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Large ensembles of interacting, out-of-equilibrium
agents are a paradigm of active matter. Their con-
stituents’ intrinsic activity may entail the sponta-
neous separation into localized phases of high and
low densities1–3. Motile microbes, equipped with
ATP-fueled engines, are prime examples of such
phase-separating active matter4,5, which is fun-
damental in myriad biological processes6–10. The
fact that spontaneous spatial aggregation is not
widely recognized as a general feature of micro-
bial communities challenges the generalization of
phase separation beyond artificial active systems.
Here, we report on the phase separation of pop-
ulations of Chlamydomonas reinhardtii that can
be controlled by light in a fully reversible man-
ner. We trace this phenomenon back to the light-
and density-dependent motility, thus bridging the
gap from light perception on the single-cell level to
collective spatial self-organization into regions of
high and low density. Its spectral sensitivity sug-
gests that microbial motility and phase separation
are regulated by the activity of the photosynthetic
machinery. Characteristic fingerprints of the sta-
bility and dynamics of this active system paint a
picture that cannot be reconciled with the current
physical understanding of phase separation in ar-
tificial active matter, whereby collective behavior
can emerge from inherent motility modulation in
response to changing stimuli. Our results there-
fore point towards the existence of a broader class
of self-organization phenomena in living systems.

A common principle shared by active systems is the
fact that the local behavior of the individual agent deter-
mines if and how the ensemble self-organizes into large-
scale structures3. This local behavior is governed by the
agent’s intrinsic motility, as well as the mutual interactions
between different agents. Collective behavior of motile
agents has been explored for a multitude of active sys-
tems, including populations of microscopic droplets11, col-
loids12–14 and bacteria15. Coherent self-organization may
manifest itself with the local alignment of velocity16–18

and also via the formation of clusters1–3. The latter
phenomenon has been described by a positive feedback
through a generic coupling of local density and velocity of

physically interacting particles to explain the separation
into high-density and low-density phases of colloids19–30

Models within this state-of-the-art theoretical framework
are based on a density-dependent motility and successfully
capture aggregation of artificial active particles in sim-
ulations and experiments1,22,31. Motile microorganisms
are intrinsically far from equilibrium and may in princi-
ple fulfill the same basic prerequisites as artificial agents
that interact through steric and hydrodynamic interac-
tions. However, they may also regulate their motility ac-
cording to the density of neighbours (quorum sensing),
respond to external chemical (chemotaxis) and light (pho-
totaxis) gradients and be subject to birth and death. In
light of this rich behavior, the generalization of theoretical
frameworks towards microbial populations requires full ex-
ternal control of the motility characteristics in the absence
of any effects other than physical interactions of the living
species. Generally, the investigation of the principles guid-
ing spontaneous aggregation in microbial communities has
remained scarce, which is rather surprising because of its
enormous relevance for the marine food web6,10,32,33, and
biofilms8.

In the present work, we demonstrate that motility and
spatial phase separation in active suspensions of Chlamy-
domonas reinhardtii cells in a confined environment can
be directly controlled by light. In the absence of photo-,
chemo- and gravitaxis, we show that these light-perceiving
microbes exhibit a light- and density-dependent motil-
ity, which allows to traverse into a regime of sponta-
neous phase separation of the active suspension. In this
regime, the velocity and diffusivity of the motile cells ex-
hibit power-law behaviors that are at variance with pre-
dictions from motility-induced phase separation (MIPS)19.
Interestingly, the appearance as well as the dynamics of
phase separation are governed by the light intensity and
wavelength as control parameters, providing a direct link
between the activity of the photosynthetic machinery, mi-
crobial motility and large-scale self-organization.

Aggregation of motile cells at low light intensity
In our experimental setup, a suspension of motile C. rein-
hardtii cells is confined in a circular compartment of radius
R = 1.5±0.05 mm and height h = 21±1 µm, as displayed
in Fig. 1a,b. This quasi-2D confinement allows for identi-
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Figure 1: Light-switchable phase separation of confined C. reinhardtii suspensions. Freely swimming
C. reinhardtii cells are confined in a cylindrical compartment (radius R = 1.5 mm, height h = 21 µm) and illuminated
with red light (λ = 671± 5 nm). a,b A cell suspension of global cell density ρ0 = 1300 cells mm−2 is homogeneous (a)
for a light intensity I = 20 µmol m−2 s−1 (referred to as high), and separated into a dense phase in the center and a
dilute phase otherwise (b) for I = 0.37 µmol m−2 s−1 (referred to as low). c,d Cell tracking analysis for an experiment
at I = 0.37 µmol m−2 s−1 and ρ0 = 2370 cells mm−2. c Snapshot with cell positions color-coded according their local
cell density ρ measured by Voronoi tessellation. d Snapshot with cell positions (blue dots) and their trajectories (red
lines) over the previous 0.5 s. e Velocity-density coupling v(ρ) for different light intensities I and global cell densities
ρ0. The dashed line corresponds to v ∝ ρ−0.5. f,g Emergence of phase separation as evidenced by the spatio-temporal
evolution of v and ρ, after switching to low light intensity at time t = 0 s. h Semi-log representation of the cell velocity
v(t) at the center of the compartment, where vf denotes the steady state velocity within the dense phase. Lines
indicate best linear fits to the experimental data before (dashed) and after (dotted) the onset of phase separation;
their intersect determines the onset time ton. The inset displays onset time ton and velocity decay rate γ as a function
of ρ0; dashed lines represent best linear fits to the data. N indicates the number of independent experiments.
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fying and tracking a large number of cells in their plank-
tonic, i.e. free swimming, state over extended time periods.
Experiments are performed using bright field microscopy
and red light (wavelength λ = 671 ± 6 nm) in order to
safely inhibit phototactic effects34 and surface attachment
of the cells35. When a dense suspension of C. reinhardtii
cells is exposed to a light intensity I = 20 µmol m−2 s−1,
in the following referred to as “high” light intensity, we
find that the cells are homogeneously distributed in the
compartment (see Fig. 1a). Remarkably, when the light
intensity is decreased to I = 0.37 µmol m−2 s−1, referred
to as “low” light intensity, the same community of motile
cells exhibits a spatially inhomogeneous distribution fea-
turing a substantially enhanced cell density in the center
of the compartment, see Fig. 1b. This effect is completely
reversible when the light condition is reverted (see Sup-
plementary Fig. 1).

Besides spatially localized density variations (Fig. 1c),
we find that also the cell motility exhibits spatial varia-
tions, with cells at high local cell densities moving slower
than their counterparts at lower cells densities (Fig. 1d),
which points at a collective effect mediated by steric and
hydrodynamic interactions. A generic coupling of swim-
ming motility and local density becomes evident by linking
the local cell density, ρ, and the local root-mean-square
(rms) speed of the cells, v. At high light intensity, the v
vs. ρ scatter plot is highly localized exemplifying the fact
that the system can be considered homogeneous (Fig. 1e).
In contrast, we observe a bimodal distribution of veloci-
ties and densities for low light intensity, representing the
dense phase in the center and the dilute phase elsewhere
in the compartment (see Supplementary Fig. 2). Notably,
the transition between both phases follows a power-law
with v ∝ ρ−0.5±0.1, independent on the global cell density
of the suspension. The direct comparison of the different
steady states for the same cell density demonstrates that
the rms velocity v is substantially lowered at lower light
intensities, which suggests that the emergence of the spa-
tial pattern is induced by a modulation of the cell motility
at different light intensities.

Phase separation kinetics
To elucidate the phase separation phenomenon, we now
turn to study its dynamical properties. The local den-
sity ρ and the swimming velocity v are monitored as a
function of both time and distance from the center of the
compartment, see Fig. 1f,g, after switching the light inten-
sity from high to low at time t = 0. The rms swimming
velocity v is initially independent of the position within
the compartment, as expected for the homogeneous state.
From t = 0 onward, we find that v linearly decreases in
the entire compartment at a comparably small constant
rate of 0.08 ± 0.03 µm/s2 (dashed line in Fig. 1h). At a
characteristic onset time ton in the range of tens of sec-
onds, the swimming velocity in the center of the compart-
ment strongly decreases, see Fig. 1f. This high-density re-
gion continuously grows in size until after a few minutes it
reaches a steady state, characterized by a well-defined final
size (see Supplementary Fig. 3). In accordance with the
previously described coupling v(ρ) for the steady states,
also the local cell density increases in the center of the

compartment, with a time lag of about 4 to 7 s to ton, see
Fig. 1g. This sequence of events suggests that the change
in light intensity has an immediate effect on the motil-
ity of the cells, which subsequently, via the generic v(ρ)
coupling, manifests in changes of the cell density.

The kinetics of the phase separation process are char-
acterized by the local velocity in the center of the com-
partment decreasing exponentially with time, i.e. v−vf ∝
e−γt, where γ is the velocity decay rate and vf the steady
state velocity within the dense phase, see Fig. 1h. Both
the onset time ton and the decay rate γ decrease linearly
with the global cell density, see inset of Fig. 1h, i.e. phase
separation sets in earlier and dense and dilute phases form
faster at higher cell densities.

Light intensity and color discrimination
The emergence of the phase separation in C. reinhardtii
suspensions is directly linked to the motility characteris-
tics of the individual planktonic cells, which are consider-
ably affected by the light intensity. The motility of each
individual microbe is driven by its continuous and coor-
dinated flagella beating, which is fueled by the conversion
of ATP into mechanical stresses by the molecular motors
at play36. C. reinhardtii is a mixotrophic microorganism,
and as such it is able to produce ATP either through pho-
tosynthesis, and through the respiratory system via the
consumption of sugars. By reducing the light intensity,
the photosynthetic activity of the cells is lowered, eventu-
ally forcing them to switch from using the photosynthetic
mechanism and to respiration37.

In the following, we establish the link between light-
regulated energy conversion, motility characteristics, and
phase separation in photoactive suspensions. So far, we
reported on active suspensions that were illuminated with
a single wavelength λ = 671 nm and two light intensities,
which we referred to as “low” and “high”, see Fig. 1. For
the exact same microbial suspension, we now systemati-
cally tune the light intensity and wavelength, and evalu-
ate the distributions of local velocity v and cell density
ρ, see Fig. 2. We find that, below a critical light inten-
sity, the suspension gradually transitions from a homo-
geneous state to a phase-separated state. Upon decreas-
ing the light intensity, the initial unimodal distribution of
data points splits into a bimodal distribution, where the
two clusters, corresponding to the dilute and the dense
phase, progressively move apart, see Fig. 2a. In addi-
tion, the overall velocity of the cells monotonically de-
creases with decreasing light intensity, exemplifying that
the light intensity can be used as a control parameter for
the cell motility. We find that a cumulative plot of the
normalized velocity, ṽ = v/v(ρ = ρ0), versus the nor-
malized density, ρ̃ = ρ/ρ0, collapses all light intensities
onto one master curve with a slope of −0.5 ± 0.1. This
implies dv(ρ)/dρ|ρ=ρ0 = −0.5v(ρ0)/ρ0, which is in accor-

dance with the power-law dependence v ∝ ρ−0.5 shown
in Fig. 1e, and demonstrates that the same power-law
persists for all different light intensities (see Fig. 2b) and
global densities (see Supplementary Fig. 4).

In analogy to gas/liquid phase separation, we further
introduce the difference between the average cell densities
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Figure 2: Light intensity and wavelength control the emergence of phase separation. a Local rms cell
velocity v versus local cell density ρ for different red light intensities (λ = 671 nm). b Scaled ρ and v of the experimental
data shown in a using the global cell density, ρ0, and the velocity at the global dell density, v(ρ = ρ0), respectively.
c Color-coded representation of the order parameter, ∆ρ, as a function of light intensity and wavelength. d Order
parameter ∆ρ as a function of the chlorophyll-absorbed light intensity, IA, for different light wavelengths. All results
shown in a to d were obtained from the same population of C. reinhardtii cell with ρ0 = 3400 cells mm−2, whereby the
light conditions were changed in random order. e Phase diagram ρ0 versus I characterizing the critical light intensity
and critical cell density of phase separation (blue circles: ∆ρ = 0, black squares: ∆ρ 6= 0). f Above the critical cell
density, ∆ρ is independent of the global cell density ρ0 (shown for I = 0.37 µmol m−2 s−1).

in the dense and dilute phase ∆ρ as an order parame-
ter38 (see Supplementary Fig. 2a). Fig. 2c displays ∆ρ
for different light intensities and wavelengths. Clearly, ∆ρ
does not only depend on the light intensity, as evident
from Fig. 2a,b, but also the wavelength of the illumina-
tion controls ∆ρ. As shown in Fig. 2c, the critical light
intensity for phase separation is about one order of magni-
tude smaller for red (λ = 671 nm) compared to green light
(λ = 555 nm), suggesting that chlorophyll a and b, which
are responsible for the regulation of the photosynthetic
machinery and the synthesis of ATP, might be involved.
Indeed, we find that ∆ρ versus the light intensity IA ab-
sorbed by chlorophyll for each wavelength39 collapse onto
a master curve, see Fig. 2d, suggesting that the regulation
of the photosynthetic machinery governs phase separation
of C. reinhardtii suspensions. For decreasing IA, the order
parameter ∆ρ increases and saturates at about 1500 cells
mm−2 for low light intensities.

Aside from the light intensity and wavelength, also the
global cell density plays a key role on the appearance of
phase separation. We explore the phase space of the phe-
nomenon by gradually varying the light intensity for ac-
tive suspensions of different cell densities and summarize
the results in a phase diagram, see Fig. 2e. Interestingly,
we find that there is not only a critical light intensity for
the phase separation to appear, but also a critical cell
density, ρc, at about 800 cells mm−2 for a light intensity
I = 0.37 µmol m−2 s−1. As shown in Fig. 2f, we find that
there is a discontinuity in ∆ρ at the critical cell density
ρc, which is strikingly different to the continuous transi-
tion observed for experiments at constant ρ0, see Fig. 2d.

Taking these findings together, we revealed a complex in-
terplay of light conditions and cell density regulating the
emergence as well as the appearance of phase separation of
confined C. reinhardtii suspensions. Unraveling the mech-
anism at the cellular level underlying the emergence of
phase separation of motile microbes ultimately requires
establishing a quantitative link between light conditions,
cell density and microbial motility, which we address in
the following.

Unraveling the motility–density dependence
We first consider cell densities ρ0 < ρc, where the confined
suspension is spatially and temporarily homogeneous for
all light intensities. In this regime, the probability dis-
tributions of velocity p(v) and local density p(ρ), respec-
tively, exhibit a single maximum, as shown in Fig. 3a,b.
Upon decreasing the light intensity for the same cell sus-
pension, we identify characteristic deviations of p(v) and
p(ρ). These changes are quantified using the residual
r(v) = (p(v)− ph(v)) /ph(v), where ph(v) is the velocity
distribution at high light intensity. As shown in Fig. 3a,
the probability of finding smaller cell velocities gradually
increases with decreasing light intensity. As a result of the
velocity-density coupling, see Fig. 1e, the variation of p(v)
causes a corresponding variation of p(ρ), which manifests
as a higher probability of finding enhanced local cell den-
sities at lower light intensities, see Fig. 3b. Interestingly,
neither the values nor the positions of the maxima of p(v)
and p(ρ) are affected by changing the light intensity.

Having established the link between light intensity and
cell motility, we now explore the coupling between cell
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Figure 3: Motility characterization of dilute and dense C. reinhardtii suspensions. a,b Motility of a dilute
suspension with ρ0 = 400 cells mm−2 for different light intensities. a displays the probability distribution of velocities,
p(v), for the light intensity I = 20 µmol m−2 s−1, while b shows the corresponding probability distribution of local
densities p(ρ). The residuals r(v) and r(ρ) indicate how the distributions p(v) and p(ρ) change by reducing the light
intensity. c Semi-log representation of the velocity autocorrelation function, Cv, for I = 20 µmol m−2 s−1 and different
ρ0. The dashed lines correspond to best linear fits to the data. d Root-mean-square velocity as a function of local
cell density for Ilow = 0.37 µmol m−2 s−1 and Ihigh = 20 µmol m−2 s−1. The dotted line indicates the critical cell
density ρc. e Velocity correlation time, τC , as a function of the local cell density at Ilow and Ihigh. The dashed line
corresponds to τC ∝ ρ−0.5. f τC as a function of the collision time, τf . The dashed line is a best fit to Eq. (2). Inset:
Close-up of the same data at the transition to phase separation. Phase separation occurs only in the linear regime,
i.e. τC ∝ τf , where cell-cell interactions dominate. N is the number of independent experiments.

motility and density on the basis of quantitative statistical
measures of the experimental data and put these measures
into perspective of the theoretical frameworks of active
Brownian (AB) and run-and-tumble (RT) motion. Pre-
vious studies of the motility of C. reinhardtii were exclu-
sively limited to single cells, showing that the cell’s motion
is predominantly ballistic on short time scales and exhibits
sudden reorientations at a typical time τR

40,41, a behavior
that is described as RT motion. We quantify the cell motil-
ity in dense C. reinhardtii suspensions using the velocity
autocorrelation function42, Cv(t) = 〈vi(t = 0) · vi(t)〉,
where v is the velocity of an individual cell i. The aver-
age is taken over all tracked cells. As shown in Fig. 3c,
Cv follows an exponential decay, which is also expected
for ensembles of AB particles43. We thus express the ve-
locity autocorrelation function as Cv = v2e−t/τC , where
v =

√
〈v2〉 is the root-mean-square velocity, and τC de-

notes the velocity correlation time. For both RT and AB
motion44, τC characterizes particle reorientations and is
linked to the rotational diffusion constant DR = (2τC)−1.

In the following, we quantify v as a population average
for the experimental data at different global densities ρ0
and two different light intensities. As shown in Fig. 3d,
v exhibits a non-monotonic behavior for both light inten-
sities: The velocity initially increases with increasing ρ,
reaches a maximum of about 120 µm/s at a density of
about 800 cells/mm2, and decreases for larger ρ approach-
ing different minimum levels depending on the light inten-
sity, i.e. 91±2 µm/s for high light intensity and 63±3 µm/s

for low light intensity. In particular, the decrease of v(ρ)
in the case of the low light intensity follows the power-law
v ∝ ρ−0.5, in agreement with the velocity-density distri-
bution inferred from a single phase-separated population,
see Fig. 1e. The non-monotonic behavior v(ρ) suggests a
competition of two counteracting mechanisms: For ρ < ρc,
where the critical density ρc represents the position of the
maximum, the swimming cells predominantly interact via
hydrodynamic coupling of their local flow fields causing
an effective enhancement of the average motility45. For
sufficiently large densities ρ > ρc, however, the increased
frequency of collisions causes steric interactions to domi-
nate over hydrodynamic interactions46. From simulations
in quasi-2D47, the shape of v(ρ) is expected to be linear for
purely steric interaction, but becomes similar to the one
observed in our experiments after including hydrodynam-
ics. The value of ρc matches the critical cell concentra-
tion above which phase separation is observed, see Fig. 2f.
Thus, v(ρ) being a monotonically decreasing function ap-
pears to be an essential precondition for the emergence of
phase separation into localized dense and dilute phases of
motile cells.

The mechanism underlying the generic velocity-density
coupling are frequent collisions of the swimming cells,
which we characterize by evaluating the velocity corre-
lation time τC for different global densities ρ0. For both
light intensities, τC is decreasing for increasing density, see
Fig. 3e, i.e. the velocity of the cells decorrelates faster for
increasing ρ, which results from more frequent reorienta-
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tions of the motile cells due to more frequent cell-cell in-
teractions. In the framework of ensembles of AB particles
in 2D, τC ∝ τf is predicted, where τf is the time between
collisions. We now write the collision time as τf = lf/v,
where lf = (

√
8dρ)−1 is the mean-free-path in 2D and d

the cell diameter48. From τC ∝ lf/v and lf ∝ ρ−1, to-
gether with the generic coupling v ∝ ρ−0.5 extracted from
phase separation experiments (see Fig. 1e and Fig. 2b), we
expect

τC ∝ ρ−0.5, (1)

which is validated by our motility analysis (Fig. 3e,
dashed line). For individual C. reinhardtii cells, how-
ever, the motility is governed by their RT motion40, fea-
turing a characteristic tumble time τR. Thus, we expect
τC = τR in the density limit where the velocity decor-
relates due to tumble events rather than cell-cell colli-
sions. By adding the rotational diffusion constant for
the collision-dominated and the tumble-dominated regime
yields 1/τC = 1/(cτf ) + 1/τR, where c is the number of
collisions needed for the velocity to decorrelate. Thus, we
find

τC =
cτfτR
cτf + τR

, (2)

which quantitatively captures the experimental data using
v, ρ and d from N independent experiments, see Fig. 3f.
The values of τC increase linearly with τf in the collision-
dominated limit, i.e. for high cell densities and small τf ,
and saturate for large τf to a constant value representing
the tumble time of a single cell40. A best fit of Eq. (2)
to the data yields c = 4.8 ± 0.2 and τR = 4.2 ± 0.3 s. By
writing the rotational diffusion constant for the collision-
dominated regime as DR,c = ∆θ2/2τf , we find that ∆θ,
the change of the orientation of a cell after a collision,
remains on average constant and has a value of ∆θ = 26◦.
Spontaneous phase separation occurs for τf < 0.8 s, which
coincides with the regime where τC is linear with τf and
hence when the motility of the cells is dominated by cell-
cell collisions, as shown in the inset of Fig. 3f.

Phase separation in this active living system is exclu-
sively controlled by physical interactions, in the absence
of any external stimuli (see Supplementary Figs. 5). Be-
sides cell-cell interactions as discussed above, these also
include cell-wall encounters due to the constraints of the
habitat. Implementing physical boundaries, and thereby
steric cell-wall interactions, for a many-particle system of
AB agents reveals that they control the characteristic ap-
pearance of the phase-separated state (see Supplementary
Fig. 6), including the localization of the dense phase in
the center of the compartment (see Supplementary Fig. 7).
Active cell-cell and passive cell-wall interactions, though
both predominantly steric at high cell density, are funda-
mentally different on the single-cell level, which appears
to be a key ingredient of the symmetry-breaking process.

Discussion
Taking together all of the aforementioned measurements
reveal a complex interplay of the density of motile cells,
their motility characteristics and the light conditions,
which allows for isolating the key requirements of phase
separation of an ensemble of motile photoactive microbes:

First, when the active suspension is sufficiently dense cell-
cell interactions dominate the reorientation due to natural
tumbling motion. Second, the local velocity develops an
inverse power-law relationship with the local density. This
feature is an essential ingredient of a positive feedback
mechanism that allows for phase separation to develop,
since the cell flux, ρv, between the dense and dilute phase
has to be constant. This aspect of the phenomenon shares
conceptual similarities with motility-induced phase sepa-
ration (MIPS), where the inhibition of a particle’s ability
to reorient and escape nearby particles result in particle
clustering19,49,50. However, phase separation of dense sus-
pensions of motile C. reinhardtii cells is at variance with
predictions from MIPS, which requires the exponent of
v ∝ ρ to be smaller than -1. C. reinhardtii cells are not
trapped only due to difficulty reorienting, but also due to
the decrease in the velocity at low light intensity. The light
response is a unique effect of the photosynthetic activity,
which we identified as key parameter governing motility
and phase separation of C. reinhardtii suspensions. This
phase separation in confinement is solely based on physical
interactions of light-perceiving cells and occurs in the com-
plete absence of phototaxis, chemotaxis, gravitaxis and
quorum sensing.

References

1. Buttinoni, I. et al. Dynamical clustering and phase separation
in suspensions of self-propelled colloidal particles. Phys. Rev.
Lett. 110, 238301 (2013).
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Bäumchen, O. Adhesion of Chlamydomonas microalgae to sur-
faces is switchable by light. Nat. Phys. 14, 45 (2018).

36. Wan, K. Y. & Goldstein, R. E. Coordinated beating of algal
flagella is mediated by basal coupling. Proc. Natl. Acad. Sci.
USA 113, E2784–E2793 (2016).

37. Xue, X., Gauthier, D. A., Turpin, D. H. & Weger, H. G. In-
teractions between photosynthesis and respiration in the green
alga Chlamydomonas reinhardtii. Plant Physiol. 112, 1005–
1014 (1996).

38. Beysens, D, Straub, J & Turner, D. in Fluid Sciences and Ma-
terials Science in Space 221–256 (Springer, 1987).

39. Kan, K.-S. & Thornber, J. P. The light-harvesting chloro-
phyll a/b-protein complex of Chlamydomonas reinhardii. Plant
Physiol. 57, 47–52 (1976).

40. Polin, M., Tuval, I., Drescher, K., Gollub, J. P. & Goldstein,
R. E. Chlamydomonas swims with two gears in a eukaryotic
version of run-and-tumble locomotion. Science 325, 487–490
(2009).

41. Ostapenko, T. et al. Curvature-guided motility of microalgae
in geometric confinement. Phys. Rev. Lett. 120, 068002 (2018).

42. Alder, B. & Wainwright, T. Velocity autocorrelations for hard
spheres. Phys. Rev. Lett. 18, 988 (1967).

43. Zeitz, M., Wolff, K. & Stark, H. Active Brownian particles mov-
ing in a random Lorentz gas. Eur. Phys. J. E 40, 23 (2017).

44. Taktikos, J., Stark, H. & Zaburdaev, V. How the motility pat-
tern of bacteria affects their dispersal and chemotaxis. PLoS
one 8, e81936 (2013).

45. Volpe, G., Gigan, S. & Volpe, G. Simulation of the active Brow-
nian motion of a microswimmer. Am. J. Phys. 82, 659–664
(2014).

46. Matas-Navarro, R., Golestanian, R., Liverpool, T. B. & Field-
ing, S. M. Hydrodynamic suppression of phase separation in
active suspensions. Phys. Rev. E 90, 032304 (2014).

47. Theers, M., Westphal, E., Qi, K., Winkler, R. G. & Gomp-
per, G. Clustering of microswimmers: interplay of shape and
hydrodynamics. Soft Matter 14, 8590–8603 (2018).

48. Tong, D. Kinetic theory. Graduate Course, University of Cam-
bridge, Cambridge, UK (2012).

49. Suma, A, Gonnella, G, Marenduzzo, D & Orlandini, E.
Motility-induced phase separation in an active dumbbell fluid.
Europhys. Lett. 108, 56004 (2014).

50. Patch, A., Yllanes, D. & Marchetti, M. C. Kinetics of motility-
induced phase separation and swim pressure. Phys. Rev. E 95,
012601 (2017).

Acknowledgements The authors thank the Göttingen
Algae Culture Collection (SAG) for providing the Chlamy-
domonas reinhardtii strain SAG 11-32b. We thank M.
Lorenz for fruitful discussions and technical assistance.

Author Contributions O.B. and A.A.F. designed re-
search. A.A.F. led the experiments and A.A.F., J.F., and
F.-M.L. performed them. M.W. M.G.M. and A.A.F. led
the theoretical analysis. M.G.M and J.V. led the simula-
tions and J.V. performed them. A.A.F., J.V., J.F., M.W.,
M.G.M and O.B. contributed to the interpretation of the
data. A.A.F. wrote the first draft of the manuscript. All
authors contributed to the discussions and the final ver-
sion of the manuscript.

7



Methods

Cell cultivation Wild-type C. reinhardtii cells, strain
SAG 11-32b, were grown axenically in Tris-Acetate-
Phosphate (TAP) medium on 12 h−12 h day-night cycles
at temperatures of 24 ◦C and 22 ◦C, respectively, in a
Memmert IPP 100Plus incubator. The daytime light in-
tensity was 28±10 µmol m−2 s−1, while during the night-
time the light intensity was reduced to zero. Experiments
were performed with vegetative cells taken from the cul-
tures in logarithmic growth phase during the daytime on
the third day after incubation. The experimental culture
was centrifuged for 10 min at an acceleration of 100 g, the
excess fluid was removed, and the pellet of cells was resus-
pended in fresh TAP medium. Since cells may deflagellate
due to the mechanical shearing during the centrifugation,
the cell suspension was allowed to rest for 2 hours after cen-
trifugation, which is sufficient to regrow their flagella51. In
order to control the overall cell concentration in the sus-
pension, a hemocytometer (Neubauer-improved with dou-
ble net ruling) was used for manual cell counting. The final
cell suspension density before experiments ranged between
1× 106 to 8× 107 cells/mL.

Experimental setup All experiments were performed
with an Olympus IX83 inverted microscope and combin-
ing LED illumination (CoolLED) with bandpass filters.
The condenser was always adjusted to ensure Köhler illu-
mination, which provides homogeneous and reproducible
light conditions. A 4x objective was used in conjunction
with the magnification changer set at 1.6x resulting to a
total of 6.4x magnification. This configuration provides a
large field of view that includes the majority of the com-
partment (1.95 mm × 1.95 mm), while it is large enough
to perform single-cell tracking.

The compartments for the cell suspensions were made
out of polydimethylsiloxane (PDMS). Specifically, the
commercially available Sylgard 184 PDMS was used in
all experiments, and the mixing ratio used to produce the
PDMS is 10:1 by weight base to curing agent for all ex-
periments. In order to achieve the desired compartment
height, the mixture of PDMS was spin coated on a glass
slide at 1300 rpm for 5 minutes, to achieve the final thick-
ness of 21± 1 µm. The glass slide was immediately placed
on a hot plate at about 95 ◦C to accelerate the cross-
linking process of the PDMS chains. Afterwards, the glass
slides were placed in an oven at 75◦C for 2 hours to com-
plete the polymerization process, and a circular punch of
R = 1.5 mm (Harris Uni-Core) was used to produce the
desired circular compartment. For the experiments, 20 µl
of the suspension was pipetted in the compartment and it
was sealed with a secondary glass slide.

Light conditions The light conditions were precisely
controlled during all experiments. All experiments re-
garding the phase separation dynamics and the motil-
ity characterization (Figs. 1,3) were performed under red
light to avoid both phototaxis34 and adhesion to sur-
faces35. This was achieved using an interference band-
pass filter with center wavelength of 671 nm and a full
width at which the intensity is half of the maximum

(FWHM) of 10 nm. For the color discrimination exper-
iments (Fig. 2), additional interference bandpass filters
were used: 523 nm (FWHM: 23 nm), 555 nm (FWHM:
30 nm), 582 nm (FWHM: 10 nm), and 636 nm (FWHM:
20 nm). Wavelengths below 523 nm were not considered
since the cells may exhibit both phototaxis34 surface ad-
hesion35. All light intensities were measured using a Thor-
labs PM100D powermeter (Thorlabs S130C photodiode
power sensor) for monochromatic light.

Data recording and cell tracking All data were
recorded using a Photometrics Iris 9 camera at 33 fps.
The combination of the relatively high quantum efficiency
(> 73%) together with the 16-bit depth allowed for record-
ing data sufficiently fast at the lowest light intensities.
The array size of 2960 px×2960 px allowed for imaging a
large field of view to perform the experiments. A back-
ground image for each experiment was calculated as the
maximum intensity projection of the image sequence. The
maximum intensity was selected since cells appear darker
in the image. Hence, only stationary cells and objects will
appear dark in the background image. The background
image was then subtracted from the image sequence to
remove detection of any stationary objects. For very low
light intensities, there are intensity fluctuations within the
image sequence that can diminish the particle detection.
We solve this issue by scaling the intensity of each image
such that the average is constant for each image sequence.
Finally, we applied a 2.7×2.7 µm median filter.

The cells were detected using the circular Hough trans-
form52, which only needs a part of the boundary of a circle
to detect it. This is important in our case since we lose
part of the cell edges when the density becomes sufficiently
large. The disadvantage of the circular Hough transform
is that it requires a priori knowledge of the expected ra-
dius of the objects in the image. In our case we used a
range of radii between 3.3 µm and 7.2 µm. Once the cells
have been detected, their trajectories are determined by
using a Matlab based code by Blair and Dufresne53. The
only parameter needed for the calculation is the maximum
distance a particle can travel between frames. We chose
this parameter by setting the maximum possible velocity
of the cells to be 200 µm/s.

The cell velocity is taken as the displacement of the
tracked cells, ∆x, over one frame, ∆t = 30 ms, and, thus,
defined as v = ∆x/∆t. The local cell density ρ is calcu-
lated using the Voronoi tessellation of the tracked cells in
each frame. Voronoi tessellation partitions the space into
regions, with each region associated to a single cell. In
addition, any point in a given region is closer to the asso-
ciated cell of that regions compared to any other cell. We
define the area of the region associated to ith tracked cell
as Ai, and the corresponding local density as ρi = A−1

i . A
distribution of all ρi is shown in Fig. 3b, while for the data
shown in Fig. 1e and Figs. 2a,b, an azimuthal average has
been performed.

Chlorophyll absorbance The absorbance of a sub-
stance is defined as A = − log10 T , where T = IT /I0 is
the transmittance with IT and I0 the transmitted and in-
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cident light intensity. We define the absorbed intensity as
IA = I0 − IT = I0

(
1− 10−A

)
. Finally, we use the values

of A from literature for chlorophyll a and b obtained from
C. reinhardtii cells39. By comparing the detected parti-
cles with the original images, we estimated an error in our
cell detection. For ρ < 1500 cells/mm2, we have an error
of about 2% in the density, which can become as large as
6% for the highest densities.

Minimal active Brownian particle model We inves-
tigate a many-particle system composed of active Brown-
ian particles under confinement in quasi-2D. Each particle
is described by two overdamped Langevin equations

dr

dt
= ve−∇φWCA + ξ (3)

de

dt
= ξe × e (4)

where r and e are the position and orientation, re-
spectively, of the particle, and v its speed; the Gaus-
sian noises ξ and ξe model the random fluctuations of
the particle’s position and the orientation, respectively.
The particle-particle interaction is given by the Weeks–
Chandler–Anderson potential54, φWCA. The velocity de-
pends on the density and is approximated by a step func-
tion. The maximum velocity is fixed according to the ex-
perimental value as well as the critical density, for which
we observe the transition between the maximum and min-
imum velocities. The minimum velocity varies and rep-
resents the light intensity. Moreover, the translational
and rotational diffusion coefficients depend on the local
density. The diffusion coefficients represent the thermal
fluctuations in the surrounding medium but also the in-
teractions with the other active particles55–57. See the SI
for more details.
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