
The breadth of research in solid-state quan-
tum information science is largely what makes
the field so exciting. Advances achieved in one
system are often directly applicable to many
others, and solving the challenges that arise leads
to breakthroughs that carry over to other fields
of science and engineering. Clearly, the syner-
gies between solid state and atomic physics are
accelerating discoveries and demonstrations in
both fields. Besides the potential we already
recognize for quantum machines, our quest for
greater control over quantum systems will surely
lead to new materials and applications we have
yet to imagine, just as the pioneers of classical
computing could not have predicted exactly how
the digital revolution has shaped our informa-
tion age.
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Topological Quantum
Computation—From Basic
Concepts to First Experiments
Ady Stern1* and Netanel H. Lindner2,3

Quantum computation requires controlled engineering of quantum states to perform tasks
that go beyond those possible with classical computers. Topological quantum computation
aims to achieve this goal by using non-Abelian quantum phases of matter. Such phases
allow for quantum information to be stored and manipulated in a nonlocal manner, which
protects it from imperfections in the implemented protocols and from interactions with the
environment. Recently, substantial progress in this field has been made on both theoretical
and experimental fronts. We review the basic concepts of non-Abelian phases and their
topologically protected use in quantum information processing tasks. We discuss different
possible realizations of these concepts in experimentally available solid-state systems,
including systems hosting Majorana fermions, their recently proposed fractional counterparts,
and non-Abelian quantum Hall states.

Theprincipal obstacles on the road to quan-
tum computing are noise and decoher-
ence. By noise, we mean imperfections in

the execution of the operations on the qubits
(quantum bits). Decoherence arises when the
quantum system that encodes the qubits becomes

entangled with its environment, which is a big-
ger, uncontrolled system. There are two ap-
proaches to tackling these barriers. One is based
on complete isolation of the computer from its
environment, careful elimination of noise, and
protocols for quantum correction of unavoidable
errors. Enormous progress has been achieved in
this direction in the past few years. The other
approach, which is at the root of topological
quantum computation, is very different. It uses a
non-Abelian state of matter (1–10) to encode and
manipulate quantum information in a nonlocal
manner. This nonlocality endows the informa-
tion with immunity to the effects of noise and
decoherence (2–6).

Non-Abelian States of Matter
Several properties define a non-Abelian state of
matter (1, 2, 6–10). It is a quantum system whose
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ground state is separated from the excited part of
the spectrum by an energy gap. The elementary
particles of the system may form collective com-
posite particles, known as “non-Abelian anyons.”
When that occurs, the ground state becomes de-
generate. In the limit of a large number of anyons,
N, the ground-state degeneracy is lN, and the
anyon is said to have a “quantum dimension” of
l. This degeneracy is not a result of any obvious
symmetry of the system. As such, it is robust and
cannot be lifted with the application of any local
perturbation (11).

Transformations between the degenerate
ground states may be induced by exchanging
the anyons’ positions. The canonical example is
that of a two-dimensional (2D) system, where
anyons may be regarded as point particles.
Imagine a set of anyons that are initially positioned
on a plane at (R1…RN). They are made to move
along a set of trajectories [R1(t)…RN(t)] that ends
with their positions permuted. The motion is slow
enough not to excite the system out of the sub-
space of ground states.When viewed in a 3D plot,
the set of trajectories, known also asworld lines,Ri
(t) look like entangled strands of spaghetti. A
“braid” is defined as a set of spaghetti config-
urations that can be deformed to one another
without spaghetti strands being cut. Remarkably,
the unitary transformation implemented by the
motion of the anyons depends only on the braid
and is independent of the details of the trajec-
tories. These unitary transformations must satisfy
a set of conditions that result from their topo-
logical nature, such as the Yang-Baxter equation
(Fig. 1A).

Notably, for the braid in which two anyons of
types a and b are encircled by a third that is far
away (Fig. 1B), the corresponding transformation
will not be able to resolve the two anyons’ types;
from a distance they would look as if they “fused”
to one anyon, of type c. The fusion of a pair of
non-Abelian anyonsmay result in several different
outcomes that are degenerate in energy when the
anyons are far away from one another (leading to
the ground-state degeneracy). The degeneracy is
split when the fused anyons get close. The list of
cs to which any a-b pair may fuse constitutes the
“fusion rules.” For each anyon of type a, there is
an “anti-anyon” ā such that the twomay annihilate
one another, or be created as a pair.

Topological Quantum Computation
The properties of non-Abelian states that are im-
portant for our discussion are the quantum dimen-
sions of the anyons, the unitary transformations
that they generate by braiding, and their fusion
rules. Different non-Abelian systems differ in
these properties. To turn a non-Abelian system
into a quantum computer, we first create pairs
of anyons and anti-anyons from the “vacuum,” the
state of zero anyons. In the simplest computational
model, a qubit is composed of a group of several
anyons, and its two states, |0〉 and |1〉, are two

possible fusion outcomes of these anyons. (A
qudit is formed if there are more than two possible
fusion outcomes.) The creation from the vacuum
initializes qubits in a well-defined state. The uni-

tary gates are implemented by the braid transfor-
mations (Fig. 1C). At the end of the computation,
the state is read off by measuring the fusion out-
come of the anyons (2–6).

Fig. 1. (A) The Yang-Baxter equation states that two exchange paths that can be deformed into each
other without cutting the world lines of the particles (blue curves) define the same braid. (B) Two
anyons labeled a and b are encircled by a third anyon d. The resulting transformation depends only on
the fusion outcome of a and b. (C) A canonical construction for a qubit, in a system of Ising anyons,
consists of four anyons that together fuse to the vacuum. The two possible states can then be labeled by
the fusion charge, say, of the left pair. A single qubit p/4 gate can be used by exchanging anyons 1 and
2 (depicted), whereas a Hadamard gate can be used by exchanging anyons 2 and 3. Such a construction
can be realized using Majorana fermions. (D) Decoherence of information encoded in the ground-state
space. Thermal and quantum fluctuations nucleate a quasiparticle-antiquasiparticle pair (red, white).
The pair encircles two anyons encoding quantum information, and annihilates. The result of the process
depends on the fusion charge of the two anyons, leading to decoherence of the encoded quantum
information.
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Fig. 2. Braiding in a system hosting Majorana fermions (zero modes or their fractionalized
counterparts). For a manipulation of the subspace of ground states to lead to a topological result,
the number of ground states should remain fixed. (A) Two zero modes initially at locations 1 and 2
are to be interchanged. A pair of coupled zero modes, 3 and 4, is created from the vacuum and
may reside, for example, at the two ends of a short wire. As long as 3 and 4 are coupled (blue line),
they are not zero modes and do not change the degeneracy of the ground state. Next, location 1 is
coupled to 3 and 4 (red dashed line). The coupled system of 1, 3, and 4 must still harbor a zero
mode. Thus, this step does not vary the degeneracy of the ground state, but it does redistribute the
wave function of that zero mode among the three coupled sites. Location 4 is then decoupled from
1 and 3, and the localized zero mode is now at location 4. The outcome is then that 1 was copied to
location 4. (B) In a similar fashion, 2 is copied to location 1. (C) Finally, 1 is copied from location 4
to location 2. At the end of this series, 3 and 4 are again coupled to one another, but 1 and 2 have
been interchanged.
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The process outlined above is immune to
noise and decoherence. The only mechanism that
may alter the quantum state of the qubit in an
uncontrolled fashion is a quantum or thermal
fluctuation that creates an anyon–anti-anyon pair
from the vacuum; the pair braids around two of
the qubit’s anyons, and finally annihilates (Fig.
1D). The probability for such a process decreases
exponentially with decreasing temperature and
with increasing distance between the anyons.

A quantum computer needs to have a min-
imal set of gates that allow it to efficiently ap-
proximate any unitary transformation in its space
of logical states. Such a set is commonly called
universal (12, 13). For example, a universal set
may be composed of two single-qubit gates and a
two-qubit controlled-not gate (CNOT). For some
non-Abelian states, all of these gatesmay be carried
out in a topologically protected way (2, 4–6).

Fortunately, even when that is not the case, uni-
versality may still be obtained by combining topo-
logical and nontopological operations, as shown
below (14, 15).

Zero Modes and Majorana Fermions
A useful concept for understanding the stability
of the degeneracy of the ground state in non-
Abelian systems is that of localized “zeromodes”
(16, 17). These are operators that act only within
the subspace of ground states, and whose op-
eration is confined to a localized spatial region.
Generally, the number of independent operators
that transfer the system between orthogonal
ground states must be even. Thus, when there is
only one such operator acting within a given
spatial region, it must be Hermitian (note that
Hermitian conjugation does not change the
location of the operator). Consequently, it must

have a partner in a different spatial region. If the
system is subjected to a perturbation that acts
locally within one of the regions, the local zero
mode cannot be eliminated, because its partner is
not subjected to that perturbation.

The position and wave function of the zero
modes depend on the parameters of the system.
Braiding operations are carried out by a cyclic
trajectory in this parameter space. The braiding of
world lines in two dimensions (18, 19) is a
particular example of topologically distinct
classes of cyclic trajectories in the parameter
space. More generally, the unitary transformation
applied by a cycle is determined by the topolog-
ical class to which the cycle belongs. This allows
for braiding operations in systems that are not
2D, such as networks of 1Dwires (20–22) (Fig. 2).

The simplest non-Abelian states of matter,
those that carry Majorana fermions (16, 17), can
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Fig. 3. Majorana end modes in a quantum wire. (A) A schematic plot of
the sample: a quantum wire lying on a superconductor. B is the magnetic
field that couples to the electron’s spin, and Bso is the effective magnetic
field induced by spin-orbit scattering. (B) A picture of the sample. Scale
bar, 1 mm. (C and D) The measured differential conductance as a function
of voltage at a range of magnetic fields (C) and magnetic field orien-
tation (D) in the experiments reported in (28) and (29), respectively. The
peak at zero voltage may be a sign of a Majorana fermion zero mode. (E)

The experimental device of the type used in (50, 58) to measure inter-
ference of quasiparticles in the n = 5/2 state. The periodicity of the
interference pattern as a function of magnetic field and gate voltage
reflects the non-Abelian nature of the quasiparticles (54–56). Indicated
are the interference loop (A), the interfering trajectories (dashed lines),
ohmic contacts (a to d), and gates (numbered). [(A), (B), and (C) reprinted
from (28); (D) reprinted from (29) by permission of Macmillan Publishers
Ltd., copyright 2012; (E) reprinted from (58)]
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be explained using the concept of zero modes.
Such systems usually combine spin-orbit cou-
pling, superconductivity, and Zeeman coupling
to the electron spin (23–27). In superconductors,
operators that take the system from one energy
state to another are superpositions of electron
creation and annihilation operators. In certain
conditions, localized zero modes occur, in which
the amplitude for the creation and annihilation
operators is equal in magnitude, and the resulting
operator is Hermitian. These operators are com-
monly referred to as Majorana fermions. The non-
Abelian state of matter occurs when the zero
modes are spatially separated from one another.
Like all zero modes, Majorana fermions occur in
pairs. A pair of Majorana fermions form a com-
plex conventional fermion that spans a Hilbert
space of two dimensions. The quantum dimension
of a single Majorana fermion is therefore

ffiffiffi

2
p

.
Because a superconductor is gapped, Majo-

rana fermions in a superconducting system can
only occur where the superconducting gap closes
locally. In 2D systems, Majorana fermions are to
be found in vortex cores (16, 18), whereas in 1D
systems they are to be found at the interfaces be-
tween different types of superconductivity, or at
the system’s ends (17). In vortex cores of s-wave
superconductors, the presence of two spin direc-
tions per each electronic state does not allow for
an isolated Majorana fermion zero mode. The
places to look for isolated Majorana fermions are
superconductors with only one spin direction per
each electronic state. Examples are superconduc-
tors with spin-polarized p-wave pairing (16, 17),
surfaces of 3D and edges of 2D topological in-
sulators (23, 24), and 2D/1D systems featuring

both spin-orbit and Zeeman couplings (25–27) in
proximity to superconductors.

Recent experiments (28–32) support the
existence of Majorana fermions at the ends of
semiconducting wires in which strong spin-orbit
coupling, together with Zeeman coupling of the
spin to a magnetic field, creates a range of
densities at which spin degeneracy is removed.
The wires are made superconducting through
their proximity to a superconductor, and zero
modes are expected to form at their ends, which
are separated from metallic contacts by poten-
tial barriers. When a current is driven through the
wires in the absence of the end modes, the com-
bination of the barriers and the superconducting
gap suppresses the current at low voltages. The
Majorana end modes allow current to flow, re-
sulting in a sharp peak in the wires’ differential
conductance at zero voltage. This peak was ob-
served in several experiments (Fig. 3) and its char-
acteristics are consistent with Majorana end modes
in quantum wires.

Although these are encouraging observations,
it is still too early to identify them unambiguously
as originating fromMajorana fermions. The wires
used in the experiments were short enough that
coupling between the two ends may be expected
to split the degeneracy between the end modes.
Future experiments may observe the decay of this
splittingwith increasingwire length. Differentmea-
surements using the Josephson effect, Coulomb
blockade, and scanning tunneling microscopes
may provide additional information.

The Majorana fermions on the ends of quan-
tum wires offer useful insights into the physics
of non-Abelian systems. In the absence of the

Majorana fermions, the ground state of a clean
superconducting wire has an even number of
electrons paired to Cooper pairs. Adding another
electron is costly in energy, because this elec-
tron has no pairing partner. When the two
Majorana fermions are localized at the ends of
the wire, the odd electron can join at no cost of
energy. The two degenerate ground states are then
of different electron parities. When there are N
wires, there are 2N zero modes and 2N states,
with each wire having either an even or odd num-
ber of electrons. This manner of counting explains
the quantum dimension of

ffiffiffi

2
p

.

Magic State Distillation and
Surface Codes
Majorana fermions realize fusion and braiding
rules analogous to those of “Ising anyons.”
Interchanging Majorana fermions at the ends of
the same wire is equivalent to rotating the wire;
this preserves the parity of the electron number
while implementing a relative phase shift of p/2
between states of different parities. The braiding
of two Majorana fermions of two different
wires (Fig. 2) leads to a unitary transformation
that takes the two wires from a state of well-
defined parities to a state that is a superposition
of even and odd parities, with equal probabilities.
For example, the state |even1,even2〉 is transformed
to the state 1/

ffiffiffi

2
p

[|even1,even2〉 ± i|odd1,odd2〉],
where the sign of the second term depends on
the details of the interchange. Because only two
types of interchanges are possible—intrawire and
interwire—there is no topologically protected way
to turn two wires that start, say, at even parities
|even1,even2〉 into an arbitrary superposition of the

ν = 1/m

A B
B

B

ν = 1/m

ν = –1/m ν = 1/m

SC

SC

Fig. 4. Fractionalized Majorana zero modes at the interface between the
superconductor and tunneling regions. (A) An electron-hole bilayer where the
two layers are in a FQHE where the Hall conductivities are quantized at n =±1/m
(in units of e2/h), wherem is an odd integer. The direction of the edge modes is
indicated by the blue arrows. An s-wave superconductor (SC; orange) coupled to
the edge of the two-layer system can gap the edgemodes. In nonsuperconducting

regions, spin-flipping electron tunneling between the top and bottom layer (black
arrows) opens a gap on the edge. These can be enhanced by coupling the edge to
a ferromagnet. Two layers of graphene may be a possible realization for such a
system. (B) Single-layer realization, with a trench cut in a FQHE state with n = 1/m
exposing counterpropagating edge states. In spin-polarized quantum Hall states,
spin-orbit interaction would couple these modes to a superconductor.
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type a|even1,even2〉 ± b|odd1,odd2〉, with |a| ≠ |b|.
Topological quantum computation with Majorana
fermions is therefore not universal (4–6). Using
topologically protected braiding and measurement
operations, Majorana fermions may carry out a
set of gates known as the “Clifford gates.” This
set is generated by the single-qubit Hadamard
gate, the single-qubit Pauli matrices, and the two-
qubit CNOT gate (the latter requires a parity mea-
surement of two qubits) (13). The gap to universal
quantum computation may be bridged by adding
a single-qubit gate that rotates the qubit by an angle
p/8 (values other than p/8 are also possible).

Although topologically protected operations
cannot implement the missing gate, they are able
to approximate this gate with an arbitrarily small
error, using a protocol called “magic state dis-
tillation” (14, 15). The protocol consists of three
key steps. First, nontopological operations create
a large number of resource qubits in a “noisy” ver-
sion of the state |yM〉 = 1/

ffiffiffi

2
p

[|0〉 + exp(ip/4)|1〉].
[Note that there is no known way to accurately
create the state |yM〉 by using Clifford gates (i.e.,
topologically protected operations) alone.]

In the second step, one almost accurate qubit
in the state |yM〉 is distilled, using only topolog-
ically protected operations, from a large number
of the noisy resource states. The possibility to do
this endows |yM〉 with the affectionate name
“magic state.” The distillation protocol is based
on the concept of a “stabilizer” quantum error-
correcting code (33). A quantum error-correcting
code uses n physical qubits that span a space of
2n states to represent one logical qubit. A unitary
transformation takes a state of a single “logical”
qubit and encodes it in this 2n-dimensional space.
As long as only a limited number of errors occur
in the encoded state, they may be detected and
corrected by measurements carried out on the n-
qubit system, without disturbing the encoded
quantum information.

In a stabilizer code, Pauli measurements and
Clifford operations are sufficient for information
encoding, decoding, and error correction. In the
particular stabilizer code used for magic state
distillation, Clifford operations can transform n
qubits in the state |yM〉 to an encoded logical state.
Therefore, this code can be used to take n of the
qubits that are noisy yet close enough to the state
|yM〉, encode them, detect the errors in their
combined n-qubit state, keep only the error-free
instances, and decode back to a single-qubit state.
This entire step may be done in a topologically
protected manner. Because the number of de-
tectable errors is limited, this procedure cannot
yield perfect magic states. However, the output is
closer to the desired |yM〉 than are the input re-
source states. This step can be applied repeatedly
until the required level of accuracy is reached.

In the third and final step, the distilled magic
states are used as ancillary qubits in order to apply
the single-qubit rotation that is missing in the
Clifford gates set. This is accomplished by

measuring the joint parity of the logical qubit and
the ancilla in the state |yM〉. If the initial state of the
logical qubit is a |0〉 + b|1〉, the measurement entan-
gles the qubit and the ancilla either to the state 1/

ffiffiffi

2
p

[a|00〉 + b exp(ip/4)|11〉] or to 1/
ffiffiffi

2
p

[exp(ip/4)a
|01〉 + b|10〉], depending on its outcome. A CNOT
operation then disentangles the qubit from the
ancilla, resulting in the required operation on the
logical qubit. Magic state distillation complements
the set of Clifford gates and opens the way to uni-
versal quantum computation based on Majorana
fermions. The optimization of distillation proto-
cols is currently under study (34).

In any physical realization of topological quan-
tum computing, we must still expect an inevi-
table amount of errors. A promising approach
for dealing with these errors is to incorporate to-
pological qubits into a particularly fault-tolerant
class of stabilizer codes, known as “surface codes.”
These codes consist of a 2D or 3D array of qubits
(3, 35). In surface codes, the states used to en-
code the logical qubit are the ground states of a
Hamiltonian that describes couplings between
different physical qubits in the array. This Ham-
iltonian gives rise to Abelian anyons. Two Abelian
anyons have only one fusion outcome and there-
fore do not have the full advantages of their
non-Abelian counterparts. Nonetheless, the sur-
face codes do offer an enhanced robustness to
decoherence and noise. The logical quantum
information is encoded by the presence or ab-
sence of Abelian anyons on holes cut out in the
array. An error occurring in a surface code amounts
to creating an excited anyon–anti-anyon pair,
which can be located and corrected by perform-
ing Pauli measurements and Clifford operations
on the code’s qubits. The error tolerance of sur-
face codes can be several orders of magnitude
better than most other known types of quantum
error-correcting codes, but it comes at the price
of the large number of physical qubits needed to
encode a single logical qubit.

The ideas outlined above have inspired several
proposals for hybrid structures of topological and
nontopological components. These structures ei-
ther combine nonprotected superconducting qubits
or charge qubits with protected Majorana qubits,
or combine protected quantum Hall interferometric
gates with nonprotected parts (36–41). The role of
the nontopological parts is limited to the operations
that cannot be carried out in a protected manner,
requiring effective and fast control of the coupling
of the nontopological and topological parts.

Non-Abelian Anyons in Quantum Hall Systems
Non-Abelian anyons with properties richer than
those of Majorana fermions are known in several
systems. Below, we survey non-Abelian anyons
on the edges of Abelian quantum Hall systems
(42–47) and non-Abelian quantum Hall states
(1, 2, 10, 16, 48).

The 2D gapped bulk of the quantum Hall
effect is accompanied by 1D gapless edgemodes.

These modes occur at the interface of a quantum
Hall state with the vacuum, between quantum
Hall states of different filling factors, or even be-
tween quantum Hall states of the same filling fac-
tor and different spin polarization. We focus here
on cases where gapless modes flow in both direc-
tions; these modes may be gapped by a pertur-
bation that induces backscattering between them.
One such case (Fig. 4A) is bilayer electron-hole
system, in which the electrons and the holes are
subjected to the same magnetic field and have the
same densities. Because of their opposite charges,
the two layers carry counterpropagating edgemodes
in physical proximity.When the values of the quan-
tized Hall conductivities at the two layers (in units
of e2/h) are n = ±1/m, there is one mode flowing in
each of the layers; in more complicated cases, there
may be several such modes. Counterpropagating
edge modes can also be realized in single-layer
systems (Fig. 4B).

For n = ±1/m, the two counterpropagating
edge modes may be gapped when they are both
coupled either to a superconductor or to a ferro-
magnet (Fig. 4). In the two-layer case, the super-
conductor exchanges pairs of electrons with the
two layers, one electron with each layer, where-
as the ferromagnet scatters an electron from one
layer to the other. In more complicated cases,
there may be other ways to gap the edges, even
with no superconductivity present. If different
regions of the edge are gapped by different mech-
anisms, zero modes may appear at the inter-
faces between these regions. Form = 1, these are
Majorana fermion zero modes, with quantum
dimension

ffiffiffi

2
p

. For the fractional casem > 1, the
emerging anyons have a larger quantum dimen-
sion of

ffiffiffiffiffiffi

2m
p

. In these cases, the regions on the
edge that are coupled to superconductors form
“superconducting quantum wires” and are other-
wise surrounded by an insulating bulk. Their
charge is then quantized modulo the charge of a
Cooper pair. The quantization unit is the ele-
mentary charge of the surrounding medium,
which is 1/m of the electron charge, resulting in
2m possible charge values.

The non-Abelian anyons that are realized on
the gapped edges of Abelian quantum Hall sys-
temsmay be braided using operations of the form
outlined in Fig. 2. The unitary transformations
that are realized by such braiding are richer than
those realized by Majorana fermions. Unfortuna-
tely, these systems do not allow for universal quan-
tum computation; however, they are robust to
electronic noise and allow all Clifford operations
to be performed using braiding. The precise com-
putational potential of the non-Abelian anyons
on edges of Abelian quantum Hall states has not
yet been fully explored (47).

With respect to universal quantum compu-
tation, the most powerful anyons may be re-
alized in the fractional quantum Hall effect
(FQHE), in particular for states in the Landau
level range of 2 < n < 4. The non-Abelian anyons
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in this system are fractionally charged quasi-
particles. Despite the differences between these
and the systems described above in the con-
text of Majorana fermions, there are similar-
ities in the path that may lead to the formation
of non-Abelian anyons. In both systems, the
interaction between electrons leads to states
that may be viewed as a Bose-Einstein conden-
sate. For superconductors, the condensed parti-
cles are Cooper pairs composed of two electrons
each. For non-Abelian FQHE states, the con-
densed bosons are clusters of k electrons, with
k + 2 magnetic flux quanta attached. The at-
tached flux transmutes the electrons into Abelian
anyons, and k of these anyons form the boson that
condenses. The resulting state is a candidate state
for Landau level fillings of n = L+ [2/(k + 2)] and
n = L + [k/(k + 2)], where L is the number of
filled inert Landau levels. On the basis of nu-
merical analysis, the most likely range of fillings
where these states may be energetically favorable
to other states has L = 2. These states are usually
referred to as the Moore-Read state (for k = 2) (1)
and the Read-Rezayi states (for k ≥ 3) (48).

Similar to Majorana fermions, Moore-Read
non-Abelian quasiparticles (1) have the quantum
dimension of

ffiffiffi

2
p

. For the Read-Rezayi states, the
fractional statistics of the k anyons makes the
counting of the ground states quite complicated.
Briefly, the quantum dimension of the resulting
non-Abelian anyons is 2 cos[p/(k + 2)], which is
not a square root of an integer. The transforma-
tions implemented when the non-Abelian anyons
of k ≠ 2 or 4 are braided are rich enough to enable
a universal set of quantum gates.

Numerical and experimental evidence (Fig.
3E) supports the identification of the n = 5/2 state
as a Moore-Read state (49–52). Experimental
investigation of states with k ≥ 3 has so far been
hindered by their fragility, reflected in a small
energy gap and strong sensitivity to disorder.

The non-Abelian anyons realized by fraction-
ally charged quasiparticles in FQHE states are full-
fledged quantum dynamical degrees of freedom, in
contrast to those realized by zeromodes confined to
vortices or interfaces between phases. This dif-
ference is reflected in the way of measuring the
fusion outcome of two anyons. For a pair of zero
modes at two ends of a superconducting wire, the
outcome can be measured by interfering a vortex
around the superconductor and then measuring the
phase shift induced by the Aharonov-Casher effect
(53). In contrast, for the FQHE anyons, qubit mea-
surements can be carried out by interfering the
anyons themselves (54–56). We note that the uni-
tary transformations required for topological
quantum computing can be simulated using only
measurements of fusion outcomes (instead of
performing braiding operations) (57).

Outlook
The field of topological quantum computation is
in its infancy. On the experimental side, there has

been substantial recent progress in the study of
systems that host Majorana fermions. So far, this
study has mostly attempted to demonstrate the
existence of these Majorana fermions. In the near
future, one may expect further experiments aimed
at nailing down the identification of these sys-
tems as non-Abelian, together with the devel-
opment of methods to control, manipulate, and
braid the anyons. Concurrently, one may expect
experimental attempts to form hybrids of topo-
logical and nontopological qubits. These experi-
ments will surely benefit from detailed theoretical
modeling of the experimental systems. Future
theoretical studies will hopefully propose novel
non-Abelian systems that could be realized ex-
perimentally. These studies will benefit from an
ongoing effort to classify non-Abelian states and
explore the underlying mathematical structures.
On the quantum computer science front, much
remains to be understood regarding the compu-
tational power of various types of non-Abelian
systems. Future studies may refine the distinction
between universal and nonuniversal quantum
computation, and distinguish between more and
less powerful schemes for nonuniversal quantum
computation.
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