SEARCH & DISCOVERY

blast the material in a sonicator and an-
alyze their fragmentation patterns. When
Ortony and colleagues tried that, they
found that their ribbons were stronger
than steel, but Ortony cautions not to infer
too much from that comparison. Most
solid materials are stronger at the nano-
scale than they are in bulk (see PHYSICS
ToDAY, November 2013, page 14). “What's
most striking is that we could make this
measurement at all,” she says. “Other self-
assembled structures would just have
immediately fallen apart.”

What happens when the nanoribbons
are removed from water? To find out, the
researchers filled a pipette with a nano-
ribbon suspension, drew out thin fila-
ments, and allowed them to dry. Instead
of collapsing like a soap bubble, the nano-
ribbons bundled together into resilient

solid threads that could be handled and
flexed, as seen in figure 2a, and support
significant loads, as shown in figure 2b.
Although not as strong as Kevlar, the
threads constitute a truly solid-state self-
assembled material.

The appeal of amphiphilic bilayers is
that they always expose the same part of
the molecule —the hydrophilic head —to
the surrounding environment. Because the
exact chemical identity of the head groups
isn’t critical for holding the structure
together, they could be designed to per-
form tasks like pulling trace impurities
out of the surrounding medium, releasing
a cargo molecule, or catalyzing a surface
reaction.

Furthermore, although the threads are
tens of microns—or thousands of nano-
ribbon widths—thick, the spacing be-

tween ribbons is large enough to let atoms
and small molecules in and out, so even
the ribbons in a thread’s interior can con-
tribute to its chemical functionality. And
because the nanoribbons are so thin, they
pack a lot of active surface area into a
small volume: The ribbons that make up
a 0.1 mg thread, like the one shown in
figure 2b, have a total surface area of some
200 cm?. Ortony and colleagues are now
exploring ways of putting their threads
to work in places water can’t go.
Johanna Miller
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Topological phases emerge in an ecological model

An exotic phenomenon in
condensed-matter systems
illuminates the behavior of a
one-dimensional model
akin to the game rock-
paper-scissors.

the major discoveries in condensed-

matter physics of the past 50 years,
including the quantum Hall effect (see the
article by Joseph Avron, Daniel Osadchy,
and Ruedi Seiler, PHYSICS TODAY, August
2003, page 38), topological insulators
(see PHYSICS TODAY, April 2009, page 12),
and the research honored by the 2016
Nobel Prize in Physics (see PHYSICS TODAY,
December 2016, page 14). In topological
phases of matter, the material’s behavior
derives from the connectedness of the
band structure rather than the material’s
symmetries, which explain most states
of matter.

When a wave—for example, an elec-
tron wavefunction—travels around a
topologically nontrivial path, it gains a
phase after completing a closed loop
rather than returning to its initial state.
Although the results of the band struc-
ture’s topology are complicated to un-
derstand in detail, an essential feature is
the emergence of dynamic excitations lo-
calized at the system’s boundary that are
stable even in the presence of defects, a
property known as robustness.

Topology manifests itself in some of
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FIGURE 1. ROCK-PAPER-SCISSORS
model for population dynamics.
Population dynamics models

incorporate interactions (arrows)
between different species (red e
spheres). Similar to other L

nonlinear models, they typically
show extreme sensitivity to small
changes in their parameters, such
as the initial population size of
each species. But in the rock-paper-
scissors model depicted here,
Erwin Frey and his students found
predictable behavior regardless
of parameter tweaks. That
behavior derives from the
topological nature of the system’s
states. (Image by Cris Hohmann.)
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Researchers have recently started to
study topological effects in systems out-
side hard condensed matter —for exam-
ple, inliquids composed of self-propelled
particles! and some atmospheric and
ocean waves.”? Now Erwin Frey and his
group members at Ludwig-Maximilians
University Munich in Germany have
identified topological phases in an eco-
logical model,®illustrated in figure 1. The
work points to the potential application
of topology to other dynamic biological
systems.

Rock-paper-scissors

Johannes Knebel, one of Frey’s graduate
students, started the project in 2015 after

he attended the Boulder School for Con-
densed Matter and Materials Physics in
Colorado. While there, he was inspired
by talks on topological phases in mechan-
ical metamaterials by the University of
Pennsylvania’s Tom Lubensky and the
University of Chicago’s Vincenzo Vitelli
and William Irvine.

One mechanical metamaterial is a lat-
tice of gyroscopes coupled by springs (see
“Topological insulators: from graphene
to gyroscopes,” PHYSICS TODAY online,
27 November 2018). Such a system sup-
ports amechanical compression wave that
propagates only along the edge and only
in one direction, similar to the currents
around the edges of topological insulators.
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FIGURE 2. MASS POLARIZATION emerges in a one-dimensional

evolutionary game-theory model inspired by the game rock-

paper-scissors. (@) The model predicts the competition between S
species (black points) through the mass-transfer rates r,, r,, and r,
of linked individual rock-paper-scissors cycles (gray shaded triangle).

(b) Different values of the skewness r =r,/r, yield distinct behaviors.

For r =1 the time-averaged mass distribution (gray circles) keeps

its initial distribution, in this case evenly spread out. But for r < 1

the average mass gathers on the right, and for r > 1, on the left.
Those topological states, in which one species dominates, manifest
even with rate perturbations ¢, indicated by the color of the arrows.

(Adapted from ref. 3.)
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Knebel wanted to explore what other sys-
tems, in particular those described by non-
linear models, might host topological
states.

Knebel and Philipp Geiger, another of
Frey’s graduate students, had been study-
ing one such model, the antisymmetric
Lotka—Volterra equation. The ALVE is a
toy model used for many different dy-
namic systems. In ecology, for example,
it'’s most often used for calculating pop-
ulation dynamics: how predator—prey in-
teractions influence population growth.
The Frey group recently employed it to
predict the formation of Bose—Einstein
condensates with species” populations
swapped for the particle population in
each energetic state.*

The ALVE can also describe an ele-
ment of game theory known as a rock-
paper-scissors cycle. If you picture the
three moves in the game rock-paper-
scissors as the points of a triangle, as seen
in figure 2a, you can draw arrows to in-
dicate which move wins. In a rock-
paper-scissors cycle, each move wins
or loses at some rate. For population-
dynamics calculations, each point of the
triangle represents a species, and the ar-
rows become the rate at which mass
moves in that direction—that is, the rate
at which one species becomes more nu-
merous at the expense of another. Each

cycle is a local oscillator with mass shift-
ing between the three sites.

Individual cycles, such as the first one,
highlighted in gray, can be assembled in
different geometries, with one site for
each of the S species. The mass starts in
some initial configuration, and through
the nonlinear interactions between the
sites, it rearranges over time. The mass
transfer models the system’s population
dynamics.

When Frey and his students started
looking for manifestations of topology in
a two-dimensional lattice of rock-paper-
scissors cycles, they observed chiral edge
states, similar to the topological modes
in 2D cold-atom lattices (see PHYSICS
TODAY, September 2020, page 14). But
rigorously connecting their observations
to topology proved complicated. The
researchers first needed to distill the
essential elements of topology from
the literature, which largely focuses on
condensed-matter systems. So they
turned to a simpler system: a 1D chain.

Polarizing behavior

Figure 2b shows an example of the re-
searchers’ numerical results for a 1D chain
of rock-paper-scissors cycles. They start
with the total mass evenly distributed
over the whole chain and normalize the
calculations such that the transfer rate

r, =1 for all trials. The researchers then
vary the value of the skewness r =r,/r, in
terms of the other two rates.

When r < 1, the time-averaged distri-
bution of the mass (gray circles) gathers
on the right, and when r > 1, the average
mass gathers on the left. Although the
mass averages are stable, the system is
not in a rest state and remains dynamic
and fluctuating about that average. The
researchers call the behavior mass polar-
ization: The average mass becomes local-
ized and drops off exponentially with the
distance from the chain’s edge. (From an
ecological perspective, one species dom-
inates the habitat.)

The skewness alone determines the
mass polarization; the value of 7, and the
specific values of r, and r, alter the quan-
titative but not qualitative mass distri-
bution. What’s more, polarization states
emerge regardless of the initial mass dis-
tribution and regardless of random per-
turbations ¢ to the rates, as shown by the
color of the arrows in figure 2b. Even the
addition of coupling between the top
nodes of the chain doesn’t change the qual-
itative behavior. The behavior is robust.

When r=1—the transition between
left and right polarization states—no one
species dominates, and the time-averaged
mass distribution doesn’t concentrate in
one spot in the chain. In figure 2b, the
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average mass distribution keeps its ini-
tial configuration evenly spread over the
chain. If instead the mass is initially a
packet confined to a few sites, the aver-
age mass remains spatially confined in the
same shape as it moves along the chain.
Two such mass packets on the chain re-
tain their shape and speed after they in-
teract, a behavior similar to solitons.

Those characteristics of the polariza-
tion states and transition state are topo-
logical in nature, which surprised Frey
and his team. In most nonlinear dynamic
models, the system’s behavior depends
sensitively on the parameters and typi-
cally dissipates or becomes chaotic, essen-
tially the opposite of the behavior they
observed.

The underlying structure

To clinch the case that topology explains
their observations and to relate the ALVE
to condensed-matter physics, the re-
searchers calculated the equivalent of an
energy band structure for their 1D rock-
paper-scissors chain. First, they formu-
lated the interactions in terms of an S-by-S
antisymmetric matrix, which served as
the basis for a Hamiltonian. Frey and his

students then found the eigenvalues,
eigenvectors, and from those, the band
structure.

Because of its Hamiltonian symmetry,
the rock-paper-scissors model is related
to a model Alexei Kitaev devised for
1D superconductivity.® Just as in the
Kitaev model, an invariant characterizes
the topology of the band structure. An
example of a topological invariant is the
genus, which classifies the number of
holes in a surface. A donut has the same
genus as a coffee cup and can thus
smoothly deform from the one shape to
the other. But a donut can’t smoothly de-
form into a sphere, which has a different
genus.

The two skewness regimes, r <1 and
r > 1, have different values for the topo-
logical invariant and are thus topolog-
ically distinct phases. Those topological
differences manifest in the mass-
polarization states at the system’s bound-
ary, an illustration of the so-called bulk—
boundary correspondence that underlies
topological phases.

Whether topological states will show
up in real-life biological or ecological
systems remains to be seen. Promising

candidates are gene-regulatory networks,
which consist of a collection of mole-
cules that govern gene expression in a
cell. If topological states exist, then a
network would regulate selected genes
unaffected by external disturbances and
noise.

Frey and his students plan to apply
their approach to other dynamic sys-
tems, in particular stochastic ones. Frey
says he wants the important ideas of
topological phases to be available to the
broad readership of biological and soft
condensed-matter physics. He explains,
“I believe that the transfer of methods
from one field of physics to a different
one remains one of the most inspiring

sources of innovation.”
Heather Hill
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