Active Spinners in a Circular Confinement: an Incompressible Active Fluid Model

H. Coban
Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
(Dated: May 18, 2024)

Active spinner systems and active chiral fluids exhibit odd viscosity. These features lead to

phase separations and unforeseen physical properties.

In this work, we aim to investigate the

hydrodynamical properties of active incompressible fluids and examine an appropriate solution that
matches the observations on the collective behavior of starfish embryos on the surface of a passive

fluid.

Active matter studies have been growing in the last
decade. Active matter systems set up unforeseen physi-
cal phenomena such as emergent collective behavior [13],
motility-induced phase separation [3], odd mobility [9]
and elasticity[10] and viscosity. The origin of the odd vis-
cosity has been shown due to the intrinsic self-spinning
of microscopic constituents in a system [5].

In the modeling active matter system, microscopic and
macroscopic approaches are present. Simulations and ex-
periments are fundamental in the microscopic level analy-
sis since general behavior cannot be attained from equa-
tions alone. The outcome of such a study is that co-
rotating active spinning particles exert an attractive force
on each other with appropriate parameters [I]. This
force leads to phase separations in dense populations
[6, B, 01, 12 M5]. The general tendency of the active
spinner with attractive force is collecting and (or) ro-
tating together locally or globally. At the macroscopic
level, hydro-dynamical equations govern the dynamics of
a swarm of active particles in the mean-field perspective.
This perspective has shown to be accurate since the in-
ternal propulsion mechanism has no effect on the pattern
formation or phases of the system [2]. Similar to active
spinners, hydrodynamics of active chiral fluids indicate
odd viscosity [4].

The addition of a confinement may induce exotic
phases of active matter. A detailed phase space analysis
implies phases such that particles rotate collectively in
the vicinity of the boundary for some parameter choices.
In some phases, they are flocking or oscillating but they
tend to accumulate near the boundary [7]. In addition
to these observations, under a circular boundary in the
co-rotating frame, several vortexes surround the center.

This work aims to investigate a denser active spinner
population, where the population density across the sys-
tem is almost constant. Providing the experimental re-
sults of self-spinning starfish embryos, we will examine
hydro-dynamical equations for active chiral fluids and
combine the results to explain the collective behavior of
starfish embryos.

EXPERIMENT AND DATA ANALYSIS

The experimental setup consists of starfish embryos in
a water tank under a circular confinement. Their dynam-
ical behavior is recorded and the raw data is processed
with an ML segmentation algorithm to detect the posi-
tions of each embryo. The processed data includes 500
frames of positions of embryos. An example frame is
shown in Fig[l] The system exhibits a constant density
profile overall.

FIG. 2. The velocity field
FIG. 1. A caption from the averaged over all 500 frames
processed frame. with spatial smoothing

To get a smoother flow field, we generated a square
grid with a grid length of d ~ 0.055R, where R is the
radius of the circular confinement. After setting up the
grid, the flow field at the location of grids is calculated by
averaging the velocities of the embryos in the vicinity of
a grid with distance ry = 0.28 R. The recordings indicate
a collective rotation around the center of the confinement
as in Fig[2] However, this is far from rigid body rotation
and it is observed in the rotation curve of the system in

Fig[3]

METHODS

Modeling the self-spinning embryos as an incompress-
ible active fluid requires solving hydrodynamical equa-
tions of momentum conservation. The two-dimensional
hydrodynamic theory has been utilized in some previous
studies [14]. The conservation of momentum leads to the
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FIG. 3. The magnitude of the velocity(flow) field averaged
over all 500 frames vs. the distance from the center.

equation

p(@t + V.V)’UZ‘ = 8j0'ij —T'y; (1)

, where I is the friction coeflicient and o;; is the stress
tensor. The stress tensor has an additional term due to
odd viscosity and the whole expression for that is

Oij = —péij + 77(82-1)]- + 8jvi) + 6@'7}3(2&) — Q)
+’I70(81'6jk1)k + Eikak’t}j) (2)

, where Tw(r,t) is the local angular momentum density
and Q = (V xv).z is the vorticity of velocity field v. The
first represents the external pressure and the second term
is due to shear stress. The third term is the rotational
stress due to self-spinning and the last one is the odd
viscosity.

To solve the steady-state flow field in polar coordinates
we shall make some assumptions to simplify the equation.

1. Azimuthal symmetry (Opvg = 0: The velocity field
and angular momentum density are constant across a cir-
cular ring. There is no condition to break this symmetry
and the experiments also exhibit azimuthal symmetry.

2. Zero mean radial velocity (v, = 0): This assump-
tion is compatible with the experiments and can be also
observed in the averaged velocity field in Fig2]

3. Frictional wall (0g,(R) = —T'svg(R)): This is the
most suitable choice. This condition leads to a boundary
condition d,vg(R) = —L (—Fs + vdR)%), if the flow

N—"NR

is counter-clockwise.

These assumptions simplify Eq. and lead to the
steady-state solution as

(1-+mr)02v0+ 220,09 — (T + 5 ) vo—20mdhw = 0 (3)

The odd viscosity term does not appear in this equa-
tion and thus, the rotation curves are independent from
odd viscosity. To solve the flow field an equation for w
is necessary and the conservation of angular momentum
leads to

I(0; + v.V)w = —Tgrw — 2R (2w — Q) + DVZw  (4)

, where I',. rotational frictional parameter and D trans-
lational diffusivity constant. With the previous assump-
tions the equation above is modified as,

Oy
—(4Anr+TRr)w+2nr <v79 + 8,«119) +D (63&1 + rw) =0
(5)

The steady-state solution (0;vg = 0) depends on the
viscosity and friction parameters. The parameters may
be estimated using experimental tools: however, we can
also fit parameters to obtain the experimental rotation
curve. The coupled differential equations [3| and [5| can be
solved using appropriate boundary conditions. However,
the set of plausible boundary conditions is not trivial.
The obvious choices are the zero flow field and rotation
density in the center. We can also argue von Neumann
boundary condition vy(R) = 0. The last boundary condi-
tion can be extracted from the experimental data, which
is vp(R) =~ 3.

vo(0) =0, w(0) =0, vh(R) =0, vy(R) =3  (6)

The curve fitting procedure indicates that the shear
viscosity 1 and the friction coefficients I',., T' are not
strongly related to the observation. In other words, the
behavior (rotation curve) is stable to changes in these pa-
rameters. However, the existence of rotational viscosity
plays a crucial role. If its value is set to zero the flow field
exhibits a rigid body rotation. The fitted theoretical line
and the experimentally observed mean flow field have a
decent agreement as shown in Fig[d]

CONCLUSION

In this report, an active spinner system is modeled as
an active incompressible fluid as in the mean-field per-
spective. The general behavior of models is consistent
with the experimental data of a swarm of starfish em-
bryos. In the experiments, the mean flow field is a clock-
wise rotation where radial flow is negligible. The rotation
curve is sub-linear and indicates non-rigid rotation. The
hydrodynamics of active incompressible fluid with spin-
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FIG. 4. The magnitude of the velocity(flow) field averaged
over all 500 frames vs. the distance from the center and the-
oretical expectation with fitted parameters

ning particles exhibit both rotational and shear viscosity.
The existence of rotational viscosity leads to a sub-linear
rotation curve which agrees with the experiment.

The agreement with the theory and experiments can
be reevaluated by measuring the parameters experimen-
tally rather than finding the best set to fit experimental
observation. The validity and plausibility of the bound-
ary conditions and assumptions are open to discussion
and require further investigation. Odd viscosity has no
effect in this model due to the choice of assumptions.
Possible different settings may suggest different exotic
behavior of active matter systems and with the hydrody-
namic theory, they may be examined with the mean-field
perspective.

I thank Y. Chen for providing the experimental data.
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