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Edge currents shape condensates in chiral active matter
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Chiral active matter, which breaks both parity symmetry and time-reversal symmetry, is ubiquitous in living
systems. Here, we introduce a minimal two-dimensional chiral active lattice gas by incorporating stochastic,
biased local rotations. At low temperatures, the system coarsens into condensates with chiral orientations and
faceted, crystallike shapes. The interfaces align at characteristic angles with respect to the lattice axes and exhibit
edge currents that are persistent, unidirectional, and angle dependent. To generalize these findings, we propose
a continuum theory by adding an active chiral edge current term to Model B, which reveals the essential role
of active chiral transport in the interfacial dynamics of phase separation. Edge currents with n-fold symmetry
produce condensates whose shapes resemble regular n-sided polygons. In the thin-interface limit, we construct
an effective interface potential governing edge currents, from which the steady-state condensate geometry can
be obtained, both in the lattice model and the continuum description.

DOI: 10.1103/l3c8-3pbp

I. INTRODUCTION

Chirality, the absence of mirror symmetry in an object
or process, is a ubiquitous feature of nature [1–3]. Chi-
ral systems can be either passive or active. Active chiral
systems lack mirror symmetry and simultaneously break time-
reversal symmetry through sustained energy input [4–6]. In
biological systems, chiral active matter plays important roles
in many active cellular processes. Cells rotating near inter-
faces generate chiral flows and nonequilibrium patterns [7,8],
and multicellular assemblies such as spherical organoids can
spontaneously rotate in a three-dimensional matrix exhibiting
spontaneous chirality [9]. Across scales, active torques gen-
erated by molecular motors and cytoskeletal filaments [4,10]
can be amplified into cellular chirality [11] and eventually
to tissue-scale chiral dynamics [12] and embryonic left-right
symmetry breaking [13–16]. Behaviors of chiral active matter
have been studied in artificial systems, both experimentally
and using simulations. Examples include active spinners,
chiral active Brownian particles, and active chiral granu-
lar systems. These systems exhibit a rich phenomenology,
including boundary-induced oscillatory collective dynamics
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[5,17–19], odd rheological responses [20–22], phase sepa-
ration with edge currents [23–26] and persistent boundary
transport associated with lift forces [27–32]. Additional
nonequilibrium features such as glassy dynamics [33], hype-
runiform states [34,35], synchronization [36–38] and sponta-
neously rotating droplets [39–41] have also been reported.

Motivated by these phenomena, particle-based, rheological
and hydrodynamic theoretical frameworks have been devel-
oped [42–55]. While these theories describe chiral active
matter through gradient expansions around a homogeneous
nonequilibrium state, a complementary approach in statistical
physics is to use lattice models to study spatial patterns and
their nonequilibrium dynamics [56–67]. Among these, the
lattice gas (or equivalently, the Ising model) constitutes a
minimal microscopic description of binary systems, allowing
symmetry-breaking effects to be introduced, such as activity
[68–70], chirality [71,72] and nonreciprocity [73–75]. More-
over, for number-conserving kinetics, the lattice gas admits
a systematic coarse graining to Model-B-type field theories
[76,77], whose active extensions have been used to describe
motility-induced phase separation in active systems [78–80].

In this work, we propose a minimal chiral active lat-
tice gas in two dimensions, in which chirality and activity
are introduced through stochastic biased local rotations. We
study phase separation and collective behaviors that emerge
in conserved binary systems that are both chiral and ac-
tive. Numerical simulations reveal a rich phenomenology,
indicating that microscopic chiral dynamics can reorganize
phase-separated states at the macroscopic level. To provide
a theoretical description, we develop a coarse-grained con-
tinuum theory by extending Model-B dynamics to include a
chiral active transport term. Within this framework, we de-
fine an effective interface potential and construct a dynamic
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FIG. 1. Elementary move of the chiral active lattice gas. Starting
from the present configuration (middle), a square of 2 × 2 lattice
sites is randomly selected for rotation in counterclockwise direction
at probability 1 − pc (left) or in clockwise direction at probability
pc (right). Acceptance probabilities are determined by the change of
Ising energy.

principle for determining the fluctuating steady-state geome-
try of condensates, phase-separated domains enriched in one
component.

II. MINIMAL CHIRAL ACTIVE LATTICE GAS

We consider a two-dimensional square lattice with N sites
and periodic boundary conditions, where each site m = (i, j)
hosts an Ising spin σm = ±1. As a lattice gas, these two states
represent two different types of particles (A and B), where
the total number of A is NA = ∑

m δσm,1 and the total number
of B is NB = ∑

m δσm,−1, with N = NA + NB. With number
conservation, NA and NB are fixed. For every microstate {σm}
of the lattice field, the Ising energy reads

E ({σm}) = −J
∑
〈m,n〉

σmσn, (1)

where J > 0 is the coupling constant for nearest-neighbor in-
teraction and the sum runs over nearest-neighbor pairs 〈m, n〉.

We introduce a minimal dynamics to break both time-
reversal symmetry and parity symmetry through stochastic
biased local rotations of this lattice gas. At each update at-
tempt, a 2 × 2 box of lattice sites is randomly selected, as
indicated by the pink box in Fig. 1. With the box center
fixed, this box can be rotated by π/2 in either a clockwise
or counterclockwise direction. The probability of attempting
a clockwise rotation is pc, while that of a counterclockwise
rotation is 1 − pc. This attempted rotation would change the
microstate {σm} to {σ ′

m} and be accepted according to the
Metropolis criterion [81] with the acceptance probability:

Pacc(�E ) = min
(
1, e− �E

kBT
)
, (2)

where �E = E ({σ ′
m}) − E ({σm}) is the energy difference be-

tween the configurations before and after the local rotation,
kB is the Boltzmann constant, and T is temperature. The
combined selection and acceptance probability of this rotation
is therefore P�({σm}) = pc

N Pacc(�E ) when it is in clockwise
direction and P�({σm}) = 1−pc

N Pacc(�E ) when it is in counter-
clockwise direction. We can consider the bias of the rotation
as a form of activity, which can be quantified by the free-
energy difference �μ = kBT ln[pc/(1 − pc)] supplied by a
fuel reservoir. This leads to the local detailed balance relation

ln
P�({σm})

P�({σ ′
m})

= �μ − �E

kBT
(3)

between the probability of a clockwise rotation and the reverse
counterclockwise rotation around the same rotation center.
When pc = 1/2, the driving is �μ = 0 such that Eq. (3)
becomes a global detailed balance relation. Then, the system
is at equilibrium and not chiral, corresponding to an Ising
model with number conservation. Indeed, one can show that
the dynamics using only local rotations is ergodic, i.e., the
system can reach any microstate, as proven in Appendix A.
When pc �= 1/2, the system is chiral and maintained out of
equilibrium, which implies that both parity and time-reversal
symmetry are broken. It is still ergodic, but the probability of
a microstate is no longer determined by only its energy.

III. EMERGENT CHIRAL CURRENTS
ALONG FACETED INTERFACES

We study the phase separation behaviors using kinetic
Monte Carlo simulations [82] with the dynamics defined
above. One Monte Carlo sweep is defined as L2 local ro-
tation attempts on a square lattice of size L × L, such that
each 2 × 2 box is selected once per sweep on average. We
set the simulation temperature with kBT/J = 1.2, well be-
low the equilibrium square-lattice Ising critical temperature,
for which kBTc/J � 2.27 [83] (T � 0.53 Tc), ensuring strong
phase separation while retaining fluctuations. Figures 2(a)–
2(c) show snapshots of lattice configurations obtained during
coarsening for different rotation biases pc, along with the
corresponding pattern Fourier spectra [84].

Starting from random initial conditions, biased clockwise
[pc = 1, Fig. 2(a)] and counterclockwise [pc = 0, Fig. 2(c)]
rotations drive the system into nonequilibrium mazelike con-
densates with approximately straight interfaces tilted at a
characteristic angle θ∗ with respect to the lattice axes. These
two cases are mirror images of each other, reflecting the
opposite handedness of the imposed chirality. Since θ∗ is
not a multiple of π/4, the two mirror orientations cannot be
superposed by a lattice symmetry operation and are there-
fore chiral. In contrast, for unbiased rotations [pc = 1/2,
Fig. 2(b)], the system forms irregular condensates without
any preferred interface orientation, similar to the condensate
shape and orientation under equilibrium Kawasaki dynamics
[85]. These emerging patterns [Figs. 2(a)–2(c)] are further
characterized by their two-dimensional Fourier spectra (insets
in the bottom right of each panel). In the chiral cases, the
spectra exhibit a tilted cross-shaped structure, indicating a
pronounced fourfold orientational anisotropy. The dominant
wave vectors are organized along four symmetry-related di-
rections, with the smallest angle relative to the horizontal
lattice axis given by θ∗ = 0.3854 ± 0.0007 (averaged over 32
parallel simulations), together with symmetric counterparts
at θ∗ + nπ/2, with n = 0, 1, 2, and 3. In Appendix B, we
provide a quantitative analysis of these simulations.

We next examine the particle transport induced by chirally
biased local rotations. At low temperatures, the system ex-
hibits strong phase segregation, with each domain containing
almost only one type of particle. In the bulk of these domains,
local rotations move a single particle in any direction at equal
probability, such that its effective dynamics becomes diffusive
and unbiased. In contrast, at the boundary of a condensate,
local rotations give rise to persistent, unidirectional particle

043093-2



EDGE CURRENTS SHAPE CONDENSATES IN CHIRAL … PHYSICAL REVIEW RESEARCH 8, 043093 (2026)

(a) (b) (c)

(d) (f)

(e)

unstablestable

FIG. 2. Simulations of the chiral active lattice gas. Panels (a)–
(c) show snapshots of lattice configurations for kBT/J = 1.2 on
a 512 × 512 lattice after 106 Monte Carlo sweeps, starting from
random initial conditions with 40% type-A (white) and 60% type-
B (black) particles. (a) pc = 1, clockwise-only rotations; (b) pc =
1/2, unbiased rotations; (c) pc = 0, counterclockwise-only rotations.
Insets show the corresponding two-dimensional pattern Fourier spec-
tra. (d) Close-up of a rectangular condensate illustrating the direction
of the edge current at a straight interface with the tilt angle θ .
Panel (e) shows a microscopic interface between type-A (yellow) and
type-B (blue) particles. The transport of a particle of type-A along
the interface, via repeated rotations, contributes to the edge current.
Panel (f) shows the dependence of the edge current magnitude j on
the interface angle θ , measured from simulations of linear interfaces.
Error bars indicate the standard deviation over 12 independent runs.
Insets illustrate the stability (left) and instability (right) of interfaces
depending on the sign of d j/dθ . Orange arrows indicate the current
direction and magnitude of the yellow phase, which as a result
evolves in the direction indicated by the pink arrows and dashed
lines.

transport along the interface, i.e., an edge current [Fig. 2(d)].
The microscopic origin of the edge current is illustrated in
Fig. 2(e), with further details shown in Fig. 7 in Appendix C.
A tilted interface between two domains of the lattice has a
staircaselike pattern. Only particles at the two ends of each
step can easily be moved by a rotation, because such rotations
incur a smaller change in Ising energy than a rotation in the
middle of a step. After an initial rotation at one end of a step,
subsequent local rotations occur very fast, since they incur no
increase of Ising energy. These rotations transport particles
from one end of a step to the next, through particles of type A
moving in one direction or particles of type B (or “holes” from
the perspective of the component A) moving in the opposite
direction. This dynamics results in a net tangential flux along
the interface. The direction of this edge current reverses un-
der opposite rotation bias, reflecting that global chiral active
transport emerges from local chiral dynamics.

We quantify this effect by defining an effective current
magnitude j(θ ) of particles of type A transported along an
edge per Monte Carlo sweep. It can be measured in simu-
lations with skewed periodic boundary conditions enforcing

a single interface at prescribed tilt angles from 0 to π/2
(Appendix C). Figure 2(f) shows that j(θ ) exhibits a pro-
nounced angular dependence and reaches a maximum at θ ≈
π/4. Interfaces whose orientation lies in the regime where the
current increases with θ are stable, whereas interfaces in the
opposite regime are unstable and reshape under the action of
the current, through the amplification of perturbations.

IV. CONTINUUM MODEL: CHIRAL ACTIVE MODEL B

At equilibrium, phase separation in number-conserved
Ising systems is well described by Model-B dynamics [76,77],
which predicts circular condensates in two dimensions, with
geometry controlled solely by interfacial energy. Motivated by
the observation of directional edge currents in our chiral active
lattice gas, we introduce an active edge current as a minimal
chiral nonequilibrium extension, which we refer to as chiral
active Model B.

We consider a scalar order parameter φ(r, t ) representing
a conserved local density field. The passive properties of the
system are described by the standard Ginzburg-Landau free-
energy functional

F [φ] =
∫

dr
(

a

2
φ2 + b

4
φ4 + K

2
(∇φ)2

)
, (4)

with a < 0 and b > 0, which gives rise to the chemical poten-
tial

μ = δF

δφ
= aφ + bφ3 − K∇2φ. (5)

The dynamics of the conserved scalar field follows a Model B
(Cahn-Hilliard) form

∂tφ = −∇ · J,

J = −M∇μ + JA, (6)

where M is the effective mobility and we introduce the active
edge current

JA = jA(θ ) ε · ∇φ. (7)

Here, jA(θ ) is a function of the oriented interface angle θ ∈
[0, 2π ) and

ε =
(

0 1
−1 0

)
(8)

is a clockwise π/2 rotation matrix in two dimensions. At
points on an interface where |∇φ| �= 0, we define θ via

(cos θ, sin θ ) = ε · ∇φ

|∇φ| . (9)

If the field has the form of domains of constant φ, separated
by smooth interfaces, the gradient is nonzero only at these
interfaces. Since ε · ∇φ is orthogonal to ∇φ, the active current
JA flows along interfaces at a strength that is determined by the
local angle θ of the interface to the x axis [Fig. 3(a)].

Choosing a nonzero edge current jA that is independent
of θ leads to a model whose density field φ evolves exactly
as in the equilibrium Cahn-Hilliard model, while retaining
chiral active transport along interfaces. This is because partial
derivatives commute, so that ∇ · ε · ∇ = 0, which eliminates
the active term in the expression for ∂tφ in Eq. (6). In contrast,
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FIG. 3. Illustration and numerical solutions of the chiral active
Model B, with the two-dimensional scalar field φ indicated by the
color map. (a) The active force is defined such that it drives an edge
current JA (red) in a direction perpendicular to the gradient ∇φ,
i.e., tangentially along the interface. The strength of the active force
depends on the magnitude of ∇φ and is modulated by the angle θ

between the interface and the horizontal direction. (b) Snapshot of a
field at time 8000 after a random start, with fourfold symmetry and
activity parameter ζ = 0.1. Panels (c) and (d) illustrate the chirality
of the system, leading to mirrored orientations of stationary conden-
sates for ζ = +0.1 and ζ = −0.1. Panels (e) and (f) show stationary
condensates for (n = 3)- and (n = 5)-fold symmetry. Other parame-
ters are a = −1/4, b = 1/4, M = 1, K = 1, j0 = 3/2, and |ζ | = 0.1.

an effect of the nonequilibrium dynamics on φ can be ex-
pected whenever jA(θ ) is θ dependent, as it is also the case for
the edge currents observed in our lattice model. Motivated by
the fourfold-symmetric edge current in the chiral active lattice
gas, we construct an n-fold-symmetric active edge current JA,
with

jA(θ ) = ζ ( j0 − cos(nθ )) (10)

as an example, conceptually the same edge current as the one
measured in Fig. 2(f) when n = 4. Here, j0 is a constant and
ζ determines the direction and magnitude of the edge current
induced by the interface slope.

Numerical solutions of the chiral active Model B with
periodic boundary conditions (see Appendix D) show the
emergence of condensates with shapes that are characteristic
for the symmetry of the edge current. Starting from a random
initial configuration, a mazelike structure with a preferred ori-
entation emerges during coarsening for a fourfold-symmetric
JA [Fig. 3(b) and the Supplemental Material [84]], similar to
what we observe for the chiral active lattice gas. After the
coarsening (or after reshaping, if the system is initialized as
a circular condensate), the system reaches a steady state with
a single domain of φ ≈ 1 and a single domain of φ ≈ −1, as
shown in Figs. 3(c)–3(f) and the Supplemental Material [84].
The chirality of the system is exemplified in Figs. 3(c) and
3(d), showing the steady states for fourfold-symmetric JA with
opposite chirality, which leads to tilted-square condensates
that are mirror reflections of each other. Furthermore, we
can also construct other forms of symmetry. The resulting
edge currents with threefold and fivefold symmetry produce
corresponding n-sided polygons, as shown in Figs. 3(e) and
3(f). All these faceted interfaces are a clear departure from
the circular condensates that are the steady state of the

equilibrium Cahn-Hilliard model, which are only recovered
for the angle-independent constant edge current (n = 0). The
numerical solutions also confirm that introducing JA does not
modify the bulk φ values nor the interfacial profile distinc-
tively compared to the Cahn-Hilliard model (Appendix E).
The observed polygonal shape of condensates and angular
orientation of their edges therefore arise purely from the chiral
dynamics at interfaces. A linear stability analysis of steady
straight interfaces in the thin-interface limit is presented in
Appendix F, where we show that the angle-dependent edge
current enters the real part of the interface growth rate and
controls long-wavelength stability.

V. EFFECTIVE INTERFACE POTENTIAL
AND CONDENSATE GEOMETRY

In equilibrium, faceted condensates are a result of
anisotropic surface tension. A classic example is provided
by crystals, whose shape can be determined via the Wulff
construction [86]. Surface tension anisotropy also shapes
condensates in multicomponent continuum models [87–90].
However, out of equilibrium, the steady interface shape is
generally not determined by minimization of a free-energy
functional. Instead, we here define an effective interface po-
tential that governs edge currents and develop a dynamic
principle that determines the geometry and orientation of con-
densates with active edge currents. It is applicable to both
continuum and lattice descriptions.

We consider condensates that are much larger than the
typical width of their interfaces. In this thin-interface limit,
a condensate can be represented by the shape of its outline
in the x–y plane [Fig. 4(a)]. We write this outline as r(s) =
(x(s), y(s)), using the arclength s from an arbitrary reference
point r(0) on the interface as a parameter. We use the con-
vention that s increases in counterclockwise direction when
φ is bigger inside the condensate. The unit tangent vector
t(s) = dr/ds is parametrized by the local orientation angle
θ (s) of the interface as

t(s) = ( cos θ (s), sin θ (s)). (11)

With these conventions, the local curvature of the interface is

κ (s) = dθ

ds
. (12)

Given that the interfacial density profile remains close to
the equilibrium Model B and the interface-averaged chemical
potential of circular condensates varies approximately lin-
early with curvature (Appendix E), we adopt the equilibrium
thin-interface approximation. Within this approximation, the
Gibbs-Thomson relation [91] determines the local chemical
potential along the interface as

μ(s) = μ0 + β κ (s), (13)

where μ0 is the chemical potential of a straight interface and
β is the effective capillary tension.

In the steady state, bulk fluxes vanish and mass transport is
confined to the interface, without sources or sinks. We thus de-
scribe the tangential transport by an effective one-dimensional
current along the interface, written in nondimensional units in
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(a) (b)

(c) (d)

(e)

FIG. 4. Construction of condensate shapes and orientations in the
thin-interface limit. (a) The interface between the inside (yellow) and
outside (white) of the condensate is parametrized by the coordinates
x(s) and y(s), with an edge current j flowing along the tangential
direction at angle θ . (b) Effective potential Veff corresponding to
Eq. (22) (with j0 = 1, ζ = 0.03, and β = 1) leading to the dynamics
of a particle in the Newton mapping (gray ball). The overall tilt of
the potential is determined by j (yellow: 0.02, pink: 0.03, and blue:
0.04) in relation to the steady current j∗ = 0.03. Arrows indicate
the particle’s velocity in our examples (considering two different
velocities v1 and v2 for the scenario with j = j∗). The locus θ∗

of a potential maximum, where the particle moves most slowly,
determines a stable slope of the condensate contour. (c) Trajectories
θ (s) of a particle in the Newton mapping for the scenarios above.
(d) Condensate contours corresponding to the trajectories above.
Only the potential with j = j∗ leads to closed contours; otherwise,
one obtains an inspiral (yellow) or an extended wavy interface (blue).
(e) Effective potential (blue) constructed from the current-angle re-
lation (red) obtained from simulations of the lattice model. The
maximum of the potential at θ∗ ≈ 0.384 matches with the stationary
angle θ∗ = 0.3854 ± 0.0007 of interfaces observed in simulations.

which the effective interfacial mobility is unity (Appendix G),

j(s) = −dμ

ds
+ jA(θ (s)), (14)

where −dμ/ds is the passive diffusive contribution and jA(θ )
is the angle-dependent active edge current. While both of
these terms typically depend on s, stationarity requires j(s) =
j, where j is a constant. Using Eq. (13) in Eq. (14) then yields

the equation

j = −β
d2θ

ds2
+ jA(θ ). (15)

By introducing an active interface potential VA(θ ) via

jA(θ ) = −dVA

dθ
, (16)

we can rewrite Eq. (15) as

d2θ

ds2
= − d

dθ
Veff (θ ), (17)

where

Veff (θ ) ≡ 1

β
[VA(θ ) + j θ ] (18)

is defined as the effective interface potential. Thus, as one
moves along the interface, the orientation θ (s) follows the tra-
jectory of a Newtonian particle (with s mapping to “time” and
θ to “position”) in the effective potential Veff (θ ), represented
by a gray ball in Fig. 4(b). Accordingly, Eq. (17) admits the
first integral

1

2

(
dθ

ds

)2

+ Veff (θ ) = E, (19)

which can be interpreted as an effective total energy that
controls the “velocity” dθ/ds at any given θ and thus the total
length of the contour. Once θ (s) is determined, the condensate
contour follows by integrating t(s).

A physically admissible condensate requires a closed inter-
face contour, such that ∮

t(s) ds = 0. (20)

In the mapping to a Newtonian particle, this requires that the
particle trajectories return to the same point in phase space
with the same velocity after a 2π advance.

The regular n-sided polygons (n � 3) observed in
Figs. 3(c)–3(f) result from an effective potential with period
2π/n, i.e., Veff (θ + 2π/n) = Veff (θ ), which originates from
the n-fold symmetry of the active edge current jA(θ ). The
condensate contour then consists of n identical segments,
successively rotated by 2π/n, which guarantees closure. Such
a periodic potential requires that j takes a particular value
j = j∗, with

j∗ ≡ 1

2π

∫ 2π

0
dθ jA(θ ). (21)

When j = j∗, the effective potential Veff (θ ) is periodic and
exhibits maxima for values θ = θ∗, where the interface curva-
ture dθ/ds is minimal. If E is only slightly larger than these
maxima, the trajectory θ (s) spends very long “time” there,
corresponding to long straight sections of the interface with
constant angles θ∗, the facet angle. The potential landscape
thus determines the set of facet angles, while the conserved
quantity E sets the overall size of the condensate and the
relative lengths of facets. If the area fraction of the condensate
is fixed, E needs to be chosen to satisfy this global constraint.

As a fourfold-symmetric example, we choose

jA(θ ) = ζ ( j0 − cos 4θ ), (22)
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with activity strength ζ and offset j0, similar to what we chose
in Eq. (10). Then, Eq. (21) gives j∗ = ζ j0 and Eq. (18) with
j = j∗ yields a purely periodic effective potential

Veff (θ ) = ζ

4β
sin(4θ ), (23)

whose maxima select, for ζ > 0, the stable facet orientations
θ∗ = π/8 + mπ/2 (m ∈ Z), corresponding to a tilted-square
condensate with rounded corners. For j �= j∗, Veff acquires a
linear tilt and the resulting interfacial trajectories do not close,
corresponding to physically impossible condensate shapes
[Figs. 4(b)–4(d)].

Given a measured current-angle relation jA(θ ) from the
chiral active lattice gas simulations, we construct VA(θ ) =
− ∫ θ dθ ′ jA(θ ′) (up to an irrelevant constant), determine j∗
from Eq. (21) and obtain Veff (θ ) from Eq. (18). The values
of θ for which the resulting Veff is maximal correspond to
the stationary facet angles θ∗ ≈ 0.384, in quantitative agree-
ment with the interface orientations observed in simulations at
pc = 1 [Fig. 4(e)]. Thus, measuring the angular dependence
of the edge current is sufficient to predict the facet angles.

VI. DISCUSSION

We introduced a minimal model of a chiral active lattice
gas in two dimensions with conserved particle number. Build-
ing on the nearest-neighbor interactions of the Ising model,
chirality and activity are implemented simultaneously through
stochastic biased local rotations. At low temperature, the sys-
tem undergoes phase separation into chiral condensates with
interfaces that are faceted and tilted at characteristic angles
with respect to the lattice axes. At these interfaces, persistent,
unidirectional, and angle-dependent edge currents emerge
from the local chiral active dynamics. Inspired by these obser-
vations and to discuss generic features, we extended Model-B
dynamics by adding an active edge current term to the Cahn-
Hilliard model. We show that an n-fold-symmetric active edge
current reshapes a circular condensate into a shape resembling
a regular n-sided polygon, while preserving the bulk densities
and interfacial profile of the equilibrium model. In the thin-
interface limit, we define an effective interface potential and
construct a dynamic principle that uniquely determines the
geometry of the condensate contour, in agreement with the
chiral active lattice gas simulations.

Chiral activity can be introduced into lattice gases in sev-
eral ways. The minimality of our approach is ensured by two
features. The 2 × 2 box rotation is the smallest local unit
capable of realizing a rotation bias, and the ergodicity of the
resulting dynamics guarantees that all nonequilibrium steady
states are dynamically accessible from arbitrary initial condi-
tions. Extensions to other rotation assemblies or combinations
with Kawasaki exchange dynamics may provide further min-
imal routes to chiral activity if ergodicity is preserved. At
the continuum level, the active edge current term we intro-
duce is chiral and cannot be expressed as the derivative of
a free energy. Incorporating this term into active Model B+
[80] would provide a more complete active field model of
phase separation that includes the interplay of self-propulsion
and chirality. An interesting open question is whether this
interplay can produce faceted analogues of bubbly phase

separation. More broadly, we reveal the microscopic origin
of edge currents in this chiral active lattice gas: Interface
excitations are created in pairs of opposite type and propagate
in opposite directions along the interface, phenomenologically
reminiscent of electron-hole pairs in semiconductors [92].
Boundary-localized unidirectional transport is also a general
feature shared with other systems like quantum Hall sys-
tems [93,94]. Given the generality of the Ising model beyond
classical physics, it would be interesting to explore quantum
versions of this chiral active lattice gas to test how quantum
coherence and statistics may modify the resulting observa-
tions.

DATA AVAILABILITY

The simulation code used to generate the results of this
article is openly available on Zenodo [95].

APPENDIX A: PROOF OF ERGODICITY

For lattice gases, ergodicity means that any two configu-
rations can be connected through a finite sequence of local
updates. For our dynamics, this means that it must be possible
to exchange any pair of opposite-spin sites without affecting
the rest of the system, by decomposing the global transforma-
tion into a sequence of allowed local rotations. We should also
point out that, even when pc = 1, three clockwise rotations
on the same box are equivalent to a single counterclockwise
rotation. Conversely, when pc = 0, three counterclockwise
rotations are equivalent to a single clockwise rotation. Hence,
any proof involving rotations in arbitrary direction also ap-
plies to pc = 1 and pc = 0.

To establish the above spin swap condition, we first fo-
cus on a local 3 × 3 block, where the nine sites are labeled
from 1 to 9, with site 5 at the center [Fig. 5(a)]. Due to the
fourfold rotational symmetry of the square lattice, it suffices
to show that we can swap the spins of site 5 and any of its
nearest neighbors—for example, site 4. If this local operation
is possible, any nearest-neighbor pair swap can be performed
elsewhere by symmetry. We demonstrate that sites 4 and 5
can be exchanged by following a specific sequence of local
rotations shown in Fig. 5(a), which involves sacrificing the
8–9 spin pair, because they are swapped. By symmetry, we
can also choose to sacrifice the 2–3 spin pair. If either the 2–3
or 8–9 pair consists of identical spins, this operation could
leave the rest of the configuration unchanged.

Next, we address the remaining special cases, where nei-
ther 2–3 nor 8–9 consists of identical spins. Due to the
spin-inversion symmetry of the system, we only need to con-
sider one representative case, where in Fig. 5(a) site 4 is
spin-down (empty) and site 5 is spin-up (denoted by “X”).
Under this setup, the only three cases are shown at the top of
Figs. 5(b)–5(d). In each configuration, we still keep other sites
labeled as “1,” “6,” and “7” to indicate that their spin values
are arbitrary and do not affect the result. In each case, the
following sequence of rotations guarantees that only the spins
at sites 4 and 5 are exchanged. Therefore, all configurations
relevant to nearest-neighbor spin exchanges have been con-
sidered, which in turn generates all sequential non-neighbor
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FIG. 5. Illustration for the proof of ergodicity, showing how the
states of sites labeled 4 and 5 at the top of column (a) can be ex-
changed through local rotations (clockwise: red, counterclockwise:
blue), without affecting other sites. The strategy of column (a) leads
to the exchange of sites 8 and 9, which only matters if they are
in different states. The remaining columns (b)–(d) show alternative
strategies for the case where both site pairs 2–3 and 8–9 are com-
posed of different states, labeled as empty and “X” (which can stand
for type-A and type-B particles, or vice versa). For those strategies,
also the states of some other neighboring sites need to be specified.

exchanges. This confirms that our local dynamical rule is
sufficient to ensure ergodicity.

APPENDIX B: QUANTITATIVE ANALYSIS
OF LATTICE PATTERNS

We set simulation temperature to kBT/J = 1.2, corre-
sponding to T � 0.53Tc of the equilibrium square-lattice
Ising model [83]. At this temperature, phase segregation is
pronounced and biased rotations sustain unidirectional edge
currents, while thermal fluctuations keep lattice-induced ori-
entational bias weak. Fourfold condensate with preferred tilt
angles and edge currents can also emerge at other tempera-
tures satisfying these conditions.

To compare orientational anisotropy under biased ro-
tations, unbiased rotations, and equilibrium Kawasaki dy-
namics, we define the coherent fourfold component of the
low-wave-number structure factor as

C4 =
∣∣∣∣
〈∑

0<|k|�1 S(k)e4iθk∑
0<|k|�1 S(k)

〉∣∣∣∣, (B1)

where θk is the polar angle of k and the average is taken
over independent late-time configurations. At kBT = 1.2J , we

obtain

C4 =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0.538 ± 0.008, pc = 0 (N = 32),

0.543 ± 0.009, pc = 1 (N = 32),

0.043 ± 0.019, pc = 1/2 (N = 6),

0.037 ± 0.012, Kawasaki (N = 6).

(B2)

Here, N is the number of independent runs, and uncertainties
are bootstrap standard errors. The results for pc = 0 and pc =
1 agree within uncertainties, as expected from mirror symme-
try, C4(pc) = C4(1 − pc). Both exhibit pronounced fourfold
anisotropy, consistent with their nearly straight interfaces and
cross-shaped Fourier spectra. In contrast, unbiased rotations
and Kawasaki dynamics yield similarly small C4, indicating
weak orientational anisotropy on the domain scale in both
equilibrium cases.

To assess finite-size effects, we compare L = 256, 512, and
1024 at kBT = 1.2J , pc = 1, and type-A fraction 0.4, using
six independent runs from random initial conditions for each
size. The L = 512 data are runs 1–6 of the 32-run ensemble in
the main text. From the two-dimensional Fourier spectra, we
extract the preferred tilt angle as shown in Fig. 2:

θ∗(L = 256) = 0.3857 ± 0.0049,

θ∗(L = 512) = 0.3845 ± 0.0021,

θ∗(L = 1024) = 0.3853 ± 0.0004. (B3)

The uncertainties are standard errors over the six runs. The
preferred angles agree within uncertainties, with no resolved
systematic size dependence, although smaller systems show
larger run-to-run fluctuations.

APPENDIX C: EFFECTIVE EDGE CURRENT

We measure the edge current in Monte Carlo simulations of
our lattice model as follows. We run simulations with skewed
periodic boundary conditions enforcing a series of prescribed
interface tilt angles. Specifically, translation by one system
length L in the j direction is accompanied by an integer
displacement �i in the i direction, such that

σ(i+�i, j+L) = σ(i, j). (C1)

The displacement �i determines the nominal interface tilt
angle according to

tan θ = �i

L
. (C2)

The spins outside the two nonperiodic boundaries in the i
direction are fixed to opposite phases, with σ = −1 for i < 0
and σ = +1 for i � L. These boundary conditions maintain a
single tilted interface. The geometry is illustrated in Fig. 6.

The local current at lattice site m is defined as the vector
formed by the net number of type-A particles crossing the
rightward and upward nearest-neighbor boundaries per Monte
Carlo sweep. In Monte Carlo sweep s, the net horizontal and
vertical transport of type-A particles across the rightward and
upward nearest-neighbor boundaries adjacent to lattice site m
are denoted by hs

m and vs
m, respectively, where

hs
m = A→ − A←, vs

m = A↑ − A↓, (C3)
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FIG. 6. Schematic of the skewed periodic boundary condition.
The central box denotes the simulation field, while the lighter boxes
show parts of its neighboring periodic images. Translation by one
system length L in the j direction is accompanied by an integer
displacement �i in the i direction, such that σ(i+�i, j+L) = σ(i, j). The
staircaselike interface is therefore continuous across the identified
boundaries and has nominal tilt angle θ . Spins outside the two non-
periodic boundaries in the i direction are fixed to opposite phases.

and A... denotes the total number of type-A particles moved in
the direction indicated by the subscript arrow during sweep s.

Averaging over the first R Monte Carlo sweeps, we obtain
the time-averaged local current components

J̄m
h = 1

R

R∑
s=1

hs
m, J̄m

v = 1

R

R∑
s=1

vs
m. (C4)

The time-averaged local current vector at lattice site m is then
given by

J m = (
J̄m

h , J̄m
v

)
. (C5)

At low temperature, flux events are observed to be local-
ized at the interface (Fig. 7) and approximately uniformly
distributed along the interface, provided that the interface
remains essentially undeformed. The net edge current j(θ )
for an interface with tilt angle θ is therefore estimated as the
magnitude of the spatially averaged current vector,

j(θ ) =
∣∣∣∣∣cos θ

L

∑
m

J m

∣∣∣∣∣. (C6)

Here, the summation runs over the entire lattice; since J m ≈
0 in the bulk, the sum effectively receives contributions only
from lattice sites at the interface. The factor cos θ accounts for
the geometric projection between the interface length and the
square-lattice edge length L.

For the data shown in Fig. 2(f), we take L = 512 and
R = 20, which is sufficient for the net flux to be generated
uniformly along the interface, while the interface remains
essentially undeformed, even for slopes that are unstable at
longer times.

FIG. 7. Elementary moves along lattice interfaces under pc = 1
dynamics in the limit of small T . Sequence of local rotation events
illustrating how a type-A particle located at a corner site of a tilted
interface is transported stepwise along the boundary. Only particles
at corner positions contribute to the net tangential flux, while bulk
particles remain immobile at low temperature. Repeated rotations
generate a persistent edge current localized at the interface. At low
temperatures, the rotations indicated in the top panel are much en-
ergetically less favored than the fast moves they are immediately
followed by, shown in the remaining panels. The left column shows
a transport of a particle of the yellow phase and the right column
the transport of a hole. Both sequences result in the same final state
(bottom panel), having transported one particle from the end of one
row of the yellow phase to the end of the row above.

APPENDIX D: NUMERICAL PROTOCOL
FOR THE CHIRAL ACTIVE MODEL B

To solve Eq. (6) numerically, we divide the simulation
domain into a uniform square grid of 128 × 128 boxes of
side length �x = �y = 1, with periodic boundary conditions
in both directions. The continuous field φ(r, t ) is represented
by its values φi, j (t ) at the box centers ri, j = (i�x, j�y), and
currents are defined on the faces shared by neighboring boxes;
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for example, Jx
i+1/2, j denotes the current from box (i, j) into

box (i + 1, j).
In each time step, we perform three operations on every

box. First, we compute the chemical potential of Eq. (5),

μi, j = aφi, j + bφ3
i, j − K (∇2φ)i, j, (D1)

where the discrete Laplacian is given by the isotropic nine-
point stencil

(∇2φ)i, j = 1

6�x2

[
4

∑
nn

φ +
∑
diag

φ − 20 φi, j

]
, (D2)

with the first sum running over the four nearest neighbors of
box (i, j) and the second over its four diagonal neighbors.
Second, we compute the total current J = −M∇μ + JA of
Eq. (6) on each face of the box. Using ε · ∇φ = (∂yφ, −∂xφ)
in Eq. (7), the currents through the right and upper faces are

Jx
i+1/2, j = −M

μi+1, j − μi, j

�x
+ jA(θ ) ∂yφ

∣∣∣∣
i+1/2, j

,

Jy
i, j+1/2 = −M

μi, j+1 − μi, j

�y
− jA(θ ) ∂xφ

∣∣∣∣
i, j+1/2

, (D3)

where ∇φ on each face is evaluated by finite differences of φ

in the neighboring boxes, and θ follows from its direction via
Eq. (9). Third, we update the field according to the first line of
Eq. (6), using an explicit Euler step of size δt :

φi, j (t + δt ) = φi, j (t ) − δt

�x

(
δxJx + δyJy

)
i, j, (D4)

where

(δxJx )i, j = Jx
i+1/2, j − Jx

i−1/2, j,
(D5)

(δyJy)i, j = Jy
i, j+1/2 − Jy

i, j−1/2

are the differences between the currents through opposite
faces of box (i, j).

Unless otherwise stated, we use the parameters a = −1/4,
b = 1/4, and K = M = 1, and the edge current of Eq. (10)
with j0 = 3/2 and |ζ | = 0.1; the symmetry order n and the
sign of ζ are given in the figure captions. We use the time step
δt = 10−4 and integrate up to t = 8000, saving the field every
800 time units.

We use two types of initial conditions, both with spatial
mean φ̄ � −0.31. For the random initial condition [Fig. 3(b)],
each box is independently set to φi, j = +1 or −1 with prob-
abilities 0.3 and 0.7, respectively. For the circular initial
condition [Figs. 3(c)–3(f)], we instead set φi, j = +1 inside
a circle centered in the box and covering 30% of its area
and φi, j = −1 outside. In both cases, we then add to every
φi, j an independent random number drawn uniformly from
[0.08, 0.10].

APPENDIX E: INTERFACE PROFILE

The center line of the interface in chiral active Model B is
defined by the contour φ = 0. We measure the φ profile as a
function of the normal distance from the interface, ξ , in units
of one grid spacing.

To assign a signed distance to every grid r, we compute the
shortest Euclidean distance d (r) to the interface contour and

FIG. 8. Spatially averaged field profiles φ(ξ ) for each (n, ζ ),
shown as a function of the signed normal distance ξ from the inter-
face (φ = 0 contour). A representative tanh fit, φ(ξ ) = A tanh[(ξ −
ξ0 )/w] + φ0, is overlaid as a dashed line.

define

ξ (r) =
{− d (r), r inside ,

d (r), r outside.
(E1)

We bin all points by ξ with spacing �ξ = 0.5, within the
window |ξ | � 35, and compute the mean profile in each bin:

φ̄(ξk ) = 1

Nk

∑
r∈k

φ(r), (E2)

where Nk is the number of grids in bin k. We then fit the
averaged profile to the function

φ(ξ ) = A tanh

(
ξ − ξ0

w

)
+ φ0, (E3)

where A is the amplitude, ξ0 is the interface location, and
w is the interfacial width. As shown in Fig. 8, increasing
the strength or fold of symmetry of the active edge cur-
rent will not distinctly change either the interface profile or
the bulk density from the equilibrium circular condensate
(n = 0, ζ = 0).

The active edge current does not enter the definition
of the chemical potential μ. We therefore test the curva-
ture contribution using initially circular condensates with an
angle-independent active edge current and different packing
fractions, with the same model parameters and numerical
protocol as above. For each final state, 
 denotes the φ = 0
contour, κ its mean curvature, and μ
 the interface-averaged
chemical potential. Figure 9 shows that μ
 − μ0 remains pro-
portional to κ with a common fitted slope.

APPENDIX F: STABILITY ANALYSIS OF STEADY-STATE
INTERFACES IN CHIRAL ACTIVE MODEL B

We consider a straight section of the interface with a steady
slope tan θ∗. The coordinates (x, y) of the points on the inter-
face are given by y = x tan θ∗. Now, we set s as the tangential
direction along the interface and n as the normal direction.
We then use this straight interface as a reference for a new
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FIG. 9. The interface-averaged chemical-potential difference
μ
 − μ0 as a function of the mean curvature κ for circular conden-
sates at φ̄ = 0.27, 0.30, and 0.33, with ζ = 0.1 and 0.2. The ζ = 0
control point is evaluated at φ̄ = 0.30.

coordinate system (s, n), where

s = x cos θ∗ + y sin θ∗,

n = −x sin θ∗ + y cos θ∗. (F1)

For a perturbed, dynamically evolving interface, we denote
the height in normal direction as h(s, t ), where t is time. In the
thin-interface limit, n > h(s, t ) is the inside condensate phase
(+) and n < h(s, t ) is the outside phase (–).

With the thin-interface limit, the normal velocity of the
interface ∂t h(s) is proportional to the difference of input and
output fluxes in both normal and tangential directions [91,96],
which is governed by

∂t h(s) = J+
n (s, n) − J−

n (s, n) + ∂sJs(s)

φ+(s, n) − φ−(s, n)

∣∣∣∣
n=h(s)

, (F2)

where φ±(s, n) are the corresponding bulk densities and
J±

n (s, n) are the diffusion fluxes in normal direction from
the inside and the outside of the condensate, which, in the
long-wavelength limit, take the form

J±
n (s, n) = −D∂nφ

±(s, n), (F3)

where D is the effective diffusivity. Compared to equilibrium
systems, chiral active Model B system has an extra term
∂sJs(s), which is the local edge current gradient along the
interface.

Now, we apply a small perturbation to the interface as a
Fourier mode of wave number q along the interface s, such
that

h(s) = ĥeiqs+σ t , (F4)

with the initial amplitude ĥ of a perturbation with wave num-
ber q, growing at the exponential rate σ , and

φ±(s, n) = φ±
0 + φ̂±(n)eiqs+σ t , (F5)

where φ±
0 = ±√−a/b are the steady bulk densities, φ̂±(n)

are functions with infinitesimal amplitude, and σ is the growth

rate. The scalar field satisfies the diffusion equation

∂φ±

∂t
= D∇2φ±, (F6)

where D = −2aM > 0 is obtained by linearizing the passive
chemical potential about φ±

0 and neglecting higher-order spa-
tial gradients in the long-wavelength limit [91].

For the constant bulk densities, we have ∂tφ
±
0 = 0 and

∇2φ±
0 = 0, such that plugging Eq. (F5) into Eq. (F6)

leads to

σ φ̂± = D

(
−q2 + ∂2

∂n2

)
φ̂±. (F7)

The bounded solutions are

φ̂+(n) = A+e−λn, φ̂−(n) = A−eλn, (F8)

where λ =
√

q2 + σ/D. The Gibbs-Thomson boundary con-
dition in Eq. (13) relates the interface curvature κ = ∂2

s h to the
chemical potential μ at the interface, which in turn determines
the boundary values of φ± at the interface. Since 1/λ � h(s)
holds for small perturbations, we get

A+ = A− = −νq2ĥ, (F9)

where ν = β/(−2a) > 0 is an effective capillary coefficient,
obtained by the linearized bulk relation δμ = −2a δφ. There-
fore, under a small perturbation,

∂nφ̂
+|n=h(s) = νq2ĥλ, ∂nφ̂

−|n=h(s) = −νq2ĥλ. (F10)

Now, we consider the tangential flux, where jA is the only
contribution, such that

Js = �φ jA(θ ), (F11)

where θ (s) is the local slope angle and �φ = φ+ − φ−. At
time t = 0, the interface height is h(s, t = 0) = ĥeiqs and the
perturbed local slope angle is

θ (s) = θ∗ + iqĥeiqs, (F12)

where θ∗ is the steady slope angle with respect to the original
coordinate.

For a small perturbation, we expand the nonlinear term
using Taylor expansion:

jA(θ (s)) = jA(θ∗ + iqĥeiqs),

= jA(θ∗) + j′A(θ∗)iqĥeiqs + O(ĥ2), (F13)

where j′A denotes the derivative with respect to θ . The tangen-
tial derivative of the edge current then becomes

∂sJs = �φ ∂s jA(θ (s)),

= −q2�φ j′A(θ∗) ĥeiqs + O(ĥ2). (F14)

Using Eq. (F2) and Eq. (F3), we obtain

σ = −2Dνq2

�φ

√
q2 + σ

D
− q2 j′A(θ∗). (F15)

In the long-wavelength limit q → 0, the dispersion relation
is dominated by the q2 contribution from the tangential edge
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current,

σ (q) = − j′A(θ∗)q2 + O(q3). (F16)

Therefore, the linear stability of the straight interface at
long wavelengths is controlled by the sign of j′A(θ∗). The
stability criterion is thus

j′A(θ∗) > 0 ⇒ σ (q) < 0 (stable), (F17)

j′A(θ∗) < 0 ⇒ σ (q) > 0 (unstable). (F18)

This criterion is also consistent with our phenomenological
stability argument for the chiral active Ising model in Fig. 2(f).

In contrast, since D > 0, ν > 0, and �φ > 0, the first term
in Eq. (F15) stabilizes the interface within the thin-interface
limit qw � 1, where w is the interfacial width defined in
Appendix E. When j′A(θ∗) < 0, setting σ = 0 formally gives

qc = |�φ j′A(θ∗)|
2Dν

. (F19)

If qcw � 1, Eq. (F15) predicts growth for 0 < q < qc and
decay for qc < q � w−1.

When qw = O(1), Eq. (F15) no longer determines the
growth rate. In the full continuum model, the square-gradient
contribution to the linearized Cahn-Hilliard dynamics pro-
vides damping of order −MKq4, which dominates the
O(q2) edge current contribution at sufficiently large q. Thus,
the high-q limit is stable, as in equilibrium Cahn-Hilliard
dynamics.

APPENDIX G: NONDIMENSIONALIZATION
OF EDGE CURRENTS

We specify the nondimensionalization that sets the
effective mobility to unity in Eq. (14). In the steady-state
thin-interface description, j is the tangential current integrated
across the interface and normalized by the constant density
jump �φ. Integrating JA = jA(θ ) ε · ∇φ across the interface
gives the tangential flux �φ jA(θ ) (see Appendix F), so the
active term enters j as jA(θ ). In dimensional form, the effec-
tive transport law reads

j(s) = −M ∂sμ + jA(θ ). (G1)

Here, M > 0 is a constant effective interfacial mobility,
treated as a phenomenological parameter of the thin-interface
description. In the steady state, interfacial mass conservation
requires j to be independent of s.

For fixed length and chemical-potential units �r and μr ,
we write s = �r s̃, μ = μrμ̃, and j = jr j̃, with the current
unit jr = �2

r /tr set by the time unit tr , since [ j] = L2/T .
Substituting into Eq. (G1) and dividing by jr gives

j̃ = −Mμrtr
�3

r

dμ̃

ds̃
+ jA(θ )

jr
, (G2)

where the prefactor of the first term is the dimensionless
interfacial mobility. Choosing

tr = �3
r

Mμr
, jr = Mμr

�r
(G3)

sets this prefactor to unity and yields Eq. (14). In these units,
ζ is expressed in units of jr , since jA has the same dimen-
sion as j, and β in units of μr�r , since μ − μ0 = βκ , with
[κ] = L−1.
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and F. Jülicher, Emergent chirality in active solid rotation of
pancreas spheres, PRX Life 2, 033006 (2024).

[10] S. Shankar and L. Mahadevan, Active hydraulics and odd elas-
ticity of muscle fibres, Nat. Phys. 20, 1501 (2024).

[11] Y. H. Tee, T. Shemesh, V. Thiagarajan, R. F. Hariadi, K. L.
Anderson, C. Page, N. Volkmann, D. Hanein, S. Sivaramakr-
ishnan, M. M. Kozlov, and A. D. Bershadsky, Cellular chirality
arising from the self-organization of the actin cytoskeleton, Nat.
Cell Biol. 17, 445 (2015).

[12] S. Chen, D. E. Gökmen, M. Fruchart, M. Krumbein, P. Sil-
berzan, V. Yashunsky, and V. Vitelli, Chirality across scales in
tissue dynamics, arXiv:2506.12276.

[13] H. Hamada, C. Meno, D. Watanabe, and Y. Saijoh, Establish-
ment of vertebrate left–right asymmetry, Nat. Rev. Genet. 3, 103
(2002).

[14] Á. Raya and J. C. I. Belmonte, Left–right asymmetry in the
vertebrate embryo: From early information to higher-level in-
tegration, Nat. Rev. Genet. 7, 283 (2006).

[15] N. Hirokawa, Y. Tanaka, Y. Okada, and S. Takeda, Nodal
flow and the generation of left-right asymmetry, Cell 125, 33
(2006).

[16] S. R. Naganathan, S. Fürthauer, M. Nishikawa, F. Jülicher, and
S. W. Grill, Active torque generation by the actomyosin cell
cortex drives left–right symmetry breaking, eLife 3, e04165
(2014).

[17] B. C. van Zuiden, J. Paulose, W. T. M. Irvine, D. Bartolo, and
V. Vitelli, Spatiotemporal order and emergent edge currents in

043093-11

https://doi.org/10.1126/science.935852
https://doi.org/10.1103/RevModPhys.71.1745
https://doi.org/10.1007/s11214-007-9254-7
https://doi.org/10.1073/pnas.94.11.5646
https://doi.org/10.1103/PhysRevLett.94.214301
https://doi.org/10.1209/0295-5075/ac8f69
https://doi.org/10.1038/s41586-022-04889-6
https://doi.org/10.1103/PRXLife.2.023002
https://doi.org/10.1103/PRXLife.2.033006
https://doi.org/10.1038/s41567-024-02540-x
https://doi.org/10.1038/ncb3137
https://arxiv.org/abs/2506.12276
https://doi.org/10.1038/nrg732
https://doi.org/10.1038/nrg1830
https://doi.org/10.1016/j.cell.2006.03.002
https://doi.org/10.7554/eLife.04165


WANG, PIETZONKA, AND JÜLICHER PHYSICAL REVIEW RESEARCH 8, 043093 (2026)

active spinner materials, Proc. Natl. Acad. Sci. USA 113, 12919
(2016).

[18] P. Liu, H. Zhu, Y. Zeng, G. Du, L. Ning, D. Wang, K. Chen, Y.
Lu, N. Zheng, F. Ye, and M. Yang, Oscillating collective motion
of active rotors in confinement, Proc. Natl. Acad. Sci. USA 117,
11901 (2020).

[19] S. Kole, G. P. K. Alexander, A. Maitra, and S. Ramaswamy,
Chirality and odd mechanics in active columnar phases, PNAS
Nexus 3, pgae398 (2024).

[20] D. Banerjee, A. Souslov, A. G. Abanov, and V. Vitelli, Odd
viscosity in chiral active fluids, Nat. Commun. 8, 1573 (2017).

[21] C. Scheibner, A. Souslov, D. Banerjee, P. Surówka, W. T. Irvine,
and V. Vitelli, Odd elasticity, Nat. Phys. 16, 475 (2020).

[22] S. J. Kole, G. P. Alexander, S. Ramaswamy, and A. Maitra,
Layered chiral active matter: Beyond odd elasticity, Phys. Rev.
Lett. 126, 248001 (2021).

[23] V. Soni, E. S. Bililign, S. Magkiriadou, S. Sacanna, D. Bartolo,
M. J. Shelley, and W. T. M. Irvine, The odd free surface flows
of a colloidal chiral fluid, Nat. Phys. 15, 1188 (2019).

[24] Z. Zhao, B. Wang, S. R. Komura, M. Yang, F. Ye, and R. Seto,
Emergent stripes of active rotors in shear flows, Phys. Rev. Res.
3, 043229 (2021).

[25] L. Langford and A. K. Omar, Phase separation, capillarity, and
odd-surface flows in chiral active matter, Phys. Rev. Lett. 134,
068301 (2025).

[26] L. Caprini and U. Marini Bettolo Marconi, Bubble phase in-
duced by odd interactions in chiral systems, J. Chem. Phys. 162,
161101 (2025).

[27] L. Caprini and U. Marini Bettolo Marconi, Active chiral parti-
cles under confinement: Surface currents and bulk accumulation
phenomena, Soft Matter 15, 2627 (2019).

[28] Q. Yang, H. Zhu, P. Liu, R. Liu, Q. Shi, K. Chen, N. Zheng, F.
Ye, and M. Yang, Topologically protected transport of cargo in
a chiral active fluid aided by odd-viscosity-enhanced depletion
interactions, Phys. Rev. Lett. 126, 198001 (2021).

[29] X. Lou, Q. Yang, Y. Ding, P. Liu, K. Chen, X. Zhou, F. Ye,
R. Podgornik, and M. Yang, Odd viscosity-induced Hall-like
transport of an active chiral fluid, Proc. Natl. Acad. Sci. USA
119, e2201279119 (2022).

[30] Y. Hosaka, S. Komura, and D. Andelman, Hydrodynamic lift of
a two-dimensional liquid domain with odd viscosity, Phys. Rev.
E 104, 064613 (2021).

[31] R. Lier, C. Duclut, S. Bo, J. Armas, F. Jülicher, and P.
Surówka, Lift force in odd compressible fluids, Phys. Rev. E
108, L023101 (2023).

[32] R. Kant, A. Maitra, A. K. Sood, and S. Ramaswamy, Edge
states, pairing, and sorting of motile chiral particles, Phys. Rev.
E 114, 025418 (2026).

[33] V. E. Debets, H. Löwen, and Liesbeth M. C. Janssen, Glassy
dynamics in chiral fluids, Phys. Rev. Lett. 130, 058201 (2023).

[34] B. Zhang and A. Snezhko, Hyperuniform active chiral fluids
with tunable internal structure, Phys. Rev. Lett. 128, 218002
(2022).

[35] J. Wang, Z. Sun, H. Chen, G. Wang, D. Chen, G. Chen, J.
Shuai, M. Yang, Y. Jiao, and L. Liu, Hyperuniform networks of
active magnetic robotic spinners, Phys. Rev. Lett. 134, 248301
(2025).

[36] N. Uchida and R. Golestanian, Synchronization and collective
dynamics in a carpet of microfluidic rotors, Phys. Rev. Lett. 104,
178103 (2010).

[37] S. Samatas and J. Lintuvuori, Hydrodynamic synchroniza-
tion of chiral microswimmers, Phys. Rev. Lett. 130, 024001
(2023).

[38] Y. Xia, Z. Hu, D. Wei, K. Chen, Y. Peng, and M. Yang,
Biomimetic synchronization in biciliated robots, Phys. Rev.
Lett. 133, 048302 (2024).

[39] L. N. Carenza, G. Gonnella, D. Marenduzzo, and G. Negro,
Rotation and propulsion in 3D active chiral droplets, Proc. Natl.
Acad. Sci. USA 116, 22065 (2019).

[40] Z. Wang, X. Wang, Q. Miao, F. Gao, and Y.-P. Zhao, Sponta-
neous motion and rotation of acid droplets on the surface of a
liquid metal, Langmuir 37, 4370 (2021).

[41] M. R. Nejad and J. M. Yeomans, Spontaneous rotation of active
droplets in two and three dimensions, PRX Life 1, 023008
(2023).

[42] S. Fürthauer, M. Strempel, S. W. Grill, and F. Jülicher, Active
chiral fluids, Eur. Phys. J. E 35, 89 (2012).

[43] S. Fürthauer, M. Strempel, S. W. Grill, and F. Jülicher, Active
chiral processes in thin films, Phys. Rev. Lett. 110, 048103
(2013).

[44] D. Banerjee, V. Vitelli, F. Jülicher, and P. Surówka, Active
viscoelasticity of odd materials, Phys. Rev. Lett. 126, 138001
(2021).

[45] M. Han, M. Fruchart, C. Scheibner, S. Vaikuntanathan, J. J. de
Pablo, and V. Vitelli, Fluctuating hydrodynamics of chiral active
fluids, Nat. Phys. 17, 1260 (2021).

[46] T. Markovich and T. C. Lubensky, Odd viscosity in active mat-
ter: Microscopic origin and 3D effects, Phys. Rev. Lett. 127,
048001 (2021).

[47] E. Sesé-Sansa, D. Levis, and I. Pagonabarraga, Microscopic
field theory for structure formation in systems of self-propelled
particles with generic torques, J. Chem. Phys. 157, 224905
(2022).

[48] K. L. Kreienkamp and S. H. Klapp, Clustering and flocking of
repulsive chiral active particles with non-reciprocal couplings,
New J. Phys. 24, 123009 (2022).

[49] K. Ishimoto, C. Moreau, and K. Yasuda, Odd elastohydrody-
namics: Non-reciprocal living material in a viscous fluid, PRX
Life 1, 023002 (2023).

[50] M. Fruchart, C. Scheibner, and V. Vitelli, Odd viscosity and odd
elasticity, Annu. Rev. Condens. Matter Phys. 14, 471 (2023).

[51] Y. Hosaka, R. Golestanian, and A. Daddi-Moussa-Ider, Hydro-
dynamics of an odd active surfer in a chiral fluid, New J. Phys.
25, 083046 (2023).

[52] T. Markovich and T. C. Lubensky, Nonreciprocity and odd
viscosity in chiral active fluids, Proc. Natl. Acad. Sci. USA 121,
e2219385121 (2024).

[53] Y. Ding, B. Wang, Q. Yang, Z. Zhao, S. Komura, R. Seto, M.
Yang, and F. Ye, Odd response-induced phase separation of
active spinners, Research 7, 0356 (2024).

[54] E. Kalz, A. Sharma, and R. Metzler, Field theory of active chiral
hard disks: A first-principles approach to steric interactions,
J. Phys. A: Math. Theor. 57, 265002 (2024).

[55] T. Markovich and T. C. Lubensky, Chiral active fluids: In-
sights from the total momentum, Phys. Rev. E 112, 035409
(2025).

[56] M. L. Huggins, Solutions of long chain compounds, J. Chem.
Phys. 9, 440 (1941).

[57] P. J. Flory, Thermodynamics of high polymer solutions,
J. Chem. Phys. 10, 51 (1942).

043093-12

https://doi.org/10.1073/pnas.1609572113
https://doi.org/10.1073/pnas.1922633117
https://doi.org/10.1093/pnasnexus/pgae398
https://doi.org/10.1038/s41467-017-01378-7
https://doi.org/10.1038/s41567-020-0795-y
https://doi.org/10.1103/PhysRevLett.126.248001
https://doi.org/10.1038/s41567-019-0603-8
https://doi.org/10.1103/PhysRevResearch.3.043229
https://doi.org/10.1103/PhysRevLett.134.068301
https://doi.org/10.1063/5.0262594
https://doi.org/10.1039/C8SM02492H
https://doi.org/10.1103/PhysRevLett.126.198001
https://doi.org/10.1073/pnas.2201279119
https://doi.org/10.1103/PhysRevE.104.064613
https://doi.org/10.1103/PhysRevE.108.L023101
https://doi.org/10.1103/w3lj-m46z
https://doi.org/10.1103/PhysRevLett.130.058201
https://doi.org/10.1103/PhysRevLett.128.218002
https://doi.org/10.1103/z2rp-21xn
https://doi.org/10.1103/PhysRevLett.104.178103
https://doi.org/10.1103/PhysRevLett.130.024001
https://doi.org/10.1103/PhysRevLett.133.048302
https://doi.org/10.1073/pnas.1910909116
https://doi.org/10.1021/acs.langmuir.1c00455
https://doi.org/10.1103/PRXLife.1.023008
https://doi.org/10.1140/epje/i2012-12089-6
https://doi.org/10.1103/PhysRevLett.110.048103
https://doi.org/10.1103/PhysRevLett.126.138001
https://doi.org/10.1038/s41567-021-01360-7
https://doi.org/10.1103/PhysRevLett.127.048001
https://doi.org/10.1063/5.0123680
https://doi.org/10.1088/1367-2630/ac9cc3
https://doi.org/10.1103/PRXLife.1.023002
https://doi.org/10.1146/annurev-conmatphys-040821-125506
https://doi.org/10.1088/1367-2630/aceea4
https://doi.org/10.1073/pnas.2219385121
https://doi.org/10.34133/research.0356
https://doi.org/10.1088/1751-8121/ad5089
https://doi.org/10.1103/tkbx-75zt
https://doi.org/10.1063/1.1750930
https://doi.org/10.1063/1.1723621


EDGE CURRENTS SHAPE CONDENSATES IN CHIRAL … PHYSICAL REVIEW RESEARCH 8, 043093 (2026)

[58] G. Grinstein, C. Jayaprakash, and Y. He, Statistical mechanics
of probabilistic cellular automata, Phys. Rev. Lett. 55, 2527
(1985).

[59] H. Kawamura, Chiral ordering in Heisenberg spin glasses in two
and three dimensions, Phys. Rev. Lett. 68, 3785 (1992).

[60] D. H. Rothman and S. Zaleski, Lattice-gas models of phase
separation: Interfaces, phase transitions, and multiphase flow,
Rev. Mod. Phys. 66, 1417 (1994).

[61] G. Ódor, Universality classes in nonequilibrium lattice systems,
Rev. Mod. Phys. 76, 663 (2004).

[62] J. Marro and R. Dickman, Nonequilibrium Phase Transitions
in Lattice Models (Cambridge University Press, Cambridge,
England, 1999).

[63] A. P. Solon and J. Tailleur, Revisiting the flocking transition
using active spins, Phys. Rev. Lett. 111, 078101 (2013).
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