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We investigate the motion of Multicellular Magnetotactic Bacteria (MMB) near a hard surface. Directing
MMB towards a flat surface causes them the accumulate about the wall as an active gas. MMB are exponentially
distributed about the surface with a penetration depth determined by the typical distance an MMB swims before
it aligns with the ambient field. Increasing the magnetic field past a critical value, at which the penetration
depth is of order the size of an MMB, causes the active gas to condense into a two-dimensional active fluid.
Measurements of MMB motion in this phase reveal that contact with the surface enhances rotational diffusion
by a factor of eight and that velocity fluctuations are Laplace distributed. The fluid undergoes a percolation
transition at a critical magnetic field. Supercritical active fluids exhibit dynamic voids, which limit the relaxation
of density fluctuations. We describe the possible ecological significance of these results.
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I. INTRODUCTION

Understanding the strategies by which microbes navigate complex environments gives insight into their ecology and evolution
and provides inspiration for engineers [1–4]. A variety of microbes living in sediment have independently evolved [5] the ability
to navigate the labyrinthine pore spaces in which they live using the geomagnetic field [6]. Because, at high latitudes, Earth’s
magnetic field has a substantial radial component, swimming along magnetic field lines allows cells to position themselves in
the continuously changing vertical chemical gradients typical of natural sediment [5]. However, if cells exclusively swim along
field lines they are quickly trapped when they inevitably collide with an obstacle (e.g., a grain of sand). The strategies that
allow magnetotactic cells to balance motion along field lines with obstacle avoidance remain poorly understood. To elucidate
the physical basis of these strategies, we investigate the motion of one type of magnetotactic bacteria near a hard surface [7].

We focus on a group of δ-proteobacteria commonly called Multicellular Magnetotactic Bacteria (MMB), which have been
assigned the provisional name Candidatus Magnetoglobus multicellularis [8]. These cells are the only known obligately mul-
ticellular bacteria [9]. These cells exclusively live in spherical colonies (see Fig. 1) composed of a monolayer of ∼ 50 bacte-
ria [10, 11]. 95% of colonies have diameters between 3.8µm and 7.3µm with and mean diameter of 5.3µm. Fewer that 1%
of colonies, which are close of dividing (Fig. 1(e)), can reach diameters of 10.8µm. Cells in an MMB colony cooperate to
push the colony along magnetic field lines with a typical speed of U = 75µm/s. Each cell in an MMB colony precipitates
magnetic crystals, either magnetite [12] or greigite [13], which cause the colony to align its average magnetic moment with the
ambient magnetic field. The outer surface of each cell is covered with about 30 flagella [14, 15]. The constituent cells exert
an average force that is parallel to within a few degrees of the net magnetic moment [16]. The colonies swim through the fluid
without tumbling, though a few colonies rarely (≈ 1/60 s−1) reverse their motion to briefly swim against the imposed magnetic
field [17].

Two torques guide an MMB colony through the confined geometry of the pore space. The magnetic torque on a colony causes
it to align with the ambient magnetic field B at a rate γ = mB/8πµa3, where m is the magnetic moment, µ is the viscosity of
water, and a is the colony radius. MMB, moving with speed U , swim a typical distance ` = 8πµa3U/mB as they align with
the magnetic field. When a colony approaches to within a distance ∼ a of a surface, hydrodynamic interactions with the surface
can turn the colony [18–20].

We tune the ratio of the length scales `/a over which these two processes act by varying B. At low magnetic fields, for which
`/a ∼ 30, colonies quickly escape into the bulk fluid, where the magnetic field turn them back to towards the surface. This
process of collision and alignment causes colonies to accumulate near a surface like an active gas. Increasing the magnetic field
such that `/a ∼ 1 causes this active gas to condense on the surface as an active two-dimensional fluid. Examining the dynamics
of this active fluid reveals that contact with a surface increases the rotational diffusion coefficient by a factor of eight.

II. RESULTS

A. Enrichment of MMB

MMB have not been grown in pure culture. We enrich them from sediment taken from a shallow pool in a Massachusetts
salt marsh (41◦34′34.2′′ N, 70◦38′21.4′′W) between late Spring and early Fall and maintained in the lab. We lightly stir the
sediment and place a neodymium magnet near the sediment surface [14, 21]. After twenty minutes, we collect 1 ml of water
near the magnet surface. This material is placed in a vial, mixed lightly, and placed next to a magnet for an additional twenty
minutes. By collecting the 0.1ml of water near the magnet surface, we find thousands of MMB colonies, which represent the
overwhelming majority of cells.

B. MMB Motion in the Bulk Fluid

We begin by characterizing the motion of free-swimming MMB in an applied magnetic field [17]. We inoculate MMB colonies
into a rectangular microfluidic chamber (1.5 cm× 1 cm× 0.015 cm), composed primarily of Polydimethylsiloxane (PDMS) and
sealed on one side with a glass slide. We focus a microscope (Olympus X71, 20× objective) on a plane halfway between the top
and bottom of the chamber. The entire experiment is performed inside a 3-axis Helmholtz coil (Walker Scientific, 76 cm coils),
which creates a magnetic field B as large as 600µT with 1µT precision; the magnetic field varies over the field of view by less
than 0.03%.

We initially apply a constant magnetic field of 256µT and measure the angle θ(t) between the velocity U of each colony and
B at time t. MMB swim with average speed U = 75µm/s, although individual colonies show substantial variability in the range
of 45µm/s to 134µm/s (95% confidence interval). Although their average direction of motion is parallel to the applied field,
rotational diffusion causes their direction to slightly fluctuate with 〈θ2〉 = 0.17 rad2. By switching the magnetic coils through
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Figure 1. Multicellular Magnetotactic Bacteria live in spherical colonies composed of about 50 bacteria that grow and move like a single
organism [22]. (a)–(f) As the cells in a colony divide, the colony grows, elongates, and divides symmetrically. The scale bar is 4µm. Panels
(a)–(f) are modified slightly from Ref. [11] for legibility. Panel (g) shows the angle θ between the colony velocity U and the ambient magnetic
field B averaged over several hundred colonies as they turn to align with the field. The average alignment rate γ is fit for each magnetic field.
The solid black line is the solution of Eq. (1).

which current flows, we rotate the field by 90◦ and measure θ(t) as MMB align with the new field [see Fig. 1(g), supplemental
video SV1, and supplemental Fig. S1 [23]].

To measure the magnetic moment m and rotational diffusion coefficient Dr of MMB colonies, we compare these trajectories
to the two-dimensional motion of a colony that swims at constant speed parallel to its magnetic moment, which passively rotates
to align with the ambient field [24, 25]. Combining this deterministic motion with rotational Brownian motion, gives the angular
velocity

dθ

dt
= −γ sin(θ) +

√
2Drη(t), (1)

where η is white noise with 〈η(t)〉 = 0 and 〈η(t)η(t′)〉 = δ(t− t′). The colony swims with velocity

U = U (cos(θ)x̂+ sin(θ)ŷ) , (2)

where x̂ and ŷ are unit vectors parallel and perpendicular to the applied field, respectively. As shown in Fig. 1(g), the measured
trajectories of swimming MMB colonies are in good agreement with this model. At 256µT, we find γ = 1.24 ± 0.02 s−1.
The rotational diffusion coefficient Dr = 〈θ2〉γ = 0.212 ± 0.003 rad2/s is measured from the trajectories before the field was
rotated. Its value is roughly similar that of the eukaryotic alga Chlamydomonas reinhardtii (0.4 rad2/s) [18]. By fitting the
trajectories of 128 individual MMB colonies, we find the natural variability of magnetic moments in the sample to range [26]
from 3.9× 10−15 Am2 to 10.9× 10−15 Am2 (95% confidence interval).

C. An Active Gas of MMB Near a Surface

Next, we investigate how the motion of MMB changes as they are scattered from a surface. We apply a field to direct
MMB to collide normal to the chamber wall. We begin by considering a null model of colony-surface interference. If the
surface principally acts to cancel the normal component of the colony velocity, the rate ke at which MMB escape is the rate
at which rotational diffusion turns the colony away from the surface. Given a correlation time γ−1 of fluctuations, ke ≈
γ erfc

(√
π2γ/8Dr

)
. At a magnetic field of 0.29mT, the expected rate of escape ke = 7× 10−5 s−1. We therefore expect that,

once a colony collides with a surface, it will remain trapped for several hours.
In contrast to this naı̈ve estimate, when a colony collides with the chamber wall, it is only in contact for a fraction of a second

before it escapes back into the bulk fluid [Fig. 2(a) and supplemental video SV2 [23]], where it realigns with the ambient field.
The measured concentration n of colonies, normalized by the concentration at the surface n0, at a distance X from the wall
[Fig. 2(b)] is consistent with an exponential decay. As we increase the magnitude of the magnetic field, the exponential profiles
become more sharp as colonies are confined more closely to the wall. The penetration depth λ of colonies into the bulk fluid is
proportional to the turning length `; we find λ/` = 1.5± 0.04. We conclude that colonies scatter after a collision with a surface
into the bulk fluid, where they realign with the ambient field and collide with the surface again.
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Figure 2. MMB scatter from a surface. (a) A snapshot of an experiment (B = 0.29mT) is shown. Red circles show positions of colonies
near the chamber wall (black line). The blue curve shows the trajectory of a colony that collided with the wall. (b) Colonies are distributed
exponentially about the wall. The distance X from the wall is normalized by `. The black line shows the best fit exponential.

D. Formation of a Two-Dimensional Active Fluid

These results imply that at a critical magnetic field B = 8πµa2/m ∼ 4mT, the turning radius ` shrinks to the size of a single
MMB colony. At such a high magnetic field, we expect the active gas of free-swimming MMB colonies to condense on the
surface as a two-dimensional phase of active matter.

We modify our experiments to visualize this state of active matter [see Fig. 3(a)]. To generate the relatively high magnetic
fields required, we wrap a 40× microscope objective with 1000 turns of copper wire. We generate fields between 0.9mT and
4.0mT measured at the focal distance of the objective. We inoculate a chamber composed of a glass slide and coverslip separated
by a 250µm plastic spacer (Gene Frame, ThermoFisher Scientific, USA). We focus the microscope to just below the height of
the coverslip.

As we increase the magnetic field, we observe the emergence of a two-dimensional fluid phase [25, 27]. At high magnetic
field (B > 2.0mT), MMB colonies display roughly hexagonal order [28–31] [see Figs. 3(b) and 6 supplementary video[23]
SV3] with many vacancies. We measure the concentration of colonies and extract their positions, velocities, and trajectories
over the course of one minute. The concentration of colonies on the surface increases linearly with B to an area fraction of 0.61
at B = 3.2mT, where it saturates. Removing the magnetic field causes colonies to rapidly escape to the bulk fluid, implying
that the magnetic field produced by the MMB is insufficient to trap colonies [25].

E. Dynamics of Individual MMB in an Active Fluid

We begin our analysis by studying the motion of isolated colonies as they move over the two-dimensional glass surface. A
colony may move laterally over the surface either because it exerts a force or it is advected by the flows generated by a nearby
colony [29]. To disentangle these two components of motion we examine the trajectories of isolated colonies shortly before they
collide. We find [Fig. 4(a)] that the the root-mean squared distance 〈r2〉 initially grows quadratically with time, consistent with
ballistic motion, up to a time τB, after which 〈r2〉 grows linearly in time. The timescale for ballistic motion τB increases in
proportion to γ−1, indicating that colonies tumble for as long as their magnetic moment is misaligned from the ambient field.
We conclude that the colonies move over the surface like non-interacting hard Brownian disks and that the influence of advection
by neighboring colonies is imperceptible.

Fitting the effective two-dimensional diffusion coefficient Deff to these trajectories [32], we find reasonably large values of
Deff [Fig. 4(b)], which decrease with the applied magnetic field. At the lowest magnetic field, Deff = 104± 3µm2/s.

Next, we use these measurements to infer the rotational diffusion coefficient of colonies near the surface. The in-plane
diffusion coefficient Deff = 〈v2

t 〉/2γ [33], where vt is the speed tangent to the chamber wall. From Eq. (2), colonies move
laterally with velocity vt = U sin(θ). At high magnetic field, 〈v2

t 〉 ≈ U2〈θ2〉 = U2Dr/γ. Note that increasing the magnetic
field decreases both the time scale for ballistic motion and the typical speed (see supplemental [23] Fig. S3). Combining these
effects, Deff = U2Dr/2γ

2. Fitting the measured diffusion coefficients at various magnetic fields to this model [Fig. 4(b)], we
find Dr = 1.6 rad2/s. We conclude that the rotational diffusion coefficient of colonies near a surface is eight times greater than
that of freely-swimming colonies (Dr = 0.212 rad2/s).

To understand how the increase in rotational diffusion is reflected in the motion of colonies, we measure the distribution of
instantaneous velocities vt for all the colonies in the field of view, including those in contact with others. At the lowest magnetic
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Figure 3. MMB are directed to collide normal to a coverslip by an applied magnetic field. (a) A schematic of the experiment is shown. The
microscope is focused one colony radius below the top surface. (b) At the highest magnetic field examined (4mT), colonies localize on the
glass surface, where they diffuse laterally and collide with one another. The contact network is shown to highlight the local hexagonal order
of the active fluid and the many vacancies, dislocations, and voids. The scale bar is 10µm.

field examined, vt is Laplace distributed [Fig. 5], in stark contrast to the Gaussian fluctuations predicted by Eq. (1) and observed
in the motion of free-swimming colonies (see supplemental [23] Fig. S2). As the magnetic field increases, the distribution
becomes Gaussian for small vt, but the exponential tails remain.

This anomalous behavior can be understood as a consequence of the multicellular nature of the colonies. Equations (1) and
(2) implicitly assume that the coordinated action of the cells in a colony can be approximated as a single point force. In reality,
each cell exerts a force on the colony. Consider the effect of a single cell on the motion of the colony. By Eq. (1), an individual
cell produces velocity fluctuations that are normally distributed N (vt, w) with zero mean and variance w. As the component of
the force exerted by different cells tangent to the wall varies with the position of the cell in the colony, the motion of the colony
is a weighted sum over the forces exerted by each cell. Approximating the sum over the several tens of cells in a colony as an
integral and assuming an exponential distribution p(w) = e−w/2b2/2b2 of weights [34], the weighted sum

P (vt) =

∫ ∞
0

N (vt, w)p(w)dw =
1

2b
e−|vt|/b (3)

is Laplace distributed.
While this analysis is promising, a model is needed to explain why the weighting function p(w) would be exponentially dis-

tributed. We speculate that collisions between the hundreds of flagella covering the colony and the surface could be dynamically
important in reorienting the colony. The length of the flagella and the diameter of the colony may set the scale of the exponential
decay.

F. Dynamics of the Active Fluid

We now provide a brief over view of the large-scale dynamics of the active fluid, which will be the focus of a future paper.
As shown in Fig. 6(e), active fluids undergo a percolation transition [35]. This transition arises as the the concentration of
MMB trapped on the surface increases with the applied magnetic field. From each frame of the recorded videos, we extract the
center of each colony and reconstruct the contact network. To account for the polydisperse size distribution of colonies, we infer
contacts between colonies that are separated by less than twice the average colony diameter. We measure the distribution in the
number N of colonies in connected clusters. The variance in cluster size—averaged over the one minute experiment—increases
sharply and exhibits a maximum at the critical magnetic field Bc ≈ 2.0mT [Fig. 6(e)]. At this magnetic field a spanning cluster
emerges. The weight Ps of the spanning cluster increases with magnetic field. The packing fraction 0.46 of colonies at the
critical magnetic field is substantially less than the value predicted [36] for hard disks (0.673), suggesting slight adhesion [37]
or Motility-Induced phase separation [38] cause colonies to cluster.

We measure the pair-correlation function and structure factor of the active fluids at each magnetic field [39, 40]. The pair-
correlation function g(r) is consistent with that of a fluid; as the magnetic field increases g(r) develops secondary and tertiary
peaks [see Fig. 6(f)], which suggests that the active fluid becomes more structured with the increase in magnetic field. Moreover,
we find that the structure factor S(q) = 〈ρ(q)ρ(−q)〉/N—where ρ(q) is the Fourier transform of the density and N is the
number of colonies—is sharply peaked at low wave number q [see Fig. 6(g)], indicating that the fluid is compressible.

The most striking feature of the active fluids at the highest magnetic field is the persistence of large voids [Fig 6(d) and
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Figure 4. At high magnetic field, MMB diffuse laterally over the chamber wall. (a) The measured distance r between isolated colonies at a
time −t before they collide is consistent with the motion of hard Brownian disks; we fit the 2D diffusion coefficient Deff at each magnetic
field. The solid line is quadratic for −t < τB and then increases linearly with slope 16Deff [32]. (b) Deff decreases with increasing magnetic
field. The red line shows the fit to Deff = αB−2.
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Figure 5. The probability density functions of tangential velocities of colonies are shown for a range of magnetic fields. The number of
instantaneous measurements from which the distributions is calculated range from 6.5 × 105 (B = 0.9mT) to 1.6 × 106 (B = 4.0mT).
Normal and Laplace distributions are shown as guides to the eye.

supplemental [23] video SV3]. Voids form continuously as colonies escape from the glass surface. These voids diffuse through
the active fluid, coarsen as they merge, and diminish as escaped colonies collide with the coverslip. The average area of voids
evolve as a random walk. The instantaneous changes in void areas are—like the velocity of individual colonies—Laplace
distributed (see Fig. 7). A time series of the average void area shows a 1/f spectrum.

To characterize the effect of voids on the dynamics of the active fluid at the highest magnetic field, we measure the intermediate
scattering function [39]

F (q, t) =
〈ρ(q, t)ρ(−q, 0)〉
〈ρ(q, 0)2〉

. (4)

Fig. 6(h) shows F (q, t) for three values of q at the highest magnetic field. On scales similar to the size of a colony (2π/q =
1.5 colony diameters), density fluctuations decay diffusively. The relaxation of density fluctuations on the scale of 2π/q =
23 colony diameters reaches a plateau over the time scale of our measurements and the system is presumably arrested either by
a jamming transition (area fraction φ = 0.6) or possibly very slow glassy relaxation. At intermediate length scales (2π/q =
11 colony diameters) similar to the size of voids, the density fluctuations appear to relax logarithmically. A similar logarithmic
decay is observed for Brownian particles diffusing in an evolving pore space [41]. This similarity suggests that relaxation is
limited by the time it takes large voids to form, through which colonies can diffuse. In future work, we plan to extend the time
scale of the experiment to see if the slow relaxation is truly logarithmic or if it is an intermediate state in a two-step decay.
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Figure 6. Colonies self organize into active fluids. Increasing the magnetic field increases the concentration of colonies but decreases their
effective temperature. Representative snapshots show the geometry of the active fluids at magnetic fields (a) 0.9mT, (b) 2.0mT, (c) 2.8mT,
and (d) 4.0mT. Blue curves and red curves show the boundaries of finite clusters and spanning clusters, respectively. Scale bars are 10µm.
(e) The fluids undergo a percolation transition at a critical magnetic field Bc ≈ 2mT. Near Bc, the spanning cluster rapidly appears and
disappears as colonies reorganize. The distribution of cluster sizes N and weight of the spanning cluster are averaged in time. The (f) pair
correlation function g(r) and (g) structure factor S(q) are consistent with a compressible fluid. (h) The intermediate scattering function is
shown for B = 4.0mT. All distances r and wave numbers q are measured relative to the average colony diameter.

III. DISCUSSION AND CONCLUSION

We have experimentally investigated the motion of MMB near a surface. At relatively low magnetic fields, MMB accumulate
within a typical distance ` from a surface like an active gas. At a critical magnetic field, at which the typical distance ` a colony
swims into the bulk fluid decreases to the diameter of a colony, the active gas condenses into an active two-dimensional fluid.
Tracking individual colonies in the active fluid reveals that the rotational diffusion coefficient of the colonies increases by a
factor of eight when they are in contact with a surface and velocity fluctuations are Laplace distributed rather than Normally
distributed. As the applied magnetic field increases, the concentration of colonies in the active fluid increases, which leads to a
percolation transition. Density fluctuations on the scale of the void space of the fluid appear to relax logarithmically in time.

We turn now to the possible ecological and evolutionary significance of these results. In the natural environment, where the
ambient geomagnetic field is Bgeo = 51.9µT, the turning radius of the colony ` ≈ 300µm � a. Consequently, colonies
accumulate about obstructions as an active gas. This random motion could facilitate navigation through the labyrinthine pore
space. MMB use the the geomagnetic field to navigate the vertical chemical gradients in the top millimeters sediment [5]. To
successfully navigate through the pose space, MMB must balance motion along field lines with motion around obstacles. We
define the scattering number Sc = γ/ksc as the ratio of the rate γ at which MMB align with the magnetic field to the rate ksc

at which colonies orient their motion in random directions. If Sc � 1, colonies move deterministically along field lines. Such
colonies are unable to navigate the complex pore space because they become trapped as soon as they collide with a surface.
If Sc � 1, colonies move diffusively through the sediment and cannot align with the ambient field. Thus, natural selection
may tune the phenotype of colonies such that Sc ∼ 1. Having found that MMB scatter upon collision with a surface, we
estimate the scattering rate from the time U/`p require for an MMB to swim one pore diameter `p ≈ 0.1mm. Indeed, in the local
geomagnetic fieldBgeo, Sc = mBgeoU/8πµa

3`p ≈ 1/3. This scaling can be rewritten to highlight the reflection of environment
on the phenotype as

mU

a3
∼ 8πµ`p

Bgeo
, (5)

where the left hand side describes the phenotype of the colony, upon which natural selection can act, and the right hand side is
determined by the environment.
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Figure 7. The two-dimensional active fluid formed by colonies at the highest magnetic field examined (4mT) shows a prevalence of large
voids. The typical size of a void ≈ 200µm2 is much larger than the cross-sectional area of a colony 40µm2. Voids form as colonies escape
the surface. The voids diffuse through the fluid and merge (see SV3.avi [23]). To characterize these dynamics we measure the average area
〈Avoid〉 of voids that are entirely surrounded by colonies. (a) Like the velocity fluctuations of individual colonies, instantaneous fluctuations
of void areas are Laplace distributed. The average change is zero, consistent with the persistence of voids. (b) The power spectrum of the time
series shown in the first panel shows a 1/f dependence (red curve).
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V. APPENDIX

Tracking the motion of swimming colonies allows us to measure their magnetic moment and rotational diffusion coefficient
and characterize the dynamics of active fluids. We track colonies in two experiments. In the first experiment, colonies swim in a
microfluidic chamber. The applied magnetic field is orthogonal to the optical path used to visualize the colonies. In the second
experiment, colonies are directed towards a coverslip. The optical path is parallel to the magnetic field. These differences require
different approaches to identify the positions of colonies in each frame.

Colonies swimming in the microfluidic device appear as dark circles on a bright background (see videos [23] SV1.avi and
SV2.avi). The large contrast difference between free-swimming colonies and the background makes tracking the colonies rela-
tively simple. We first average all the frames from the video to find the background light intensity. Subtracting the background
intensity from each frame highlights the positions of the colonies. We then apply an intensity threshold and extract the centroid
of each dark disk. The trajectories of the centroids are extracted using the Matlab function “assignDetectionsToTracks.”

In the second experiment, colonies move laterally over the chamber surface. In these experiments, the scattering of light
through the individual cells that compose the colonies give each colony a textured appearance when it is in focus (see video [23]
SV3.avi). Colonies swimming below the focal plane appear as bright disks with dark halos. The textured appearance of colonies
and their close proximity to each other makes the extraction of their positions challenging. We identify the position of colonies
in three steps. We first average all of the frames in the video to find the background illumination, which we subtract from each
frame. Next, to highlight the texture of each colony, we measure the local standard deviation of the image; at each point in
the frame we measure the standard deviation of pixel intensities in a neighborhood of one half of a colony radius. Finally, we
identify circular components in the image of the local standard deviation by using the Matlab function “imfindcircles,” which
computes the circular Hough transform. We adjust the parameters in this procedure to eliminate false positive. Comparing
the positions of colonies identified by this method to the original images, we find a rate of about 15% of false negatives and
very few false positives. We use these instantaneous measurement of positions to calculate the contact network, pair correlation
function, scattering function, and intermediate scattering function (see main text figure 6). We extract the trajectories of colonies
from their positions using the Matlab function “assignDetectionsToTracks.” Doing so allows us to calculate their instantaneous
velocities and measure the distance between isolated colonies immediately before a collision (see main text figures 4 and 5).

To test the sensitivity of these results to the considerable number of false negatives, we developed a complementary method
to identify connected clusters of colonies. Again, we begin by subtracting the background image from each frame to remove
inhomogeneities in illumination. Next, we apply an intensity threshold to identify regions of the image that are occupied by
colonies. While the colonies are textured, the average intensity is darker than the background. The resulting binary image
includes all of the colonies in the image as well as the dark halos of colonies swimming below the focal plane. Next, we find the
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connected components formed by colonies in contact with each other. To do so, we first dilate the binary image using a circular
neighborhood of three pixels (about one tenth the colony radius). After dilating the image three times, we then erode the binary
image three times using the same circular filter. This process of dilation and erosion fills in small holes and connects colonies
that are close together. The perimeters of these clusters are shown in Fig. 6 and supplemental video [23] SV3. Computing the
weight of the spanning cluster and the variance of cluster areas shows the same percolation transition at a critical magnetic field
2mT as found from the reconstructed contact network.
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