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Active Stokesian suspensions are conventionally understood to generate dipolar stresses that destabilize
aligned states in the bulk and drive systemwide spatiotemporally chaotic flows. Here, we report dynamics in
suspensions of torque-driven spinning chiral particles that exhibit a distinct and previously unrecognized route
to collective dynamics. Using a mean-field kinetic theory, stability analysis, and nonlinear simulations, we
demonstrate how flows driven by torque monopoles and self-propulsion resulting from microscopic chirality
drive chaotic flows in three dimensions. Unlike the well-known alignment instability of dipolar active matter, the
present dynamics is intrinsically tied to self-propulsion and relies on the emergent coupling between nematic and
polar order. Our results establish a novel route to pattern formation, suggest strategies for designing torque-driven
active suspensions, and provide a mechanistic framework to probe the rheology of chiral fluids.
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Microorganisms, active cytoskeletal structures, and their
synthetic analogs perform mechanical work on their surround-
ings by consuming chemical energy. This activity typically
results in dipolar stresses, a hallmark of force-free active
particles. It is well known that a bulk, momentum-conserving
suspension of such dipolar active particles are susceptible to
the “generic” alignment instability which renders a Stokesian
flock unstable beyond a critical activity, leading to states of
spontaneous flow and chaotic dynamics [1–6]. This instabil-
ity has become the hallmark and defining route to collective
dynamics in active Stokesian fluids [7–9]. In this letter, we
focus on a distinct class of active, or rather driven, suspensions
comprising particles that do not produce dipolar stresses.
Instead, each particle spins around its body axis under the
action of external torque and thus acts as a torque monopole
in the bulk fluid [10]. For such systems, the generic route
to pattern formation is absent. However, we uncover a new
pathway to collective dynamics that arises when the particles
are chiral. The microscopic screwlike chirality results in self-
propulsion along the spinning axis, which in turn triggers
an instability unique to self-propelled particles, leading to
emergent systemwide flows in three-dimensional suspensions.
Our results reveal a previously unrecognized mode of self-
organized flows, with potential implications for engineered
driven suspensions [11,12] and rheology of chiral fluids [13].

Chirality is a pervasive feature of biological and syn-
thetic active systems [14]. Examples range from the clockwise
swimming of surface-bound E. coli [15], to rotating cilia [16],
and chiral actomyosin flows [17,18] at the cell cortex, each
illustrating how molecular chirality shapes emergent large-
scale dynamics. Another prominent manifestation of chirality
is the coupling between translation and rotation, seen in the
spinning propulsion of cytoskeletal filaments in gliding assays

*Contact author: seema.s@icts.res.in
†Contact author: brato.chakrabarti@icts.res.in

[19], the swimming of E. coli driven by their helical flagella
[20], and the engineered motion of driven helical micromo-
tors [12]. Most prior theoretical and experimental work on
collective manifestation of chirality have focused on quasi-
two-dimensional settings [21], including layered [22,23] and
nematic materials [24], or spinning collectives confined to
a plane [25,26]; only recently has the role of chirality been
probed in three-dimensional dry active matter [27]. While a
recent hydrodynamic framework addressed the surface motil-
ity of the rod-shaped bacterium Myxococcus xanthus, which
spins its body to glide on substrates [28], the dynamics of
momentum-conserving bulk suspensions of torqued chiral
particles, where rotation and translation are aligned, remain
unknown.

Here, we combine theory and simulations to unravel a
range of new hydrodynamic instabilities for spinning, chiral
elongated particles that exert a torque monopole along their
long axis [Fig. 1(a)]. Such a hydrodynamic signature is in
contrast with truly active particles (for example, a bacterium)
with an internal source of energy that are torque free and
hence exert a torque dipole in the bulk [20]. Thus, the particles
under consideration in this letter are driven or actuated by
external means [12]. One approach to experimentally realizing
a torque-driven suspension is to harness electrohydrodynamic
instabilities such as Quincke rotations of dielectric particles
in a bulk fluid [29]. Such dynamics have been reported exper-
imentally [30,31] for isolated spheroids and theoretically for
chiral particles such as helices that propel along their spin-
ning axis [32]. Here, we demonstrate how such microscopic
chirality and fluid-mediated long-range interactions resulting
from torque monopoles conspire to drive instabilities in dilute
suspensions of these chiral particles.

Modeling. We start by laying out our model, which builds
on a mean-field kinetic theory for spheroidal particles sus-
pended in a Stokesian fluid [2]. Here, we consider an idealized
setup in which each particle is actuated individually by exter-
nally applied local torques along its long axis; the actuation
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FIG. 1. (a) Screwlike chiral particles are actuated along their long axis by external torque τp. Translation-rotation coupling causes each
particle to both spin and self-propel along p. (b) Illustration of the uniaxial (polar) phase of the suspension and the perturbation wave vector k.
Because the particle stress is polar, the stability of apolar-nematic states differs from that of the polar states analyzed here [39]. (c) Dispersion
relation of the most unstable eigenvalue in the k-θ space. The real part of the growth rate (top panel) shows a finite k instability beyond the
red stability boundary. Imaginary parts (bottom panel) illustrate that the instability carries the signature of a Hopf bifurcation. (d) Dispersion
relation as a function of wave number k for a given θ = π/4 [dashed line in (c)]. The three branches correspond to the numerically obtained
eigenvalues of the linearized problem. For all the analyses shown here we chose dT = dr = 0 and χ = 1.

does not arise from a global external field and therefore
does not introduce an explicit symmetry breaking on the unit
sphere. The suspension is described by a probability density
function �(x, p, t ) that encodes the probability of finding a
particle at position x with director p ∈ S2 (the unit sphere)
characterizing the orientation of the long axis of the particle
at time t . The distribution function obeys a conservation equa-
tion

∂�

∂t
+ ∇x · (ẋ�) + ∇p · (ṗ�) = 0, (1)

where �(x, p, t ) is normalized as

1

V

∫
V

dx
∫
S2

dp �(x, p, t ) = n̄, (2)

with n̄ being the mean number density of the particles. In
Eq. (1), ∇p = (I − pp) · ∂p is the gradient operator on the
unit sphere, and ẋ and ṗ are respectively the translational and
rotational flux velocities given by

ẋ = Vsp + u(x) − DT ∇x ln �, (3)

ṗ = (I − pp) · (γ E + W) · p − Dr∇p ln �. (4)

In Eq. (3) Vs is the self-propulsion speed of the particles, u(x)
is the self-generated mean-field velocity arising due to the
particle stress in the suspension, and DT is the translational
diffusion coefficient. Note that Vs �= 0 only for chiral parti-
cles: due to microscopic chirality, the self-propulsion speed
is intrinsically linked and proportional to the actuating torque
on the particle. Such a propulsion mechanism differs from the
well-studied dipolar active particle, such as a microswimmer,
where the swimming speed can be independent of its far-

field signature of dipolar flows. To model the orientational
dynamics of the particles in Eq. (4) we used Jeffery’s equa-
tion [33], where γ is a geometric parameter characterizing
the shape anisotropy and Dr is the rotational diffusion co-
efficient; {E, W} are the symmetric and antisymmetric parts
of the mean-field velocity gradient tensor. While Jeffery’s
equation is appropriate for homochiral particles, recent work
has identified higher-order corrections for other chiral shapes
[34,35]; chirality may also induce a weak drift of the particle’s
center of mass [36]. We ignore such effects for simplic-
ity. Here, we restrict ourselves to a dilute suspension with
n̄	3

p � 1, where 	p is the characteristic length of our active
particles; in this dilute limit, the mean-field flow u(x) is self-
consistently computed from a forced incompressible Stokes
equation as

−∇q + μ
u + ∇ · �a = 0, ∇ · u = 0, (5)

where q is the pressure and �a is a particle stress on the fluid
due to the presence of torque monopoles along the axis of
our particles. Following Refs. [37,38], the volume-averaged
particle stress at x is given as [39]

�a
i j (x, t ) = τ

2

∫
S2

εi jk pk�(x, p, t ) dp = τ

2
εi jkcnk . (6)

Here, τ is the magnitude of the external actuating torque
acting along the long axis and ε is the Levi-Civita tensor.
In Eq. (6), we have also defined the mean-field den-
sity and polarity field as c = ∫

S2 �(x, p, t )dp and n =
1/c

∫
S2 p�(x, p, t )dp. We highlight that each spinning parti-

cle in our problem acts as a rotlet and the resulting particle
stress �a is antisymmetric as required from the conserva-
tion of angular momentum. Importantly, the particle stress

L023101-2



HYDRODYNAMIC INSTABILITIES IN DRIVEN CHIRAL … PHYSICAL REVIEW E 113, L023101 (2026)

is also polar in contrast to the familiar symmetric nematic
active stresses that depend on the nematic order. The above
equations can be made dimensionless using the following
velocity, length, and timescales: uc ∼ τ/2μ	2

p, lc ∼ (n̄	2
p)−1,

and tc ∼ lc/uc. After the above scaling, we are left with di-
mensionless diffusivities dT = DT /(lcuc) and dr = Drlc/uc,
and a geometric factor χ = Vs/uc ∼ O(1) that depends on
the microscopic chirality and associated mobility of indi-
vidual particles, capturing the intrinsic coupling between
self-propulsion and the torque monopole [39]. The number
density n̄ only appears in our problem through the system
size scaled by the (n̄	2

p)−1. Equations (1)–(6) thus provide
us with a self-consistent evolution problem for �(x, p, t ); in
this micro-macro framework, the actuation of the particles
by external torque forces the Stokesian fluid, which in turn
affects their collective distribution. We now examine how
these hydrodynamic interactions, combined with microscopic
chirality, can drive instabilities and pattern formation in such
suspensions.

Linear stability analysis. To highlight the possible emer-
gent dynamics, we first study the dynamics of a uniaxial,
aligned state of spinning particles. In particular, we consider
a nematic and polar state of the suspension described by
�(x, p, t ) = c(x, t )δ[p − n(x, t )] around which the evolution
of c and n follows,

Dc

Dt
+ χ∇ · (nc) − dT 
c = 0, (7)

Dn
Dt

+ χn · ∇n − dT 
n = Pn · (γ E + W) · n. (8)

Here, D/Dt = ∂t + u · ∇ is the material derivative, Pn =
(I − nn) is a projection operator, and we have ignored rota-
tional diffusion. The homogeneous, aligned state with c0 = 1
and n = n0 is a fixed point of the problem with the mean-field
velocity u(x) = 0. To probe the stability of this fixed point
we use plane-wave perturbations of the following form, c =
1 + εc̃keik·x+σ t and n = ẑ + εñkeik·x+σ t with |ε| � 1. Here, k
is the wave vector and σ is the growth rate of the perturbation;
furthermore, we have assumed n0 = ẑ without any loss of
generality with ñ = {ñ1, ñ2, 0}. Retaining terms up to O(ε),
we linearize Eqs. (7) and (8) and solve for the perturbed
mean-field velocity from Eq. (5) in Fourier space to obtain
an eigenvalue problem for the growth rate σ as

λc̃ = −iχk cos φ sin θ ñ1 − iχk sin φ sin θ ñ2,

λñ1 = − sin φ cos θ sin θ c̃ + cos2 θ ñ2,

λñ2 = cos φ cos θ sin θ c̃ − cos2 θ ñ1. (9)

Here, {θ, φ} are respectively spherical polar and azimuthal
angles with θ = cos−1(k · ẑ/k) where k = |k| (Fig. 1); a
modified eigenvalue is defined as λ = (σ + ik cos θ + dT k2).
Hereafter, we have assumed γ = 1 corresponding to elon-
gated rodlike particles [39]. The solution to this eigenvalue
problem reveals a Hopf bifurcation of the aligned state with a
nontrivial dependence on the wave number k and the direction
of perturbation characterized by the polar angle θ [Fig. 1(c)].
In particular, the long-wavelength modes with k = 0 are stable
(or marginal in the absence of translational diffusion) with the
instability emerging at finite k. This wave-number selection
is in contrast with the generic alignment instability [7] that

FIG. 2. Dispersion relation for the isotropic state depicted picto-
rially on the left. Here, we have chosen dT = dr = 0 and χ = 1.

predicts a scale-free, long-wavelength pitchfork bifurcation
of the bulk uniaxial phase [40,41]. Furthermore, we find that
perturbations that are exactly aligned with the flock (θ = 0)
or transverse to the flock (θ = π/2) are stable. While the
linear theory predicts that for unstable modes, the growth
rate increases with k [Fig. 1(d)], in practice, such high wave
numbers are cut off due to translational diffusion (or nematic
elasticity). Finally, and perhaps most importantly, the pre-
dicted instability is absent if Vs ∼ χ = 0. Thus, for achiral,
spinning particles that do not self-propel, the aligned state is
always stable. We now probe the stability of another fixed
point of our system: the homogeneous, isotropic state of the
suspension with �0 = 1/4π and u(x) = 0. In this isotropic
state, we still assume that individual particles spin along their
long axis due to external actuations and propel along their
backbone p as a result of the microscopic chirality. To analyze
the stability, we perturb the distribution

�(x, p, t ) = 1

4π
[1 + ε� ′(x, p, t )], |ε| � 1. (10)

Substituting the above expression in Eq. (1) and retaining
terms up to O(ε) we arrive at the following evolution equa-
tion for the perturbation,

∂� ′

∂t
= −χp · ∇x�

′ + dT 
� ′ + 3pp : E′, (11)

where E′ is the perturbed rate-of-strain tensor and we have
set dr = 0 for simplicity. As above, we consider a plane-wave
ansatz as � ′(x, p, t ) = �̃(p, k)eik·x+σ t and obtain a nonlinear
dispersion relation [39] for unknown growth rate σ as[

2a2 − 4

3
+ (a3 − a) log

(
a − 1

a + 1

)]
= ±4

3
χk, (12)

where a = −i(σ + dT k2)/χk. Figure 2 shows the real and
imaginary parts of the numerically obtained growth rate σ (k),
which, owing to the isotropy of the base state, is independent
of wave-vector direction. The data reveal a clear wave-number
selection, with the long-wavelength limit (k = 0) remaining
stable. In line with our earlier analysis of the aligned state, the
instability emerges only when the particles are self-propelled
(χ �= 0).

Features of the instability. Our linear analysis uncovers
an alignment instability in both the ordered and isotropic
states of the suspension. Two key features distinguish this
instability from that in conventional active suspensions: (i)
long-wavelength modes are suppressed in the bulk, and (ii) the
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FIG. 3. Snapshots from a statistically steady state of a 3D direct numerical simulation of the moment equations in a triply periodic square
box of size L. (a) Concentration field on three faces of the periodic box, revealing fluctuations and formation of bands. (b) Highlights the
mean-field velocity streamlines in a 2D slice (x-y plane) from the 3D simulation. The background is color coded by the out-of-plane vorticity
field ωz. The patches in the vorticity field evolve continuously and exhibit spatiotemporally chaotic patterned states reminiscent of low Reynolds
number active turbulence [47]. (c) The polarity field and its magnitude on the same 2D slice as in (b). Starting from an initially isotropic state,
the system develops regions of high polarity. Parameters: L = 50π , χ = 0.5, dT = 0.01, dr = 0.01; each spatial direction was discretized
using N = 128 points.

suspension remains stable in the absence of self-propulsion.
The latter feature renders the instability unique to chiral
screws, which self-propel as they spin.

To understand the origin of these defining features, we
examine the instability of the isotropic state in detail. Velocity
fluctuations about this state induce nematic ordering of the
particles along the extensional axis of the flow perturbations.
The ordering is nematic because Jeffery’s equation, which
governs their orientational dynamics, is invariant under the
transformation p → −p [3]. In extensile bacterial suspen-
sions, such nematic ordering amplifies velocity fluctuations
via dipolar stresses, eventually resulting in an instability. By
contrast, in the present system, the particle stress is polar, and
velocity fluctuations can only grow if nematic order generates
local polar order. Crucially, this nematopolar coupling arises
only for self-propelled particles as previously recognized in
Ref. [42]. To illustrate this explicitly, we consider the evo-
lution equations for the concentration c, polarity n, and the
nematic order field Q given as

∂t c + ∇ · [(u + χn)c] − dT 
c = 0, (13)

(cn)∇ + χ∇ · (cQ) − dT 
(nc) = −cR : E, (14)

(cQ)∇ + χ∇ · (cR) − dT 
(Qc) = −2cS : E, (15)

where Q = 〈pp�〉/c; R = 〈ppp�〉/c and S = 〈pppp�〉/c
are higher-order moments of the particle distribution and
〈(·)〉 = ∫

S2 (·)dp denotes orientational averages. We have also
defined the upper convected derivative of a vector as a∇ =
Dt a − ∇u · a and a tensor as A∇ = Dt A − (∇u · A + A ·
∇uT ). It follows from Eq. (14) that when Vs ∼ χ = 0, the po-
lar order remains decoupled from nematic ordering potentially
induced by velocity fluctuations. As a result, the isotropic state
with n0 = R0 = 0 remains a stable fixed point of the problem;
thus, suspensions of achiral, spinning particles are stable [43].
Furthermore, at linear order, the growth of polar order is
related to fluctuations in Q as ∂t nα ∼ χ∇βQαβ ≡ iχkβQαβ ,

where k is the wave vector. This scaling demonstrates that
nematopolar coupling vanishes in the limit k → 0. Thus, long-
wavelength velocity fluctuations cannot feed back to polar
ordering and, in turn, be amplified, thereby suppressing the
scale-free instability typical in dipolar active suspensions [2].

Nonlinear simulations. We next study the long-time dy-
namics and pattern formation resulting from the instabilities
beyond the linear theory. To this end, we perform three-
dimensional (3D) nonlinear numerical simulations whereby
we integrate Eqs. (13)–(15) in conjunction with the Stokes
equation for the mean-field velocity u(x) [39]. The governing
equations are solved in a triply periodic domain using a pseu-
dospectral method with a fourth-order accurate Runge-Kutta
scheme for time stepping [44]. Here, we have retained the
first three moments of our particle distribution function and
have approximated the higher-order moments {R, S} using an
appropriate closure following [45,46].

We initiate our simulations close to isotropy with long-
wavelength perturbations in all the evolved fields. The box
size is chosen such that the unstable wave numbers are in-
corporated in the simulation domain. The simulations reveal
emergent and self-sustained large-scale flows, emergent polar
order, and pronounced concentration fluctuations in the sus-
pension (Fig. 3). The collective patterned states with density
fluctuations are truly nonlinear and are not predicted by the
linear theory. Similar to bacterial suspensions, striation and
bands in the concentration field appear because it is advected
by the polarity field χn, which is not divergence free; particles
accumulate in regions where ∇ · (cn) < 0.

Conclusion. Through a combination of theory, stability
analysis, and large-scale simulations, we have uncovered a
previously unknown pathway to pattern formation and collec-
tive dynamics in bulk Stokesian suspensions of torque-driven
chiral particles. Remarkably, the instability we observe is
intrinsically tied to self-propulsion and, therefore, to the
microscopic chirality of the constituent particles. This mech-
anism stands in contrast to well-studied active suspensions,
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where self-propulsion plays only a minor role [48] and can
even stabilize alignment instabilities [49,50]. Our micro-
macro framework further shows that self-propulsion naturally
generates nematopolar couplings [42,51], which are essen-
tial for driving this novel class of instabilities. While our
work is inspired by torque-driven systems such as Quincke
rollers, the present study focuses on bulk suspensions that
preserve full rotational symmetry on S2. Exploring how a
globally imposed field alters the resulting collective dynam-
ics is a natural direction for future work. More broadly, we
expect our findings will inspire new approaches in the design
and exploration of torque-driven active suspensions [52] with
potential implications for transport using actuated nanobots

[11,53]. Our theoretical framework enables us to probe the
rheology of these suspensions and will be used to develop a
mechanistic understanding of the emergent odd viscosity in
parity-breaking bulk chiral fluids [54,55].
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