PHYSICAL REVIEW X 16, 041034 (2026)

Order by Inertia in Spinning Active Matter: Holey Fluids and Spin-Textured Crystals

Camille Jorge®'? and Denis Bartolo®""

'CNRS, ENS de Lyon, LPENSL, UMR5672, 69342, Lyon cedex 07, France
Institute of Physics, University of Amsterdam, Science Park 904,
1098 XH, Amsterdam, The Netherlands

® (Received 18 May 2026; accepted 22 September 2026; published 6 November 2026)

Active matter sustains emergent flows at the expense of preserving structural order. The feedback
between structure and viscous flows typically disrupts crystalline and liquid-crystalline organization by
amplifying the very deformations they generate. Yet this destabilizing paradigm has recently been
challenged by experiments showing that inertial fluid flows can stabilize few-body bound states of
active spinners. Whether inertial active matter can sustain genuine cohesion and order at the many-body
level, however, remains elusive. Here we investigate two-dimensional assemblies of macroscopic
spinners operating at high Reynolds number and uncover two phase transitions leading to the
emergence of a dilute percolating fluid and a dense spin-textured crystal. At low density, inertial flows
generate two competing interactions: anisotropic attractions and transverse Magnus forces that
continuously break and reconfigure bonds. Together they drive a percolation transition toward a
dynamically rearranging holey liquid reminiscent of the empty-liquid states observed in equilibrium
patchy colloids. At high density, the feedback between spin alignment and particle positions
suppresses transverse rearrangements and yields a first-order transition toward a spin-ordered crystal.
Our results demonstrate that, beyond the overdamped limit, hydrodynamic feedback can promote rather
than destroy collective order, revealing a distinct regime of many-body active matter governed by

inertial flows.

DOI: 10.1103/xyym-pjh7

At equilibrium, the spatial organization of matter is
immune to the details of its dynamics. Whether micro-
scopic motion is inertial or viscous, thermal statistics
governs structure, and phase behavior does not depend on
how fast fluctuations propagate and relax. This protection
is lost once matter is driven out of equilibrium, where
structure and flow become intertwined. In homogeneously
driven soft matter, deformations generate flows that can
either amplify or suppress them, leading to dynamically
organized or disordered steady states in systems ranging
from sedimenting suspensions to synthetic and living
spinner crystals [1-12]. Yet the forcing itself remains
fixed: structural rearrangements and flows do not reorient
gravity, the chirality of living cells or the magnetic field
that drives the system.

Soft active matter features a more intimate form of
nonequilibrium, where actuation, flow, and structure are
two-way coupled: the forces and stresses that drive the
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system from within are themselves shaped by the defor-
mations they induce. In the viscous regime, this interplay
is most often destabilizing: distortions of ordered active
phases generate flows that amplify them, as strikingly
illustrated by the spatiotemporal chaos of active nematics,
gels, and swimmer suspensions [13—17]. Hydrodynamic
interactions tend to suppress long-range order in soft
active matter. Recent observations of active spinners
operating at finite Reynolds number contrast with this
seemingly general destabilization by revealing stable
bound states sustained by inertial vortices [18-20].
Whether such inertia-mediated interactions can stabilize
cohesive and ordered phases of spinning active matter
remains unknown.

To determine whether inertial feedback can stabilize
cohesive many-body organization, we investigate an
assembly of hydrodynamically interacting spinners oper-
ating at finite Reynolds number. Through quantitative
measurements of positional and active-spin correlations,
we show that inertial forces and viscous torques produce
a two-way coupling between positional and spin degrees
of freedom that shapes the phase behavior. By system-
atically varying the packing fraction, we demonstrate that
the system evolves through three distinct steady states
separated by two phase transitions: a liquid of fractal
clusters, a dynamically rearranging holey fluid, and a
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FIG. 1. Active spinners, cluster liquid, percolating fluid, and spin-textured crystal. (a) Experimental picture illustrating the spinning

motion of a system of spherical plastic beads motorized using Quincke electrorotation (¢p = 0.51). Painting the beads surfaces allows us
to monitor their instantaneous spinning rate w. See also Supplemental video 1 [21]. Left inset: scheme of a bead of spin @ forming an
angle 6 with the horizontal. Middle inset: probability density of 6. At low packing fraction, all particles spin along random directions.
(E = 8750 V). Right inset: probability density of |w|. The rotation speed is constant (E = 8750 V and ¢ = 0.39). (b) Phase diagram
constructed from 97 different experiments. The three phases are mostly determined by the spinners packing fraction. The phase
boundaries hardly depend on the magnitude of the voltage E. (c),(d), and (e) Snapshots of three instantaneous spinner configurations
recorded at three different packing fractions. The particles are colored according to their instantaneous orientation. See also
Supplemental videos 2, 3, and 4 [21]. (c) ¢ = 0.15: The spinners form an isotropic liquid of clusters. (d) ¢p = 0.51: The spinners form an
isotropic percolating fluid. Unlike in colloidal gels [31,32], their structure is highly dynamical. (e) ¢) = 0.67: The active particles phase
separate into a spin-textured crystals where spins form ferromagnetic lines along a principal axis of the crystal and alternate orientation
from one line to the next. The crystal coexists with a dilute cluster liquid.

dense spin-textured crystal. Remarkably, as we show
below, inertial pumping and Magnus forces generate
directed interactions between spinners, providing a
hydrodynamic analog of the directional interactions
that govern the phase behavior of equilibrium
patchy colloids. At high density, however, the feedback
between positional and orientational degrees of freedom

collapses the holey fluid into a spinner crystal, where
particle positions and spinning directions self-organize in
unison. Beyond the specifics of our system, our results
reveal how inertial hydrodynamic flows transform the
destabilizing feedback typical of overdamped active
matter into a mechanism of phase ordering at the
many-body level.

041034-2



ORDER BY INERTIA IN SPINNING ACTIVE MATTER: HOLEY ...

PHYS. REV. X 16, 041034 (2026)

I. ACTIVE SPINNER EXPERIMENTS

We detail the experimental setup shown in Fig. 1(a) in
Supplemental Material [21]. In brief, we confine plastic
beads of radius ¢ =3 mm immersed in a hexadecane
solution between two transparent electrodes separated
by 8.5 mm and apply a dc electric field along Z to
activate Quincke electrorotation [27] [Fig. 1(a)]. As in
colloidal-roller experiments [28], once the voltage
exceeds the Quincke threshold E, = 6000 V the beads
roll along the electrodes (see Supplemental Material [21]).
However, increasing the voltage further (£ > 7000 V)
lifts the particles off the surface [29], suppresses their
translational motion, and produces a hovering monolayer
of active spinners (Fig. 1, Supplemental videos 1-4, and
Supplemental Material [21]). In the following, we focus
on this spinning regime and track the active particle
positions r;(f), and rotation vectors @, (), which we refer
to as the particle spin [Fig. 1(a)]. Unlike in most active
spinner experiments and simulations, the spins are not
imposed, but instead evolve dynamically through particle
interactions [28,30]. Moreover, the @, are not Ising-like
variables restricted to a fixed z axis. In our 97 experi-
ments, illustrated in Fig. 1, each particle can rotate about
an arbitrary axis in the xy plane at an approximately
constant rate. Their magnitude w; is narrowly distributed
[Fig. 1(a)] and varies between 24 and 34 Hz as we
increases E. As a result, the induced flows are associated
to Reynolds number Re = a’w/v ranging from 300 to
400, revealing that the spinners operate in an inertia-
dominated regime (v = 4.5 cSt is the kinematic viscosity
of the fluid).

A. From cluster liquids to spin-textured crystals

Figure 1(c) and Supplemental video 2 [21] show
that dilute ensembles of interacting spinners form an
isotropic liquid phase. Even at low packing fraction
(¢ < ¢, =0.43), small clusters continuously assemble
and disassemble, indicating effective attractive inter-
actions that cannot classically originate from motility
[33-35], as the spinners exhibit nearly no self-propulsion.
At intermediate packing fractions (¢, <@ < @, =
0.67 £ 0.07), the fractal clusters undergo a sharp geomet-
rical transition and self-organize into a holey fluid in
which most particles belong to a single percolating cluster
[Fig. 1(d)]. Unlike colloidal gels [31,36], this holey fluid
is not arrested, but continuously rearranges its geometry,
as seen in Supplemental video 3 and quantified in
Supplemental Material [21]. It is also worth noting that,
unlike Quincke rollers, the spinners have a nearly vanish-
ing translational speed. The holey fluid we observe is
therefore qualitatively different from the bubbly phases
seen in dense phases past motility-induced phase separa-
tion (see Supplemental Material [21] for a more quanti-
tative discussion) [37-40].

At ¢ = ¢, the translational and spin-rotational sym-
metries of the holey fluid are both spontaneously broken.
The holey structure collapses into a dense hexagonal crystal
that coexists with a dilute cluster liquid [Fig. 1(e) and
Supplemental video 4 [21]). Simultaneously, the spins
organize into system-spanning ferromagnetic lines whose
orientation alternates from one line to the next. We now
demonstrate that these three nonequilibrium steady states
define a phase diagram where two phase transitions are
chiefly controlled by the spinner packing fraction ¢
[Fig. 1(b)].

II. PERCOLATION, PHASE SEPARATION, AND
SPIN ORDERING

We begin by showing that the cluster liquid undergoes a
percolation transition, leading to a dynamically rearranging
state reminiscent of the empty liquids observed in equi-
librium patchy colloids [41]. Figures 2(a) and 2(b) show
that the mean cluster size increases with the packing
fraction ¢. However, these clusters are not compact
droplets of well-defined size. Instead, they form fractal
objects characterized by a power-law size distribution
[Figs. 2(a) and 2(b)]. We find that the probability P of
observing a system-spanning cluster jumps from zero to
one at ¢, = 0.43 in Fig. 2(c). Moreover, Fig. 2(a) shows
that at ¢, the gyration-radius and cluster-size exponents
match those expected at the percolation threshold
(v =91/48 and 7= 187/91) [42-44]. Together, these
results establish that the cluster liquid and the holey fluid
are two distinct nonequilibrium phases. Despite this geo-
metrical transition, both phases remain isotropic and lack
any form of spin order. In each case, the rotation vectors @,
display neither macroscopic alignments nor long-range
correlations [Fig. 2(d)].

The collapse of the percolating network into a spin-
textured crystal belongs to a fundamentally different class
of transition. Supplemental Material video 7 [21], shows
that this collapse does not happen homogeneously. Instead,
a finite-size crystal forms locally from fluctuations before
growing over system spanning scales. This dynamics is
very similar to the nucleation and growth typically seen
when fluids phase separate in and out of equilibrium
[34,46]. Furthermore, Fig. 2(e) shows that a crystalline
phase coexists with a dilute liquid in which the bond-
orientational order parameter g remains vanishingly
small. Lastly, Figs. 2(f) and 2(g) show that the crystalline
area fraction, the correlation length &g of the ¢ field, and
the correlation length of the spin orientation &,, all undergo
discontinuous variations at ¢, = 0.67. Together, all our
observations indicate that the spinner crystallization is
consistent with a first-order transition process. Crucially,
crystallization coincides with the emergence of long-
range spin order throughout the crystal [Fig. 2(h) and
Supplemental Material [21]]. This simultaneous breaking
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FIG. 2. Percolation transition, phase separation, and spin ordering. (a) The gyration radius of the cluster grows as a power law R, ~ N*
at all packing fractions (all E averaged). Inset: Exponent v plotted versus ¢. The dotted line corresponds to the exponent v = 48/91
computed at the classical percolation transition, see, e.g., [42,45]. (b) The average number of spinners in a cluster (N) grows with ¢
(average over all E values). The variations blow up as ¢ approaches ¢, = 0.43. Inset: the sizes of the clusters are power-law distributed.
The dashed line corresponds to the power law expected at the percolation transition 7 = 187/91 [42,45] (average over all E values).
(c) The probability to observe a percolating cluster in an experiment jumps from 0 to 1 at ¢ = ¢, = 0.43 (E = 8250 V). (d) Typical
spin-spin correlations in the holey liquid phase (E = 7750 V, ¢ = 0.56). The spinners only feature very short range isotropic
correlations. No long-range spin order builds up. (e) Snapshot of an experiments showing the coexistence between a crystal and a liquid
phase. The particles are colored according to the value of their bond orientational order (see Supplemental Material [21]). (f) The area
fraction spanned by the crystal phase increases with ¢» and discontinuously jumps at ¢p = ¢, = 0.67. (g) The correlation length &4 of the
bond-order parameter ¢¢ measures the extent of the crystals. £, measures the size of the domain where the spins are collinear. Both &
and &, increases sharply at ¢,. (h) Spin-spin correlations in the crystal phase. Spins are aligned in the axial direction and anti-aligned
from one line to the next. This alternate order persists over system spanning scales (E = 8750 V, ¢ = 0.67).

of translational and spin-rotational symmetries suggests a  enhanced along the spin axis, indicating a pronounced axial
mutual dependence between positional interactions and  attraction. When the spins are orthogonal [Fig. 3(b)], the

spin torques, which we now quantify experimentally. correlations are again strongly anisotropic, but their

maxima are localized in the upper-left and lower-right

III. SYMMETRIES OF THE TWO-SPINNER quadrants consistent with a spin-dependent transverse

INTERACTIONS attraction. For antiparallel spins (8, = 6, + =), the particles

are likely to be in contact (r = 2a) in all directions yet

A. Pair correlations the correlations exhibit a stronger left-right asymmetry

To characterize the symmetries of the pair interactions  [Fig. 3(c)]. The asymmetries in the correlations plotted in

governing the spinner dynamics, we analyze our experi- ~ Figs. 3(b) and 3(c) directly reveal a nonreciprocal compo-
ments in the dilute regime (¢ < 0.43), and focus on two  nent of the effective interactions.

central observables. First, we generalize the standard pair- We now infer the symmetry of the effective spin

correlation function by conditioning it on the spin orienta-  interactions, through the angular pair-correlation function.

tions of the interacting particles. Specifically, we introduce ~ Working in the reference frame where particle 1 is at the

the spin-resolved two-point distribution g,(r|6,,6,) =  origin (r; =0), and @,  J, we measure the probability

P(r, =r|r; =0,6,,6,), where 6; denotes the in-plane that the two particles differ in spin orientation by an

orientation of the spin vector @, [see Fig. 1(a)]. angle Af when they are separated by a vector r:

Measurements are performed in the reference frame where ~ C,,(Ad|r) = P(6; — 0; = Af|r, —r| = r). When the sec-

r; =0 and w; xy. We first consider parallel spin con-  ond particle lies in the direction transverse to @, C,, peaks

figurations. Figure 3(a) shows that the pair correlation is  at A8 =z [Fig. 3(d)], which indicates a preference for
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From correlations to interactions. Top: Spin-resolved two-point distributions measured for different spin configurations

(9:(r, 0, 0,)). Bottom: Directional cross sections of maps (a),(b), and (c) along the red and green dashed lines. (a) When the two spins
w1 and @, are aligned, the probability to find a second spinner is maximal in the axial direction. (b) When the two spins are orthogonal,
the probability is maximal in the lower right and upper left quadrants. (c) When the two spins are anti-parallel, g, features as strong peak
at contact in all directions, but with pronounced the left-right asymmetry. (d) Position-resolved angular pair-correlation function for two
spins sitting on the x axis (C,,). The first spin @, points along the y axis. The most probable configuration corresponds to anti-aligned
spins at short distances. At distances larger than 5a, we measure no spin correlations. (e) Same quantities measured when the spinners sit
on the y axis. At short distance, the most probable configuration corresponds to spins pointing in the same direction. At long distance,

the spin orientations are uncorrelated.

antiparallel alignment, and thus effective antiferromagnetic
interactions in the transverse direction. Conversely, when
the separation is axial, [Fig. 3(e)], C, is maximal at
AfO =0, which echoes ferromagnetic alignment along
the spin axis. In both cases, the correlations decay rapidly
with increasing r, signaling that the effective spin inter-
actions are short ranged.

The pair correlations g, and C,, constrain the symmetry
of the effective interactions, and reveal three essential
features: a strong omnidirectional peak at contact, spin-
dependent directional interactions, position-dependent spin
alignment, and nonreciprocity. As detailed in Supplemental
Material [21], such properties cannot result from the
reciprocal forces between Quincke electrostatic dipoles
[28,47]. They instead point toward dominant hydrody-
namic couplings. However, the viscous flows induced by
the spinning motion of Quincke spinners has already been
shown to yield no attractive pumping in [28,48]. In the next
section we show that this apparent contradiction is resolved
by prominent inertial hydrodynamic interactions.

B. Inertial hydrodynamic interactions

To elucidate how hydrodynamics couples the internal and
positional degrees of freedom, we recall that the Reynolds
number associated with the vortex generated by a spinner
exceeds 300, clearly placing the system in an inertial regime.
Each spinner behaves as a localized vortical source,
or “vortlet” [18], dressed with a secondary flow with a
strong quadrupolar structure revealed by Fig. 4(a) and
Supplemental Material [21], see also [4,18,20,49].
Centrifugal inertia and mass conservation generate trans-
verse fluid expulsion and axial pumping around each
spinner. This quadrupolar flow results in a strong axial
advection towards the spinner, consistent with the pair
correlations reported in Fig. 3(b). However, this inertial
pumping is independent of the spin @, of the second particle,
and therefore cannot account for the full spin-dependent
structure of the correlations g, [Figs. 3(b) and 3(c)]. A crucial
observation is that the particles are not merely advected by
the flows. They are not a passive tracer, but actively spin
while being advected by the flow generated by their
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Inertial pumping, Magnus forces, and (anti)aligning torques. (a) Velocity field measured by particle imaging velocimetry of the

fluid flow averaged over the z direction around a spinner (E = 8500 V). Integrating over z, the main vortex contributions vanish
revealing the secondary flow field. Centrifugal force expels the fluid in the transverse direction and mass conservation implies axial
pumping. The left-right asymmetry is a consequence of the residual spinning motion. See Supplemental Material [21] for experimental
details and for a detailed characterization. (b) Illustration of the Magnus effect acting on a spinner in a homogeneous flow. Because of
the spinner’s rotation, the flow is accelerated at the left the spinner and slowed down at the right, creating a net force to the left.
(c) Resulting interaction between two corotating spinners. The resulting force of 2 on 1 is repulsive. (d) Resulting interaction between
two orthogonal spinners. The resulting force of 2 on 1 is transverse. (¢) Resulting interaction between two contrarotating spinners. The

resulting force of 2 on 1 is attractive.

neighbors. Consequently, and as illustrated in Fig. 4(b), a
particle with a spin @ experiences a transverse lift, a Magnus
force, Fype = Cpv(r) x @ when the fluid of density p is
locally moving at a velocity v(r) (C a geometrical factor of
order @) [50,51]. This phenomenon leads to counterintui-
tive hydrodynamic interactions. For separations smaller than
the electrode spacing, and ignoring secondary-flow correc-
tions, we can approximate the vortex generated by a spinner
rotating with @, as v;(r) = (a/r)’w; x r (at larger dis-
tances the vortex is exponentially attenuated by confine-
ment) [19]. Substituting this expression into the Magnus
force yields the interaction force

a\3
Fll\/[—ggz = C<r12> pl@; X1) X @3, (1)

which exceeds the viscous drag by orders of magnitude (see

Supplemental Material [21]). This formula immediately
reveals three key properties. First, Magnus interactions
depend on both particle spins, demonstrating explicitly
that the positional dynamics is directly coupled to the
internal spin degrees of freedom. Second, these interactions
feature an action-reaction symmetry only when the two
spins are collinear as Fyp2 + Fiypi o (@1 X @) X 1.
Finally, when the spins are orthogonal, the Magnus forces
either vanish or become purely transverse to the separation
Vector Iy,.

These remarkable properties provide a natural interpre-
tation of the measured pair correlations from the joint
action of inertial pumping and Magnus force (Fig. 3):
(i) When the spins are parallel, Eq. (1) predicts that the
Magnus force is purely repulsive along the direction normal
to the spins [Fig. 4(c)]. Combined with the axial pumping
induced by the inertial vortical flow, this mechanism

041034-6
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accounts for the strong anisotropic structure observed in
Fig. 3(a). (i) When the spins are orthogonal, Eq. (1)
predicts forces that are either vanishing or purely transverse
[Fig. 4(d)]. A second particle can approach a spinner only
when it lies in its upper-left or lower-right quadrants.
Combined with contact repulsion this interaction is again
consistent with the tilted correlations reported in Fig. 3(b).
(iii) The strong contact peak observed for antiparallel spins
[Fig. 3(c)] provides the final and most restrictive test of the
interaction mechanisms. It cannot result from inertial
pumping alone, as it expels fluid transversely, or from
electrostatic dipolar interactions, which are repulsive for
any dipole tilt. Purely viscous interactions cannot explain
the contact peak either as they do not yield any centripetal
pumping [28,48]. Residual rolling can account for the left-
right asymmetry, but not for the dominant inversion-
symmetric component of the pair correlations. They there-
fore rely on an additional (transverse) attractive mecha-
nism: Magnus forces [Fig. 4(e)]. Equation (1) predicts
precisely such an attraction for antiparallel spins, while
predicting transverse repulsion for parallel spins, consis-
tently with the contrast between Figs. 3(a) and 3(c), and the
spinner pairing reported in [18,19].

Having established how particle spins shape the effective
interparticle forces, we now turn to the reciprocal problem:
how the torques acting on the spins depend on particle
positions. Elucidating this mechanism closes the feedback
loop that couples the rotational and positional degrees of
freedom of the spinners. To understand how spins interact,
it is useful to recall that Quincke rotation originates from an
instability that spontaneously breaks the rotational sym-
metry of the electro-hydrodynamic problem. As a result, an
isolated Quincke particle can rotate around any axis lying
in the plane perpendicular to the applied electric field [47].
An external torque explicitly breaks this symmetry and
selects the stationary rotation axis [30], in direct analogy
with the alignment of an XY spin in a magnetic field.
Consider a spinner located at the origin and rotating with
angular velocity @; = w§. At short distance, the lubrication
flow it generates induces a hydrodynamic torque on a
second spinner located at r: T, = (X“P + Y°P4) - w,,
where X¢ > 0 and Y¢ < 0 are two constants and P and P+
are the projection operators on the r and r' directions, see
Supplemental Material [21] for details and [52]. This torque
sets the direction of @,, and its direction depends on the
relative position of the two particles. When the spinners are
aligned along the rotation axis, the shear flow between
them favors corotation, resulting in a ferromagnetic cou-
pling. By contrast, when the particles are separated along
the x axis, rolling interactions orient @, opposite to @, (see
Supplemental Material [21]). These hydrodynamic inter-
actions therefore produce position-dependent spin cou-
plings that directly account for the symmetry of the
spin-spin correlation functions C,, reported in Figs. 3(d)
and 3(e). The hydrodynamic feedback loop is closed.

IV. FROM PAIR INTERACTIONS TO PHASE
BEHAVIOR

Having established the structure and symmetries of pair
interactions, we can now rationalize the phase behavior
reported in Figs. 1 and 2. At low packing fractions the
spatial organization of the suspension results from the
competition between two nonequilibrium mechanisms.
Inertial pumping produces a strongly anisotropic attraction
along the spin axis. They effectively endow the particles
with patchy interactions that promote the formation of
directed bonds [Fig. 4(a)], see also [53]. In contrast, the
nonreciprocal Magnus forces, and residual rolling motion,
tend to disrupt these axial bonds, or to reorient them when
the spin directions differ [Figs. 3(b), 3(c) and 4(b)]. This
competition is reminiscent of the physics of equilibrium
patchy colloids, where directional attractions compete with
thermal fluctuations [32,36,54]. In those systems the finite
valence of the interactions suppresses bulk phase separation
and instead stabilizes percolating fluid or empty liquid
phases. Although our spinners are neither Brownian nor in
equilibrium, transverse motions induced by Magnus forces
play a role analogous to thermal noise by continuously
breaking and rearranging the bond network. As a result,
inertial attraction promotes the formation of clusters. At the
same time, the strong anisotropy of the interactions limits
the effective valence of the spinner attraction, and prevents
bulk phase separation and condensation into compact drops
before connectivity percolates at system-spanning scales.

Unlike at low packing fraction, the collapse of the active
percolating fluid into a spin-textured crystal above ¢, relies
both on spin-dependent forces and on position-dependent
spin interactions. At high density the feedback between
particle positions and spin orientations becomes strong
enough to arrest the spin dynamics. Instead of continuously
reorienting, the spins freeze into ferro-antiferro configura-
tions along the axial and transverse directions. In these
configurations the Magnus forces that previously disrupted
directed bonds vanish by symmetry. As a result, they no
longer generate transverse rearrangements and instead con-
tribute purely axial and lateral attractions between neighbor-
ing spinners [Fig. 3(c)]. The effective valence of the
interactions therefore increases dramatically, and no dynami-
cal mechanism remains capable of breaking the bonds
between particles. Under these conditions phase separation
becomes unavoidable: the percolating active fluid collapses
into a dense phase of monodisperse spinners whose cohesion
is reinforced by the emergent spin order, which simulta-
neously freezes the positional and orientational degrees of
freedom. The resulting crystal can coexist with a dilute and
isotropic liquid phase composed of finite clusters.

V. CONCLUSION AND OUTLOOK

Our experiments reveal a regime of active matter in
which inertial hydrodynamics, rather than dissipation alone
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governs collective organization. They highlight how feed-
back between flows and active degrees of freedom can
control phase transitions and structural order, here through
an effective patchiness leading to percolating fluids and
spin-textured crystals. Looking ahead, exploring stronger
driving conditions may uncover even richer dynamics,
where active particles and inertial turbulence interact and
organize one another.
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