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Boundary-mediated phases of self-propelled Kuramoto particles

Francesco Arceri®,! Vittoria Sposini ®,? Enzo Orlandini ®,"? and Fulvio Baldovin

1,2

VINFN, Sezione di Padova, Via Marzolo 8, I-35131 Padova, Italy
2Department of Physics and Astronomy, University of Padova, Via Marzolo 8, I-35131 Padova, Italy

® (Received 20 April 2026; accepted 11 August 2026; published 25 August 2026)

Active agents are likely to accumulate near confining obstacles due to collective motion. Here we investigate
how the nature of the microscopic drive—self-propulsion or velocity alignment—selects distinct accumulation
patterns, leading to either delocalized or compact clustered states. We first characterize the dynamical regimes
emerging from the interplay of these two driving mechanisms under perfectly reflective or smooth boundary
conditions. We then introduce boundary friction and observe a drastic change in the accumulation patterns,
with dynamical phases that are absent in the previous case. By connecting emergent macroscopic structures to
their underlying interactions, this work provides a practical route to infer the dominant microscopic mechanism
ruling boundary-mediated collective behavior, with potential applications ranging from single-cell migration to

bioinspired robotics.
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I. INTRODUCTION

From bacterial colonies in the intestinal lining [1] to
self-propelled robots in circular arenas [2,3], active agents
spontaneously form dynamic structures in response to the
mechanical environment. Confinement imposed by obstacles
and walls triggers collective behaviors such as different ac-
cumulation states and the spontaneous emergence of coherent
flows [4,5]. These effects are not only central to understanding
how collective reconfigurations shape the response of living
organisms across multiple scales, from microbial transport in
porous media [6] to threat reactions in large animal groups
[7]; they also provide a theoretical basis for cytoskeletal re-
modeling in cell migration [8,9] and for harnessing bacteria
as biological engines in micro-robotic applications [10].

The analysis of collective behavior in active matter typi-
cally relies on simplified models that capture the microscopic
conversion and macroscopic redistribution of energy occur-
ring on distinct length and time scales. A common mechanism
is persistent self-propulsion, an internal force which drives
motility at the level of individual agents; this is the case
for certain bacteria able to migrate along nutrient gradients
via chemotaxis [11] or algae moving toward light gradients
via phototaxis [12]. Another mechanism underlying collective
dynamics is velocity alignment, exemplified by the coordi-
nated motion of bird flocks or insect swarms [13], and by
epithelial cells forming confluent monolayers [14,15]. The
dynamics of such polar active matter arise from local in-
teractions that synchronize the direction of motion among
self-propelled agents. Coarse-grained models of aligning
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active matter, including the Vicsek and Kuramoto frameworks
[16,17], capture this collective behavior through simple cou-
pling rules that promote orientational order. For what follows,
we adopt the Kuramoto formulation, where synchronization
between agents is modeled by a reciprocal velocity coupling,
which presents a continuous transition between disordered
and ordered phases when alignment overcomes noise [18-21].

While self-propulsion and polar alignment are well estab-
lished features of active matter, the phenomenology arising
from their simultaneous action under confinement remains
much less explored. For self-propelled particles without any
explicit alignment interactions, a number of studies have fo-
cused on dense regimes where excluded-volume interactions
compete with activity and lead to motility-induced phase sep-
aration (MIPS) between a dense and a dilute phase [22,23], the
former being more prone to accumulate near surfaces than the
latter. For alignment-dominated systems, research has instead
concentrated on bulk flocking phenomena and the emergence
of long-range order [13,24]. Confinement itself is known to
induce clustering and ordering in certain colloidal suspensions
and granular systems [25,26], yet it remains unclear how
different driving forces interact in such settings, what types
of boundary accumulation patterns emerge, and what is the
role of boundary friction.

In this work, we show how accumulation patterns depend
on the relative strength, or timescale, of self-propulsion and
alignment. We first study self-propelled Kuramoto particles
(SPKPs) confined by a frictionless circular boundary, where
the two driving forces are independently tuned [20,27]. By
systematically varying the timescales associated with self-
propulsion reorientation and alignment relaxation, we identify
two distinct clustering modes near boundaries: annular and
compact dropletlike clusters. We then include boundary fric-
tion using a ring polymer to confine particles and observe how
these accumulation modes are altered by boundary roughness.
Friction counteracts alignment-mediated cohesion, so that
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annular clusters are largely replaced by a coexistence between
boundary-bound aggregates and a gas of persistent particles
in the bulk. Partially delocalized clusters survive only for
strong alignment over a finite range of persistence time. We
also identify a trapped gas phase where particles accumulate
near the boundary with no net collective motion. Our results
elucidate the interplay between mechanical confinement and
emerging collective behavior, laying the groundwork for fu-
ture studies on harnessing coordination in living and artificial
confined active systems.

II. NUMERICAL METHODS

We study a two-dimensional system of SPKPs confined
within a circular wall of radius R. Particle diameters are drawn
from a log-normal distribution with 20% polydispersity to
suppress boundary-induced ordering [28]. The average par-
ticle diameter, o, is taken as the unit of length, and all particle
masses are set to m = 1. We fix the number of particles to
N = 1024 and limit the study to a very dilute system of area
fraction ) _,(0;/ 2)2/R* = 0.014. The chosen area fraction lies
within the dilute regime observed in suspensions of microbial
communities [29,30] and active colloids [31,32]. Particles are
evolved via driven overdamped dynamics
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where r;; is the distance between particle i and particle j,
and o;; = (0; + 0;)/2 is the average particle diameter. We set
the energy scale of the potential to ¢ = 1 and define o \/m/e
as the unit of time, t,. The mobility is set to u = 102, /m,
a value chosen such that the velocity autocorrelation decays
over the inertial timescale mu in Brownian (white-noise) dy-
namics.

The other terms on the r.h.s. of Eq. (1) describe the velocity
imposed by the active driving, vyfi;, and the interaction with
the boundary, /LF;w. The magnitude of the active velocity
vo is fixed to 20 /7, corresponding to a kinetic energy scale
mv% /2 = 2&, making it comparable to the interaction energy
scale ¢. Particle velocity components are initialized from a
Gaussian distribution with zero mean and variance v(z) /2. The
orientation of the active force acting on particle i is defined
by a unit vector #;(t) = (cos 6;(¢), sin9;(t)), where the an-
gle 6;(¢), initially chosen at random, evolves following the
equation
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Here, the first term on the r.h.s. of the equation is a scalar
white noise, where T, is the persistence time, i.e., the typical
time needed to change the direction of self-propulsion, and

FIG. 1. (a) A particle before and after collision with a smooth
boundary. (b) Particle-monomer interaction in a rough boundary with
radial f, and tangential f, components.

&;(t) is a Gaussian random process of mean zero and correla-
tion (&;(1)&;(t')) = 8(t —t’). The second term is the Kuramoto
interaction, where tx = JTR%( /K is the alignment time, i.e., the
timescale for the interaction to become effective, with K being
the coupling strength and Rk the interaction radius. In the
following, we will vary tx by varying the coupling strength
K, while keeping the interaction radius equal to 1.50 . Particles
align by minimizing the sine of the difference between their
velocity orientations, namely ¢, ; = arctan(v; ,/v; ;). In the
absence of the Kuramoto term, the model reduces to a system
of active Brownian particles which may acquire local veloc-
ity alignment from persistent collisions in the MIPS regime
[33-35]. However, this phenomenon is observed in much
denser systems than those studied here, so we can attribute
alignment solely to the Kuramoto term. Equations (1) and (3)
are numerically integrated using the Euler-Maruyama scheme
with a time step At =5 x 1075,

By varying the particle-wall interaction F;w we model two
types of boundaries schematically shown in Fig. 1: (i) smooth,
implemented as a perfectly reflective circle, where the radial
velocity component v, of a particle colliding with the bound-
ary is reversed upon collision while the tangential component
vp remains unchanged; and (ii) rough, implemented as a ring
polymer made of monomers that interact with particles via
the WCA potential with energy scale ¢,,. We set €,, = 10¢ to
ensure a significantly stiffer boundary compared to particle-
particle interactions. More details are reported in Sec. IV.

III. PHASES OF CONFINED SELF-PROPELLED
KURAMOTO PARTICLES

We now examine how the interplay between self-
propulsion and velocity alignment influences the collective
dynamics of SPKPs confined by a smooth boundary. Particles
move under a constant driving force, and the higher their
persistence, the longer they reside near the boundary before
reorienting. Alignment interactions may then trigger the for-
mation of groups of particles that slide along the boundary.
As a result, clustering and collective motion spontaneously
emerge.

By varying 7, and tg, we identify three distinct phases
reported in Fig. 2. At short persistence time and weak align-
ment (large tx), particles reorient more rapidly than they can
align with their neighbors, leading to a homogeneous, weakly
correlated gas of self-propelled particles. As 7, increases at
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FIG. 2. Phases of SPKPs confined by a smooth boundary at fixed persistence time 7, = 10%. Here and in the following, values of 7, and ¢
are reported in units of t,. (a) Gas (G) phase at tx = 7.1 x 10'. (b) Delocalized clustered (DC) phase at 7x = 2.4. (c) Localized clustered (LC)
phase at tx = 7.1 x 107*. Particles and velocity arrows are color coded according to ¢,. (d) Diagrams in the plane (t,, Tx) color coded by ¢¢,
I, and L, defined in the text. The vertical line at T, = 10% and the horizontal line at 7x = 7.1 x 10! refer to the coordinate axes of Fig. 4(a).
Dashed and dotted lines distinguish phases, while squares indicate the configurations shown in (a)—(c).

fixed 1k, particles are pushed to travel longer along a fixed
direction before reorienting. This enhances collisions between
neighboring particles, promoting alignment and cluster for-
mation. When a cluster reaches the boundary, particles nearest
to the wall experience forces that reverse their direction of
motion, while innercore particles are forced to align with both
reflected and wall-approaching particles. The cluster eventu-
ally aligns tangentially to the boundary with no preferential
direction of rotation.

Notably, for sufficiently small tx, or sufficiently strong
coupling, a delocalized clustered (DC) phase emerges where
particles form a single annular cluster (roughly 2o thick)
that spans the whole circumference of the wall and rotates
around its center. As tx decreases (alignment increases) while
keeping 7, fixed, particles tend to sit at the interaction dis-
tance Rx with respect to one another, leading to the localized
clustered (LC) phase where particles form one or more com-
pact aggregates that slide along the boundary. Delocalized
and localized clusters select a direction of rotation which has
equal probability of being clockwise or counterclockwise. In
particular, when multiple rotating clusters come into contact,
particles align with the direction of the largest cluster. This
merging dynamics is spontaneously breaking the symmetry
of the confining geometry. We note that, when persistence is
low (7, < 1), the cluster direction of motion rapidly reori-
ents and clusters are not bound to slide along the wall; see
Video 3 in the Supplemental Material [36]. We checked the

occurrence of the different phases in a larger system com-
posed of N = 32768 particles and observed no significant
variations.

Similar phases have been reported in Ref. [37], where
Vicsek-like self-propelled particles are confined by a radi-
ally symmetric trapping potential. There, compact dropletlike
structures emerge when the potential softens, reducing the ac-
cessible space and promoting collision-driven condensation.
In our model, by contrast, the dropletlike phase is driven by
strong alignment rather than collisions, with typical interpar-
ticle distances exceeding the interaction cutoff.

To distinguish the observed dynamical patterns, we iden-
tify three quantities whose behavior is summarized in
Fig. 2(d). The first is the localization parameter [38],

1<
ﬁzel% i

i=1

¢ = “)

where ¢,; denotes the angular coordinate of particle i,
defined by 7 = ri(cosg,;,sing,;) and i = +/—1. The lo-
calization parameter approaches zero when particles have
a uniform distribution of angular coordinates, and is equal
to one if they share the same exact angular coordinate.
Since we observe that clusters always appear at the bor-
der, ¢ is sufficient to indicate the formation of a single
cluster. However, it fails to detect multiple localized clus-
ters [38], which occur for 7x > 2.4 x 1073; see Video 4
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in the Supplemental Material [36]. To give an example,
two clusters of equal size moving at an angular distance
of m would yield ¢ = 0. To avoid this limitation, we com-
pute the localization parameter for the largest cluster, ¢*,
identified using the DBSCAN algorithm [36,39]. When the
largest cluster contains more than 30% of the particles we use
¢*, and ¢ otherwise; both are denoted by ¢€. In summary, ¢€
is close to zero in the G and DC phases, and close to one in
the LC phase.

The second observable is the normalized moment of
inertia,

N
~ m >
I=-r ; r2, (5)

where the normalization MR? is the moment of inertia of a
ring with radius R and mass M = Nm. This observable is
I~ 0.5 in the gas phase where the mass is uniformly dis-
tributed within the circle, and 7 ~ 1 in the DC phase where
particles form a single ringlike cluster. The LC phase instead
is characterized by intermediate values of . Specifically, a
circular cluster of radius R. and mass M located at a distance
from the center equal to R — R, has a normalized moment of
inertia equal to

T (=B (R 6
=(1-%) +3(%)- ©

The correspondence between [ and R./R provides a way of
estimating the area fraction, or density, within the cluster.
For example, the configuration reported in Fig. 2(c) corre-
sponds to I &~ 0.74, and by inverting (6) we get R./R ~ 0.15,
i.e., a cluster radius of about 15% of the wall radius. Thus,
computing the number density as n. = N/mR? yields an area
fraction equal to n.a, ~ 0.61, where a, = 77((7/2)2 is the
average particle area. Since the ratio between kinetic and
potential energy scales is mv}/2¢ = 2, comparison with the
literature on self-propelled aligning particles [20,27] suggests
that localized clusters at this density are in a polar liquid state
with no structural order and long-range velocity correlations
that are explicitly induced by the alignment.

The third parameter we use to describe the phases of con-
fined SPKPs is the normalized angular momentum,

m
M v()R

L

)

N
> >
r; X v,
—1

L

where MugR is the angular momentum of a system with all
the mass concentrated at a distance R from the center, rotating
with angular velocity w = vo/R. We focus on the absolute
value of the angular momentum to disregard whether clus-
ters rotate clockwise or counterclockwise. Figure 2(d) clearly
shows that 7 and L are strongly correlated in smooth boundary
conditions. In particular, this implies that whenever parti-
cles are distributed close to the boundary, whether in DC or
LC structures, they exhibit collective rotation. This behavior
changes when boundary friction is included.

IV. INFLUENCE OF BOUNDARY ROUGHNESS

We now focus on rough boundary conditions and quan-
tify the influence of roughness on the dynamical phases
identified so far. To this end, we replace the reflective wall
with an inextensible ring polymer composed of N,, monomers
of diameter o, equal to half of the average particle diameter.
The number of monomers is set to N,, = 2n R /0, (rounded
to the nearest integer) so that adjacent monomers are just in
contact. Starting from stationary or cyclostationary config-
urations (according to the parameter values) within smooth
boundaries, we slightly reduce the radial particle coordinates
by 0.01% to prevent discontinuities in the interaction with the
border. We then let the system relax to its rugged-boundary
steady conditions.

Rough boundaries lead to new dynamical phases reported
in Fig. 3. Importantly, we observe that collisions with bound-
ary monomers cause particles to detach from clusters. While
this has little effect on the LC phase, as only a subexten-
sive fraction of particles slides along the boundary at any
given time, ringlike clusters in the DC phase are strongly dis-
rupted because almost every particle interacts with boundary
monomers. As a consequence, moving along the vertical line
at T, = 10 in Fig. 3(d), we observe that the DC phase is
typically replaced by a partially delocalized clustered (PDC)
phase. At tx = 7.1 x 1072, where alignment interactions are
strong enough to counteract particle detachment from the ro-
tating cluster, the partially delocalized structure spans roughly
30% of the boundary and is approximately 10o thick [see
Figs. 3(c) and 4(a)]. Note that we observe the PDC phase only
in the range 10! < 7, < 10°: below this range, persistence is
too short to maintain clusters at the boundary, while above
it, reflections from the rough boundary enhance directional
dispersion, leading to the formation of multiple small clusters
with different orientations. The rest of the phase space that
was once occupied by the DC phase is now divided into two
other phases: a coexistence between the PDC phase along
the boundary and the G phase in the bulk (PDC + G), and
another phase where particles are stuck near the boundary
but the rotation of the system center of mass is close to
zero. This trapped gas (TG) phase takes over a portion of
the prior gas phase as well: for sufficiently high 7,, as tx
increases and the alignment strength weakens, the system
does not recover the homogeneous gas. Here, moderate-to-
high persistence drives particles toward the boundary, where
their finite interaction time with monomers enables transient
clustering. However, the weak alignment strength prevents
cluster growth, resulting in clusters that continuously form
and dissolve. Crucially, 7 and L are no longer strictly cor-
related as in the case of smooth boundary conditions, and
the TG phase is found for I~ 1 and L ~ 0. Thus, these
observables are complementary for identifying the TG phase,
and only when combined with the localization parameter do
they fully capture all the phases of SPKPs in rough boundary
conditions.

To better quantify the differences between the phases
observed for smooth and rough boundaries, we compare
time averages of / and L, indicated with (I) and (L), as
functions of tx and 1, for the two boundary types in
Fig. 4(a). Focusing on smooth boundary conditions, we notice
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FIG. 3. Dynamical regimes of SPKPs confined by a rough boundary at fixed persistence time 7, = 10°. (a) Trapped gas (TG) phase at
7x = 7.1 x 10'. (b) Coexistence between partially delocalized clustered (PDC) phase and gas at Ty = 2.4. (c) PDC phase at tx = 7.1 x 1072,
(d) Diagrams in the plane (z,, Tx) color coded by ¢€, I, and L. The vertical line at T, = 10 and the horizontal line at 7x = 7.1 x 10! refer to
the coordinate axes of Fig. 4(a). Dashed and dotted lines distinguish phases, while squares indicate the configurations shown in (a)—(c).

a sharp transition between the G and the DC phase as
previously observed for other active systems with Kuramoto-
type alignment [21]. On the contrary, when going from
the DC to the LC phase, (I' and (L) show a gradual
crossover as the system assumes complex dynamical pat-
terns such as ripples to switch from ringlike to dropletlike
structures.

When roughness is introduced, it is clear that the TG
phase takes over a portion of the G phase where (/) and
(L) were both nearly zero in smooth boundary conditions
(see left panels for high 7¢), and a portion of the DC phase
where instead (/) and (L) were both close to one (see right
panels for high 7,). The G phase within rough boundary
conditions is recovered by decreasing persistence time at fixed
5. We further examine the dependence of (L) on bound-
ary roughness by defining the nondimensional roughness
parameter as 0, /o [see Fig. 4(b)]. Interestingly, only the co-
existence regime PDC + G shows an appreciable dependence
on roughness as L monotonically increases with o,,/o. This
rise in angular momentum is caused by a growing cluster
population along the border, driven by increasing friction,
since larger monomers increase the tangential components of
the forces exchanged at the boundary. This effect is visible
only in the PDC + G phase, where bulk particles regularly
collide with the boundary, maximizing the angular momen-
tum transfer. In other phases, particles either slide along the
boundary with little tangential force exchange (PDC and LC

phases) or remain in the bulk with insufficient collisions
(G phase).

We conclude our study by performing a cluster analysis
which employs the same method used for computing ¢C.
Figure 5 shows steady-state averages of the number of clus-
ters, (N.), and the average fraction of particles within a
cluster, or cluster fraction, (N,)/N. For both smooth and
rough boundaries, the gas phase is identified by negligi-
ble values of (N,)/N. At fixed 7, (left panels), and low
Tk, the LC phase, found in both boundary types, corre-
sponds to (N;) ~ (N,)/N ~ 1, meaning that all particles
form a single cluster. As alignment strength decreases (tg
increases), the number of clusters grows and the clus-
ter fraction decreases, signaling the presence of multiple
clusters. When tx > 7.1 x 1072, clusters start to spread
along the wall and boundary friction enters the game.
While smooth boundaries allow the formation of a sin-
gle ringlike cluster where the condition (N.) ~ (N,)/N ~ 1
is met once again, particle-boundary friction leads to the PDC
+ G coexistence where (N.) is maximum and (N,)/N is
minimum. When tx is large at fixed 7, (left panels) and 7,
is large at fixed tx (right panels), the system within rough
boundaries is in the TG phase which is characterized by
several small clusters each containing approximately 2—3% of
the total number of particles. For smooth boundary conditions
instead, when 7, is large at fixed 1k, the system is in the DC
phase but the clustering algorithm fails to capture the presence
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FIG. 4. (a) Time averages of [ and L as functions of tx and 7,
for smooth (gray circles) and rough (black squares) boundaries. Left
panels correspond to 7, = 10* and right panels to tx = 7.1 x 10,
representing two cuts of the diagrams in Figs. 2(d) and 3(d) indicated
by the horizontal and vertical lines. The dashed line in the top panels
corresponds to the value of / for an annulus of thickness 10o. The
background is colored according to the color maps used in Figs. 2(d)
and 3(d). (b) Dependence of (L) on o,,/o for the phases observed
in rough boundary conditions at 7, = 10*: LC (upward triangles,
x = 7.1 x 107%), PDC (squares, tx = 7.1 x 1072), coexistence be-
tween PDC and gas phases (circles, tx = 2.4), and TG (downward
triangles, Tx = 7.1 x 10").
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FIG. 5. Time averages of the number of clusters, (N.), and the
cluster fraction, (N,)/N, as functions of tx and 7, for smooth (gray
circles) and rough (black squares) boundaries. Data are obtained
from the same simulation runs as those reported in Fig. 4(a).

of a single delocalized cluster, which is instead identified by
(N¢) = (N,)/N ~ 1. More specifically, data reported in the
right panels of Fig. 5 correspond to relatively weak alignment
compared to self-propulsion, leading to sparse delocalized
clusters (see Video 5 in the Supplemental Material [36]). To
retain the detection of a single cluster, the DBSCAN algorithm
must be tuned to account for longer interparticle distances, as
described in [36]. However, the parameter ¢* and the phase
diagrams of Figs. 2 and 3 are robust against this technical
limitation.

V. CONCLUSIONS

We have characterized the collective dynamics of SPKPs
confined within circular boundaries by systematically ex-
ploring the combined effects of self-propulsion and velocity
alignment under either smooth or rough boundary conditions.
For a purely reflective wall, the interplay between persistence
and alignment leads to three distinct dynamical regimes: a
gas phase, a delocalized clustered phase characterized by
a single ringlike cluster, and a localized clustered phase
signaled by the presence of one or more disklike clusters.
Notably, the moment of inertia and the angular momen-
tum are tightly correlated and both are maximized in the
delocalized clustered phase. The introduction of boundary
roughness fundamentally alters this phenomenology: friction
destabilizes delocalized clusters, giving rise to a coexistence
regime between multiple clusters on the boundary and the
gas phase. Friction also triggers the emergence of a trapped
gas phase, where persistent particles form small groups near
the boundary that are not able to merge into larger clusters
and thus have negligible center-of-mass angular momentum.
These effects can be traced back to momentum exchange
between particles and boundary monomers, which disrupts
alignment and consequently coherent tangential motion along
the wall.

Our study proves that boundary friction mediates phases
of self-propelled aligning objects. This indicates that the
underlying mechanism giving rise to collective motion in
confined active systems can be inferred from the macroscopic
structures and dynamical patterns that emerge near mechan-
ical obstacles. Delocalized structures signal self-propulsion-
dominated motility with weak interparticle coordination, as
observed in E. coli performing run-and-tumble motion and
self-propelled Janus particles in the dilute regime [22]. By
contrast, when self-propulsion is coupled with neighbor-to-
neighbor alignment, cohesive collective structures emerge—a
mechanism whose universality transcends length scales, from
large animal groups, e.g., bird flocks, insect swarms, and
fish schools, to active colloids. Of particular relevance are
experiments on confined Quincke rollers, where vortexlike
structures emerge above a critical density threshold [25,40].
Moreover, our finding that condensed, polarized structures
form once alignment dominates over self-propulsion is con-
sistent with the hydrodynamic theory developed for active
colloids confined by geometric boundaries in the absence
of repulsion: indeed, in the LC phase cohesion is main-
tained even as repulsive interactions become negligible. In
addition, we show that boundary friction can act as a regu-
latory switch, enabling the system to adapt its accumulation
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patterns in response to external modifications, such as sur-
face coatings in microfluidic essays of active nematics [41],
and rough geometries in experiments of granular active mat-
ter [2,4,42]. Our results establish a framework for future
studies on active systems that are mechanically coupled to
their environment, where accumulation near boundaries may
trigger rotation as for bacteria in ratchet geometries [10]
or deformation as in neural crest cells during development
[43].

We close by outlining two natural extensions of this work.
First, relaxing the overdamped approximation would allow the
study of inertia-dominated systems, such as active granular
matter [2,4]. Preliminary simulations suggest that reducing
viscous drag progressively spreads accumulation structures,
indicating that inertia modulates the morphology of ac-
tive wetting. Second, explicitly incorporating hydrodynamic

interactions would enable the study of fluid-mediated long-
range alignment [10,32,40], potentially modifying the dy-
namical phases reported here and providing a more direct
connection with microscopic active systems. A systematic
investigation of both effects is left for future work.
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