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We present experiments on the mixing of active particles—swimming Tetraselmis
microbes—in a microfluidic vortex chain flow, driven magnetohydrodynamically. We track
the microbes in the flow and interpret the resulting trajectories in terms of a theory of
swimming invariant manifolds (SwIMs), a generalization of invariant manifold theories
developed originally to characterize mixing of passive tracers. The experiments verify pre-
dictions that SwIMs act as barriers in a three-dimensional (x, y, ) phase space. Projected
onto (x,y) position space, edges of the manifolds (SwIM-edges) are one-way barriers
that impede the motion of the microbes in one direction but allow them to pass freely
in the other. Pairs of SWIMs combine to form chutes that carry microbes between vortices.
For short times, the experimentally measured intervortex flux agrees well with theoretical
predictions based on the cross-sectional area of the chutes, despite experimental evidence
of nonuniformities in the (x, y, #) microbe density, due to deviations of the microbes from
a perfect circular shape.

DOI: 10.1103/PhysRevFluids.9.054501

I. INTRODUCTION

There has been significant interest recently in active matter systems [1], defined as those with
an internal energy source, including self-propelled particles such as swimming microbes [2] and
artifical swimmers [3-5]. This is a problem with potential applications to a wide range of systems
such as self-assembly of active colloids [6] and the use of active particles for drug delivery [7]. In
nature and in many technical and industrial processes, there are imposed fluid flows that impact the
behavior of these active agents such as in harmful algal blooms in the oceans [8] and the motion
of charged particles in plasma flows [9]. Mixing of active agents in a flow has recently received
attention in studies of the varying densities of swimming microbes in channel flows [10-13], the
behavior of active agents in porous flows [11], and the effects of swimming microbes on the
transport and mixing of passive impurities [14—18].

Previous studies by our group have identified “burning invariant manifolds” (BIMs) that act
as one-way barriers that inhibit the motion of propagating chemical reactions in a wide range of
two- and three-dimensional laminar flows [19-25]. A similar theory predicts “swimming invariant
manifolds” (SwIMs) that block the motion of swimming particles in the same flows [12,26,27].
Experimentally, we have demonstrated that microbes swimming in an open, two-dimensional,
hyperbolic flow are blocked by SwIMs in a three-dimensional phase space determined by the x
and y coordinates and the swimming direction 6 of the microbes. Projected into (x,y) position
space, edges of these SwIMs act as one-way barriers to microbe motion, similar to how BIMs
act as one-way barriers blocking the motion of reaction fronts. An open question is how SwIMs
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FIG. 1. Chain of alternating vortices.

affect transport and mixing for active particles in closed, cellular flows with no long-range passive
transport.

In this article, we explore the mixing of swimming microbes in a laminar, two-dimensional,
time-independent vortex chain flow. The microbes are Tetraselmis, eukaryotic algae that swim
with the use of four pulling flagella. We analyze the mixing of the microbes with the swimming
invariant manifold theoretical framework, testing in particular the blocking behavior of SwIMs
and SwIM edges. Furthermore, tubes (chutes) formed by combinations of the SwIMs provide a
mechanism for exchange of the microbes between vortices, leading to long-range transport. We
explore reorientation of the swimming direction by the flow due to the nonspherical shape of the
microbes and possibly any influence of the flagella. In addition, we find variations in densities for
active particle trajectories in (x, y, 6) phase space.

The flow studied in this paper is a very simple, well-ordered flow. And the SwIM theory makes
simplifying assumptions about the motions of the microbes as well. And yet there are real systems
that are comparable to these studies, including cellular-scale and other microfluidic flows with
small Reynolds number. Even for higher Reynolds number flows such as flows in the oceans and
atmosphere, vortex flows are very common in nature, even if not perfectly spatially periodic or
time-independent. Furthermore, this work is foundational; in general, laminar flows are composed of
a combination of jet/channel, hyperbolic, and elliptical flows. Previous experiments have explored
the mixing of active particles in channel [10,13] and hyperbolic [26,27] flows. But studies of mixing
of active particles in vortex flows are lacking. Furthermore, the experiments in this paper deviate
from the simplified conditions of the theory, giving us the opportunity to explore the robustness
of the theory to describe real systems. Ultimately, a better understanding of the simplified cases
will lead to insights into the behavior of a wide range of active particles in realistic fluid flows,
similar to how studies [28—34] of manifolds and lobes for passive mixing in 1980s and 1990s have
led more recently to theories (and experiments) about Lagragian Coherent Structures [35-37] for
passive mixing in aperiodic and turbulent flows.

In Sec. II, we discuss the theory and present simulations of swimming invariant manifolds. We
also discuss the chute mechanism responsible for cross-vortex mixing. The experimental techniques
and methods are presented in Sec. III. The experimental results are presented in Sec. IV. We discuss
the results and comment about continuing studies in Sec. V.

II. THEORY

The flow studied in these experiments is composed of a chain of alternating vortices, as sketched
in Fig. 1. For the simulations we assume a simplified model of the velocity field that assumes
free-slip boundary conditions:

u, = U sin(wrx/L) cos(wy/L),
uy, = —U cos(zrx/L) sin(rwy/L). (D)

In these expressions, U is the maximum flow speed (in the middle of the vortex separatrices) and
L is the length and height of the vortices. Unless otherwise stated, the x and y coordinates in this
article are normalized by L such that the nondimensional y goes from O to 1 across one vortex and
the nondimensional x goes from 0 to 2 across a pair of vortices. In the experiments, the flow has
no-slip boundary conditions at y = 0 and 1, resulting in a velocity field that drops to zero at these
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FIG. 2. Spheroidal model of a swimming microbe with length and width /;; and [, , respectively. The angle
0 denotes the direction at which the microbe swims (at speed V})), and the parameter « denotes the shape.

boundaries. The theoretical flow of Egs. (1) also does not include a weak, 3D flow due to Ekman
pumping [34] in the experiments that circulates fluid in toward the vortex centers at the top and
bottom surfaces and back outward at the midheight.

Passive mixing has been studied extensively in vortex chain and vortex array flows. Numerically,
passive trajectories are determined by integrating the velocity field x = u, and y = u,. For a
two-dimensional, time-independent flow, passive trajectories are all ordered and invariant manifolds
of the hyperbolic fixed points (at the corners of the vortices) coincide with the vortex separatrices,
forming barriers that prevent transport in either direction between vortices in the absence of
molecular diffusion. If the flow is time-dependent, the phase space for particle trajectories is three-
dimensional (x, y, ¢) and chaotic advection is possible [38,39]; passive invariant manifolds [28] and
invariant tori continue to act as barriers that block mixing, and lobes formed by intersections of
invariant manifolds provide a mechanism for transport between unit cells of the flow [32,33,40].

For a self-propelled tracer, we consider a simplified spheroidal particle (Fig. 2) with aspect

ratio y =)/l and a = ;:i that swims with a constant speed Vj; we define a nondimensional
swimming speed vy = V/U for the vortex flow. The microbes in these experiments (see Sec. III)
are not idealized spheroids, and there are also questions about the effects of the flagella on «.
Furthermore, the swimming speeds are not constant as is assumed in the theory.

For a swimmer, the phase space is three-dimensional, parametrized by the x and y coordinates
and the swimming direction 6. The motion of the swimmer in an external flow is governed by the
equations [26,41-44]

x=u+Vcosf, y=u,+Vysin6,
0 = (0/2) + a[3(yy + 1ty ) 08 20 — uy , 5in 261, )

where the vorticity w = u,  — uy,,. The theory assumes smooth-swimming microbes that move with
constant speed and with no spontaneous active tumbling (i.e., tumbling due to the organism itself,
not due to the flow) nor any translational or rotational noise. Any changes in swimming direction
are due only to interactions with the flow.

We define a swimming fixed point (SFP) as a location in (x, y, ) space where x, y and 0 are all
zero. These are distinct from the advective fixed points where the fluid velocity u vanishes. Typi-
cally, if the swimming speed is not too large, there will be four swimming fixed points surrounding
a hyperbolic advective fixed point, two for particles swimming toward the advective fixed point and
two for particles swimming away from the advective fixed point. The black dots in Fig. 3(a) are two
such swimming fixed points in the full phase space. They project to the two black dots in position
space in Fig. 3(b). The bottom swimming fixed point corresponds to a swimmer swimming to the
right, away from the advective fixed point [open circle in Fig. 3(b)]. The top swimming fixed point
also corresponds to a swimmer swimming to the right, which in this case is toward the advective
fixed point. The bottom swimming fixed point has stability stable-unstable-unstable (SUU). The
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FIG. 3. (a) Simulated stable (unstable) manifold in (x, y, 8)-space for self-propelled particles, shown in
green (red), along with swimming fixed points (black dots); « = 0.3 and vy = 0.3. Cross-sections of the
manifolds in thin slices around y = 0.25, 0.50, and 0.75 are plotted in black. (b) SwIM edges in (x, y)-space
for the manifolds in panel (a). The carets show the blocking direction of the SWIM edges, the dotted line shows
the separatrix between adjacent vortices, the open circles show the advective fixed points, and the green arrows
show the flow direction. (¢) (x, 0) cross-sections at y = 0.5 of stable and unstable SWIMs (curves colored green
and red, respectively) that form the chutes between two vortices, including those for the left-going chute not
shown in (a). Cross-sections of the right-going and left-going chutes are shaded in as light blue and yellow,
respectively.

2D red sheet in Fig. 3(a) is a finite piece of the unstable manifold of the bottom fixed point. The
top swimming fixed point has opposite stability, stable-stable-unstable (SSU). The 2D green sheet
in Fig. 3(a) is a finite piece of its stable manifold. We call these 2D sheets swimming invariant
manifolds (SwWIMs). Since these sheets are codimension one, they are absolute barriers to transport
in the full 3D phase space. Projections of the folds of the SwIMs into (x, y) space are also shown in
Fig. 3(b). We call these “SwIM edges.”

To compute the red unstable manifold, we first find two heteroclinic orbits from the SUU
SFP shown in Fig. 3(a) to the two nearby SSU SFPs. These orbits form a 1D curve within
the unstable manifold. Then trajectories are launched from the vicinity of this 1D curve. These
trajectories naturally sweep out the full unstable manifold. The green stable manifold is obtained
via a symmetric rotation applied to the unstable manifold.

Projected into (x, y) space [Fig. 3(b)], the bottom SFP (with swimming direction 6 = 0) cor-
responds to a microbe swimming to the right but motionless since the fluid velocity at that point
is equal and opposite to the swimming velocity. If the microbe is swimming to the left, however,
it passes through the (x,y) projection of the bottom SFP. Remarkably, this property holds to a
surprising degree along the length of the SWIM edges [26]. That is, the SWIM edges act as one-way
barriers blocking microbes swimming in the directions denoted by the carets in Fig. 3(b), but
allowing microbes to swim across in the opposite direction. These rules apply whether the swimmer
approaches the SWIM edge at a right angle or more obliquely. In a strict mathematical sense, the
one-way barrier nature of a SWIM holds in the neighborhood of the fixed point, but in practice it
holds essentially along the entire length of the SWIM edge plotted.

The one-way blocking nature of the SwWIM edges is shown numerically in Fig. 4, which shows a
3D SwIM in (x, y, 6) space, along with a swimmer trajectory that starts at the black dot to the left
of the SwWIM. The swimmer moving to the right with a swimming orientation near 8 = 0 ends up
caught in the curved portion of the SWIM and cannot pass through. But as the swimmer trajectory
moves around the SWIM, the curved portion opens up and flattens. The trajectory curves around with
the swimmer ultimately swimming with orientation 6 near & = —r, enabling it to pass underneath
the curved portion of the SwIM and move back to the left. When projected into (x, y) [Fig. 4(b)], the
microbe goes around the SWIM edge when moving toward the right, but it passes through the SWIM
edge when going to the left. This is the basic mechanism by which SwIM edges act as one-way
barriers in (x, y) space.

The stable and unstable SwIMs collectively form tube-like chutes [Fig. 3(a)] that account for
cross-vortex transport of active particles for the time-independent vortex chain. Any self-propelled
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FIG. 4. (a) Numerically calculated swimming invariant manifold (SwIM) in (x,y,6), with a sample
trajectory. A rotating movie of this image (Moviel.avi) can be found online in Supplemental Material [46].
(b) SWIM edge for the SWIM from figure (a), along with projection of the trajectory in (x,y). For panels
(a) and (b), the black dot represents the beginning of the trajectory.

particle that enters the chute in (x, y, 6) crosses from one vortex to the next. There are two chutes
that enable transport across each separatrix. Figure 3(a) shows the chute responsible for transport to
the right, whereas there is another chute (not shown) around 6 = +x that corresponds to transport
to the left. An (x, 0) cross-section of both of these chutes at y = 0.5 is shown in Fig. 3(c). The cross
section of the right-going chute is shaded light blue, with the left-going cross section [which is split
between 8 = 7w and — in Fig. 3(c)] shaded yellow.

A prediction of cross-vortex active transport is made by considering particles passing through
these chute cross sections. Over a small time ¢, tracers in the (x, #) cross-section move in the
y-direction with a phase space speed y(x, ) locally. The volume swept out by the chute cross-
section during a small time ¢ is V(¢) = fc nute V(%> 0)tdA where the integral is over the area of the
chute cross-section. Dividing this swept volume by the total volume 27 L* for a single vortex in
(x, y, 8) and taking a time derivative, we arrive at the flux F' (fraction f of tracers in a vortex leaving
per unit time):

1
F =df/dt = —— VdA. 3
If/ L2 fchmey 3)

This prediction is valid only for small times and assumes uniform particle densities in (x, y, 8) space,
valid theoretically for perfectly circular (@ = 0) particles with no flagella.

The structures shown in Figs. 3 and 4 do not show all of the important blocking and guiding
structures in the flow. There are many more swimming fixed points (SFPs) than the two shown in
Fig. 3 as black dots. Each vortex corner has three SFPs. (If this were a vortex array, then each
corner would have four SFPs.) For instance, in addition to the SFP shown in Fig. 3(a) to the
right of the vortex corner at (x,y,6) = (1.1, 0.0, 0.0), there is another SFP that is not shown at
(x,y,0)=1(0.9,0.0, 7). Similarly, the SWIM shown in red attached to the fixed point in Fig. 3(a)
has a corresponding SwIM which is not shown attached to the (not shown) SFP at (0.9, 0.0, 7).
Both of these SwIMs (the red one and the one not shown in Fig. 3) block active particles swimming
away from the separatrix between the vortices. Furthermore, there is another SFP and SwIM (also
not shown) near (x,y,0) = (1.0, 0.1, —m /2) that block swimmers swimming downward foward
the bottom vortex corner. Similarly, there are three SFPs and SwIMs around every vortex corner
in the flow. There are also invariant tori near the advective fixed points at the vortex centers [45].
The combination of all of these SWIMs forms a complex network of barriers that block swimming
motion and form chutes throughout the flow. Furthermore, there are also mixing barriers due to
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(b),

FIG. 5. (a) Exploded view of experimental apparatus, showing the magnetohydrodynamic forcing tech-
nique. (b) Experimentally determined velocity field (white arrows) and vorticity field (red and blue shading).

invariant tori [47] separating regions of ordered and chaotic motion of microbes in the flow. We
focus primarily on the SwIMs near the vortex boundaries in these experiments.

III. EXPERIMENTAL METHODS

A. Flow apparatus

Experimentally, the vortex flow is driven using a magnetohydrodynamic technique [33,48]
[Fig. 5(a)]. A channel (1.0 mm x 1.0 mm cross section) milled into acrylic holds salt water with
the swimming microbes. A chain of 1.0 mm wide Nd-Fe-Bo magnets (grade N35 with maximum
field strength 1.2 T) with alternating polarity is below the channel. A glass cover slip covers the
channel, the entire cell is inverted and the flow region is imaged from below with a Nikon Eclipse
inverted microscope. A 1.0-2.0 mA DC electrical current passes through the fluid and interacts with
the alternating magnetic field to produce a chain of vortices with maximum flow speed U ranging
from 300-800 um/s. In addition to the current and the magnetic field strength, the flow speeds also
depend on the distance between the magnets and the fluid region, which can vary slightly between
different cells based on slight variations in the milling.

The system is observed with two different microscope objectives. With a 4x objective, the field
of view is roughly 3 mm, with three vortices visible in the chain. With a 2x objective, the field of
view is roughly 6 mm with six vortices visible. The velocity field for this flow [Fig. 5(b), measured
at 4 x magnification] is measured using particle tracking velocimetry. Unlike for the free-slip model
[Eq. (1)], there are no-slip boundary conditions at the top and bottom due to the rigid sidewalls of
the channel. The no-slip boundary conditions create regions of vorticity at the top and bottom that
are opposite the vorticity in the vortex centers.

B. Microbes

The self-propelled particles in the experiment are Tetraselmis [Fig. 6(a)], green marine algae
that are almost circular with a typical diameter of 10-15 um. The Tetraselmis are purchased from
Carolina Biological Supply (Catalog No. 152610), which was originally sourced from Florida Aqua
Farms; years of culturing have made the line distinct. In our laboratory, 1 ml of the culture from
Carolina is combined with 150 ml of “Alga-Gro Seawater” medium, cultured for 2 weeks under a
dedicated fluorescent lamp and then transferred to 15 ml centrifuge tubes from which samples are
drawn.

We estimate « to be approximately 0.3 for the Tetraselmis, neglecting the flagella. We have
no direct measurements—or even visualization—of the flagella, but Tetraselmis is well-known to
have four pulling flagella that perform a breast-stroke motion to propel the microbe. The swimming
speed in the absence of an imposed flow varies from one microbe to the next [Fig. 6(b)] with typical
average speeds between 150 and 250 wm/s. The swimming speed for an individual microbe also
varies during its motion, as shown in Fig. 6(c), with standard deviations ranging up to about half of
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FIG. 6. (a) Tetraselmis microbes imaged at 40x magnification. The inset is a zoom-in of one of the
microbes. (b) Probability distribution of averaged swimming speeds V; (averaged over the duration of each
trajectory) for the microbes. (¢) Variation of swimming speeds for individual microbes, plotted as the ratio of
the standard deviation of the swimming speed divided by the average swimming speed for that microbe. The
red curve shows a fit to a function p = ae~*°/% with a = 0.17 and b = 7.3. (d) Ten-second streak image of the
swimming Tetraselmis microbes at 4x in the experimental apparatus with no flow. Movies of this image can
be found online as Movie2.mpg and Movie3.mpg [46].

the average swimming speed for that microbe, with an average < o /V >= 0.14 for the microbes
in these experiments.

In the absence of a flow [Fig. 6(d)], some microbes swim smoothly for extended periods of time.
But some microbes in the same experiments tumble frequently. Subtle wiggling can also be seen in
some of the trajectories when microbes swim in spiral patterns, due to slight symmetry-breaking in
the flagella.

For experiments using 2x magnification, we dye the Tetraselmis with fluorescein diacetate
(FDA) [49,50] to improve the contrast in the imaging. Outside of a living cell, the FDA does
not fluoresce. However, when FDA diffuses through the lipid bilayer into a microbe, enzymes
inside the living cells cleave FDA to create fluorescein molecules. As such, this technique leads to
fluorescent tagging only of living organisms. FDA does not seem to have any significant effects on
the swimming of microbes. For dyed Tetraselmis, we use epi-fluorescence microscopy to increase
the visibility of the algae and to enable tracking, even at low (2 x) magnification.

We conducted tests of the microbes swimming in a cell without the magnets but with an imposed
electrical current, and the electrical current was found not to have a significant effect on the
swimming. Furthermore, the magnetic field produced by the permanent magnets below the cell
appear to have negligible impact on the swimming behavior; in fact, the data about the behavior of
Tetraselmis in the absence of a flow (Fig. 6) were collected with the Tetraselmis swimming in the
cell with the permanent magnets.
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FIG. 7. (a) Ten-second streak image of microbes swimming in an imposed vortex flow, forced with a 2.0
mA electrical current; 4 x magnification. Movies of this image can be found online in Supplemental Material as
Movie4.mpg and Movie5.mpg [46]. (b—d) Sample trajectories (black curves) of microbes in the flow. The black
dots show the start of the trajectory; the red segments show the swimming orientation, pointing away from the
black curve; the dotted black lines show vortex separatrices and the green arrows show the flow direction.
vg = 0.2 for (b) and vy = 0.4 for panels (c) and (d).

In a typical experiment, there are up to a maximum of 50 microbes in the field of view at a time
for 4x magnification and around 100 microbes at 2x magnification, with the densities dropping
over the course of an experimental run. Densities of the microbes in the experiments range up to
around 20 microbes per mm? with typical separations around 200 um or about 15-20 body lengths.
So the interactions between the different algae are negligible in these studies.

C. Procedures

The experiments done at 4 x magnification [which are the basis for Figs. 6, 7, 8, and 16(a)] are
from two different days of experiments with four different runs, while the experiments done at 2 x
magnification (which are the basis for the remaining experimental figures) are from seven different
days with 20 separate runs. For each series of experiments, a couple of milliliters of fluid is drawn
from one of the 15 ml centrifuge tubes containing cultured Tetraselmis using a pipette and slowly
dribbled into the apparatus through a circular reservoir. (If the Tetraselmis are injected too quickly,
they often do not swim well, presumably due to shearing of their flagella.) After settling for a minute
or two, a 30-60 s run is recorded to verify if the Tetraselmis are swimming and to verify that there
are no cross-flows through the apparatus. The focus of the microscope is also adjusted to be at the
midheight of the cell, away from the top and bottom boundaries. If there is no cross-flow and if
the microbes are swimming well, the electrical current is started to generate the vortex chain flow
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(b)

FIG. 8. Trajectories for vy = 0.4 that start (a) near the bottom advective fixed point and (b) near the center
of the right vortex. The red curves show two of the SWIM edges predicted from Eqs. (1) and (2), both of which
block trajectories moving away from the separatrix and into the vortex centers. In both figures, x goes from 0
to 2 (i.e., two vortices) and y goes from O to 1 (one vortex) such that two full vortices are shown.

and another run is recorded. The duration of this run ranges from 5 minutes to 30 min, depending
on microbes in the flow, with the run ending when the density has dropped to just a few microbes.
(Typically, the microbes stop swimming after 20 - 30 minutes in the cell and settle to the bottom,
out of the region of interest.) Additional runs during the same day are achieved by removing the
fluid and injecting a fresh sample of Tetraselmis and repeating the process.

D. Tracking

We acquire images of the algae in the flow with an Andor Zyla SCMOS camera connected to
the microscope. A background image is determined by averaging images for a half a minute. We
subtract this background image from each subsequent image. We then threshold the subtracted
images (keeping intensities for pixels above the threshold) and track the thresholded images in
IDL with a package developed by Crocker and Weeks [51] that determines centroid coordinates for
clusters of pixels (with each cluster identified as a microbe), and then links coordinates in successive
frames to determine trajectories.

We fit the x(7) and y(¢) coordinates of each trajectory to sliding parabolas to determine the x and
y components of the total velocity of the microbe as it moves through the flow. To determine the
swimming velocity V; of a specific microbe in an imposed flow, we begin by subtracting the experi-
mentally measured flow velocity g,y from the velocity of the overall trajectory: Vi = Vi — Ugow.
From the swimming velocity, we determine the instantaneous swimming speed V; and the swimming
direction 6 = arctan(Vy,/V,). To compare with the theoretical predictions, we approximate Vo by
the average of the swimming speed over a trajectory: Vy = (V;). And the dimensionless swimming
speed is given by vy = V,)/U where U is the maximum flow speed.

The theory of Eqgs. (2) assumes smooth swimming particles that do not change their swimming
directions other than by hydrodynamic interactions. Earlier studies of swimming microbes in a
hyperbolic flow used smooth-swimming bacteria [26], but the Tetraselmis in these studies do not
always swim smoothly. We analyze the trajectories to determine cases where the microbes suddenly
change their swimming directions. We do this by identifying instances in trajectories where the
angular velocity of the microbes differs greatly from the angular velocity predicted by the 6
expression in Egs. (2). This gives us the ability approximately to identify microbe trajectories that
are mostly smooth versus those characterized by sudden tumble events.

When displaying the trajectories, we can use the symmetry of the flow to combine trajectories
from different locations and different times. We shift trajectories horizontally by even multiples of
the vortex width. We can combine these trajectories on the same plots as those shifted horizontally
by odd multiples of the vortex width, but flipped vertically. For instance, a trajectory that crosses
between vortices 3 and 4 can be shifted to the left by two vortices and displayed as though crossing
between vortices 1 and 2. A trajectory that crosses between vortices 2 and 3 can be shifted to
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the left by one vortex and flipped upside down. Furthermore, we sort the trajectories based on the
nondimensional swimming speeds v, = V,/U determined from the velocity subtraction. The result
is different groups of trajectories, with each group consisting of trajectories within a range of vy. The
net result is that we can display multiple trajectories in the same figure, even though these microbes
are often in different vortices and are swimming in the region of interest at different times.

IV. RESULTS
A. Trajectories

Figure 7(a) shows a representative streak image for Tetraselmis trajectories in an imposed vortex
flow. The swimming of the microbes is evident in this figure, with the microbe trajectories frequently
crossing each other, something that is not possible for passive tracers in a 2D, time-independent flow.

Figures 7(b)-7(d) shows microbe trajectories (black curves) with their swimming directions
shown as red segments, pointing away from the black curves. Loops and cusps are common in
the microbe trajectories. Since « is close to zero for the Tetraselmis, rotation of the swimmer is
correlated strongly to the vorticity [see Eq. (2)], with the microbes forming loops in the regions
with strongest vorticity [compare trajectories in Figs. 7(b)—7(d) to the vorticity field in Fig. 5(b)].

The right trajectory in the Fig. 7(c) (which is similar to the simulated trajectory in Fig. 4)
shows a microbe moving back and forth between adjacent vortices. The microbe is initially in the
middle vortex but is swimming to the right as it approaches and crosses over into the right-most
vortex. After going through a loop, the microbe is swimming toward the left and crosses back into
the previous vortex. This alternating between vortices is similar to the predicted [42,45] chaotic
behavior of self-propelled tracers in vortex flows, although we cannot definitively conclude that this
is deterministic chaotic motion from our data since there is the possibility of active tumbling in
the microbe’s swimming. For slower swimming speeds [Fig. 7(b)], some trajectories are confined
within a vortex, consistent with predictions of trapping of active particles in vortex flows [44,45].

B. SwIMs and SwIM edges

The SwIMs and SwIM edges play a prominent role in the trajectories of microbes moving within
and between vortices. Plots of trajectories demonstrate the one-way nature of the SwIM edges as
barriers, as shown in Fig. 8. Figure 8(a) shows microbe trajectories that start in a small box around
the flow’s fixed point at the bottom of the separatrix between adjacent vortices. Since the SWIM
edges (in red) block in the direction pointing away from the separatrix, the microbes mostly do not
penetrate and instead have to go around the SwIM edges. Penetration of the SWIM edges at the
bottom is due to the fact that whereas the SwIM edges are calculated with a simplified model of
the velocity field, Egs. (1), with free-slip boundary conditions, the experimental velocity field has
no-slip boundary conditions, with the fluid velocity going to zero at the bottom. There is no barrier
to microbe movement if the fluid speed is less than the swimming speed of the microbe, as is the
case near y = 0 and 1. Microbe trajectories starting near and moving away from the vortex center
[Fig. 8(b)] pass easily through the SWIM edges, which do not block trajectories moving outward
from the vortex centers.

If we look just at trajectories that cross from one vortex to the next, we can see that the structure
of these trajectories in (x, y, ) space (Fig. 9) is qualitatively similar to the chute structure formed by
the SWIMs [Fig. 3(a)]. Densities of these trajectories projected into (x, y) space and cross-sections in
(x, 8) space are shown in Fig. 10 (for the mostly smooth-swimming trajectories) and in Fig. 11 (for
trajectories with identified active tumbling events). We also plot stable and unstable SwIM edges
predicted from the model (for the (x, y) projections) and cross-sections of the SwIMs [for the (x, 6)
cross-sections] in these figures. The predicted SwIM edges and cross-sections are determined from
Egs. (1) and (2) for the same vy with o = 0.3.

The approximate blocking behavior of the SwIM edges is evident in these figures. (There is
slight breaching of these barriers due to the nonconstant swimming speed and the no-slip boundary
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FIG. 9. Trajectories in (x, y, 6) space of microbes with vy = 0.4 that cross vortex boundaries.

conditions at y = 0 and 1.) For the trajectories with no active tumbling (Fig. 10), there is a slight x-
asymmetry visible, with a lower density near the unstable SwWIM edge and SwIM cross-sections (red)
of the lower swimming fixed point versus near the stable SWIM edge (green) and cross-sections of
the upper swimming fixed point. We do not have a complete explanation for this slight asymmetry;
perhaps it is due to selection bias since only the trajectories that cross between vortices are included
in Fig. 10. The asymmetry is less pronounced for the trajectories that include the active tumbling
events (Fig. 11).

C. Densities and swimming orientations

Based on Egs. (1) and (2), mixing of perfectly spherical (¢« = 0) swimmers in an incompressible
flow is divergence free in (x, y, 6) space. Tetraselmis, however, are not perfectly spherical, and there
is also a question of how the flagella affect the value of «. Consequently, density variations are
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FIG. 10. Smooth-swimming trajectories that cross between vortices. (a—c) Density in (x, y) of crossing
trajectories. In each of these figures, the red (green) curves show the unstable (stable) SWIM edge of the bottom
(top) swimming fixed point, calculated from Eqs. (1) and (2) with & = 0.3. (d—f) Cross-sections in (x, 6) of
crossing trajectories. In each figure, the top, middle, and bottom panels correspond to slices at y = 0.75, 0.50,
and 0.25 in dimensionless units. Cross sections of the predicted right-going chute—which is the stable and
unstable SwIMs— - are shown in each of panels (d—f).

054501-11



NGHIA LE et al.

vy=0.3

(b)

(e)
y=0.75

[¢]
2 0 2
2.0 2

[ e E o aF =
o of i @ o = @ y=0.5
NE \‘ﬁ 1 o o (
I I L
o~ o~ aF E
o of 41 < <} o ,% </y:025
ok 5 [ 8 ok E
) s ) ) ]
0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 L5 2
X X X

FIG. 11. All trajectories—including those that tumble—that cross between vortices. (a—c) Density in (x, y)
of crossing trajectories. In each of these figures, the red (green) curves show the unstable (stable) SwIM edge of
the bottom (top) swimming fixed point, calculated from Egs. (1) and (2) with « = 0.3. (d—f) Cross-sections in
(x, @) of crossing trajectories. In each figure, the top, middle and bottom panels correspond to slices at y =
0.75, 0.50 and 0.25 in dimensionless units. Cross sections of the predicted right-going chute—which is the
stable and unstable SwIMs— - are shown in each of panels (d—f).

possible in (x, y, ) space. We take trajectories for a given range of vy and determine histograms of
the locations of these trajectories in (x, y, ). Figure 12 shows (x, y) slices of these histograms for
vg = 0.2 and 0.4. For the smaller nondimensional swimming speed [Figs. 12(a)-12(d)], some clear
variations in density are apparent, with a higher density in the vicinity of the vortex separatrices for
rightward- and leftward-swimming microbes [Figs. 12(b) and 12(d), respectively].

Density variations are also visible in (x, ) and (y, ) slices of the histograms (Figs. 13 and
14, respectively). Slower swimming (vyp = 0.2) microbes swimming in the vicinity of the vortex
separatrices [Figs. 14(a) and 14(c) and the edges and middle of Fig. 13(c)] have a clear preference
to be swimming with orientation parallel or anti-parallel to the flow along the separatrices. Microbes
swimming near the bottom and top boundaries [y = 0 and 1, Figs. 13(a) and 13(e)] have a preference
to be oriented swimming parallel to those boundaries. This is consistent with a recent theoretical
study [52] that indicates that microbes swimming near a solid boundary have a higher probability
to swim parallel to that boundary in the absence of a flow.

Vo= 0.2

L v=04

X

FIG. 12. (x,y) slices of histogram with x from O to 2 (starting and finishing at vortex edges) and y from 0
to 1; vp and 6 values are displayed on the image.
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FIG. 13. (x, 0) slices of histogram with x from O to 2 and 6 from —x to 7; vy and y values are shown in
the figure.

The preferred swimming orientation can be seen by plotting probability functions p(6) for the
swimmer orientations, as shown in Fig. 15 for swimmers near the center of the separatrices between
adjacent vortices, i.e., near (x, y) = (0, 0.5) or (1,0.5) in nondimensional units. The microbes tend
to align with the flow, more so for smaller nondimensional swimming speed vy = 0.2 [Figs. 15(a)
and 15(b)] than for the larger speed vy = 0.4 [Figs. 15(c) and 15(d)]. This is consistent with the
previous study of active mixing of microbes in a hyperbolic flow [27] which found more pronounced
orientations for larger flow speed (which also reduces the nondimensional swimming speed).

D. Flux and chutes

In addition to blocking motion of the microbes within the vortices, the manifolds determine
transport of microbes from one vortex to the next. Figures 10(d)-10(f) and 11(d)-11(f) show
(x, 0) cross sections of the crossing trajectories along with cross sections of the right-going chute
(see Fig. 3) formed from theoretical SwIMs calculated from Egs. (1) and (2). (These SwIMs are
approximate, calculated with free-slip boundary conditions and with o = 0.3.) The points well
outside the SWIM cross sections correspond to microbes that have circled back around the vortex
after crossing the separatrix. Overall, there is good agreement—especially at y = 0.5 away from the

x=0 x=0.5 x=1 x=1.5
@[T 1 OF ©f (@
e i’ e »13\ e e f I “-»'*2%\‘"1 VO - 02
y y y y
OE O (8) (h)
y Ty y y

FIG. 14. (v, 0) slices of histogram with y from 0 to 1 and 8 from —7 to 7; vy and x values are shown in
the figure.
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no-slip boundary conditions that are not captured in the simulations—indicating that the chutes do,
in fact, act as the portals that carry active tracers between adjacent vortices.

The flux of microbes crossing the vortex separatrices in the experiments can be compared to
that predicted by the chute mechanism. The starting locations of microbes that cross a separatrix in
a time ¢ are shown in Fig. 16(a) for two different times, along with envelopes for four different
delay times. The growing area of the region of active particles crossing the separatrix—and,
consequently, the flux between vortices—is represented in Fig. 16(b) by plotting the fraction of
microbes that escape the vortex in a defined time interval. Figure 16(b) also shows the predic-
tions, Eq. (3), for this growing fraction, based on the chute analysis. The inset shows the flux
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FIG. 16. (a) Initial locations of microbes with vy = 0.4 that cross either vortex separatrix in time t = 0.8 s
(red dots) and ¢ = 1.6 s (blue dots); the green curves show the envelopes for times # = 0.4,0.8, 1.2, and 1.6 s
(nondimensional times 0.27, 0.53, 0.80, and 1.1). (b) Fraction of microbes with no active tumbling that escape
the vortex in a nondimensional time t' = tU /L in experiments (symbols) and theory (lines); vy = 0.2 (blue),
0.3 (red), and 0.4 (green). The inset shows the flux F = df /dt’ for small times (" < 0.8) for the experimental
data (blue circles) and predictions (red squares) from Eq. (3).
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F = df /dt’ for the predictions and for the small time limit in the experimental results. (The error
bars for F in the inset—which are comparable to the size of the symbols—expresses the range
of slopes calculated with different ranges of data between ' = 0 and ' = 0.8. The uncertainty in
vo = Vp/U is dominated by uncertainty in the measured value of U.) The measured flux F for small
times is consistent (within uncertainties) with the prediction based on the cross-sectional chute
area.

V. DISCUSSION

The nature of swimming invariant manifolds (SwIMSs) as barriers for the mixing of swimming
microbes in a vortex flow is clear from these experiments, as is the importance of chutes (composed
of combinations of SwWIMs) as a fundamental mechanism for cross-vortex transport. The consistency
between the experimental flux of microbes between vortices and the predictions from the chute
mechanism is notable despite the fact that the prediction, Eq. (3), assumes uniform microbe densities
in (x, y, 0) space, which is clearly not the case—especially for smaller vp—as seen in Figs. 12—14.
There are additional differences between the model used for the prediction and the experimental
data: (a) the experiments have no-slip boundary conditions, whereas the predictions use a simpler
free-slip model; (b) there is Ekman pumping [34] in the experiments that causes a slight, 3D
recirculation within the vortices; (c) the microbes are not ideal smooth swimmers—even accounting
for our technique that excludes active tumbling from the analysis, there is also noise and oscillations
in their orientation that allow trajectories to cross the SwIMs; and (d) the theory does not take into
account interactions of the swimming microbes with the fixed walls [52]. It is quite striking that the
SwIM theory works as well as it does for this nonideal experimental system, indicating robustness
of the approach.

Experiments are on-going to characterize long-range transport of active particles in an extended
chain or array of vortices. The chute mechanism discussed in this paper merely describes the
method for swimmers to cross from one vortex to the next. The long-range transport properties
are determined by several factors including not just the short-term flux but also the coexistence of
ordered and chaotic regions which can give rise to long-range transport that is nondiffusive [53].

Another very interesting question is the effect of flagella on the value of « for the swimming
organism and its effect on swimming orientations through the 6 equation in Egs. (2). In fact, the
effect of the flagella on o might even depend on the nondimensional swimming speed vg. It may
be possible to measure o experimentally from orientation distributions similar to those in Fig. 15,
although that analysis is likely more straightforward for the experiments done with microbes in
hyperbolic flows [26,27]. This is an ongoing area of study.

Additional studies in the future might include experiments with more elongated swimmers to
test the validity of the SWIM theory for swimmers with « closer to 1. As we saw for experiments
with hyperbolic flows [27] (and as is expected by the theory), density variations in (x, y, 6) space
are more significant for swimmers with « closer to 1, which might also affect the flux between
vortices. Another important question is the effects on the SwWIMs of noise and active tumbling in
the swimming as well as chemotaxis, issues that are relevant to determining how robust SwIM
approaches are for understanding the mixing of realistic swimmers in nature. The combined mixing
of both passive and active particles in a flow is of interest, particularly if the passive impurity is
the nutrients to which the active particles are chemotactic. We are also interested in the effects of
SwIMs on collective behavior [54] in experiments with larger microbe densities.

Ultimately, we are interested in possible extensions of the manifold and chute approach to time-
periodic and time-aperiodic flows. For time-periodic flows, remnants of invariant tori [47] could
play a significant role on transport and mixing of active particles. For aperiodic and turbulent flows,
extensions of the SWIM approach might be possible, in analogy with Lagrangian coherent structure
approaches [55,56] which extended passive manifold theories characterizing passive mixing in time-
aperiodic and turbulent flows.
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