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Quanta of the Third Kind

Frank Wilczek

UANTUM MECHANICS is nearly one hundred years

old, and yet the challenge it presents to the imagi-

nation is so great that scientists are still coming to
terms with some of its most basic implications. Here I will
describe some theoretical insights and recent experimen-
tal results that are leading physicists to revise and expand
their ideas about what quantum-mechanical particles
are and how they behave. These new ideas are centered
around a topic traditionally known as quantum statistics.
The name is misleading: the basic physical phenomena do
not involve statistics in the usual sense. A better title might
have been the quantum mechanics of identity, but the
new developments make that name obsolete too. A more
accurate description would be the quantum mechanics of
world-line topology. Since that is quite a mouthful, most
researchers now simply refer to anyon physics.

UANTUM MECHANICS achieves a strange and won-

derful unification between forms of matter that

appear to be vastly different. Prior to the advent
of quantum theory, electrons and atomic nuclei were
regarded as particles, conforming to Isaac Newton’s classic
definition: “hard, massy, impenetrable.” During the nine-
teenth century, light came to be understood in terms of
waves or, ultimately, space-filling electromagnetic fields.
That description supplies a rich and accurate account of
interference, diffraction, and many aspects of the interac-
tion between light and matter.

In quantum theory, electrons, light, and all other forms
of matter are described using the same mathematics. A
more general concept, sometimes expressed as the wavicle,
governs everything. The wavicle is a space-filling func-
tion—the wave function—that describes the probability of
finding a particle at different places. This common frame-
work accommodates both the wave behavior of electrons,
manifested in electron diffraction, and the particulate
nature of light, manifested in the all-or-none response of
the photoreceptor cells responsible for color vision.

Most popular and even introductory textbook accounts
of quantum theory stop there. But the great wavicle uni-
fication has an important qualification: it applies only to
single particles. When we compare the quantum descrip-
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tion of two or more electrons with that of two or more
photons, we find fundamental differences.

LECTRONS, NEUTRONS, and protons are examples

of fermions, named in honor of Enrico Fermi, who

pioneered their study.! Fermions are antisocial by
nature. More precisely, they obey the Pauli exclusion prin-
ciple,? which states that no two fermions of the same kind
can be in the same quantum state. The exclusion prin-
ciple plays a central role in our understanding of atoms,
atomic nuclei, white dwarfs, neutron stars, and matter in
general:

e In many-electron atoms, the exclusion principle
forces the electrons to occupy different orbitals.
This behavior is essential for building up the shell
structure of atoms, which underlies the periodic
table of elements and chemistry.

e Similarly, in atomic nuclei, the exclusion principle
governs the behavior of the protons and neutrons,
building up the shell structure that controls the
nuclear chemistry of fission and fusion.

e Freeman Dyson and Andrew Lenard demonstrated
mathematically that if the equations of quantum
theory are applied to the ingredients of ordinary
matter without taking into account that electrons
are fermions, the mixture implodes.? Once the elec-
trons are treated as fermions, all is well.

e White dwarfs are the evolutionary final state of
moderate-sized stars, such as our sun. After they
have exhausted their nuclear fuel, these stars col-
lapse to much smaller sizes. The sun, for example,
will eventually become Earth sized. Beyond a
certain point, the electrons within these objects
prevent further compression because too small an
object would contain too few orbitals to accommo-
date them.

e Neutron stars are the final stage in the evolution
of somewhat larger stars. Subrahmanyan Chan-
drasekhar demonstrated that there exists a limit to
how much pressure electrons can withstand.* Past
the so-called Chandrasekhar limit, stellar remnants
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up to about twice the sun’s mass collapse further,
down to a few kilometers in radius, whereupon the
exclusion principle for neutrons halts the process.

Due to their Fermi statistics, identical fermions exhibit a
repulsive force of quantum-mechanical origin that is over
and above the four conventional forces of the Standard
Model—strong, weak, electromagnetic, and gravitational.
That effective force is not merely an esoteric addition to
the basic forces, but a central pillar in our understanding
of nature.

Photons, together with gravitons, the Higgs particle, and
many other particles, are examples of bosons,” named in
honor of Satyendra Bose, who was the first to study them.®
In contrast to fermions, bosons are natural conformists
and prefer to be in the same state. The probability for mul-
tiple occupancy, which vanishes for fermions, is enhanced
for bosons, which are said to obey Bose statistics.

Laser beams epitomize the bosonic behavior of pho-
tons. Within a laser beam, many photons have succeeded
in occupying the same state with the same color, same
direction, and same spatial profile. More complex mate-
rial manifestations of Bose statistics are superfluidity and
superconductivity. In those low-temperature states of
matter, large numbers of 4He atoms or Cooper pairs of
electrons, respectively, occupy the same quantum state
and thus flow coherently. At low temperatures, when they
are less distracted by the noise of the external world, one
might say that bosonic particles get to do what they want
to do—which is to do the same thing.

UANTUM MECHANICS coalesced during the 1920s.

Decades of adventurous discovery followed, in

which many new particles were identified. The
behavior of these particles involved many qualitatively
new phenomena, including antimatter, strangeness, oscil-
latory changes in identity, and violation of spatial parity
and time-reversal symmetry. Particles that could not be
observed in isolation—quarks and gluons, which are fer-
mions and bosons,” respectively—became fundamental
ingredients in our best description of nature. During all
these upheavals, the division of the world of particles
into just two kingdoms, those of fermions and bosons,
remained intact. By the 1970s these notions had become
conventional wisdom, bordering on dogma.

In 1977, two Norwegian physicists, Jon Leinaas and
Jan Myrheim, challenged that consensus.® Subsequent
investigation has clarified the profound roots of quantum
statistics, why bosons and fermions are so pervasive, and
the possibility of alternatives. Before proceeding further,
it is worth taking a moment to review the ultimate source
of boson and fermion behavior, as presently understood.

The fundamental task of quantum mechanics is to cal-
culate the probability for a specified event to occur. This is
done by calculating an auxiliary quantity, the amplitude of

the event, and then squaring the amplitude to obtain the
probability.’

There are several ways to calculate quantum mechanical
amplitudes. The most transparent method was discovered
by Richard Feynman.!° The “sum over histories” approach
involves a consideration of all possible ways in which a
process might have happened. The dynamical descrip-
tion of the system provides a definite mathematical rule,
or algorithm, that assigns a numerical base-amplitude to
each possible history. The total amplitude is obtained by
adding all the base-amplitudes. In this framework, the
central task of fundamental quantum theory is to discover
the rules for calculating base-amplitudes in different phys-
ical situations. Physicists often look to classical physical
for guidance, because for large objects the quantum rules
must reproduce observed classical behavior.

With that framework in mind, consider a process in
which two indistinguishable particles—two electrons, say,
or two photons—start at two positions (A, B) and end up at
two other positions (C, D). The possible histories underly-
ing this process fall into two distinct classes. In one class,
the particle originating at A travels to C, while the particle
originating at B travels to D. In the other class, the particle
at A travels to D while the particle at B travels to C. Since the
particles are indistinguishable, one cannot tell, by looking
only at the outcome, which class of historical process led
to it. Guided by classical physics, physicists can develop
rules for how to assign base-amplitudes within each of the
two classes. Adding the base-amplitudes within each class
yields two partial amplitudes.

The remaining issue is to determine a rule for combin-
ing the two partial amplitudes into the total amplitude.
Classical physics offers no guidance here. Indeed, clas-
sical physical theory assures us that in principle we can
keep accurate tabs on particles. But if that is the case, the
two topologically distinct classes of histories correspond
to physically distinct processes, each of which is charac-
terized by a separate probability. In quantum theory, on
the contrary, one cannot keep tabs. That is an aspect of
Heisenberg’s uncertainty principle, which limits how well
a particle’s position can be resolved. When the uncertain-
ties in the positions of our two particles overlap, it becomes
impossible to keep track of who is who."

The rule for combining the two partial amplitudes must
then involve some essentially new consideration that goes
beyond classical physics. Quantum statistics, with all its
weighty implications for physics, ultimately comes down
to this rule. The traditional rules are as follows: for bosons,
add them, and for fermions, subtract them. These are the
only two available choices. These are the only two avail-
able choices, it seems, because quantum theory imposes an
important general consistency requirement.”? If we apply
our rule twice to the process (A, B) — [(A, B) or (B, A)] —
(A, B)—we must obtain the same result as we get by apply-
ing it directly—e.g., to (A, B) — (A, B). Thus, since a double
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exchange is equivalent to no exchange at all, the factor x
that we can associate with an exchange must satisfy x? = 1.
This implies that either x = 1, as for bosons, or x = -1, as for
fermions.

HIS ELEGANT and superficially profound under-

standing of why there can be bosons and fermions,

and nothing else, relies on an important implicit
assumption that escaped attention of physicists for more
than fifty years. Consider two particles whose motion is
confined to two dimensions—specifically, a plane. To carry
out the sum over histories, one must consider how the par-
ticles move in time as they progress from (A, B) to (C, D). In
visualizing this problem, it is convenient to regard time as
a third dimension, perpendicular to the two spatial dimen-
sions. The motion of each particle then defines a path in a
three-dimensional space-time known as a world-line.

The world-lines of two particles can wind around one
another; and if they do, there is a discrete topological dis-
tinction among the histories from (A, B) to (C, D)—namely,
the number of times the world-line of the first particle
winds around the world-line of the second particle. Math-
ematicians refer to this as the winding number.” In cases
of more than two particles, world-lines can become inter-
woven in elaborate patterns termed braids.

For particles that move in three dimensions, the need to
consider winding and braiding processes no longer arises.
The contrastbetween the rich topology of multiparticle his-
tories in two dimensional spaces—i.e., three-dimensional
space-times—and the paltry topology of multiparticle
histories in three-dimensional spaces—i.e., four-dimen-
sional space-times—is closely related to the fact that in
four dimensions, though not of course in three, knots are
always easy to untangle.** In the topology of braids, less is
more, since a smaller ambient space means less room for
untangling maneuvers.

In three dimensions, the only two topologically dis-
tinct classes of histories are the ones involving exchanges
of position. Given that mathematical fact, the potentially
profound argument given in the previous section then
becomes definitive. The meagre topology of multiparticle
paths in three-dimensional space offers only the choice
between bosons and fermions, with no other options.
This is a very satisfying result because it justifies the clas-
sification into bosons and fermions that physicists had
discovered empirically.

By contrast, the richer topology of multiparticle paths
in two-dimensional space supports a much bigger menu
of consistent quantum-mechanical rules. One can add
partial amplitudes that arise from infinitely many topolog-
ically distinct classes, and the consistency conditions are
less constraining. In a 1982 paper, I introduced the term
anyon to describe this situation, with the connotation that
anything goes.’* While it is not literally true that anything
goes, theoretically speaking, the move to flatland opens up

many new possibilities for the quantum statistics of parti-
cles. Indeed, the kingdom of anyons has many mansions.

The consistent rules for quantum statistics in two space
dimensions can become quite complicated—at least as
complicated as braids. I will describe here only the very
simplest anyons precisely, and briefly acknowledge some
others. Even in the simplest case, the anyon rule for com-
bining different partial amplitudes uses basic concepts
about complex numbers.'® There are different topologi-
cal classes of braids, distinguished among other things by
the number of times different strands wind around one
another. A rule is needed for combining the partial ampli-
tudes from those sectors. The simplest anyon rule is as
follows: multiply the partial amplitude for each class by
the complex number eV, where W is equal to the total
number of windings, counting all pairs of particles. Differ-
ent values of o define different species of anyons.

More structured, so-called non-abelian anyon rules are
sensitive to other details associated with braids. These
rules usher in more complicated wave functions that are
not simply complex numbers, but arrays of numbers.
The different components in the array represent possible
values of an emergent degree of freedom, roughly analo-
gous to the possible colors of quarks. When non-abelian
anyons wind around one another, their joint wave func-
tion is transformed by more complicated operations than
multiplication by a number—that is, multiplication by a
unitary matrix. In this way, non-abelian anyons acquire a
strange, capacious storage capacity. Their quantum-me-
chanical wave functions carry a more detailed record of
the braids their world-lines build up, which tracks more
information than total winding.

The possible rules defining different species of non-abe-
lian anyons are intricate and diverse. Here, a few names
and references will have to suffice: Ising anyons, Fibonacci
anyons, parafermions of several kinds, and Majorinos."” It
is fascinating to observe that world-lines can wind even
among particles that are not indistinguishable. That pos-
sibility, which I named mutual statistics, highlights the
novelty of the new, more general perspective on quantum
statistics.

These extraordinary new possibilities for physical
behavior are fun to think about, but they might also seem
somewhat academic or fantastical. After all, we do not
live in flatland. But we can still visit. In fact, the physical
world abounds in flatlands, and they play starring roles in
modern technology. Planar circuits photolithographically
etched onto layered surfaces, otherwise known as chips,
are the workhorses of modern microelectronics. In elec-
tronic chips, the motion of electrons is essentially confined
to two dimensions. If the electrons that live on a chip were
zapped with enough energy they could be removed. But so
long as their energies don’t get too big, the electrons are
confined to two dimensions, and the quantum mechanics
of flatland applies.
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HYSICISTS HAVE learned to organize their fun-

damental descriptions of the quantum world by

focusing on the behavior of energy concentrations
that are reasonably stable and exhibit reproducible prop-
erties. Such entities are termed elementary particles, and
they are used as the building-blocks in our best model of
the physical world.

In thinking about exotic materials and states of matter,
it has been fruitful to consider them as worlds in them-
selves: quasi-worlds, inhabited by quasiparticles.

Suppose that a crystalline solid is zapped with a
well-focused laser pulse and an electron is ejected. The
remaining material will then contain a localized unit of
positive charge where the electron used to be. After radi-
ating some excess energy, this excitation may settle into
a stable, reproducible form—a quasiparticle. This kind of
quasiparticle, which reflects the absence of an electron,
is usually referred to as a hole. In semiconductors, holes
are units of positive charge that are cheap to produce
and much easier to move than protons. Understanding
the properties of holes was a key step in the invention
of solid-state transistors and the emergence of modern
microelectronics.

That success story, and others like it, has inspired some
physicists to cultivate an art that might be described as
designing quasi-worlds.!* To begin with, one must imagine
quasi-worlds with interesting properties, and then seek
out or manufacture materials and states of matter that
embody them.” Of course, that strategy can only work if
the quasi-worlds are not too outlandish. Success requires
discipline and good taste, as well as inspiration.

I first began to consider the ideas and new possibilities
for quantum statistics in 1982. At the start, I was unaware
of the work of Leinaas and Myrheim, which had attracted
little attention. I was simply imagining quasi-worlds. In
my conceptions, three lines of thought came together:

e Fractionalization: properties of particles that ordi-
narily appear only as whole-number multiples of a
fundamental unit might occur in smaller multiples
within quasi-worlds. Roman Jackiw and Claudio
Rebbi abstractly, and Wu-Pei Su, Robert Schrieffer,
and Alan Heeger concretely, demonstrated that qua-
siparticles could carry half a unit of electric charge,
i.e., half the charge of an electron.?’ Jeffrey Gold-
stone and I had shown that in other quasi-worlds
different fractions of charge could occur.?! I wanted
to see if a similar fractionalization could happen for
angular momentum, that is, spin.?

e Flux tubes: I soon realized that fractional angular
momentum was indeed possible by means of a very
specific physical mechanism: particles orbiting
around tubes of magnetic flux. That was an encour-
aging result, because the theory of flux tubes was
already a well-developed, respectable subject. Flux

tubes occur in a large class of superconductors,
so-called type IT superconductors, and in promis-
ing, though speculative, unified field theories.

e Dimensional reduction: from a slice of a narrow
tube, one can obtain a small, essentially point-like
structure that can be considered a particle. Thus,
the calculated behavior of narrow tubes in three-di-
mensional space could be used to construct new
kinds of particles in two-dimensional space.

When I gave a seminar about these ideas at Caltech, my
friend and colleague John Preskill reminded me that there
is a deep connection between the spin of a particle and its
quantum statistics.?® If there is fractional spin, he asked,
shouldn’t there also be fractional statistics? This was a
question I had not considered. In fact, I didn’t see right
away what the term fractional statistics could even mean.
On the drive back to Santa Barbara, I realized that the
right thing to think about was braiding, and that braiding
flux tubes would yield behavior that could be interpreted
as fractional quantum statistics. Within a few days I pulled
my thoughts together in two short papers.?* Anyons had
now acquired a name and a more-or-less plausible, though
not yet concrete, path to physical embodiment.

TRANGE THINGS can happen when one exposes

two-dimensional droplets of mobile electrons—in

a narrow range of densities and held at ultralow
temperatures—to strong magnetic fields. Under these con-
ditions, as one varies the strength of the magnetic field,
a large family of new states of matter is produced. These
states, known as fractional quantum Hall liquids (FQHL)
are interrelated, but still distinctly different. Though the
required conditions are very special and hard to achieve,
the properties of FQHL states are so new and interesting
that they have become a preoccupation for many research-
ers since FQHLs were first discovered in 1982.

The most direct physical manifestation of FQHL states
is the phenomenon referred to as quantized Hall conduc-
tance. This can be observed if one puts four leads—A, B, C,
and D, in that order—at different points on the boundary
of the sample. A voltage is applied across A and C by con-
necting them through a battery, for example. The current
flowing between B and D is then measured. As one varies
the magnetic field, the conductance—that is, the ratio of
voltage to current—does not always vary continuously.
Instead, it holds constant around a series of so-called pla-
teau values.

To the uninitiated this behavior might seem an esoteric
curiosity, but to physicists it came as a shocking departure
from prior experience and expectations. Each plateau rep-
resents a new state of matter—a distinctive quasi-world,
with its own quasiparticles. Robert Laughlin shared the
1998 Nobel Prize in Physics for his theoretical elucida-
tion of the phenomenon, together with Horst Stérmer and
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Daniel Tsui, who discovered the effect experimentally.?
Laughlin’s theory remains the foundation of our present
understanding.

For the purposes of the current discussion, the most
relevant part of Laughlin’s theory, originally published in
1983, is his picture of quasiparticles in the FQHL states.
In short, one produces a quasiparticle by subjecting the
material to the influence of a notional flux tube.?® The
resulting quasiparticles have remarkable properties, that
differ from one plateau to another. Notably, their electric
charge is a fraction of the electric charge of an electron.
In the FQHL state that is easiest to produce, the one-third
state, the electric charge of a quasiparticle is one-third of
the charge of an electron, or e/3. There is also a one-fifth
state on a different plateau, where the quasiparticles have
charge e/5. There are many other states in which the qua-
siparticle charges are other fractions.

My colleagues Daniel Arovas and Schrieffer were aware
of my interest in the theory of fractional quanta and pro-
vided tutorials on the nascent theory of the FQHL. When
we came to the part about flux tubes, I was able to teach
them something in return: the ideas about anyons, and
their realization through flux tubes, that I sketched above.
Within a few days, we figured out how to bring those gen-
eral ideas to bear on the FQHL. In a paper published in
1984, we demonstrated mathematically that the FQHL
quasiparticles are anyons, in the precise sense that when
you move them around each other—that is, when you braid
their world-lines—their wave function does exactly what
anyon wave functions are supposed to do.”” At the time, I
thought it would be easy to test our prediction experimen-
tally. In the years that followed, many people tried to do
just that. But nobody succeeded, due to a variety of techni-
cal challenges. It was not until 2020 that two groups were
able to obtain decisive results.

Experiment One: Levels of Conformity

Hugo Bartolomei et al. set up a kind of quasi-accelerator
within the quasi-world of the 1/3 FQHL state.?® As part of
their experiment, they produced channels in the shape of
an X through which quasiparticles could flow and injected
quasiparticle beams flowing upward at the bottom. At the
crossing, quasiparticles could meet and scatter from one
another. By studying the output at the top, one obtains
information about how the quasiparticles interact, through
a process physicists term scattering.

The quantum statistics of the quasiparticles affects how
they scatter in ways that can be calculated confidently.
Since two bosons like to do the same thing, they will have
a much-enhanced probability to scatter in the same direc-
tion, i.e., to enter the same upper arm. Fermions, on the
contrary, will strongly prefer to enter different arms. The
observed results, falling in between, fit neither of those
expectations. Instead, they align well with predictions

derived from the kind of anyon quantum statistics pre-
dicted for the 1/3 FQHL state.”

Experiment Two: The Beauty of Braiding

James Nakamura et al. set up an ingenious arrangement
modeled on interferometers, a workhorse tool in optics.*
The central idea in interferometry is to offer a light beam—
or quasiparticle—two alternative paths from source to
detector. Influences that alter the balance of the paths
then show up as changes in the output.

In their experiment, which was likewise performed in
the 1/3 FQHL state, a flow of quasiparticles can follow one
of two paths that together enclose an island within the
sample. From the perspective of a quasiparticle within that
island, those two paths differ by a winding.* If the quasi-
particles are anyons, each island anyon will alter the way
the sub-amplitudes for the flowing anyons should be added
together, in a predictable way. Thus, anytime an additional
anyon appears in the island, the output will suddenly jump,
also in a predictable way. This is what they observed.

The beauty of this experiment is how clearly it maps
onto the most basic defining characteristic of anyons,
namely their response to braiding. The jumps can also be
measured accurately, which allows for a clean quantitative
comparison with the theoretical predictions. Thankfully,
they are in agreement.

Why were Nakamura et al. able to succeed where many
others fell short? Over the years there have been steady
improvements in the purity of the materials and in the
techniques available for setting up tiny currents and mea-
suring them accurately. The crucial innovation added by
Nakamura et al. was to surround the sample with a bath
of electrons that can move to compensate for inhomoge-
neities of charge within the sample. The compensation
process damps out other forces, while leaving the effect
of quantum statistics intact. As a result, the behavior of
the quasiparticles becomes more reproducible, and more
clearly dominated by their quantum statistics. The strat-
egy employed in this experiment should be adaptable to
other FQHL states, which are predicted to support other
kinds of anyons.

Experiment Three: Switching from Afar

Using related ideas and as part of work that has extended
over several years, Robert Willett et al. applied interfer-
ometry to several FQHL states, including some that are
suspected, theoretically, to contain non-abelian anyons.*
In this scenario, the addition of anyons to the central
island, one at a time, changes the behavior of the output in
different ways at each step. The anyons create something
akin to a sophisticated toggle switch.

As part of their work, Willett et al. collected signals that
were consistent with theoretical predictions for anyons. At
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present, their experiments seem to call for more cautious
interpretation than those of Nakamura et al., mainly due to
questions about the integrity of the island. That said, there
is every reason to think that with further work these deli-
cate experiments will become more clear-cut, while their
central conclusions will remain valid.

Experiment Four: Engineering Anyons

To conclude this brief survey of recent experimental
results, it is appropriate to mention a rather different kind
of endeavor that involves realizing anyons within designed
systems, as opposed to in natural states of matter.

Collaborators from Austria, China, and Germany set
up ingenious circuits involving a mix of conventional and
superconducting electronics that support two different
kinds of localized excitations.*® The circuits were designed
so that those two kinds of quasiparticles would exhibit
nontrivial mutual statistics—and indeed they do.

This construction is meant to be more than a one-off
demonstration. It is part of a program to produce fault-tol-
erant elements for use in quantum computers, based on
the ideas of Alexei Kitaev.**

XISTING REALIZATIONS of anyons in fractional

quantum Hall states are not an ideal vehicle for

detailed studies or possible applications. This
is because the realizations require ultrapure materials,
ultralow temperatures, and high magnetic fields.

It seems possible that different realizations might be
free of these drawbacks. Anyons have been predicted to
occur in many other quasi-worlds of two-dimensional
matter. Numerical simulations have offered support for
these ideas. In some cases, there is also suggestive evi-
dence for the predicted behaviors. Crucial experimental
tests have been proposed, but they are technically chal-
lenging, and they have not yet been carried out.®

Another topic for future research is what happens
when many anyons are close together, in the same mate-
rial. Fermion and boson behaviors, as noted previously,
have dramatic consequences for many-particle systems.
Even simple anyons are predicted to support a rich vari-
ety of collective behaviors, including a new mechanism of
superconductivity.*® The behavior of an ensemble of more
complex anyons and mixtures containing several kinds of
anyons with mutual statistics remains largely unexplored.

EVERAL ANCIENT Andean civilizations, including the
Inca, developed a versatile and nonverbal method
to record and process information that served
them well for many centuries. Quipus are formed from a
sequence of colored strings containing knots.”” Each of the
strings is tied at one end to a common cord, so that when
the cord is suspended the strings hang down and can be
scanned easily. The colors of the strings and the placement

of the knots might convey an accounting ledger, a histor-
ical chronicle, or a military roster. In the quantum world,
one might imagine using braids to represent information
in a similar manner.*® Anyons empower such an approach,
because the wave functions of multi-anyon systems store
memories of the braids formed by their world-lines.

The memory capacity of the simplest anyons, which
only keep track of the total winding, is very limited. But
well-designed systems that use more complex anyons,
whose wave-function rules bring in non-abelian and
mutual statistics, can capture much more detailed infor-
mation. Such systems are the basis for topological quantum
computing.*

This way of representing information could have
important advantages:

e Capacity: the storage capacity of multi-anyon braids
grows exponentially fast as the number of anyons or
the length of the braids increases, quickly outstrip-
ping the capacity of more conventional memories.

e Parallelism: in weaving a single strand through the
others, one is confronted with many choices that can
produce many different new braids. From the oppo-
site perspective, a single anyon operates in parallel on
the information that the preexisting braids encode.

e Noise immunity: the two preceding advantages are
characteristic of quantum computers in general. The
most distinctive advantage of anyons is their potential
reliability. Anyons store and manipulate information
about braids, and braids retain their overall form—
their topology—even if they are jostled a bit.** Since
the main technical challenge in quantum computing is
avoiding errors, ensuring reliability is a big deal.

Topological quantum computing is currently an
active area of research. Microsoft has made substantial
investments in the area, and has put forward a concrete,
long-range plan for making it into a practical, largescale
technology. The process will be far from easy, but the chal-
lenges appear more technical than fundamental. In this, as
on several other fronts mentioned above, anyons will keep
physicists fruitfully engaged for years to come.

Frank Wilczek is a Nobel Laureate, Herman Feshbach
Professor of Physics at MIT, founding director of the T. D.
Lee Institute, and chief scientist at the Wilczek Quantum

Center in Shanghai.
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