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A suspension of microswimmers, the simplest realization of active matter, exhibits novel mate-
rial properties: emergence of collective motion, reduction in viscosity, increase in diffusivity, and
extraction of useful energy. Bacterial dynamics in dilute suspensions suggest that hydrodynamic
interactions and collisions between the swimmers lead to collective motion at higher concentrations.
On the example of aerobic bacteria Bacillus subtilis we report on spatial and temporal correla-
tion functions measurements of collective state for various swimming speeds and concentrations.
The experiments produced a puzzling result: while the energy injection rate is proportional to the
swimming speed and concentration, the correlation length remains practically constant upon small
speeds where random tumbling of bacteria dominates. It highlights two fundamental mechanisms:
hydrodynamic interactions and collisions; for both of these mechanisms, the change of the swimming
speed or concentration alters an overall time scale.

PACS numbers: 87.16.-b, 05.65.+b

A suspension of microswimmers is the simplest realiza-
tion of active matter. It exhibits novel material proper-
ties, from emergence of collective motion [1, 2], reduction
in viscosity [3], increase in diffusivity [4, 5], to extraction
of useful energy [6]. Swarming, one of the manifestations
of collective motion in suspensions of motile microorgan-
isms, is critical for the survival of the colonies and has a
profound effect on the transport of nutrients, oxygen [5],
signaling, and the formation of biofilms [7]. Suspensions
of swimming bacteria have recently attracted enormous
attention as a convenient experimental and theoretical
model to examine fundamental aspects of collective mo-
tion [8, 9] exhibited by various biological and synthetic
systems, ranging from flocks of animals, cytoskeletal fila-
ments, to vibrated granular rods and chemical and light-
powered microswimmers [10–18]. While a large number
of theoretical and experimental papers was published on
various aspects of collective motion [1, 2, 19–27], the field
lacks conceptual clarity, especially on the role of indi-
vidual interactions between bacteria on the properties of
collective motion. Studies of bacterial dynamics in di-
lute suspensions suggest that hydrodynamic interactions
and collisions between the swimmers lead to collective
motion at higher concentrations [9, 21]. In spite of the
fact that models based on pure hydrodynamic interac-
tions were able to reproduce some key features of collec-
tive motion [19, 20, 22], like the instability of isotropic
state at concentrations above critical, recent experimen-
tal and theoretical works highlighted the importance of
direct collision and near-field hydrodynamic interaction
between the swimmers [8, 9, 21].
We probe physical properties of collective motion in

suspension of bacteria Bacillus subtilis via direct mea-
surements of collective bacterial flow and its correlation
length and time. We carried out a set of experiments
where the swimming speed of aerobic bacteria was con-
trolled by the concentration of dissolved oxygen. Clearly,
the swimming speed and the concentration of bacteria,

determining the total amount of energy injected by mi-
croorganisms into the suspending fluid, are fundamental
parameters of the collective swimming state. Moreover,
the magnitude of bacterial flow and the frequency of col-
lisions between bacteria are proportional to their swim-
ming speed and concentration. Thus, the variation of
bacterial swimming speed and concentration provides a
unique insight into the organization and structure of the
collective motion in active suspensions. Our experiments
produced a puzzling result: while the energy injection
rate is proportional to the swimming speed and concen-
tration, the correlation length remains practically con-
stant upon small speeds where random tumbling of bac-
teria dominates. It highlights two fundamental mech-
anisms: hydrodynamic interactions and collisions; for
both of these mechanisms, the change of the swimming
speed or concentration only alters an overall time scale.
Experiments were performed on strain 1085 of Bacillus

subtilis, a rod-shaped bacterium ∼ 5 µm long and ∼ 0.7
µm in diameter. The bacteria were grown in a Terrific
Broth (TB) medium (Sigma T5574) in sealed vials un-
der microaerobic conditions, resulting in colonies with in-
creased resistance to oxygen starvation and overall higher
swimming speed. Then the samples were concentrated
by centrifugation and placed in a fresh TB medium at
concentration ∼ 1−3×1010 cm−3. In the following, con-
centration is measured in units of c0, where c0 = 8× 108

cm−3 is concentration of the bacteria in the stationary
phase of growing.
Experimental apparatus is a modification of our

custom-built automated cell [2, 3, 6]. The computer-
controlled experimental cell based on of a free-standing
film of adjustable thickness design was placed inside a
container mounted on the moving stage of an inverted
microscope. A 10 µl drop of bacterial suspension was
placed between two crossed pairs of fibers, which formed
a small square “window”. By moving the frame, the
drop was stretched out until it formed a 5 mm×5 mm



2

free-standing film of thickness ∼ 400 µm. Average swim-
ming speed of the bacteria was controlled by the amount
of dissolved oxygen. A chamber with bacterial film was
connected to cylinders of compressed air and nitrogen
through two computer-controlled magnetic valves. The
concentration of oxygen dissolved in the suspended liquid
film was measured directly by a thin-wire sensor [28]. A
novel feature of the apparatus is the possibility to change
oxygen/nitrogen ratio cyclically, with an adjustable rate.

Figure 1a shows swimming speed of bacteria vs oxy-
gen concentration; up to 20 oxygen/nitrogen cycles were
performed during a single experiment to accumulate suffi-
cient statistics. Using Particle Image Velocimetry (PIV)
we have found that for a normal (atmospheric) oxygen
fraction, the average speed of bacterial flow is of the or-
der of 50-60 µm/s. Deprivation of oxygen reduces average
swimming speed to 10 µm/s. On the basis of many mea-
surements we observe that the speed of bacteria can be
represented by a linear function of oxygen concentration.

We have found that at high concentrations the bacteria
respond almost immediately to the change in oxygen con-
centration by changing their swimming speed (see [29]).
Aerobic bacteria tend to form a depletion layer in the
middle of the film and accumulate near open surfaces
due to oxygentaxis [5, 30]. Since the experiment is per-
formed in open thin-film geometry, the accumulation of
bacteria near top/bottom surfaces was minor. Moreover,
in our experiment the bacteria were also grown under
microaerobic conditions, resulting in increased resistance
to oxygen starvation. Thus, the formation of depletion
layer was not as pronounced as in [5]. The liquid film also
shrinks in the course of experiment due to water evapo-
ration. However, it does not lead to a noticeable increase
in the concentration [31].

FIG. 1: (color online) (a) Dependence of average swimming
speed of bacteria at high concentration (collective regime) on
the concentration of oxygen, blue heavy dots are experimen-
tal measurements, and dashed line is a guide for the eye. (b)
Correlation length as a function of swimming speed for dif-
ferent speed change rates. The arrows indicate the direction
of the change in swimming speed. Dashed line depicts size of
PIV interrogation window.

We performed about 400 oxygen cycles at different

FIG. 2: (color online) Select images illustrating instant flow
pattern at the bottom of the film for different concentrations
of oxygen (or average swimming speeds); red arrows depict
the direction and magnitude of bacterial flow, and colors show
the vorticity magnitude of bacterial flow. Concentration of
bacteria c = 30c0. The corresponding swimming speeds are
indicated in Fig. 1b by letters a-d, see also Supplementary
Movies 1 and 2.

rates, yielding change of the swimming speed with the
rates from 0.4µm/s2 to 3 µm/s2. The results were split
in four approximately equal groups according to the rate
of change: slow/fast increase and slow/fast decrease of
swimming speed, see Fig. 1b. The measured correla-
tion length L (spatial scale of collective motion) is prac-
tically constant at swimming speeds above 20 µm/s, and
falls off rapidly below it. The fall off is attributed to
a competition between noise (due to tumbling of bacte-
ria) and ordering dynamics. Since the correlation length
L is practically constant at swimming speeds above 20
µm/s, we argue that the effect of noise on collective mo-
tion is negligible, while at swimming speeds below 20
µm/s noise significantly affects bacterial dynamics, tend-
ing to terminate the collective motion. Corresponding
images demonstrating bacterial flow for different oxygen
contents (or swimming speeds) are shown in Fig. 2a-
d. Despite the fact that the average swimming speed
changes by a factor of 3, no visible change in the flow
pattern is observed in Figs. 2a-c. For small swimming
speeds (Fig. 2d) correlation length decreases and the flow
becomes more disordered compared to Figs. 2a-c [32].

Temporal properties of the collective state, charac-
terized by the velocity’s time autocorrelation functions,
K(t), were examined for different swimming velocities
and concentrations, Fig. 3a,c. In the regime of collec-
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FIG. 3: (color online) (a) Velocity’s time autocorrelation func-
tions at different average swimming speed values V . Time
is scaled by mean free time t0 = 1/cV l2. Concentration of
bacteria is 30c0 (b) Normalized correlation time T (scaled
by t0 = 1/cV l2) for different values of swimming speed. (c)
Velocity’s time autocorrelation functions scaled by t0 for dif-
ferent concentrations. Average swimming speed ≈ 39 µm/s.
Collective behavior disappears at concentration ≈ 12c0 ∼ 109

cm−3 (d) Correlation time T (scaled by t0 = 1/cV l2) and
spatial correlation length L (scaled by size of bacterium l)
for different values of bacterial concentration. Open symbols
mark concentration 9.5c0 where no collective motion is ob-
served. Vertical optical coherence tomography (OCT) scans
of the bottom part of the film for concentrations c = 15c0 (e)
and c = 30c0 (f). Bioconvection on the panel (f) is manifested
by bright plumes of increased bacterial concentration. Scale
bar is 225 µm.

tive swimming the functions (except the curve in Fig.
3c for c = 9.5c0 which is below the threshold of collec-
tive motion ccr ≈ 12c0) exhibit reasonable collapse if the
time is renormalized by t0 = 1/V cl2, where V is average
swimming speed, c is concentration of bacteria and l = 5
µm is typical length of a bacterium. Note that t0 has a
meaning of the mean free time between collisions in ki-
netic theory of gases. Deviations from the master curve
are possibly related to finite size effects and the onset of
bioconvection, compare Figs. 3e,f [5, 30]. Far from the
threshold, the correlation time normalized on t0, and spa-

tial correlation length L show practically no dependence
on the velocity, Fig. 3 b. We believe that a decrease in
the correlation length in Fig. 3d can be related to the
following effects: increased tumbling rate due to lack of
nutrients/oxygen in the bulk of the film, onset of biocon-
vection, slowdown of bacteria after collisions, jamming,
etc, see Fig. 3f. Since tracking of individual bacteria
at high concentrations is a technically hard problem, we
were not able to measure the tumbling rate as a function
of concentration and provide a detailed analysis of these
mechanisms.

To quantify the effect of tumbling, the dominant source
of rotational noise, experiments were performed in a di-
lute regime, well below the threshold of collective swim-
ming, where each and every bacterium was tracked indi-
vidually (see Fig. 4a,b and Supplementary Movies 3 and
4). While at a low oxygen concentration the tracks of
individual bacteria resemble random walk (Fig. 4a), at
higher concentration the tracks became mostly straight
lines (Fig. 4b). There are two major contributions to
the rotational noise: fluctuations of bacteria orientations,
and fluctuations of their velocity vectors: both exhibit
similar trends versus swimming speed. In the following
we characterize noise via fluctuations of the velocities.
Figure 4c depicts the magnitude of angular velocity av-
eraged over all bacteria in each frame versus swimming
speed. Finite values for high velocities are due to the
rotation of flagella and counter-rotation of the bacterial
body, which is present even for straight swimming, where
the tumbling rate is low. Noticeable hysteresis occurs
in each oxygen cycle: value is higher for the transition
from fast swimming to slow at the same swimming speed.
That explains the hysteresis at high speed change rates
(Fig 1b, solid lines), while for low rate (Fig. 1b, dashed
lines) the hysteresis is absent. The origin of hysteresis is
likely related to a complex biochemical response of bacte-
ria on the change of oxygen concentration. The tumbling
rate, characterized by rational diffusion D, versus swim-
ming speed is shown in Fig. 4d. The plot depicts distri-
bution of rotational diffusion extracted from tracks of all
bacteria in the frame; there is a clear trend towards the
decrease of the tumbling rate with the increase of swim-
ming speed due to the increase in oxygen concentration.

Two mechanisms, alignment via collisions and hydro-
dynamic interactions, are controlled by the bacterial
swimming speed V and concentration c. Our experiments
(see also [2] ) revealed that the correlation length L is
about 5-10 bacterial length and above the threshold con-
centration and speed practically stay constant, see Figs.
1b and 3. It suggests that far from the threshold the
correlation length L is entirely determined by properties
of the swimmers: their size (possibly including length of
flagella) and shape. To estimate L consider the evolution
of a nucleus of radius R formed by bacteria oriented in
x-direction and immersed in a “sea” of randomly swim-
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FIG. 4: (color online) Tumbling of Bacillus subtilis at low
concentrations. (a,b): Tracks of individual bacteria for dif-
ferent oxygen concentrations; color represents average swim-
ming speed for the last 1.2 s according to color bar on the
right. At low oxygen concentration (a), the tracks resemble
random walk. Increasing oxygen concentration (b) results in
an increase of straight-swimming fraction. (c) Magnitude of
angular velocity vs swimming speed averaged over all bacte-
ria in the field of view with 0.5 s time interval; two oxygen
cycles are shown. Red heavy dots depict experimental val-
ues, dashed blue line shows running average. The direction is
shown by black arrows. (d) Probability distribution of rota-
tional diffusion D obtained from 2 × 105 independent tracks
in the range of swimming speeds. Two dashed black lines
indicate boundaries with the probability above 50% for each
speed value. See also Supplementary Movies 3 and 4.

ming bacteria. The nucleus expands due to alignment of
nearby bacteria via collisions and is deformed by a flow
created by other bacteria [29]. We assume for simplic-
ity that the alignment is instant, and after a collision
the nucleus size increases by the length of a bacterium l.
Since the time between collisions is of the order of mean
free time t0 = 1/cl2V , the speed of nucleus expansion is
Vc ∼ l/t0 = cl3V (compare to Fisher wave propagating
into unstable state [33]).

Since the Reynolds number of an individual bacterium
is exceedingly small, the flow is described by linear Stokes
equation [34, 35]. For a bacterium swimming in x-
direction the flow can be approximated by a hydrody-
namic dipole,u(r) = pr(3x2/r2 − 1)/8πr3, where r = |r|
is the distance vector relative to the center of dipole,
p = aV l2 is the dipole strength, and a is the constant
determined by the shape/aspect ratio. For example, for
Escherichia coli, the dipole moment is p ≈ 32 µm3/s
yielding a ≈ 0.1− 0.2 [8]. Bacteria in the nucleus create
a flow at r = R with the magnitude Vh ∼ cpR; the flow
expands the nucleus in x-direction and contracts it in
transverse directions. Equating the hydrodynamic con-
tractile velocity Vh and nucleus expansion rate Vc yields

a critical radius: R ∼ cl3V/cp = l/a ≈ 5 − 10l, i.e. the
order 5-10 bacterial length, independent on the swim-
ming speed and concentration, in agreement with our
experimental observations. This estimate is valid for not
too high concentrations when the collisions still can be
treated as binary and the flow as a superposition of point
dipoles.

The decrease of correlation length at small swimming
speeds can be attributed to the effect of random tum-
bling dominating the collective behavior. In Ref. [2]
the phase transition to collective swimming is described
by an order parameter ψ characterizing local alignment
between the bacteria. The order parameter is nonzero
for concentrations c exceeding the critical concentration
cc, ψ

2 ∼ √
c− cc , and the correlation length L is a

monotonic function of ψ. The critical concentration cc
increases with the increase of the tumbling rate [9, 22]:
more concentrated suspension is needed to suppress ran-
domness produced by tumbling. Rescaling time by a fac-
tor V is equivalent to renormalization of the noise inten-
sity by a factor of 1/V (see also [29]). Thus, the decrease
of swimming speed V leads to an effective increase of
critical concentration, and, consequently, to the decrease
of the correlation length L, as it is observed in the ex-
periment.

In conclusion, we have shown that far from the thresh-
old, the correlation length of collective motion is practi-
cally independent on the energy injection rate. It high-
lights two fundamental physical mechanisms determin-
ing the physical properties of collective motion: long-
range hydrodynamic interactions and short-range colli-
sions. Both mechanism have similar scaling with the
swimming speed and concentration of the bacteria. It
hints that the correlation length is determined only by
the shape and the size of swimmer. Apart from the rele-
vance to a broad class of active matter based on biological
or synthetic self-propelled elements [10, 11], our findings
are crucial for further development of biomechanical sys-
tems utilizing the collective motion of subunits to achieve
useful functions [6, 10, 12].
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