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@ COMMENTARY

Swimmingin circles can lead to exotic hyperuniform
states of active living matter

Salvatore Torquato®b-<d!

The study of hyperuniform states of matter is an
emerging multidisciplinary field, influencing and link-
ing developments across the physical sciences, math-
ematics, and biology (1, 2). A hyperuniform many-
particle system in d-dimensional Euclidean space is
characterized by an anomalous suppression of large-
scale density fluctuations relative to those in typical dis-
ordered systems, such as liquids and amorphous solids.
As such, the hyperuniformity concept generalizes the
traditional notion of long-range order to include not
only all perfect crystals and quasicrystals but also exotic
disordered states of matter. Disordered hyperuniform
states have attracted great attention across many fields
over the last two decades because they can have the
character of crystals on large length scales but are iso-
tropic like liquids (2). This hybrid crystal-liquid attribute
endows them with unique or nearly optimal, direction-
independent physical properties and robustness
against defects (3-14). Adding to this flurry of research
activity is the finding by Huang et al. (15) that circularly
swimming marine algae can robustly self-organize into
disordered hyperuniform states through long-range hy-
drodynamic interactions at air-liquid interfaces.

How is hyperuniformity quantified? Such systems
have a structure factor S(k), which can be measured from
scattering experiments, that tends to zero as the wave-
number |k| tends to zero (1), where k is the wavevector.
Another way to ascertain hyperuniformity is to randomly
place many large spherical sampling windows of radius R
in the system and count the number of particles within
the window. The number of particles registered within
the window will fluctuate, enabling one to find the cor-
responding local number variance ¢2(R), as shown in
Fig. 1. Garden-variety disordered systems, such as typi-
cal gases and liquids, are characterized by a variance
62 (R) that grows for large R like the volume of the win-
dow, that is, RY, where d is the space dimension. A
hyperuniform configuration has a variance that grows
more slowly than R (1, 2). For example, all perfect crys-
tals have a variance that grows like the surface area of the

window, that is, R9~". Remarkably, there are disordered
systems that have the same growth rate as crystals (Fig. 1)
and hence are hyperuniform.

Systems in which 6?(R) grows like R%" have the
strongest form of hyperuniformity, which is called class
| (2). States of matter that belong to class | include all
perfect crystals (1, 16), many perfect quasicrystals (16, 17),
“randomly” perturbed crystal structures (18), and classical
disordered ground states of matter (19), as well as systems
out of equilibrium (20, 21). Fig. 1 contrasts a typical disor-
dered nonhyperuniform configuration with two different
class | hyperuniform configurations in two dimensions, one
of which is disordered and the other ordered. Class Il sys-
tems are an intermediate form of hyperuniformity in which
6(R) scales like R%~"In(R). Examples of class Il include
some quasicrystals (17), the positions of the prime num-
bers (22), and many disordered classical nonequilibrium
systems (20, 23, 24) and quantum (25, 26) states of matter.
The weakest form of hyperuniformity is class Ill, in which
6%(R) scales like R, where d—1<pg<d. Examples of
class Ill systems include classical disordered ground
states (27), nonequilibrium random organization sys-
tems (28, 29), and perfect glasses (20).

The majority of studies on disordered hyperuniform
systems have been carried out for nonbiological models
or systems. Much less is known about hyperuniformity
that arises in biology. It has recently been discovered
that disordered hyperuniformity can confer to biological
systems optimal or nearly optimal functionality, including
photoreceptor mosaics in the avian retina (30) and the
immune system (31). Is it possible to find disordered
hyperuniform states in active matter? Recent investiga-
tions, including the present study by Huang et al. (15),
have shown that the answer is in the affirmative.

Active matter systems comprise individual entities
that consume energy in order to move or exert
mechanical forces. The interactions between such
entities result in collective motion across certain
length and time scales. Active matter systems are
intrinsically nonequilibrium states and hence, unlike
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Fig. 1. Schematics indicating circular sampling windows in two dimensions for three different particle systems: garden-variety disordered

nonhyperuniform (Left), disordered hyperuniform (Middle), and crystal (Right) configurations, as adapted from ref. 2. In each of these examples,
the number of particles within a window will fluctuate as the window position varies, which specifies the local number variance 62(R). In the case
of a garden-variety disordered nonhyperuniform configuration, the variance 62 (R) grows like R? (area of the window). By contrast, the disordered
hyperuniform system, shown in the Middle, has a variance 62 (R) that grows like R (circumference of the window), which has the same growth rate
as the crystal configuration and hence is of class I.

equilibrium systems, break time-reversal symmetry, since the
individual entities are continually dissipating energy (32-34). Ex-
amples of active living matter abound, including bird flocks (35),
bacterial colonies (36), and insect swarms (37), to mention only a
few. Exploiting the interactions found in active living matter sys-
tems by mimicking them in the laboratory can lead to the design
of synthetic materials with unique properties, such as self-
motility and self-healing.

The preponderance of current research on active matter
focuses primarily on linearly swimming particles that have a
symmetric body and self-propel along one of the symmetry axes.
However, such perfect alignment between the propulsion direc-
tion and body axis is rarely found in reality. It is intuitively clear that
deviations from such a perfect alignment would lead to micro-
swimmer trajectories that are curved. Circular motility due to chiral
microswimmers has been predicted by theoretical and numerical
investigations (see ref. 38 and references therein) but had not
been heretofore experimentally verified.

Now enter Huang et al. (15) with their study of the collective
dynamics of marine algae Effrenium voratum. Such cells are approx-
imately elliptical in shape and possess both longitudinal and trans-
verse flagella for motility. The authors observe the cells at the air—
liquid interface on an upright microscope. It turns out that, away from
interfaces, that is, in the bulk of the suspension, the cells swim in
helical trajectories, which are typical for motile algae. Importantly,
when cells get close to an air-liquid interface, they adhere to the
interface and start to move in circles. In fact, the authors observe that
the cells move in a counterclockwise direction when viewed from the
air side of the air-liquid interface. They then go on to measure the
typical cell circling radius (order of 10 pm) as well as the angular
speed (about 16 pm/s) and translational speed (about 180 pm/s).

Subsequently, the authors (15) investigate the collective states of
many interacting cells at the air-liquid interface. During the first few
minutes of the experiments, cells in the bulk suspension swam to the
interface such that in the initial configuration the cells were randomly
distributed (uncorrelated). Afterward, the cells at the interface slowly
self-organized and eventually (after several thousand seconds)
achieved a steady-state distribution, which the authors structur-
ally characterize. While these steady-state cell configurations
exhibited a type of correlated disorder, they showed no obvious
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long-range order and appeared to be quite uniform at large
length scales, suggesting that the spatial distribution of the cells
is hyperuniform. Indeed, this was verified by conducting the
sampling-window procedure qualitatively illustrated in Fig. 1 for
two dimensions. The authors found that the local number variance
scales like 6?(R) ~ R4 for large R, which places such systems in
class Ill hyperuniformity. (The authors actually measure the local
density variance, which is trivially related to the number variance
by 6?(R)/R*~ R~2)) It is remarkable that the swimmers spatially
distribute themselves so that their large-scale density fluctuations
are greatly suppressed, especially compared to other active mat-
ter systems that are known to have huge density fluctuations at
large length scales (39, 40). The latter have more recently been
called "antihyperuniform” systems (2) because they are diametri-
cally opposite to hyperuniform ones (since the structure factor
S(k) diverges to infinity in the limit |k| — 0) with a number variance
o?(R) that grows faster than R or the sampling-window volume.

What is the mechanism that leads circular microswimmers to
robustly self-organize into exotic disordered hyperuniform states?
The authors (15) go on to demonstrate that cell swimming at the
interface generates fluid flow that leads to effective repulsions be-
tween cells in the far field. It is the long-range nature of such repulsive
interactions that suppresses large-scale density fluctuations and gen-
erates disordered hyperuniform states under a wide range of density
conditions, as validated by the authors’ hydrodynamic numerical sim-
ulations of the two-dimensional suspensions. The authors find good
agreement between the predictions of the simulations and experi-
ments. It is well known that long-range interactions are required to
have an equilibrium disordered state of matter that is hyperuniform at
positive temperature, but long-range interactions are not required
for nonequilibrium systems to be hyperuniform (2). Collections of
circular swimming E. voratum cells at steady states are systems out
of equilibrium, and the long-range hydrodynamic interactions lead
to hyperuniform distributions of cells. The use of long-range hydrody-
namic interactions may provide a promising avenue to synthesize
novel hyperuniform materials with active matter.
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