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Breakup of an Active Chiral Fluid

Luke Neville,"**" Jens Eggers®,

> and Tanniemola B. Liverpool

2,3}

'Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
2School of Mathematics, Fry Building, University of Bristol, BS8 1UG, Bristol, United Kingdom
3The Isaac Newton Institute for Mathematical Sciences, Cambridge CB3 OEH, United Kingdom

® (Received 16 July 2025; accepted 21 April 2026; published 19 August 2026)

We study the breakup dynamics of a two-dimensional strip of active chiral fluid using continuum
hydrodynamics. Using slender body theory, we show that the breakup is driven by the interplay between
chiral and surface tension forces, and that the minimum strip thickness decays to zero as a power law in
finite time. The power law exponent and corresponding scaling function describing the shape of the strip
near the break point are computed analytically, and shown to be in excellent agreement with numerical
simulations of the underlying hydrodynamics. Qualitative agreement between experiment and simulation is

also found.
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The decay of a fluid stream into drops is a highly
nonlinear process, driven in passive systems by surface
tension forces pulling in the stream from its surface [1-4].
Little is known, however, when the fluid is active, or
composed of individual agents that use energy to do work
on their environment. These fluids, which show a variety of
collective phenomena not seen in normal liquids [5,6],
differ from their passive counterpart by driving themselves
unstable from the inside out [6-9]. The effect of activity on
interface dynamics has typically been studied in the linear
or near-linear regimes. For example, small deviations from
a flat interface [10] or in active phase separation [8,11]
determining the long-time scaling and size-distribution of
stable droplets. Here, we look at the highly nonlinear
dynamics near breakup of an unstable active film.

In particular, we examine a new type of fluid breakup
where the instability is driven by the persistent spin of each
constituent particle [12-17], which on hydrodynamic
scales manifests itself as an antisymmetric contribution
to the stress tensor. Because the spin only affects the stress,
these active chiral fluids behave identically to ordinary
fluids in their bulk, with all effects of chirality propagating
inward from the boundaries [18]. These effects were dem-
onstrated in recent experiments [12] on a two-dimensional
chiral fluid, made by sedimenting millions of particles onto a
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table and spinning them up with rotating magnetic fields
[19]. Taking thin strips of this chiral fluid, the authors of [12]
observed counter-propagating flows along the strip bounda-
ries, which eventually led to breakup as the boundaries came
into contact and sheared the fluid apart (see Fig. 1). This
linear instability was then compared against the predictions
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FIG. 1. (a) Experimental evidence of two dimensional strips of
chiral fluid breaking up asymmetrically, provided courtesy of the
William Irvine group. The arrow marks the direction of time, with
the strip going unstable before breaking up into drops. The whole
process happens in a few seconds. (b) Sketch of a strip of chiral fluid
undergoing an instability leading to breakup. The top and bottom
surfaces are at z = ihi(x), the characteristic vertical scale is Ay,
the horizontal scale is L, and their ratio is € = hy/L. The dot-
dashed orange line marks the centerline of the strip at z = ¢(x), and
the arrows inside the strip show the chiral shear flows.
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from a hydrodynamic theory of chiral fluids, with excellent
agreement found. The purpose of this Letter is to go beyond
the linear regime and study the fully nonlinear dynamics
involved in breakup.

Our analysis uses asymptotics based upon slenderness to
derive equations for the strip evolution. With these, we
show that the strip evolves self-similarly near breakup, with
the minimum thickness decreasing to zero as a power law in
finite time. The corresponding scaling exponent is anoma-
lous [20,21] and cannot be derived from dimensional
considerations; it instead comes from solving a nonlinear
eigenvalue problem that arises from a scaling analysis [4].
These predictions perfectly match results from full simu-
lations of the partial differential equations (PDE), and
qualitatively agree with experimental data.

Hydrodynamics—Consider the strip of chiral fluid
shown in Fig. 1. In the fluid bulk, interparticle forces
are balanced against the friction each particle feels from the
glass substrate. Using o for the stress tensor and u for the
velocity, this gives

Vie—Tu=0, (1)

where I' is the friction coefficient of the substrate
[12,22,23]. For chiral systems, it is known [12,24,25], that
these hydrodynamic stresses can be described by a modi-
fied Newtonian stress tensor

o = n(Viu; + Viu;) = pdi; +nge;;(2Q - w),  (2)

where 7 is the dynamic viscosity, p is the pressure enforcing
incompressibility, and 7 is the rotational viscosity [16]. The
rotational viscosity term captures the friction felt whenever
the spin rate of the particles, Q, is different to that of the
surrounding water /2 = €;;V,u;/2 [24,25]. In a passive
system, conservation of angular momentum ensures the
equality of the these spin rates and so the rotational viscosity
term vanishes; for the chiral systems considered here, Q
is constant and set by the external driving [12]. Substituting
the stress tensor (2) into (1) we find

(n+ng)V’u—-Vp—Tu =0, (3)

showing that chirality acts only to shift the viscosity in the
fluid bulk. These chiral fluids therefore act the same as an
ordinary fluids when surrounded by solid walls, as the no-slip
boundary condition does not involve the particle spin, Q.

This spin, however, is picked up at free surfaces, where
the boundary condition, coming from a balance of stress
and surface tension, is

6-n=—y(V-n)n, (4)

where n is the unit outward normal to the chiral fluid, y is
the coefficient of surface tension [26,27], and V - n is the

mean curvature of the interface. The experimentally mea-
sured values of all parameters can be found in Soni et al. [12].

Using (x, z) for coordinates in the down and cross strip
direction, respectively, the top and bottom free surfaces
have position z = +h*(x) [see Fig. 1(b)], and evolve in
time according to the kinematic boundary condition

hE + uhi = 2ol s, (5)

where (u, v) = u, and subscripts denote derivatives. For a
passive fluid we would expect the strip to evolve symmet-
rically with A" = h~, but chiral stresses break this sym-
metry. For later use we note that the height functions are
related to the strip center-line and half-thickness by ¢ =
(h* —h7)/2 and h = (h" 4+ h™)/2, respectively.

One-dimensional  reduction—To understand chiral
breakup we must tackle the nonlinear dynamics of h*
contained in Eqgs. (1), (4), and (5), which can be difficult
even with a sophisticated numerical method. We will take an
alternative approach, exploiting the slenderness of the strip to
project the dynamics down into one dimension [2,4,28-31].

One-dimensional reductions have proven extremely
successful in other problems [28,29,32], and follow the
ideas of slender-body theory, expanding the dynamics in a
small parameter given by the ratio of the strips thickness to
its horizontal length scale. Leaving the derivation to
Supplemental Material [33], we find

4']’7RQ hx Cyx
Nt h R
4L

n+ng

I'e, =

th = (hcx)xx + }/<cxcxx - hhxxx)x’ (6)

which are two equations for the strip center line and thick-
ness. Keeping the parameters makes clear the origin of each
term: those proportional to € come from the chiral stress,
while others proportional to y come from surface tension.
A linear stability analysis of Eq. (6) reproduces, at small
initial thickness, the behavior of the full equations [12].

To go beyond the linear regime, we must integrate (6)
numerically to understand nonlinearities. Our simulations
were performed with periodic boundary conditions, using a
well-tested finite difference method [4,28,34]. Spatial deriv-
atives were approximated to second order on a highly refined
grid, which was adapted to scale with the pinch region.
Time integration was done using the fully implicit step-
halving method, ensuring both stability and second-order
accuracy [33,35].

An example of a nonlinear evolution is shown in Fig. 2(a),
where the initial shape is drawn in light orange, and a
sequence of darkening lines shows the strip as time pro-
gresses. The final shape, which we shade in orange, pinches
off at the origin. Despite the profiles looking antisymmetric,
the thickness function £ is symmetric about the pinchpoint,
with all asymmetry in the strip coming from the totally
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FIG. 2. (a) Numerical solution of equations (6) over a periodic
domain. The light orange line shows the initial profile, and the
sequence of darkening lines show the strip as time progresses; the
black arrow marks the direction of time. (b) The thickness function
h is symmetric about x = 0 as time progresses, and as breakup is
approached the minimum strip thickness decreases to zero. In all
plots lengths are measured in units of £z = y(1 + ng)/ (MMr).

antisymmetric center line. The global (anti)symmetry of
these shapes is a result of the initial conditions, but the
symmetries were seen to hold true locally for all initial
conditions we tried. The symmetry of % is demonstrated
nicely in Fig. 2(b), which shows a sequence of thickness
profiles as the breakup time is approached.

To check our theory against the experiment, we compare
simulations run from the same, but smoothed, initial
condition to the experiments shown in Fig. 1(a) with
experiment. The results are shown in Fig. 3, where the
experiments, shown in shades of orange, match the sim-
ulations, shown as dashed black lines. Note that in
comparing the results we have used the experimental
values of the parameters taken from Soni et al. [12] to
compute £, but adjusted the timescale. While there is not
sufficient experimental data to follow the dynamics close to
breakup, there is a clear transition between a linear (small
deformation) and nonlinear regime.

As the moment of breakup is approached, these non-
linearities become more important and control the dynam-
ics. To understand them, we take a closer look at Fig. 2(b)
to notice that the breakup is highly localized, with the
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FIG. 3. Comparison between the experimental data from

Fig. 1(a), shown in shades of orange, and numerical simulations,
shown as dashed black lines. The simulations are initiated from
an initial condition that smoothly approximated the experimental
data, and each line in both sets are equally spaced in time. We see
qualitative agreement between the experiment and simulation,
with the timescale the only adjustable parameter.

thickness decreasing rapidly near the origin but changing
slowly in the far field. This suggests that a local analysis of
the pinch region will be sufficient.

Scaling theory—Because the breakup is localized, its
dynamics only depends on the length and timescales that
are intrinsic to Eq. (6), which are £x = y(n + ng)/ (|Qnmg)
and 1z = ¢3I'/y, respectively. Measuring dimensionless
distances and times to the pinch point at (x, #y) with x’ =
(x —xg)/¢g and 7 = (ty — t)/tg, it is natural to assume
that the system becomes self-similar as 7, x’ — 0 [4], with

h(x,t) = Cxtf(x'/1P),
e.(x.1) = =S + 1 g(x /7). (7)

The power law prefactors show that the strip thickness
decreases to zero as '*, with a universal shape given by the
scaling function f. Following our simulation results we
assume that the center-line slope tends to a constant value
—S, with all spatial dependence sitting in a scaling function
that rides on top [36].

As we are interested in the final stages of breakup, we
substitute (7) into (6) and keep only the most dominant
terms as ¥ — 0. A dominant balance argument [4,37]
reveals these to be

4f5 = 9e» (8)

1
e = af + () = O, )

where the similarity variable & = x'/¢*, a, = a, and f =
(1 + a)/4. Any other choice of § and «a, is inconsistent, as
other terms would become relevant as ¥ — 0. The exponent
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a remains undetermined by dominant balance, so we have
self-similarity of the second kind [20]; it is later found by
solving the nonlinear eigenvalue problem (9) [20].

The terms in (8) come from a balance of chirality and
tension in the center-line equation; the time derivative term
is negligible, and thus the center line is quasistatic in the
pinch region. The thickness equation (9), comes from
balancing the time derivative and the surface-tension terms
in the thickness equation, and is locally equivalent to the
Hele-Shaw equation when converted to similarity variables
[34,38,39]. However, in the Hele-Shaw problem, a self-
similar solution of the form (7) is never seen as the pinch
region never becomes disconnected from the far-field
[34,40,41]. In contrast, here, the linear instability set in
by the chiral stress is enough to kick-start breakup and we
do see self-similarity as in (7).

To find g we integrate (8), giving

g=4f+ go, (10)

where gq is a constant, zero in all our simulations. The
center line and thickness are hence characterized by the
same scaling function f, which solves (9). This equation is
fourth order with one free parameter, meaning five boun-
dary conditions are required for a unique solution.
Assuming symmetry about the pinch at £ = 0 yields the
first three

fe(0) =0, fee(0) =0, (11)
where we have used a scale-invariance of (9) to set the value
at the origin to unity. The remaining degrees of freedom
are the exponent a and the second derivative at the origin
fee(0), which parametrize a two-dimensional space of
solutions. A unique solution is picked out by enforcing
the matching condition

focgl as g - oo, (12)

which ensures that the thickness becomes static far from the
pinch region, with ¢ dropping out of the scaling forms (7)
as £ —» oo [4]. As shown in Supplemental Material [33],
matching corresponds to two conditions at infinity, and so
(9) is now fully specified. The resulting problem is solved
with the shooting method, yielding

a= 12392, fee(0) = 2.7789, (13)
as well as the solid red curve in Fig. 4(b). Comparing this
scaling with results from our PDE simulations in Fig. 4(a)
we see excellent agreement, with the strip thickness going
to zero like #'!'>*. The scaling function found from shooting
also matches simulations, with the PDE results shown as
dashed lines in Fig. 4(b) collapsing onto the predicted red
curve as ¢ — 0.
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FIG. 4. (a) Scaling of the minimum strip thickness as a function
of the time to breakup, #. The black line is from the PDE
simulation, and the orange dashed line is the power law #'1-%4,
(b) The scaling function f. The solid orange line gives the
prediction from our scaling theory; the dashed, dot-dashed, and
chain-dashed lines come from the PDE simulation at
¥ =7x1075,1.8 x 10™*,7 x 107*. The agreement between the
PDE results and theory improves as breakup is approached.

The scaling exponent (13) could not be extracted from the
experimental data as there are not enough images during the
breakup process [12]. To ease measurement of scaling, it
would be beneficial to increase the values of £ and 75, which
would slow and enlarge the breakup region. This could be
done by using particles with a stronger magnetic moment so
that the surface tension was larger [12,24].

Our scaling analysis leads to a quantitative understand-
ing of chiral breakup, which qualitatively can be under-
stood by the following mechanism. The initial linear
instability sets the system in motion and twists the center
line, resulting in a center-line-slope growing like x* for
positive k, far away from the pinch. The balance of chiral
and surface tension forces in (8) means that the thickness
also grows, with & ~ x* /4. Substituting this into (9) we see
that the power law growth causes a surface-tension drive
mass current that grows like k(k — 1)(k — 2)x*~3, pump-
ing fluid out of the pinch provided that k£ > 2. This agrees
with the results from our scaling theory, as the matching
condition (12) gives k = a/f ~ 2.2.
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To conclude, we have studied the asymmetric breakup of
a strip of active chiral fluid using both asymptotic and
numerical methods, showing that the breakup is driven by a
combination of chiral and tension forces. As is common in
fluid breakup [4], we showed that the strip took scaling
form in the asymptotic regime near pinch-off, with the
minimum thickness decaying to zero as a power law in
finite time. Owing to novel features of the chiral dynamics,
this breakup process realizes a long anticipated, but never
found, similarity solution first proposed in the study of
Hele-Shaw flows [34].

While breakup studies the dynamics of droplet forma-
tion, it is natural to consider the reverse problem of
coalescence where two droplets merge into one [42].
This has been observed in the motivating experiments
on active chiral fluids [12], but also has relevance for other
active systems [7,8]. Outside of these singular problems,
the asymptotic methods used here could be applied to other
active matter problems where nonlinearities are relevant,
such as the spreading of active films [43].
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