine z from the
relaxation time [Fig. 1(n)], obtaining z ≃ 3, in agreement
with the theoretical prediction zHU ¼ 3. Finally, Fig. 1(o)
further confirms the vanishing roughness exponent, χ ¼ 0.
Liquid-solid interfaces—Having identified three univer-

sality classes for nonequilibrium liquid-gas interfaces,
we now turn to nonequilibrium solid-liquid interfaces that
often arise in active matter [80–84]. While equilibrium 1D
solid-liquid interfaces exhibit capillary-wave-like behavior
[85], out of equilibrium, the slow relaxation of the bulk may
modify the interface’s static exponents.
A hexagonal ordering naturally emerges when the dense

phase exceeds a packing fraction ϕ≳ 0.7, yielding either a
hexatic or a solid phase. Such a high packing fraction can
be induced by tuning parameters (α → 0 or δE0 → 0) to
make the dense phase effectively colder, promoting a
tightly packed phase. Figure 2 presents simulations of

liquid-solid interfaces, focusing on their static properties
(coarsening dynamics and finite-size analysis are detailed
in Supplemental Material [76]). The top row corresponds to
momentum-conserving systems at various δE0, where
wet-jqjKPZ scaling is expected for liquid-gas interfaces.
Figure 2(a) shows the local packing fraction profile in the
direction normal to the interface. As expected, lowering
δE0 increases the dense phase packing. In Fig. 2(b), we
quantify the hexagonal-like ordering using the bond-
orientational order parameter, defined for each particle i as

ψ ð6Þ
i ¼ N−1

i

P
j e

i6θij , where Ni is the number of neighbors
of i and θij is the angle between particle i, its neighbors j
(with jri − rjj < 1.3σ), and an arbitrary reference axis. At

low δE0, Ψð6Þ ¼ N−1jPi ψ
ð6Þ
i j → 1, indicating a well-

ordered hexagonal packing on these scales. At higher
δE0, the system remains disordered, and Ψð6Þ remains
small. For the intermediate case (δE0=Ê ¼ 0.0045), the
average bond-orientational parameter is reduced because
contributions from slowly coarsening multiple hexatic
domains partially cancel one another. In Fig. 2(c), we
show the interface fluctuations for these various systems.
As expected, the system with a liquid dense phase follows
the wet-jqjKPZ scaling χ ≃ 1, but as the dense phase orders,
the spectrum shifts toward χ ≃ 0. In the bottom row of
Fig. 2, we perform the same analysis but for a system
without momentum conservation. As shown in Fig. 2(f),
when the system orders [for α ≤ 0.9, as seen in Figs. 2(d)
and 2(e)], the static height correlations deviate from
the expected jqjKPZ scaling and χ → 0. This qualita-
tively mirrors the behavior observed in the momentum-
conserving system. The system with center-of-mass
conservation is also found to remain at χ ¼ 0. Thus, the
change of structure in the dense phase coincides with a
universal shift of χ from its liquid-gas value to 0.
Liquid-glass interfaces—We now analyze liquid-glass

interfaces, which are highly relevant in biological systems
[86–89]. Similar to solids, the dynamical arrest of glasses
and their low-energy excitations [90–92] may influence the
static scaling of nonequilibrium interfaces. To suppress
crystallinelike structures and enable liquid-glass coexist-
ence, we replace the monodisperse system with an equi-
molar binary mixture of large and small hard particles of
size ratio 0.7, both governed by the same equations of
motion [76]. Denser phases are accessed by reducing
the minimum injected energy 2δE0. Simulations for a
momentum-conserving system are presented in Fig. 3(a).
At high δE0, the scaling exponent χwet ¼ 1 is recovered, as
expected for an interface separating liquid and gas phases.
However, as δE0 is reduced, the dense phase under-
goes dynamical arrest, evidenced by the plateau in the
mean-square displacement (inset). This coincides with a
decrease of χ from 1 to 0.25. A more stable glass might
yield a smaller χ, potentially closer to the value found
for the liquid-solid interface. As expected, the resulting

(a) (c)

(b)

(d) (f)

(e)

FIG. 2. Simulations of a liquid-solid interface in a system with
momentum conservation (top) and without momentum conser-
vation (bottom). (a),(d) The local packing fraction and (b),
(e) bond-orientational order profiles normal to the interface.
(c),(f) The static height correlations with respect to the wave
vector, showing a scaling change when the dense phase under-
goes a structural change. The parameters, except the ones
explicitly varied, are the same as in Fig. 1. For the system with
Γ ¼ 0, N ≃ 2 × 105, for the other N ≃ 8 × 104.
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liquid-glass interface is visually less rough than the liquid-
gas interface, with typical configurations shown in
Figs. 3(b)–3(d). We thus find a phenomenology consistent
with that observed for liquid-solid interfaces: the interface
roughness decreases when slow dynamics develop in the
bulk of the dense phase. For both models, diffusion may be
restored in the bulk of the dense phase on large timescales,
potentially recovering standard liquid-gas scaling at very
small k.
Conclusion—We introduced a minimal hard-disk model

driven by active collisions that realizes three distinct
nonequilibrium liquid-gas universality classes of interfacial
fluctuations, each tied to specific bulk conservation laws.
We also uncovered that slow dynamics arising from solid-
like ordering or glassiness in the denser phase can modify
the interface properties. This model directly maps onto
quasi-2D vibrated granular systems undergoing phase
separation, offering an experimentally accessible plat-
form for probing nonequilibrium interfacial physics [70].
Unlike many active matter systems—where long persist-
ence lengths and interfacial polarization might necessitate a
large system to observe universal scaling [93–96]—this
granular system may offer a more accessible path to
asymptotic behavior.
To go beyond our studies, it would be valuable to

develop a theory that predicts the new measured interfacial
exponents and that would relate them to the slow relaxation
of the bulk. Notably, it would be interesting to determine

how the large-scale scaling of the interface is affected when
bulk diffusion is restored at long length scales, either by
defects in the solid or by the weak stability of the glass.
Building on the 1D flat interfaces studied here, exploring
two-dimensional or curved interfaces—relevant for bio-
logical systems [24–27,97–100], finite-size effects [41],
and nucleation [101–105]—offers an interesting direction.
For example, nucleation driven by active collisions may
exhibit strong nonequilibrium behavior [106], distinct from
that in conventional active matter [101]. More generally,
interfaces with additional internal order (nematic, smectic,
or polar) could reveal new universality classes, offering an
exciting avenue for future study.
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SIMULATION METHODS

Initial configuration

Late time configuration

FIG. 1. Initial and late time configuration of a typical system.

We numerically integrate Eqs. (5) and (6) of the main text using an event-driven molecular dynamics algorithm [1],
modified to include a Langevin bath via discrete-time kicks.

For simplicity, we first consider the case T = 0. In this regime, two particles i and j collide after a time:

δτ collij = − log (1− Γδτij) /Γ with δτij =
−b−

√
b2 − v2

ij(r
2
ij − (σi + σj)2/4)

v2
ij

, (1)

where b = rij · vij and rij = ri − rj and vij = vi − vj are respectively the relative position and velocity of particles
i and j at the moment the subsequent collision time is computed. σi is the diameter of particle i and δτij is the
collision time between two particles when Γ → 0.

At each collision, particle velocities are updated according to the energy change given in Eq. (6) of the main text,
leading to the post-collision velocities v′:

v′
i = vi−

vij · σ̂ij −
√
α2(vij · σ̂ij)2 + 4∆E+/m

2
σ̂ij and v′

j = vj+
vij · σ̂ij −

√
α2(vij · σ̂ij)2 + 4∆E+/m

2
σ̂ij , (2)

with σ̂ij = (ri − rj)/|ri − rj |. A collision occurs only when particles are approaching one another, i.e., when
vij · σ̂ij < 0. Moreover, provided that ∆E+ ≥ 0 and α > 0, the collision rule guarantees that v′

ij · σ̂ij > 0. Therefore,
after the collision, the particles move apart along the line of centers, preventing any overlap.
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For a binary mixture, the same collision rule holds except that they collide at |ri − rj | = (σi + σj)/2, as indicated
in Eq. (1).

For T ̸= 0, each particle receives stochastic kicks every δtnoise, drawn from a Gaussian distribution of variance
2ΓTδtnoise/m [2]. To properly resolve the dynamics, we require δtnoise ≪ τ coll, where τ coll is the mean free flight time
between successive collisions.

For each parameter set, we first performed preliminary simulations in an elongated box to determine the coexistence
densities. We initialized two half-box slabs at trial packing fractions, yielding an initially flat interface with a density
field

ϕt=0(x, y) ≃
(
ϕcoexistence
dense − ϕcoexistence

dilute

)
Θ(x− Lx/2) + ϕcoexistence

dilute , (3)

where Θ is the Heaviside function. Both phases were seeded from independent amorphous configurations prepared
by starting from a dilute system, and growing the particles until the target density is reached [1]. We then evolved
the combined system until the bulk densities on each side reached stationary values. These densities (and the
corresponding phases) were recorded, and we ran a short additional simulation initialized at the measured coexistence
values to verify that the interface remained close to x = Lx/2, i.e., that the system lies near the center of the
coexistence region. If not, we updated the trial densities and repeated until convergence, which fixes the total packing
fraction ϕ = πσ2N/(4LxLy). Due to strong finite-size effects, the coexistence densities depend on system size and
must be tuned for each Lx, Ly. During these runs, we also monitored whether the dense phase underwent a phase
change: when large hexagonal domains formed, we classified the phase as solid-like.

Final production runs were then started by initializing, at t = 0, a flat interface using the converged homogeneous
coexistence densities. The phases were initialized in their previously identified states (solid-like or liquid), except for
δE0/Ê = 0.0045 in Fig. 2, where the dense phase was initialized as a liquid and slowly developed hexagonal patches
for t > 0. We keep this as an instructive example, showing that a system with multiple hexatic domains behaves
similarly to one with a single well-defined orientation.

When a solid-like initialization is required, we start from a perfect hexagonal lattice, which relaxes either to a solid
with long-range orientational order or to a hexatic phase with quasi-long-range order, both with defects. While the
steady state is insensitive to this initial relaxation, early-time coarsening may be affected.

The one-dimensional interface profile h(y) is obtained by extracting the local packing fraction field ϕ(x, y) through
binning via squares of length 5σ. The position of the interface h(y) is placed by fitting each y-slice to a hyperbolic
tangent: ϕ(x, y) = A tanh[(x − h(y))/B] + C. The interface coarsens with time and reaches a stationary regime at
a time τss, which is numerically obtained by looking at the intersection time between the early time power law of
W 2(L, t) and its stationary value W 2(L, t → ∞).
The initial and late time states of a typical system are illustrated in Fig. 1.

LARGE FINITE SIZE EFFECT WITH Γ = 0 AND DENSITY OSCILLATIONS
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FIG. 2. Quantification of the finite size effects for the system with Γ = 0 and Ly = 500σ. a) Static height correlation function
for various system sizes. b) Coarsening of these different system sizes with time. The parameters are the same as those used
in Fig. 1 of the main text for the system with Γ = 0.

To isolate bulk-driven interfacial fluctuations, the simulation box must be sufficiently long in the direction per-
pendicular to the interface [3], ensuring that the two interfaces do not interact. For systems with Γ = 0, finite-size
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effects become particularly severe. As shown in Fig. 2a) where Lx is varied for a fixed L ≡ Ly. Sh varies significantly
for Lx < 3Ly. Correspondingly, Fig. 2b) shows anomalous coarsening dynamics in such undersized systems, with
the interface roughness growing faster than in the largest system sizes. This issue worsens with increasing Ly as the
critical aspect ratio Lx/Ly required to suppress finite-size artifacts also increases. Thus, larger interfaces demand
even more elongated simulation boxes to reach the scaling regime. This result is perhaps not unexpected, as χ = 1
marks the stability limit for an interface in the thermodynamic limit. Indeed, given the scaling

√
W 2

ss(Ly) ∼ Lχ
y ,

χ = 1 implies the interface width increases proportionally to its base length. Consequently, for χ = 1+ε (with ε > 0),

the interface becomes unstable for a given Ly = L′
y such that

√
W 2(L′

y) > Lx, if the aspect ratio Lx/Ly is held fixed.

However, increasing Lx introduces two complications: the simulation time strongly increases and standing waves
emerge. Indeed, Fig. 3a) reveals oscillations in the mean interface width, which become increasingly prominent with
system size. These oscillations correspond to standing compressive waves in the density field, as shown in Fig. 3b.)
They originate from the mismatch between our initial condition—a sharp flat interface—and the smooth mechanical
equilibrium profile expected due to surface tension, which resembles a tanh(x/ζ) interpolation between bulk phases.
The resulting force imbalance at the phase boundaries launches compressive waves that decay only weakly in the
absence of external damping (Γ = 0).

This effect appears negligible for interfaces involving solid or glassy phases. Nevertheless, for gas-liquid systems,
these density waves dominate interfacial coarsening, masking the intrinsic scaling behavior at early time and making
it impossible to extract z. The examples provided here are exaggerated by purposely initializing the density field with
a relatively large density mismatch compared to the measured coexistence densities.
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FIG. 3. Spurious oscillations due to initial force imbalance at the boundaries. a) Coarsening with respect to time for different
system sizes. b) Density profile along the direction perpendicular to the interface at different times corresponding to the stars
marked in a). The parameters are the same as those used in Fig. 1 of the main text for the system with Γ = 0.

COARSENING OF LIQUID-SOLID INTERFACES

Coarsening dynamics in systems undergoing liquid-solid phase separation are significantly more challenging to
characterize than in liquid-gas systems. An accurate initialization is important: the solid phase should ideally be
unstrained, for instance, using a direct-coexistence protocol [4]. In this work, we did not implement such equilibra-
tion procedures, which may affect quantitative details of the observed coarsening. Nonetheless, we report here the
qualitative trends across the different systems studied in the main text.

We first consider how coarsening changes as parameters are varied to induce a structural change in the dense phase.
The most pronounced changes are observed for Γ = 0, shown in Fig. 4a). For large δE0, the system remains in a

liquid-gas regime and exhibits coarsening behavior similar to that discussed in the main text (note that we did not take
any precaution to partially eliminate the spurious standing waves). As δE0 is decreased, the dense phase begins to
undergo a phase change. Intermediate values produce systems with multiple hexatic domains that coarsen over time,
as the initial state was roughly a disordered fluid at the same density. Interestingly, W 2(t) becomes non-monotonic:
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the early-time increase corresponds to a predominantly liquid-gas interface, while the subsequent decrease reflects
the formation of large hexatic domains that suppress interfacial fluctuations. We note that the W 2 becomes roughly
constant at large time while the hexatic domains are still present and coarsening. We conclude that they coarsen
slowly compared to the interface fluctuations. Further reduction of δE0 yields a fully solid dense phase with markedly
slower coarsening. For these systems, the dense phase was initialized with an ideal hexagonal solid.

In Fig. 4b), we provide the same figure but for the system following |q|KPZ for the liquid-gas. Once again, ordering
leads to a significantly reduced interface width. However, the coarsening phase at early time remains similar.
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FIG. 4. Variation of the coarsening when the system changes from a liquid-gas to a liquid-solid phase separation. Left is a
system with momentum conservation, right is without momentum conservation. The parameters are the same as those used in
Fig. 2.

We now perform a finite-size analysis of systems with the smallest values of the control parameter, corresponding
to the most densely packed solids. We first consider the system with Γ = 0 (left-hand side of Fig. 5). As shown in
Fig. 5a) and c), the interface coarsens in a manner that prohibits a clear extraction of z. The steady state W 2 can,
however, be extracted and is given in panel b). The approximate logarithmic scaling suggests χ ≃ 0. This trend is
consistent with the height structure factor Sh(k) shown in panel d), which predicts 0 ≲ χ ≲ 0.15.
In contrast, the system with Γ ̸= 0 (right-hand side of the figure) shows more regular behavior. As seen in panel e),

the coarsening appears well-behaved, and analysis of panels f) and g) yields estimates of 0 ≲ χ ≲ 0.1 and z ≃ 2.25.
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FIG. 5. Finite size analysis for the systems with a liquid-solid phase separation. The left panels correspond to systems with
momentum conservation, while the right panels correspond to systems without momentum conservation. a) and e) are the
evolution of the mean width squared as a function of time. b) and f) are the stationary values of W 2 as a function of L. c)
and g) are the time required to reach this steady state value. d) and h) are the static height correlation in the steady state.
For both systems, the parameters are the same as those used in Fig. 2, which lead to the densest glassy phase.
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