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Abstract

This master’s thesis is divided in three main parts. In the first part, we present the two fundamental
transformations between anyons, Flux metamorphosis and Aharonov-Bohm effect. We introduce
the braid group, its defining relations and its representation via the quantum double. Then, we
construct the quantum double for the dihedral group Ds, specify the modular generators of the
theory (S and T matrices) and give a simple example of anyon scattering.

In the second part, we focus on the quantum computational aspect of groups/models, with the
goal to derive universal quantum computation. We define the encoding of a qubit in the fusion
space and then we construct the generators of the braid group for various anyon models, including
D(D5). We establish general protocols of encoding and processing information with anyons, one
using F' and R-symbols as well as the fusion rules and another one with pairs of fluxes. We work
with Fibonacci and Ising anyon models, where the former is considered as the ideal model for
computing. We also point out the difficulty to construct known gates inside D(D5).

In the third and final part, we give two examples of universal quantum computation, one with
qutrit encoding in D(Sg) and another one using pair of fluxes with simple perfect groups. We note
in the conclusions that dihedral anyons have the potential of constructing a universal gate set but
the way to illustrate this is beyond the purpose of this thesis.






IMTepiAndm

H ouyxexpipévn dimhopatixy epyacio ywplletou ot tpla xOpia uépr. 110 TpKdT0 wépog, Tapouatdlouye
TOUG 00 YEUEALMDOELS PETACYNUATIOUONE PETUEY AVUOVIWY, TNV UETALORYWOT) POTE XL TO (QUULVOUEVO
Aharonov-Bohm. Eicdyouye 1o braid group, tic Bacixés oy€oeig Tg OUddag Xot TNV avandpdoTtaoT
TOU U£00 TOU JOVTEROU aVUOVIRY TENEPUOPHEVTS Opddas. Enetta, xataoxcudloule TO LOVTELND aVUOVIKY
yio Ty oudda Dy, npocdiopiloupe Toug yevvitopes tou modular group yio auty tny Yewpla (S xou
T nivaxec) ot divoupe éva oanhd napdderypa oxEBAoNS avuoviwy.

Y10 0e0tepo Pépog, €6 TLALOVUE GTO UTOAOYLO TIXO XOUUYTL TV OUdd®Y/UOVTENWY, uE GTOYO Vo eEd-
youpe xoohxy) xBoavtixr vnoroyiotixr. Optlouye Ty xwdixonoinon evéc qubit 6Tov Ybpo cOVINENG
Xl UETA XATUOEVALOVYE TOUC YEVVATOPES Tou braid group yio BLAQOEO oVUOVIXE HOVTENN, GUUTER-
thapBavopévou tou D(Ds). Kadiepdvoupe yevixd mpwtdxolha xwdixonoinong o enclepyasiog tng
Thnpogoplag Ye avuovia, €va ypnotdormoiwvtag 1o F'oxow R olyfoha xadoe xoar toug xavdveg oOv-
nene xan éva dhho pe Lelbyn powv. Epyalduacte pe ta Fibonacci xon 1sing povtého avuoviwy, 6mou
T Tp@To Yewpeltol w¢ To WavXd POVTELD Yo utoloyio x| Enlorng, unodewviouue tnv ducxolia
xotaoxeufic YVwo oy TUAGY péoa oto D(Ds).

Y10 tpito xou tehevtaio pépog, divouue dV0 mapadeiypata xoadohixis xPavtixfc UTOAOYIOTIXAC,
éva pe quirit xwdixonolnomn oto D(S3) xou éva dhho yenowonodvias Lebyn podv pe Téhelec anhég
OUAOES. YMUELDYOUYE GTOU CUUTERACHATA OTL Ta BIEDPA AVUOVIAL €YOUV TNV DUVATOTNTA XATACKEUNS
evog xadohxol ouvOhou TUAGY 0AAd 0 TpbTog va homotnlel autd elvar Tépay Tou oxomol auThg TNg
epyaotag.
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1 Introduction

The concept of quantum computers was introduced by Richard Feynman in 1982 when he proposed
that quantum many-body systems can be simulated exponential faster on a quantum computer
that a classical one, by exploiting the basic principles of quantum mechanics. Later in 1994 Peter
Shor followed, who created an innovative quantum algorithm for the factorization of a k digit
number. The progress made was that information could be processed faster as well as the tolerance
to the system size was enhanced. Quantum computation is based on three different procedures:
initialization, unitary evolution and measurement. Suppose we have a system in hand, defined
in a Hilbert space H. Firstly, we initialize the state of the system to a desired and known state
|tbo). Then under specific dynamics which we control (environment) the system evolves in time
with a corresponding unitary operator U(t) to a final state [¢)) = U(t) [¢o) by the manner that
Schrodinger’s equation dictates. At last, we measure the state of the system at an instant of the
evolution and read the outcome.

Nevertheless, we are dealing with a lot of problems when we conduct quantum computation
in practice. The two predominant sources of error is decoherence and imperfect operations on the
system. The former refers to the inability of sustaining large quantum systems bounded and not
affecting their quantum properties (such as entanglement) due to their interactions with the outside
environment (noise) while the latter alludes to the fact that quantum operations or as we call gates
cannot be implemented with perfect accuracy so that small functional imperfections combined
together result in a quantum computer that fails to operate. The need for a fault — tolerant
quantum computer still remains so obvious [1].

The idea imposed to fix such technical obstacles is topological quantum computing. Topological
quantum computing proposes the use of 2D exotic quasiparticles called anyons for the purpose of
processing and encoding information. Anyons are localized excitations that appear in 2D (artificial)
materials which behave in a topological manner. They have highly entangled degenerate ground
states, encode non locally information which can be revealed only when we bring them together
(fusion) and we process this informational content when we encircle one another (braiding). They
are indistinguishable by local operations and because of their topological nature, manipulating the
information that they carry is so much more efficient because the path of their braids is topologically
protected by small deformations of their trajectory [2]. So topology is so far the best tool to confront
regular emerging errors.

In three spatial dimensions, the statistics of two identical particles is not as rich as in two
dimensions. The reason for this argument is that any circular closed path that a particle follows
in 3D can be continuously deformed (is equivalent) to the trivial path (no action at all or stay at
the same place). This happens as we make the trajectory go above or below the particle that we
encircle. This is why in 3D when we move a particle in a loop around its indistinguishable partner,
the operation we do is trivial (act with the identity matrix) [2]:

R? [19p2) = I [ih1aha) = [ih1tpa) = R [1he) = £ [1harn)

where the exchange operator R acting on the eigenvector state [1112) of the two identical particles
gives +1 as eigenvalues. So we have two kinds of particles: bosons, where the total wavefunction
of the two particles is symmetric under the exchange, and fermions, where the total wavefunction
is antisymmetric upon the exchange of the particles.

In two dimensions the scenery is far more intriguing. When we transport, in a loop, one of the
two indistinguishable particle around the other, it is not necessary that we return to the initial



state. The explanation is that when we attempt to deform continuously the loop to a single point
we always cut through the other particle (we lack of an extra dimension here to slide over the
particle). In general, when we exchange the two particles in 2D we get an arbitrary phase for
abelian anyons and a unitary operator for non abelian anyons :

R|g1iba) = € |9hotpr) = R [ih1eo) = €*? ih1afo) abelian anyons,
R|p1p2) = Uiz [hath1) = R? [h14he) = U1 Una |th1ha) non abelian anyons,

where ¢2¢ £ 1 and Uy Uya =+ I for an arbitrary case. Only when ¢ = 0 or ¢ = 7, we have bosons
and fermions respectively (the non abelian anyons, for which [Ulg, 1721] =+ I , are neither bosons
nor fermions) [2].

Every distinct trajectory between a collection of n indistinguishable particles in 3D can be repre-
sented by some action of the elements of the permutation group .S,, (because of the relation R2=1T
in 3D for two particle systems). In 2D (because R? #* Iin general) instead of the symmetric group
S, we have the braid group B,, when we talk for indistinguishable particles. The one-dimensional
representations of B,, represent the abelian anyons whereas higher-dimensional representations of
the braid group describe non abelian anyons. When the particles are distinguishable, we have
representations of the colored or pure braid group P, , where the particles carry different colors to
be distinguished and after any kind of braid each particle returns to its initial fixed position in the
plane. Geometrically, an n-braid is a collection of n disjoint strings where the endpoints are fixed
(evolving upwards in time). If we permit any kind of permutation between the endpoints we take
B,, but if we prohibit it we have P,,. The groups S,,B,, and P, have infinite order meaning we can
have infinite different combinations of their elements [7].

Finally, a physical phenomenon strongly connected with anyons is the Aharonov— Bohm effect.
It has been observed that when a particle with charge ¢ is being transported adiabatically (given
that the adiabatic condition is true) around a magnetic flux ¢, then the wavefunction of the particle
acquires a phase €%, which has purely topological origin since it depends only on the winding
number and not at the shape of the path [2]. We will later introduce this phenomenon in a more
mathematical way, when we will define anyons as doublets of charges and fluxes (also have spin).

The most promising systems for the realization of anyons are the Fractional Quantum Hall
(FQH) states in two dimensional electron (gas) systems at low temperatures and high magnetic
fields, where several non abelian anyons occupy a degenerate ground state. When the highly
degenerate Landau levels are filled up to a fraction (v = p/q with p,q € Z), the elementary
excitations carry fractional charge of magnitude e* = e¢/q and are candidates for realizations of all
kinds of anyons.



2  Quantum double

Before we begin analyzing the quantum double model D(H), we have to introduce the tools that
we will be working with and their transformation laws. We start with a Lagrangian governed
by a Chern-Simons theory, which has it’s gauge symmetry spontaneously broken down via Higgs
mechanism so eventually we are left with a finite group H. This group can be abelian or non abelian.
The elements of the group are the pure fluxes of this model while the irreducible representations of
the group are our pure charges. The doublets of charges and fluxes will form our anyons [3]. We
will discuss the basic topological interactions among these different flux/charge composites.

2.1 Flux metamorphosis

Suppose we are equipped with two fluxes (two infinite vertical strings referred to the magnetic
vortices) g, h € H. So the system is in the state :

|hg) = |h) |g) (1)

When we interchange the h flux with the g flux counterclockwise, the stationary flux in the center
becomes conjugate of g (global symmetry transformation) [3]:

R |hg) = |hgh™") |h), (2)

such that the total flux of the configuration hg = hgh~'h is conserved. The states of the two fluxes
have been reversed after the interchange because of their position (from the left to right).

h 9
hgh~' h
ST
@-@O — O -0
h 9 \
g9 9 hg

Figure 1: Interchange of two fluxes h,g € H counterclockwise (above)
with the R operator and clockwise (below) with the R~! operator.

When the two fluxes do not commute and at least one of the two carries non trivial charge, we have
the non abelian Aharonov — Bohm effect. Suppose we interchange again counterclockwise the two
fluxes, now hgh~' and h. We take :

R? |hg) = R |hgh™") |h) = |(hgh™")h(hgh™")~") |hgh™") (3)

according to relation (2).

However, the group elements that we attach to the fluxes depend on our conventions. Suppose
I am presented with k fluxons (particles that carry flux), and that I use my standard charges to
measure the flux of each particle. I assign group elements a1, as, ..., ar € H to the k fluxons. You



are then asked to measure the flux, to verify my assignments. But your standard charges differ
from mine, because they have been surreptitiously transported around another flux (one that I
would label with h € H). Therefore you will assign the group elements haih~!, hash™!, ..., haph~!
to the k fluxons; our assignments differ by an overall conjugation by h. Because exactly that two
fluxes transform with conjugation by the above interchange action, we will consider as different
pure fluxons (anyons that carry flux and have trivial charge) those group elements that belong in
different conjugacy classes of the finite group H [4].

2.2 Abelian Aharonov-Bohm effect

We will now present the transformation that comprises the mathematical analog of the abelian
Aharonov-Bohm effect. When we include a mass term in the Lagrangian that was reported initially,
then after the symmetry is spontaneously broken down, we also have (pure) charge particles in the
form of any kind of the irreducible representations of the group H, except form the fluxes. Different
types of charges correspond to all distinct irreducible representations of the group. Suppose we
have a charge/flux pair in hand. When we encircle the charge counterclockwise around the flux we
take the following transformation [3]:

R?|h) [v) = [h) [T (R)v) , (4)

where I'(h) is the matrix assigned to the group element h in the irep I', |v) is the internal charge
state and |h) is the state of the flux (h € H). Assuming the dimension of I' is |I'| and defining an
orthonormal basis for |v) (same dimension as I'), with ¢ = 1,2,...,|['|, the transformation of the
charge basis vectors is written as [4]:

T

0, = " Tij(h) |v, 5) (5)
j=1

The irreps of the group (and as a consequence the charge states) don’t have to be one dimensional.
When the irrep is 1D we have the classical and trivial abelian Aharonov — Bohm effect, in which
we get just a phase. When the irrep has a higher dimension, then we have the non-trivial (but still
abelian) Aharonov — Bohm effect in which we result with a unitary transformation (rotation) of
the state |v). We have to specialize in this point which irreps count as different types of charges.

In principle, charge can be measured in an Aharonov-Bohm interference experiment [4]. We
could hide the object whose charge is to be found behind a screen in between two slits, shoot a
beam of carefully calibrated fluxons at the screen, and detect the fluxons on the other side. From
the shift and visibility of the interference pattern revealed by the detected positions of the fluxons,
we can determine I'(b) for each b € H, and so deduce T

However, there is a catch if the object being analyzed carries a nontrivial flux ¢ € H as well
as charge. Since carrying a flux b around the flux a changes a to bab™!, the two possible paths
followed by the b flux do not interfere, if @ and b do not commute. After the b flux is detected, we
could check whether the a flux has been modified, and determine whether the b flux passed through
the slit on the left or the slit on the right. Since the flux (a or N(bab™!)) is correlated with the
“which way” information (left or right slit), the interference is destroyed.

Therefore, the experiment reveals information about the charge only if ¢ and b commute. Hence
the charge attached to a flux a is not described as an irreducible representation of H; instead it is

10



an irreducible representation of a subgroup of H, the centralizer N(a) of a in H, which is defined
as :

N(a) ={b e Hl|ab = ba} (6)
The centralizers N(a) and N(bab~!) are isomorphic, so we may associate the centralizer with a
conjugacy class Cj, of H rather than with a particular element h € H, and denote it as N(Cp,).
Thus, the list of the distinguishable charges is made by the ireps of the centralizers of the group H.

2.3 Superselection sectors

Collecting all the previous facts, each type of particle that can occur in our non abelian supercon-
ductor really has two labels : a conjugacy class C} describing the flux, and the a-th irreducible
representation I' of N(C},) describing the charge [4]:

|Chaar>

We say that C}, and “I" label the superselection sectors of the theory, as these are the properties of
a localized object that must be conserved in all local physical processes. So, all the different anyon
types that can be distinguished are labeled as (C,, “T") and their dimension is d(¢, oty = |Ch|- |“T.
The total dimension of the group is given by summing over all types of anyons :

D2 =" "di, apy = IChP [T (7)
Cp o Ch, al?

Accounting that the sum over the dimension squared for all irreducible representations of a finite
group is the order of the group, and the order of the normalizer N(C},) is |H|/|Ch|, we obtain :

H
D= (0 ,’Ch" 1B |Chl = | ®)
Ch Ch

2.4 Algebraic structure of quantum double

There are two physical operations upon the particles of any discrete H gauge theory, explained
previously. We can independently measure their magnetic flux and their electric charge through
quantum interference experiments. Flux measurements then correspond to operators P}, projecting
out a particular flux h, while the charge of a specific particle can be detected through its transforma-
tion properties under the residual global symmetry transformations g € N(h) < H that commute
with the flux h of the particle (the centralizer is a normal subgroup of H). The combination of
global symmetry transformations followed by flux measurements :

{Pug}ngen

generate the quantum double D(H) = F(H) @ C[H] [3]. If we have solely a flux measurement, this
corresponds to trivial global symmetry transformation :

def
Py, =Pye < |h)(h|, 9)
which acts only in the flux space of a state :

b, ‘hi, OT) =P, |hz> (= \D‘F) = 5h,h¢ “’Ll> &® |°T> = 5h,hi ‘hz‘, °T> (10)

11



The flux projecting operators P, follow the algebra :
Py, Py = 0p 1 Py, (11)
Proof. By making two successive flux measurements we get :
PPy = |h) <h‘h'> <h" = Opp |h) <h"
But the right side above is non zero only for h = b/, so we can change |h') to |h) :
PPy = 61 |h) (h| = Sp 1 P, |

Flux projection operators and global symmetry transformations for a nonabelian finite gauge group
H do not commute because global symmetry transformations g € H affect the fluxes through
conjugation :

9P = Pyrg-19 (12)

Proof. Let |h;) an arbitrary flux state (we omit the charge part |*T") of the state because flux
measurements and global symmetry transformations act on the flux space). We have that :

9Py |hi) = Opp;g|hi) = Onn, |ghig™")

The action of the right side of the equation is :

Pyng-19hi) = Pgpg— |9hig_1> = Oghg—1gh;g—! ‘ghig_1>

But dgpg-14p,4-1 = 1 when ghg™' = ghig™' = h = h;, so Oghg—1ghig—t = On,h; and :
Py 9hi) = Onn, |ghig™") = g Py i)
Because |h;) is arbitrary, the equation holds in general. |

Equations (11) and (12) can be gathered in the next relation :
Pyg-Pwg = 0pgng—1 Prgy’ (13)

Proof.
Pyvg-Pyg =D, [Pgh/gq g} g = PrPypg—1 99 = On.ghtg—1 P aqg’ |

The different particles (Cy, “T"), in which we concluded in subsection 2.3, for the theory constitute
the complete set of inequivalent irreducible representations of the quantum double D(H). To make
explicit the irreducible action of the quantum double on these particles, we have to develop some
further notation. To start with, we will label the group elements in the different conjugacy classes
of H as:

Ch = AC = {Ahl, Ahg, ey Ahk}

We take the centralizer of the first element AN = N(4h) (the centralizers of the other elements
in the same conjugacy class are isomorphic to this). Since 4N is a normal subgroup of H, we can
form the quotient group H/ AN which includes all the left cosets A4 N with h € H (because AN is
a normal subgroup of H it holds that AN = ANh) :

H/AN = {r*N|h e H}

12



The same cosets that arise in the quotient group form an equivalence class. In number, there will
be k equivalence classes (distinct cosets), same in number with the elements of the conjugacy class
AC. For each equivalence class, we choose a representative element 4z;. Let {Axl, Ago, ., A:ck}
be a set of representatives for the equivalence classes of H/4N, such that 4h; = AxiAhle;l. If
the elements h;, with i = 1,2, ..., k, give different cosets h;*A N, then the union of these cosets give
the whole group, that is hfAN Uhe N U---UhAN = H. So all the elements of the total cosets
are different. Suppose, that we pick as the first coset the one with the identity element inside, and
take as its representative Az, = e, for convenience. The basis vectors of the unitary irreducible
representation ®T' of the centralizer AN will be denoted by “v;j. With the previous conventions in
mind, the internal Hilbert space VA is spanned by the quantum states (we reduce the notation for
the representations as T = «) :
{h o) Y

The element P, g of the quantum double acting on the above eigenstates of VA can be represented
as (proof in [5]) :

112 (P g) | hi, “v5) = 0 gan,g-1]97 hig ™, a(§)m;®vm ), (14)
with :

g:i= Aa:,;lgAxi, (15)

and Az, defined through 4hy, := g4h;g~!. It is easily verified that this element § constructed from
¢ and the flux 4h; indeed commutes with 4k, and therefore can be implemented on the centralizer
charge.
In the case of a system with two particles (AC,«) and (BC, B), the corresponding Hilbert space is
the tensor product V.4 @ VﬁB and the extension of the element P} g is the comultiplication :

APrg)= >, Pug®Pug (16)
h'-h''=h

The braid operation is formally implemented by the universal R-matrix, which is an element of
DH)®DH) :
R= ZPg®Phg: ZPge®Phg (17)
h,geH h,geH
The R matrix acts on a two particle state as a global symmetry transformation on the second particle
by the flux of the first particle. The physical braid operator R that generates a counterclockwise
interchange of the two particles is defined as the action of this R matrix followed by a transposition
(permutation) map o : a ® b — b ® a of the two particles :

R&E =00 (Il ®115) (R) (18)

The physical braid operator acting on the basis states ‘Ahi, O‘vj> ‘B B, B vn> of Vo‘fl ® VBB gives us
the simple formula for it’s representation/matrix :
RaE |*hi, ®0i) [P, Pon) = [AhPhon Rt B(A R i) |2 ha, *v;) (19)

where the element Aﬁ is defined from equation (15) as AiNLi =B x,;lAhZ-B z, and Bzy is the repre-

sentative of Bhy = 4h;Bh,, Ah_

13



Proof.
Rag [Ahis %03} [Phum, Pon) = 070 (13 @ TF) (R) [*hi *0;) | Phum, Pom)

= oo (2 @ 1E) <ZPg ® Phg> |Ahi, v} [P ham, o)
h,g

=00y () @15 (Pug) [ hi, *v;) [Phum, Pvn)
h

g
=g o ZHS (Pg) ‘Ahi,an> & Hg (Phg> ‘ma,ﬁ’l)n>
h.g

and by using equations (10) and (14) we get :

RéﬁB ‘Ah% avj> ‘Bh’n% an> =00 Z 5g7Ahi6h7gmag_1 ‘Ahiv avj> |gmagilv /B(g)lnﬁvl>
h.g

=00y Op Ah, By A A0, “v;) |2 B b 7 B(A D) )
h

o0 ([*hi, “vj) [P iyt B(Hha)in )
= ’Ahz’maAhi_l,ﬁ(ABi)mﬁvl> ’Ahi,o‘vj> H

2.5 Fusion, spin and braid groups

Let (TI4,V.4) and (Hg, VﬁB ) be two irreducible representations of the quantum double D(H). The
tensor product representation (Hé ® II5, Voj“ ® VBB ) constructed by means of the comultiplication
(16) need not be irreducible. In general, it gives rise to a decomposition :

AB
g o1 = PN, (20)
Cyy

where fog stands for the multiplicity of the irreducible representation (Hg ,VVC). From the
orthogonality relation for the characters of the irreducible representations of D(H), we infer (proof

in [5)) :
NABY ,1H| S tr (I @ B (A(Py g)) tr (TS (Pyg))”
h,g

:,IH, > tr (I3 (Pwg) ©T1F (P g)) tr (115 (Prg)) (21)
h'-h'=h

h,geH

where the first trace is calculated in the basis }Ahi,o‘vj> !B hm,ﬁvn> and the second trace in the
basis |“hg,"vr). The fusion rule (21) now determines which particles (“C,v) can be formed in
the composition of two given particles (4C, ) and (BC, B), or if read backwards, gives the decay
channels of the particle (°C, 7).

The fusion algebra, spanned by the elements Hﬁ with multiplication rule (21), is commutative and
associative and can therefore be diagonalized. The matrix implementing this diagonalization is the

14



so-called modular S matrix [6] :

SAB . Ly R247 tr(REARES)
LT = (R
1 A —1B; A \\* B.—1A; B.. \\* 22
_7|H| Z tr (a( x; "h; :L'Z)) tr(ﬁ( z; "h xj)) , (22)

AhiEAC,thGBC
[Ahi,th]:e

where the commutator between two group elements is defined as [g, h] = ghg~'h~!. The modular
S matrix (22) contains all information concerning the fusion algebra defined in (20). In particular,
the multiplicities (21) can be expressed in terms of the modular S matrix by means of Verlinde’s
formula [6] :
SAl S S*
N =>"-= S G (23)
D5 16

The modular 7" matrix, which contains the spin factors assigned to the particles (anyons) of the
theory is :

1
TAﬁB = (5(1”35’4’3 exp(27ris(A7a)) = 6a756A’Bd—tr (a(Ah1)), (24)

[0

where d,, stands for the dimension of the centralizer charge representation o of the particle (AC, «).
The Sfég and T (;?BB matrices now realize a unitary representation of the special linear (modular)
group SL(2,7Z), under matrix multiplication, over the integers :

SL(Q,Z):{(Z b)\abcdeZ ad — bc_1}

with the following relations :

C = (ST)> = S2, (25)
S*=C8 =51, St =g, (26)
T =711, T =T. (27)

The matrices S and 7" are symmetric and unitary while the charge conjugation operator C assigns
a unique anti-particle C(4C, a) = (4C, a) to each particle (4C, a), such that the vacuum channel
occurs in the fusion rule (20) for the particle/anti-particle pairs.

We introduce the Artin group representations for B,, and P,,, that is the braid group and the pure
braid group. The braid groups B,,, n > 2, have finitely many generators o1, 09, ...,0,-1 (the order
of the elements and the group though are infinite) and defining relations [7] :

0i0j = 0405 ,if ‘Z—]’ZQ, (28)
oiojo; = ojoi0; L if i —j| =1,
where 4,5 = 1,...,n — 1. The first equation says that braids between spatially remote strands

commute and the second one is called the Yang — Baxter relation. The braid group refers to a
collection of identical particles. The generator o; produces a counterclockwise rotation (R matrix)
between the ith and the (i 4+ 1)th strand (Figure 2).
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R, = X R = /\/

T 1+1 1 oi+1

Figure 2: Counterclockwise rotation of two identical adjacent anyons in terms of R; (o;) operator

(left) and their clockwise rotation in terms of R; ! (o; 1) operator (right).

)

On the other hand, the pure braid group admits generators [7] :

Ajj = UiUi—l"'Uj_QJ?_laj_,lz'--0;11 02._1, (29)
which satisfy the relations :
Aij r<s<i<jori<r<s<j,
A A AT S r<s=i<j,
A LA A =TT » . J (30)
(ArjAsj) Aij(Arj Asj) r=i<s<j,

(ArjASjA;le;jl)Aij(ASjATjA;le;jl) ,r<i1<s<j,

with 1 <4 < j < n. These generators correspond to starting at the ¢th strand, wrapping around
(twist) the jth one, and returning on the same side of the intermediate strands. The ith strand
crosses from the back the other strands, makes a loop around the jth strand in a clockwise manner
and returns from the back to its initial position (the jth strand is separated from the others, as
we see in Figure 3). The pure braid group corresponds to the process of braiding n distinguishable
particles.

time

\J

(a) o; (b) A;;

Figure 3: The geometrical braid diagrams for the generators o; and A;; of the braid group and
the pure braid group respectively.

The defining relations of the two groups (28) and (30) can easily be proved geometrically. The way
we constructed the R matrices in the quantum double results for them in having finite order [3]:

R™=1ys @ lys, (31)

where it denotes that the effect of m braidings in the space VA ® VﬁB is trivial. So, given this
restriction, the relations don’t add up to the braid group but rather a finite order braid group
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(we cannot make arbitrary large and different braidings) which we call truncated braid group and
symbolize it as B(n,m). As the order of the R matrix or the particle number increases, the order
of the truncated group becomes much higher (we have more distinct braiding possibilities). For n
indistinguishable particles (4C, «), a representation is admitted for the braid group, in the tensor
product space (V.A)®" as :

g — Ri, (32)

with ‘
R, = 180D g R @ 18Mn—i-1) (33)

where 1T = Tya and R = RAA. In addition to equation (28), we have the extra relation of the
truncated braid group (finite order) :

ot =e, i=1,...,n—1 (34)

)

If specifically m = 2, we get the permutation group on n strands :
B(n,2) ~ S, (35)

Suppose now that we have n distinguishable anyons. The system realizes a representation of the
pure braid group in the space Vcﬁl Q- Voﬁ“ as :

Ajj = Ry R RS R, R (36)
AiAi

with R; as defined in (33), with R = Raja;;, the braid operator between the ith and (i + 1)th
(distinguishable) particles. Besides equation (29), because of (34), we also have that :

AT = e, (37)

v

from which it is clear that the pure (colored) braid group P(n,m) is only defined for even m.

3 Construction of D(Ds)

We begin by introducing the group. The dihedral group Ds is the group of symmetries of a regular
pentagon (Figure 4).

Figure 4: Geometrical axial symmetries of the Ds group.
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The group has two generators, rotation by %’T = 72° denoted as r (arbitrary direction) and reflection

across the x axis (line (3) in Figure 4) denoted as s. So we list the elements of the group :
Ry = e — identity element,
Ry = r — rotate clockwise 72°,
Ry = r? — rotate clockwise 144°,
R3 = 13 — rotate clockwise 216°,
Ry = r* = rotate clockwise 288°,
F3 = s — reflect across line (3),

Fs = sr = r3sr® — reflect across line (5)

Y
h=sri=r""sr reflect across line
F. 2 Lor! — reflect line (2),
4 =sro=r""sr reflect across line
F. #=r 1" = reflect line (4),
Fy = sr* = r~2sr? — reflect across line (1).

So the group has the above 10 elements in total :

D5 = <r,s|7“5 =52 =(sr)? = e)={e,r, r2,r3, s, s, 37"2,37"3,37"4}

3.1 Conjugacy classes

The conjugacy class of e is just °C' = {e} because heh™! = e for every h € Ds. To find the
conjugacy class of 7™, note that when we conjugate r™ by r™ we get :

et = Ym,
and when we conjugate ™ by sr’™ we get :

srrltsr™ = srsr ™

= ssr” M ™
=r" VYm

(Note that since each reflection sr™ has order 2, (sr™)~! = sr™). Thus the conjugacy class of each
r™ contains r"™ and r~ ™. In the case of Dj, this gives us the classes :

o= {7‘,7”4} ,20 = {7“277”3}
To find the conjugacy class of s, we notice that when we conjugate s by r" we get :
rMsr™ = sp 2 Ym,
and when we conjugate s by sr™ we get :
sr’ssrT™ =5 Vm

Since m can be 1,2,3 or 4, 2m is either 2,4, 1 or 3 since we have to take 2m (mod 5). Thus all the
reflections form a single conjugacy class :

3¢ = {s,sr, 57’2,57’3,57’4}
Since all of the reflections are in this conjugacy class, we don’t need to compute the conjugacy class

of any of the other reflections. Therefore, D5 has the 4 conjugacy classes listed above.
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3.2 Centralizers and their irreducible representations

For elements in the same conjugacy classes, their centralizers are isomorphic. So we find the
centralizer for a single element of every conjugacy class, defined in equation (6). The centralizers
are presented below :

Conjugacy class | Centralizer
oo Ds
e Zs
2C Zs
3¢ Zs

Table 1: The four conjugacy classes of the group D5 and the respective centralizers of their elements.

We will now derive the character tables for the representations of the centralizers Zs, Z5 and Ds.

3.2.1 Character table of Z-

The cyclic group of order 2 is :
Ly = <h> = {evh}7

with h? = e. The conjugacy classes of Zy are {e} and {h}. As the number of conjugacy classes is
equal to the number of irreducible representations, the group has 2 irreps. By summing the squares
of the dimensions of the irreps, we take the order of the group. That is :

Zo) =2 =12+ 12,

so we have two 1D irreps. The character of the representation of the identity element e is always
equal to the dimension of the irrep (the element e is represented with 1 for 1D irreps and with the
identity matrix 1,,x, for nD irreps). Hence, the character table has the form :

(% [-]7]
X(T) | 1]~
x('T) || 1| A
where °T and 'T are the two 1D irreps. By the character orthogonality :
1 -
(Xjs XE) = I > X (h) xw (h) = 65, (38)
heH

which indicates the row orthogonality in the character table, we have :

- - 1
For j,k=0—"T as y; = x(T) = — Z xo (h)xo (h)=1=
|ZQ|hEZ2

1
5(1-1+m-,~;*):1;»|n|2+1:2;»m|2:1:n:i1e]R

We choose k = 1 so we have the trivial representation. Every group can be represented by the
trivial representation (1D), so it always exists and it’s irreducible (it satisfies every multiplication
table).
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~ ~ 1
Forj=0—"Tandk=1—-"T= — h)xi(h) =1
or j=0— "' an - T= Zs) ZXO( ) x1 (h) =

1 h€Zo
5(1-1+1-A*) =0=>14+X=0=2X"=-1=XcR
and we get the sign representation. Thus, the character table of Zo becomes :
| 2 [e|h |
x(D) || 1] 1
x('D) | 1] -1

In the following step, we obtain the character table of Zs.

3.2.2 Character table of Zs;

The cyclic group of order 5 is :
Zs = (h) = {e,h,h* h* h'}

with 7° = e. The conjugacy classes of Zs are {e}, {h}, {h?}, {h3} and {h*}. So it has 5 irreducible
representations. We see that the cyclic groups have exactly the same number of conjugacy classes
and elements. To avoid the lengthy analytical process, we will prove a Theorem that reveals
immediately the character table of Zs.

Theorem 3.1: Let V be a vector space over the field of the complex numbers C. Let
Zy = (h|h" =e) = {e,h, h? ... .h"""}
be the cyclic group of order n, and let w = 2™/ € C.

For every k = 0,1,...,n — 1, the pair (Cy,T) given by C; = C, I'; (h) = [w"] is a one
dimensional representation of Z,.

No two of these representations are isomorphic.

Let (V,T') be an irreducible representation of Z,,. Then there exists exactly one k € {0,1,...,n — 1}
such that (V,T") is isomorphic to (Cg, I'y).

Proof. To prove that for every k, (Cy, ') is a representation of the group Z,, = (h|h"™ =€), it
means that a group homomorphism f : Z, — H is determined by f (h), aslong as f (h)" = ey.
For I'y : Zy, — GL (C) given by Tt (h) = w¥idc, we see that

I (A") = w*ide = ide = T (e) .

To prove that different £ give nonisomorphic representations, if f : C, — C; an isomorphism,
then f (x) = ax for some a # 0 € C. It occurs that

f(az) = af (z) = wrar = '

ar =
wi=w"=k=1 (modn) = k=1
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To prove that any irreducible (V,T") is isomorphic to one of these, we start by supposing that
I' (h) has an eigenvector v € V', with eigenvalue A. Then, v is an eigenvector for I’ (hj ) for all
j. Let Cy a subrepresentation of V', then because V is irreducible = V = Cy. So, V = Cy
is one dimensional, which means I" (h) = \id and :

id=T(e)=T(A")=T(h)" = \"id =
A" =1= \=w" for some k
As a result, we get (V,T') = (Cg, T'x). [ |
We can figure out the dimensions of the irreps (d; > 0 for i = 0,1,2,3,4) from the fact that :
|Zs| =5 =12 4+12+12 +1% + 12,

which indicates that all the irreps are 1D (every cyclic groups has only 1D irreps). We found that
the generator element h € Zs has 5 non equivalent representations :

Lo ( (h) =w

Iy (h) =T (h) = w,
Ty (h) =T (h) = w?,
I3 (h) =T (h) = w?,
Ly (h) =T (h) = w*

According to the above irreps, we find the representations for the other elements of the group with
number /scalar multiplication (all the irreps are 1D), following the multiplication rules of the group.
The character table of Zs is :

ERDEEE
DYl 1] 1)1 |1
YD) |1 | w | w? || wt
YCO)Y |1 | w? || w | W
YCO)Y 1 |w? | w | wt | w?
XCOD) || 1wt | w? | w?| w

Next, we construct the character table for Ds.

3.2.3 Character table and representations of Ds

The group Ds, as we derived in subsection 3.1, has 4 conjugacy classes. The 4 irreps have dimensions
dozdlzlandd2:d3:2.

Proof. The dimensions of the 4 irreps should satisfy the relation :
4
Ds| =10=> df =dj+d; +d5 +dj +dj
i=0
We must examine all the possible cases.
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Case 1l:d; > 4
We observe that d; < 4 (0 <i < 4) because if d; =4 :

10 < 16+ dF + di + d7
Case 2: d; = 3
Also d; # 3 because in such case we would have :
10=9+d;+di+df = dj +d +df =1
but we know that :
d+di+di>17P+1°+1°=3

Case 3:d; =1 Vi
We would have :
12412412412 =44£10

Case 4: d; =2 Vi
We would have :
22422422422 =16#10

Case 5:d; =dj =dp, =1and d; =2
We would have :
P+12412422=7+#£10

Case 6:d; =dj =dp=2and d; =1
We would have :
22422422 412=13+#10

So we are left only with the case when we have d; =d; =1 and d, =d; = 2 :
12+12+22 422 =10 u
We construct the character table of Dj :
| D5 [e[c]rc]

xeoy [t 1]1]1
XCD) [ 1] 1 | 2 | e
XCO) [ 2] cq | c5 | 6
XCO) || 2] e7 | cs | ¢

The first irrep °T" has to be the trivial representation (always 3). Because elements in the same
conjugacy class have the same character, we have that x (r) = x (r4) and x (7"2) =X (rs). Since
r% = e, the second linear (1D) irrep 'T' must meet the relation :

) =12 x (1) = ¢ = 25

But this solution has to satisfy also the multiplication rules of the group :

X' =x(r)=x(r)=cd=ca=c(d-1)=0=c¢ =0,em/3

The value ¢; = 0 doesn’t satisfy the equation ¢ = 1 and we reject it. Furthermore, the character

property x (7“_1) = x (r) gives us x (r) = x (7‘_1) = x(r) = x(r) € R. As a result, the complex
numbers are rejected as solutions and we get ¢; = 1. By the same reasoning, we get co = 1.
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For y € 3C we must have :
@) =ci=1=c3==1

For c3 = 1 we take again the trivial representation so we conclude that c3 = —1 which leads to the
sign representation. For the 2D irreps we use the character orthogonality :
0 2 1 * * *
(X(T) X (°T)) = 0 = 15(2 + 2¢] + 265 + 5¢5) =0,

and :
(x('T),x(*T)) =0 = — 10 (2 +2¢) + 2¢5 — 562) =0

Substracting the two above equations, we get cg = 0 = c¢g. With similar procedure, using the
orthogonality relations (x(°T"), x(*T')) = (x('T"), x(*T")) = 0 and then substracting the two, we get
¢y = 0 = cg. Moving on, the normalization of the 3rd row gives :

(XCT), x(T)) = 1= Jeal® + [es]” =

But we earlier mentioned that x('C), x(*C) € R (for all the irreps), so we are left with the two
following equations :

2, 2
ci+cE=3
L =3+(1+c)’=3=>cE+ca-1=0
14+c4+c5=0
The solutions of the trinomial are ¢4 = M Suppose we accept ¢4 = 1+*f = 2cos F 2” . Then we

get that c5 = =15 ‘[ = 2cos 4T If we take the relations (x(°T"), x(°T")) = 0 and (x(* ), () =
we result with the same set (Wlth the above) of equations for ¢; and cg. In order not to have
the same representation as I', we make the inverse selection of solutions, hence c¢; = 2 cos %” and
cg = 2cos %’r Eventually, the character table of D5 becomes :

| D5 [e] ¢ | ¢ []
oy 1] 1 1 1
(D) 1] 1 1|1
XCT) || 2 | 2cos & | 2cos
XCT) || 2| 2cosE | 2cos 2F

As we have discovered the 1D representations of D5 (equals to the character of the elements),
we establish the 2D representations (in matrix form). We just have to find the matrices for the
generator elements r and s. We work geometrically in Figure 4. For the irrep T", by transforming the
pentagon edges C = (cos 2, sin 2¥) to E = (1,0) with *T'(r) and A = (cos 45”,8111 ) to E =(1,0)
with 2T'(r?) = *I"%(r) in combination with the character relation x(*I'(r)) = tr{*I'(r)} = 2cos 2
we result in the clockwise rotation by %’r :

2 2
COS sin
2F(7“) — < 52 5 )
2w 2w

—sin £* 5 COS &= 5

For the representation of the reflection s, using the relation ?T'(r)*I'(s)?I'(r) = *I'(s), the character
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relation x(*I'(s)) = tr{?['(s)} = 0 and also transforming the edge E = (1,0) with *I'(s) to itself
(trivially), we get :

9 (1 0

His) = (0 -1

For the irrep ®T, the procedure is similar here but the character relation for the r element x (*T'(r)) =
tr{°T'(r)} = 2cos “T reveals that we are dealing with a clockwise rotation by 4 :

5
4 4m
SF(T) _ COS = 5 sin =& 5
- 47 4 |7

—sin 5 COS 5

which, for instance, transforms the edge A = (cos 457r ,sin =& ) to £ = (1,0). For ®T'(s), the respective
relations as for ?T'(s) give the same matrix :

i) = ((1) —01)

The representations of the quantum double D(Ds) can be constructed using pairs of the conjugacy
classes of the group and the irreducible representations of their centralizers (subsection 2.3). As a
result, we have the following 16 inequivalent and irreducible representations of D(Dj) :

3.3 Representations of D(D;)

1=A=e,T), 2=B=e,'T), 3=C=le,T),
4=D=|e,’T), 5=E=|'C,f f> 65F5‘10,1f>,
T=G=|'CT), 8=H=|'C, f> 9=1=[C,'T), (39)
10=J = °C,T), 11=K = |*)C,'T), 12=L = |*)C,T),
13=M = °C,°T), 14=N = [*)C,'T), 15=0 = |°C,°T),

16 =P = ‘30, 1f>

Among those, there are two one-dimensional anyons (1 and 2), twelve two-dimensional anyons
(3 — 14) and two five-dimensional anyons (15 and 16) that satisfy equations (7) and (8), that is
2-12412-22 +2.52 =100 = 102 = |Ds|* = |D(Ds)|, where |D(Ds)] is the order of the quantum
double algebra.

e, °F> corresponds to the trivial sector (trivial electric and magnetic parts). The purely
magnetic flux sectors are |1C, Of>,|2C, 0f> and |3C, 0f>. The purely electric sectors are the pairs

i ivi i e,'T),le,’T") °T'). The
remaining sectors, being combinations of non-trivial fluxes and non-trivial representation of the
centralizers, are dyonic sectors, meaning that they correspond to non-trivial magnetic fluxes and
electric charges.

3.4 Modular matrices and charge conjugation

We will calculate the two generators of the modular group S and 7', which encode information
about the braiding properties (S — mutual statistics, T — self-statistics) and fusion rules of the
anyons, and the charge conjugation operator C that determines the anti-particles of the anyons
within the framework of the 16 particles of this theory.
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3.4.1 S matrix

To begin with, we label the elements of the 4 conjugacy classes of D5 :

°C = {"h1 =€}
1C = {1h1 = T,lhg = 7"4}
2C={’h1=1*"hy = 1"} (40)

3C = {3h1 =5,%hy = sr,%hg = 512, %hy = 513, %h5 = 57‘4}

Then, we illustrate a choice of representatives for the equivalence classes of the quotient groups
H/“N (subsection 2.4), which we need in order to calculate the S matrix from formula (22).
For the conjugacy class °C' = {e} we have the centralizer "N = N (°C) = Ds, so :

H/°N = D5/D5 = {e{e,r,...,sr4},r{e,r,...,sr4},...,sr4{e,r,...,sr4}}:{D5}

As we have 1 distinct coset (here the group Dj), the order of the quotient group is 1 :

|Ds]

—1
| Ds|

|[H/N| =
We select as a representative from this coset the identity element %z, = e.
For the conjugacy class 'C = {r, 7"4} we have the centralizer 'N = N (1C) = Zs, so :

H/'N = Ds/Zs = {e{e,r,...,r4},r{e,r,...,r4},...,sr4{e,r,...,r4}}: {Z5,3C}

As we have 2 distinct cosets, the group Zs and the conjugacy class *C, the order of the quotient
group is 2 :

\D5\ 10

I

We select as a representative from the coset Zs the identity element 'z; = e and from the coset *C
the element 'z, = s. For the conjugacy class 2C' = {r? 13} we have the centralizer 2N = N (*C) =
Zs, so :

[H/'N| =

H/®N = Dy /75 = {625,7%5, . ,57«425} = {Z5,°C}

We have the same 2 distinct cosets and we choose again as representatives the elements 2x; = e and
2z9 = 5. For the conjugacy class *C' = {s, sr, sr?, sr®, sr*} we have the centralizer *N = N (3C) =
Zs, S0 :

H/?N = D5 /7y = {e{e, Shy... ,srd {e, s} } = {{e, s}, {1"2,51"3} , {7‘4,37‘} , {r, sr4} , {r3,sr2}}
= {Z2,A,B,C,D}

As we have 5 distinct cosets, the group Zs and the cosets A,B,C and D, the order of the quotient
group is o :

|Ds| 10
Zo] 2
We select as a representative from the coset Zs the identity element z7 = e, from the coset A the
element *zo = 2, from the coset B the element *z3 = r*, from the coset C the element x4 = r and
from the coset D the element ®z5 = 3. The representatives are listed in section 6.

|H/°N| = =5
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We will evaluate a single element of the S matrix just to show how the matrix was calculated.
The notation for an anyon state, out of the total 16, will be li) = |*C,°T) with A € {0, 1,2,3}
I' e {I,I,T'} and a = a(A). For two given representations of D(Ds), [*C,°T) = |'C, °T) and
|BC,5I’> = |1C,Of>, we have :
A A 1 A * A *
Ss5 = (5] S15) = <lC,0F‘S‘1C, T) = 0 Z tr(OT (*z; M hyta)) tr(of(lm;“hilxj))

Ih,elelhelo
[1hi,1hj]:e

We examine for which elements we make the summation. For i = j — ['h;, 'h;] = e for all 'h; € 'C.
For i # j — [* lﬂh]#ewfohzy—l 2. So we get :

Ss5 = 10 [2X0F( hl)Xor( hl) + 2X0F( h2)X0F( hz)}
and reading the value for XOf( C) from the character table of Zs, we find :
Ss5 = 10[2 1-1+2-1-1] = ;t)
The complete S matrix is :
11 22 2 2 2 2 2 2 2 2 2 2 5 5
11 2 2 2 2 2 2 2 2 2 2 2 2 -5 =5
2 2 4 4 22z 2xy yyyy 0 0
2 2 4 4y vy yyyaxzxzzxzaxz 0 0
2 2 zyd 2y yzxzdxzyyzxz 0 0
2 2 zyzrzyyax4dyyax4axz 0 0
2 2 zyyyzxdzaxdazyy 0 0
g 112 2 2y vy dzyzyyz4s 0 0 7 (41)

012 2 2y x4 2y vy yx 4 2y 0 0
2 2 9y x4y xzxy 4y xxy 0 0
2 2 yzrzxy 4 yzxzyxzaxzy 4 0 0
2 2 9y xy xzxzy 4y 4y 0 0
2 2 yzxzy 4y xzzxzy 4y x 0 0
2 2 yroxzxy 4y vy dyxzax 0 0
5 -5 00 0O0O0OO0O0O0O0O0O0O0 5 =5
5 =5 0000 O0O0OO0OO0O0O0O0O0 -5 5

with 2 = /5 — 1 =4cos Z and y = —(v/5 + 1) = 4cos iF. From subsection 3.2.2, for D5 we have

27 /5

w=e and we can alternatively have the expresswns r=2(w+©) and y = 2(w? + @?).

3.4.2 T matrix
We use the equation (24) :

0,0 XOF( hl) 1 0,0 Xlr( hl) 1
Ty =Topop = a1 1, Tyo =T = a1 1,
0,0 X‘ﬁ“( hl) 2 0,0 X3r( hl) 2
T3 = T2r,2r oy =57 1, Ty = T3F ap = dor =5 = 1,
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Ts5 = To%’})r =
T = Tz%lir =
Tyg = T4§’7}1F =
Ti11 = Téﬁr =
T1313 = Tsifsr -
Ti515 = TO:;::;fx =

XOF( hi) _
dop
XZF( hl) _
dop
X4F( hi) _
dip
Xlr( hi)
dip
Xor (*hi)
dsy
xor (*h1)
dot N

& ‘E el
= P e |
—

‘Ew "‘

= = W

=l =lE

To6 = Tl;’}r\
; Tsg = TS%jzlsf =
; Tio10 = T0§:§F
; Ti212 = T212’;F
Ti414 = T41%\:?Lf\ =
Ti616 = Thy )

Collecting the elements of the T" matrix, we get :

XOF( hi)
doy-

X2F( hl) _

dor

~ X ()

d4f

= xee(Ch)

1P 1f —

diy

T:diag(l,1,1,1,l,w,wQ,wS,w4,1,w2,w4,w,w3,1,—1)

w
= — =W
1 )
3
w3
= 1 = w",
1
:7:17
1
4
woog
= 1 =w,
3
_wY _ 3
_1 w7
-1
= —=-1
1

(42)

All the non-diagonal elements of the 7' matrix are zero. The spin factors of the anyons are (equation

(24)) :

T = exp (27isy
Too = exp (27iss
T33 = exp (27miss
Ty = exp (2misy

T55 = exp

g
|

) =
) =
) =
) =
277235)
= exp 27Tz36)
27T287)

) =

)
T1010 = exp (2mis1o
Ti111 = exp (2mis1y
T1212 = exp (27misy2
T1313 = exp (27is13

Th414 = exp (2mis14

(
(
(
(
(
(
(
Tggs = exp (277258
(
(
(
(
(
(
(

) =
) =
) =
) =
) =
) =

T1515 = exp (2mis15

T1616 = exp (27T2816)

We characterize the abelian anyons 1,2 (d;
(this theory has no ” fermions” i.e. 1D anyons with ¢ =7 — s =1/2).

1=35=0,
1= 55=0,
1= 5s53=0,
1=s54=0,
1= s5=0,

w = exp (27i/5) = s6 = 1/5,

w? = exp (4m/5) = sy =2/5,
w? = exp (6mi/5) = ss = 3/5,
Tog = exp (2misg) = w* = exp (8711'/5) = s9 =4/5,

1:>810=0,

w? = exp (4mi/5) = s11 = 2/5,
wh = exp (871'2'/5) = 512 = 4/5,
w = Xp(2m/5)$513—1/5

w3 = exp (6772/5) = s14 = 3/5,

1:>815:0,

27

—1 =exp (mi) = s16 = 1/2

(43)

=dy = 1) as "bosons” due to value of their spin factor



3.4.3 C matrix
From the relation (25), using the S matrix of D5 (equation (41)) :
C = 5% =diag(1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1) = Ty6x16 (44)

So we see that every particle has itself as antiparticle.

3.5 Fusion rules

We determine the fusion rules by utilizing the Verlinde’s formula (equation (23)), where S* = S
because all the elements of the S matrix are real. For our theory, the multiplicities are Nf;c'y =
N = 0,1, so two anyons a = (4C,a) and b = (BC, 8) can either fuse to an anyon ¢ = (¢C,~)
by a single channel or not at all. Because the fusion of anyons is an associative process, that is to
say a X b = b X a, we can save time in the computation by calculating half of the elements of the
fusion rules. It is worth noting that for the pure electric states, the fusion process does correspond
to a tensor product of the two representations since there is no flux metamorphosis involved. As
such, the fusion rules for the pure electric states can be obtained by reducing the tensor product
into a direct sum of irreducible representations. Also, we see that fusion, being a decomposition of
products of representation, can only generate representations of dimension equal or lower than the
maximum dimension of the representations being fused. The fusion rules are included in section 6.

3.6 Anyon scattering

Here, we look at a simple example of abelian Aharonov — Bohm scattering, namely for two anyons
with magnetic fluxes that commute [3]. For (AC,a) = (*C,°T) = 5 and (PC, 8) = (C,'T") = 11,
we find their monodromy matrix R? = R115Rs11 and use it to find the cross section of the scat-
tering process with the anyon 5 being the projectile and the anyon 11 being the scatterer (Figure 5).

detector

p
|
scatterer

projectile

Figure 5: The geometry of the Aharonov — Bohm elastic scattering experiment. The projectile

anyon (plane wave with momentum p) never enters the nearby region of the scatterer, who has

it’s position fixed at the origin. The cross section for the scattered projectile is measured by a
detector placed at a scattering angle 6.
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We see that for arbitrary 'h; € 'C and 2hj € 2C we have [ hl,Qh ] = rkplp=kr—l = ¢ for k =1,4
and | = 2,3, thus we are dealing with the abelian case of the phenomenon. To calculate Rs11, we
use equation (19) :

Rs11|'he, ") |*h1, 1) = w|?hy, '0) 09) = Rs11]1) = w]|1),
Rii1| b1, 20)|%he, 10) = &|?ho, 10)| Ry, ") = Rs11]2) = w|3),
Rs11|'he, ") |?h1,10) = @|*ha, '0)| he, Y8) = Rs11|3) = w|2),
Rs11| ho,%0) [Pha, 10) = w|?hy, ') | ha, %0) = Rs11[4) = w|4),

so the braid matrix Rs11, in the basis of the two anyons ‘z> with ¢ =1,2,3,4, is :

w 0 0 0
0 0 w O
Rou=14 5 0 o0
0 0 0 w
In the same basis, we similarly find :
10 00
0010
Rus=14 1 ¢ o
0 001
The monodromy matrix of the anyons 5 and 11 is :
1 000 w 0 0 O w 0 0 O
0010 0 0 w O 0w 0 0
2 _ _ _
RE=RusRsu =14 1 0 0||o o of |00 @ o
0 0 01 0 0 0 w 0 0 0 w

We see that the monodromy matrix is diagonal with phases e?™® as elements, as we expected for

the abelian case. The differential cross section for this particular scattering experiment turns out
3] :
do sin? (mav) sin? (7r/5)

a9 27 p sin? (0/2) 27mpsin (‘9/2)7 )

because w,w = eF2™/5 = 2™ — o = 41/5. In every abelian case of D(Ds), the resulting phases
are always w" and w™" with n € {0,1,2,3,4}, so @« = £n/5 but we have the same cross section for
both signs of a given « value as the sinus is squared in the above formula. For the non-abelian case,
the particles involved may exchange internal flux/charge quantum numbers which corresponds to
non-diagonal monodromy matrices R2. There are two formulas for do/df in the non-abelian case,
with their difference being in whether the detector can distinguish between the different internal
appearances of the projectile or not [3],[8]. In addition, we note that all the R matrices are included
in section 6.
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4 Quantum computation with anyon models

In this section, we provide the basic tools of how to use anyon models for encoding and processing
quantum information. The general idea is to encode a qudit in the dimension of the fusion space.
Then, we introduce two main techniques to construct the braiding generators, the first being with
F and R symbols and the second one via the representations of the quantum double. We illustrate
these methods on both Fibonacci and Ising anyons and the quantum double models D(S3) and
D(Dg,). Finally, we point out how the Fibonacci anyons can perfom universal quantum computation
and also introduce two other ideas, in relevance with our work, that can solve this major problem
of universality, that is constructing the whole spectrum of quantum gates.

4.1 Measurements with pairs of fluxes

As pure fluxes we consider the anyon types that carry trivial representation of the centralizer of
the conjugacy class in which the flux element belongs :

‘h> = ’h,OI‘>

We look separately each conjugacy class. In Ds, for the conjugacy classes °C, 'C' and 2C we have
only one pair of different fluxes, each one having trivial total flux hh' = e with h,h' € AC :

0C = |h, 1"y = |e,e) = 0;°C),
o= |n, h'> = 7“,7"*1> =|r, r4> = |0;1C>,
20— |h, 1) = ‘7"2,?"_2> = |r2,r3> = ‘O;ZC’>

The braiding of the two fluxes is also trivial (h and ' = h~! commute) :

R|h,h) = |hh'h™" h) = |h', h) = R?

hoh'y =|h,WY)y = R* =1,

where we used the flux metamorphosis rule (2). When flux metamorphosis happens between pure
fluxes, the action of the braiding matrix (19) gives a trivial scalar factor, as their representation is
trivial. But for h,h’ € 3C' (h # R'), we have non trivial total flux and the braid operator R has
orbits of length five. If we choose |h, I/ > = }5, sr> as a pair of fluxes, we have [4]:

R:

S,ST‘> — ‘8’/’4,8> — |sr3,sr4> — |57‘2,5r3> — ’sr, sr2> — |5,sr> = R = 1,

which holds for every arbitrary pair ‘h, n > Thus, if the two fluxons are exchanged five times, they
swap positions (the number of exchanges is odd), yet the labeling of the state is unmodified. This
observation means that there can be quantum interference between the “direct” and “exchange”
scattering of two fluxons that carry distinct labels in the same conjugacy class, reinforcing the
notion that fluxes carrying conjugate labels ought to be regarded as indistinguishable particles.

Since the braid operator acting on pairs of distinct fluxes in 2C satisfies R® = I, its eigenvalues are
fifth roots of unity. For example, by taking linear combinations of the five states with total flux
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hh/ = r, we obtain the R eigenstates :

R=1: > + ’sr4,s> + }5T3,5r4> + }5T2,5r3> + ‘Sr sr2>

R=w: }s,sr) +w‘sr4,s> +52‘sr3,sr4> —i—wQ‘er, sr3

>+w‘sr sr >
=w?: ‘s,sr> +w2|sr4,s> —I—W‘ST3,87“4> +w‘sr2,sr >+w2}sr sr >
W > + w2|sr4, s> —{—w’sr?’, sr4> + w’sr2, sr3> + wz}sr ST >

)

=w’:
R=T: [s,5r) 4 wlort,s) +[or®, sr) + 3| sr?, o’

3

=veN

+ w’sr sr >
where w = €27/5,

Although a pair of fluxes ‘h, h*1> with trivial total flux has trivial braiding properties, it is inter-
esting for another reason — it carries charge. The way to detect the charge of an object is to carry
a flux g around the object (counterclockwise); this modifies the object by the action of OT( ) for
some representation « of H. If the charge is zero then the representation is trivial — F( ) = I for
all g € H. But if we carry a flux g counterclockwise around the state ’h, h_1>, the state transforms
as (due to equation (2)) :

R|g)|h, k7YY = |ghg™t gh ™ g7 g),

a nontrivial action (for at least some g) if h belongs to a conjugacy class with more than one
element. In fact, for each conjugacy class C}, there is a unique state !0; C’h> with zero charge, the
uniform superposition of the class representatives :

|0; h) \/—‘h;h|

where ‘Ch‘ denotes the order of C},. A pair of fluxons in the class C}, that can be created in a
local process, must not carry any conserved charges and therefore must be in the state ‘O; C’h> (we
create them from the vaccum because they have trivial flux and charge). Other linear combinations
orthogonal to ‘O; Ch> carry nonzero charge. This charge carried by a pair of fluxons can be detected
by other fluxons, yet oddly the charge cannot be localized on the core of either particle in the pair.
Rather it is a collective property of the pair. If two fluxons with a nonzero total charge are brought
together, complete annihilation of the pair will be forbidden by charge conservation, even though
the total flux is zero.

In the case of a pair of fluxons from the conjugacy class 3C of H = Ds, for example, there is a
two-dimensional subspace with trivial total flux and nontrivial charge, for which we may choose
(not uniquely) the basis :

‘0> = ‘s,s> —I-E‘sr, 37“> —I—@Q|sr2,sr2> +w2‘3r3,sr3> —|—w‘sr4,sr4>,
‘1> = s,s> +w’sr, sr> +w2|sr2, sr2> +D2‘sr3,s7“3> +G‘ST4,ST4>,
with evident orthogonality — <0’1> = <1‘0> = 0 and not orthonormality — <0’0> = <1‘1> =51

If the generator flux r of Ds is carried around these two basis states consisting of fluxon pairs, we
take :

r)[0) =@*[0)[r)

R|
R|r)[1) = w*[1)]r)

31



Therefore, the action (by conjugation) of r € D5 on these states is :

)= (%5 %)

which is the complex extension of the real matrix 3F(r) we found in subsection 3.2.3. It represents
a unitary clockwise rotation by 47 /5 on the complex plane (acts on the complex numbers x + iy =
(z y)T) whereas 3F(r) represents a clockwise rotation on the real plane by the same angle.
When the second generator of the group s € Dj is carried around the basis states, we get :

R|s)[0) =[1)]s).
Rls)[1) = [0)[s),

so the action (by conjugation) of s on the basis states is :

I(s) = ((1] é) ;

which is the representation of the reflection element in both 2D irreps of Ds — 21“(5) =3r (s) We
conclude that the action by conjugation is just the two-dimensional irreducible representation T’
of Ds, so the charge of each pair of fluxons ‘h, h*1> with h € 3C is T,

Furthermore, under braiding, this charge carried by a pair of fluxons can be transferred to other
particles. For example, consider a pair of particles, each of which carries charge but no flux (we
refer to such particles as chargeons), such that the total charge of the pair is trivial. If one of the
chargeons transforms as the unitary irreducible representation I' of H, there is a unique conjugate
(dual) T i)}
is a basis for I', then a basis {‘E,z>} can be chosen for T, such that the chargeon-antichargeon
pair with trivial charge can be expressed as :

Ir|
0;T)

Imagine that we create a pair of fluxons in the state }O; Ch> = ‘h, h_1> and also create a pair of
chargeons in the state > Then we wind the chargeon with charge I' counterclockwise around
the first member of the pair of fluxons, so due to Bohm-Aharonov effect it’s state transforms
exactly as in equation (5). The chargeon-antichargeon state becomes :

IT| IT|

|0' Z!v z>®‘vz \/TZFU ‘v ]>®|v z>

We bring the members of the pair together and see if they annihilate (the total charge of the pair
of chargeons has remained zero after the winding). The amplitude of the process is :

IT| IT| IT|
. I _ X La(h) _ x(T(h))
<O,F‘0,F> ]F[ ZFU v z‘v,j><v,2‘v,z> = \F\ ZF’U T =T
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so the probability they will annihilate is :

x(T(R))

PT‘Ob(O) = T

Since the total charge of all four particles is zero and charge is conserved, after the winding the
two pairs have opposite charges — if the pair of chargeons has total charge I, then the pair of
fluxons must have total charge fl, combined with I to give trivial total charge. This probability
is less than one, provided that the representation of I' is not one dimensional and the class C}, is
not represented trivially (O‘I‘(Ch) £ 07 (C’h) =1).

In the case where C), = 3C of H = D5 and I' = 3T" which came up in the analysis earlier, we see
that X(?’F(?’C’)) = 0. Therefore, charge is transfered with certainty; after the winding, both the
fluxon pair and the chargeon pair transform as I'' = 3T,

We want to show now how we can use the chargeons to calibrate the fluxons and assemble a flux
bureau of standards. Suppose that we are presented with two pairs of fluxons in the states |a, a_1>
and |b, b_1>, and we wish to determine whether the fluxes a and b match or not. We are also
equipped with a chargeon-antichargeon pair. We wind the chargeon around the first member of
the first fluxon pair and then around the second member of the second fluxon pair. The state of
the chargeons is transformed to :

r r
T 1

1 /
0;rY = ——N |v,i) ®v,i) = Lii (b~ ta)|v, i) ® |v,i
Y = < 3 i) i) = = 3 Tl ) @ )
The probability that the chargeon pair will annihilate after the two consecutive exchanges is :

X(L(b""a))
T

2
Prob(O) =

Y

which clearly is less than zero if b # a (assuming that the representation I' is not one-dimensional
and represents b~ 'a nontrivially). After a number of repetitions we can say with high statistical
confidence if the fluxes are different. We can sort in that way all the different fluxes on seperate
"bins”.

The next step is to label the fluxes so that they match the group composition rules, because the
chance of getting it right on the first random labeling is 1/ (|H |‘) Suppose we take 3 pairs from 3
different bins, ‘a, a_1>, ‘b, b_1> and ‘c, c_1>, and we want to check whether ¢ = ba. We create again
a chargeon-antichargeon pair and wind the chargeon first around a (carry the chargeon around a
closed path that encloses a), then around b and finally around ¢~'. The probability whether the
reunited chargeon pair annihilates is :

X(T(c1ba)) [

Prob(O) = T

Every time the chargeon-antichargeon pair annihilates, when we bring it together, it means that
ba = ¢. We construct in that way a flux bureau of standards and label the fluxes according to the
values that they take in group H. So given an unkown pair of fluxes |d, d_1>, we can use any of
the labeled fluxes, suppose |a, a*1>, repeat the above process and determine the flux d. We will
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call this process projective flux measurement.

Suppose we have two pairs of fluxes ‘a,a‘1> and ‘b, b_1>. We want to realize the effect on the
states if we transport the pair of fluxes |a, a_1> counterclockwise around the first member of the
second fluxon pair. Since the |a, a_1> pair has trivial total flux, the |b, b_1> pair is unaffected by
this procedure. But since in effect the flux b travels counterclockwise about both members of the
a, a_1>, this pair is transformed as :

pair whose initial state was
R|b)|a,a™ ) = |bab~ !, ba” b7 )|b)

We will refer to this operation as the conjugation gate acting on the fluxon pair. Recapitulating, the
3 basic processes with fluxon pairs are Projective flur measurement, Destructive measurement
and Conjugation gate.

4.2 Encode a qudit

Let us now try to give a bit more precise mathematical meaning to idea of fusion and how we can
encode a qudit in it’s space. We start with a theory A (anyon model) with a finite collection of
superselection sector labels Cy4 = {a, b,c,... } called topological or anyonic charges. The process
of combining two of these anyons is also called fusion while the rules describing the allowed fusion
outcomes of two anyons are called fusion rules. A convenient way of writing the fusion rules is

given by [9],[10]:
axb= Z N%¢,

ceCq

where the fusion multiplicities N are non-negative integers which indicate the different ways that
the two anyons a and b can be combined to produce the anyon ¢ (these different ways are called
the different fusion channels). The fusion algebra is both commutative and associative :

axb=bxa < NI¥=N*
(axb)xd=ax (bxd) & ZNngfd:ZNnggd (46)

To each fusion product we assign a fusion vector space V.2 (a Hilbert space), with dim(Vc‘lb) = N,

The vector space V2 is spanned by so called fusion states, which form the basis (diagrammatically
in Figure 6) :

The dual space (hermitian conjugate) of V%, formed by the bras, is denoted by %, and it’s basis
vectors are (Figure 6):

a,bic,p)|p=1,2,... N} (47)

{<a’b§07u‘}M:1727"" gb:Ncab} (48)

It is called splitting space and is described by the states that arise when the anyon c splits into the
anyons a and b, while it is a dual basis in the sense that the arrows are reversed. The full Hilbert
space for the fusion of the anyons a and b is given by @chab- It’s basis states are orthonormal to
the corresponding dual basis states :

<a7 b; cl’ /J,/ a, b; c, /~L> = 500’5u,u’7 (49)
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and the completeness relation of the basis is expressed as :

> la,bie, py{a, bye, u = 1%, (50)

Cp

where I% is the projector onto the full Hilbert space @CVC“b.

a b .
po=labie,p) €V, po = (a,byc,ul € Vg
- a b

Figure 6: Graphical notation for the fusion states of V% showing the fusion of a and b into ¢
(left). The graphical notation for the basis states of the dual space V. emphasizes the splitting of
¢ into a and b (right).

One can as well consider more general fusion spaces V%, carried by particles a and b, where the
fusion outcome is not fixed. The structure of such spaces is given by the direct sum over all the
subspaces indexed by the possible fusion outcomes c :

Vel = v, dim(V*) =) N (51)

c c

Since for each ¢ there is a proper subspace, the orthonormal basis in V is given by :

{a7b;c7/’[/>|c7/’L:17"'7NCab}7 <a7b;c7/’l’

From the definition (51), one can see that dim (V) > 1 only for non-abelian models. In an abelian
model there would be no topological degeneracy and the outcome of every fusion would always be
unique. The topological Hilbert space would coincide with the only subspace labeled by a single c,
Vb ~ Vb and thus dim(V“b) = N% =1 for all @ and b. Since one wants to consider the fusion
spaces as an arena for quantum computation, this reinforces the notion that quantum computation
with anyons is only possible for a non-abelian model.

The two-particle fusion spaces serve as simple examples of what are sometimes called topological
Hilbert spaces. However, they are hardly of particular interest, because unless there is fusion
degeneracy, i.e. N% > 2, V% can not be used to encode quantum information. Consequently, the
fusion spaces V' are directly out of the question, because one cannot form superpositions of states
belonging to different superselection sectors. To overcome these restrictions, one must consider
the more general fusion spaces V"' N carried by some N-particles, whose total charge has been
restricted to c. To study their structure, one needs to decompose them in terms of the elementary
fusion spaces V2.

When three particles with charges a, b and ¢ are fused to yield a total charge of d, there are two

abc

natural ways to decompose the Hilbert space V¢ (Figure 7) :

a,b;c, ,u’> = O,/ Op (52)

Vit = BV o Ve = v o v (53)
c i

These isomorphisms (called F-moves) are written as :

e.c;d, ) = Z [F™] (e;r.8) (fuv)

fopsv

a, f;d,v)|b,c; f, 1) (54)

a,b;e, a>
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= |a,b;e,a) e, c;d,B) e V@V e VY -

bc; f.u) € ‘[..o"d@f ® 1,_.—';1c E I-"';bc

Figure 7: Two distinct decompositions of the fusion space Vd“bC into tensor product of two anyon

splitting spaces.

and are unitary for anyon models (we give the description in the following subsection).

The decomposition of multi-particle fusion spaces V"% is :
V01N @ V;)T@ ® Vbl;ws Q- ® ‘/;:bN—2aN’ (55)
b1,b2,....bN 2
where by, bo, ..., by are particles which may occur during intermediate stages of fusing all particles

together. From this expression, one can immediately read off the dimension of VN .

. o . b by_san
dim(VoN) = No-ovy = N = NI NS LN (56)
b1,b2,....0N—2
Rather than the tensor product of the subspace bases, we adopt a more compact notation for the
basis states of V214N as :
{‘alag S apN; c,u>|u =1,..., N 21 (aiay---an;c, plarag - an; e, p') = 6,0 (57)
When the end charge ¢ is not fixed, we have the Hilbert space V%N with :
. b by—
dim (V@ oN) = Z Yaran — Z N1z N3 . NN 20N (58)
¢ ¢,b1,b2,....bN 2
In particular, we can bring N anyons of the same type a together. The asymptotic dimension of
the resulting Hilbert space V%% = Ve is written as :
dim (Vo) = (dg)" as N = oo

Here d, is called the quantum dimension of the anyon. They obey d, > 1. The vacuum anyon
1 always has d; = 1. Very roughly speaking, the quantum dimension should be thought of as the
number of degrees of freedom carried by in a single anyon. However, as we’ll see, these numbers
are typically non-integers, reflecting the fact that we can’t really think of the information as being
stored on an individual anyon.

From (58) and using the fact that N% = N’ we can write the dimension of V% as :

. a®N aa \Ta aby— N
dzm(V ? ) = Z Nbl Nbel e NC M= Z [Na] aby [Na] b1bo e [Na] by_ocC = Z ([Na] ac) ’

¢bi,....bn—2 ¢bi,..by—2 ¢

(59)
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where N, is the matrix with components [Na] be = N2 swhich is raised to the N** power in the
expression above. But, in the limit N — oo, such a product is dominated by the largest eigenvalue
of the matrix N,. This eigenvalue is the quantum dimension d,. There is therefore an eigenvector

T o
e, = (61, .. ,eN) satisfying :
Noeq = dyeq = NP, = dyey,

For what it’s worth, the Perron-Frobenius theorem in mathematics deals with eigenvalue equations
of this type. Among other things, it states that all the components of e, are strictly positive. In fact,
in the present case the symmetry of N2 = N%@ tells us what they must be. For the right-hand-side
to be symmetric, we must have e, = dp. So the quantum dimensions obey :

dady =Y N, (60)

The process when two anyons fuse to a given anyon ¢ via a specific channel represents a single basis
vector so it corresponds to a certain measurement outcome, as we know that the total wavefunction
collapses after the measurement from the superposition of the basis to an eigenstate of the physical
quantity we observe. Some examples of fusion spaces (trees) are given in Figure 8.

a a9 as g aq ag as g ay as as ay

()1 bl 52 b2

c c c

Figure 8: Three splitting tree bases for the space V4.

4.3 F and R symbols

Let us consider the case of three anyons a, b and ¢ that fuse together to form an anyon d. One can
describe the state of these three particles in two different ways. We can interpret the fusion process
by describing how a fuses with b (left of Figure 9), or by starting with the fusion of b and ¢ anyons
(right of Figure 9). The e and f are the possible intermediate anyons of each fusion and p and v
denote the channels (ways) from which the process took place. However, in the two different cases
these states are described in different bases. We define the change of basis (order of the fusion) as
a set of unitary matrices called F-symbols or F-moves, as shown in Figure 9 [9],[10].

= D> [Fi" s fam)
Fusv

Figure 9: The F' symbols as the amplitudes in the change of fusion basis.
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With the below definitions :

)

‘

where 2,y =0, 1,...,n, we construct two different orthonormal bases (the same dimension because
we are talking about the same space V“bc)

|z) = ch\y Z abc)xy}y>

We verified that we are delving with a change of basis, with ¢, = (F“bc)xy being the fusion

probability amplitude and as such P (y‘ ) = |cy|2 = ‘(F “bc) } is the conditional probability to
measure the anyon y in the second basis given that we have prepared the anyons a and b to fuse
exactly to the anyon x (in the |x) basis). We want the action of the F-symbols to preserve the

norm (probability) :
Z|Cy| Z‘ abc xy _1’
y

so we demand F' to be unitary. Unitarity of the model amounts to :

abe abc] * _ abc) —1
[EL) ] pensy = Fmmirmm = [EE) ] pmensy (61)

and diagrammatically refers to the inverse procedure in the change between the two basis (Figure
10). If we require the two above basis for the splitting trees to be orthonormal and the transfor-
mation between them to be unitary, then the F-symbols (as well as the R-symbols) can always be
represented by unitary matrices.

abey ¥
= Z[Fd J(r.p)(e.08)

e,x, 3

Figure 10: The action of the inverse (unitary) F' symbol.

There is a certain freedom present in any anyon model. This corresponds to the choice of bases in
the V% space. We can apply unitary transformations in V% without changing the theory, denoted
by u“b This gives new basis states |a, b; ¢) " (Figure 11).

R

Figure 11: Unitary gauge transformation of a vertex.

b are just complex phases. In

; > and we have the freedom

When there are no multiplicities (N = 0, 1), the transformatlons ud
this case, the transformation on the basis vectors is ; > = uc
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to redefine the F' symbols as it follows :

be, af
[ngc] r Uf ud [ngc] o (62)

ef — ugbucelc

We can always use this freedom to switch to a more convenient set of F' symbols. When the state

of the system with anyons a, b and ¢ is transformed by a global U(1) phase factor, we get the same
physical state meaning that we cannot measure this phase so we have the same expectation values
for every observable :

[0} ~ [9) = @) = D ealw) = €D en(Fg™) ,, lu) = D e ()., lb):
x z,y

"1:7y

where we absorbed the phase in the F-symbols due the gauge redundancy that we mentioned
previously. By the fact that F-symbols correspond to probability amplitudes, so we want their
absolute square (probability) to be fixed, we have the arbitrariness of a global phase when we
calculate the total F' and R matrices in any space we work. When it comes to the R-symbols or
R-moves, their effect is a counterclockwise rotation of two anyons given that the fuse to an anyon
¢ (measurement). The diagrammatic relation of the R-symbol is the following (Figure 12).

b a a

- b b
?; - Rab B = Z(Rﬁb);u/ V

C C c

a

Figure 12: The phase accumulated by exchanging two particles a and b that fuse to ¢ in terms of
the R% symbol.

The same arguments that we analyzed for the F-symbols hold for the R-symbols. The unitary
braiding operator R, upon a pair of anyons a and b, acting on the basis vector of their fusion
gives :

Raplasbie, ) = > [Re]  |base,v), (63)

which is the mathematical description of Figure 12. Similar equations hold also for the inverse
R-moves. Unitarity of the R-symbols amounts to :

(R, = (BN, =[BT, (64)

Under a gauge transformation, the R-symbols become :

ba
[R®]) = “c_pab (65)

ab™ ¢
Ue

The inverse (R?b) -1 symbol corresponds to a phase when a and b are rotated in a clockwise manner,
given that they fuse to ¢ (Figure 13). When we have no multiplicities (one channel at most for
every fusion), the sum in (63) simplifies to just one phase. We will only get involved with such
practical anyon models.

For the F-moves in a tree diagram, if we result with value 1 or because of the gauge freedom a
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b b a. b

a . a
-1 by—1
?ﬂ' = Ra.b neo= Z(R?))w/ \ﬁ
12

C C C

Figure 13: The phase accumulated by exchanging two 1particles a and b clockwise that fuse to ¢ in
terms of the (R%)™" symbol.

phase €® (norm equal to 1), we know that despite the change of basis, we are dealing with the
same diagram on the right hand side of the equation. If a diagram on the right is not permitted
by the fusion rules, we put the corresponding F-symbol to zero. We will later do calculations with
such symbols.

For the R moves, we introduce the crucial spin-statistics (which relates the spin of the anyons with
the action of the braid/monodromy operator) equation [3]. Consider that we have two anyons
a and b that fuse to an anyons c. If we exchange, with R symbol, counterclockwise k times
the two anyons then we can continuously transform this braiding process to the one that a and b
twist their own wordlines (ribbons) k times by and angle 7 and also the ¢ anyon twists by itself
k times counterclockwise by an angle 7 (Figure 14). The spin-statistics theorem dictates that the
amplitudes of these two processes have to be equal. Each twist is directly linked with the topological
spin of each particle. If an anyon, with spin s, twists counterclockwise by an angle ¢ then we get
the phase €!?* and when this happens clockwise we get e~*?*. We result with the formula [2]:

(Rgb) k — e—ikwsae—ikﬂsb eikﬂsc (66)
We repeatedly use the above relation to calculate the R-symbols.

a b

A

>

k n-rotations

k m-rotations
A s

k excl’langes
o
£=6
9%,

k m-rotations

C

Figure 14: The two topologically equivalent configurations described by the spin-statistics
theorem.

4.3.1 Pentagon and hexagon equation

We will consider a multiplicity-free theory (N2 = 0, 1). If we have higher multiplicities than 1 for
the fusion between anyons, then in every F' or R-move we have to sum for the multiplicities of every
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participating vertex. The reason we restrict ourselves is for the notation to be clear. We present the
two consistency equations that F and R-moves should satisfy. We start by the pentagon equation
(Figure 15) [12].

&)

Figure 15: Consistency condition for F-moves.

We see that the geometrical figure constructed is a pentagon. The space of the trees is V.2**?. There
are five splitting tree bases in total. We can convert one to another by a sequence of F-moves.
But there are different sequences of F-moves achieving this purpose. It is natural to require that
different sequences of F-moves give the same transformation. More precisely, in the space V2°¢, to
convert one basis to another, there are exactly two sequences of F-moves. To convert the splitting
tree basis labeled by (1) to the basis labeled by (3), one can follow either the path ) — @) — @)
or the path @) — ) — @ — (3). Denote by ‘®7 a, ) the random basis state in the basis labeled
by (i). Then following the path from (I) to the basis labeled by (3), we have :

|@;m,n)y =Y (), |@;m, z)
= > (), (Fe),,, | @2 y)

And following the path 1) — §) — @ — (3), we have :

|@;m,n) = Z (Fﬁbc)mx‘@; z,n)
=2 (), (Fe),, | @:2.y)

$7y

= (Ee), L (Fe), (B |@)s 2 w)

x?y7z
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By requiring these two sequences to give the same transformation, we arrive at the following
equation, known as pentagon equation :

(B ) o (FE") 1y = 2 (F) 1 (), (FY) 1o Ve b, mim, g, 2. (67)
x

Now we exhibit the second geometrical consistency relation called the hexagon equation (Figure
16). To convert the basis labeled by (1) to the basis labeled by (4), there are two sequences of
F/R-moves: (D) > 2 - @) — @ and @) — 6) —» & — @. Again, it is natural to require these
two sequences of moves produce the same transformation. For the sequence 1) — 2 — @) — @),
the transformation is given by :

(@im) = (F§™),..|@: )
=Y (Fg), . R |@s )
=" (Fgt), RE(EF), |@in)

For the sequence ) — ©) — G) — @), we have :
|@im) = Rz | @3 m)
=2 Ru(Fi"),,,,|®im)

=D R(F),,, B |@:n)

Hence we arrive at the hexagon equation :

R%L (Fcll)ac)mnR%a — Z (Fcclzbc)mega (Fcllma)xn (68)

xT

In general, it is a very hard task to solve the pentagon and hexagon equations. The pentagon
equation makes the F-moves consistent not only for the case of four anyons a, b, ¢ and d but also
for the case of arbitrary n anyons. In general we have infinitely many solutions from the pentagon
and hexagon equations (also non unitary solutions can exist). If we fix the gauge (equations (62)
and (65)) and also with the constraints that F' and R matrices have to be unitary, we end up with
finite (in number) solutions from these two relations. If there are no solutions, it means that the
anyon model we chose (fusion rules and braiding) does not exist (in the sense that it can not be
realized by a gapped, local Hamiltonian).

4.3.2 Quantum double method

Throughout this section, it will be very convenient to condense the notation in the following manner.
We will change the particle labels from (AC,°T), (BC,AT), (“C, T),... to a,b,c,.... As a result,
we replace the internal spaces VA4, VﬂB, ... to V® VP ... and the representation maps are denoted

as [I* = Hé, etcetera. We can label the basis states of ¢ by an index i = 1,...,d, with d, the
dimension of the anyon a. We denote the basis states of a therefore as :

{la,i)}, i=1,....dq,
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d d
@ @

Figure 16: Consistency condition for R-moves.

leaving the particle label explicit, instead of |Ahj, O‘vk> as we did before. The coordinate functions
of the representation matrices are denoted as 7. The fusion product a x b means the tensor
product representation.

4.3.2.1 Computing the F-symbols

The F-symbols are conveniently calculated using Clebsch-Gordan coefficients, which describe how
the irreps are precisely embedded in tensor product representations (Figure 17). When there
are no fusion multiplicities (N2 = 0,1) we can calculate the Clebsch-Gordan symbols using a
generalization of the projection operator technique (a technique well known from the theory of
group representations).

In a multiplicity-free theory, there is a unique basis [10]:

{

in a X b corresponding to the decomposition in irreps. Of course, there is also the standard inner
product basis :

ek}, NP=1,k=1,...,d.

la,i)|b,7), i=1,....da;j=1,...,dp

The Clebsch-Gordan coefficients, sometimes also called 3j-symbols, precisely give the relation
between these two. They are defined by [11]:

c

k

abe| . - . b
c,k>:ZC’ijl}€|a,z> b,j>:Z(? i
irj irj

b,5) (69)

a,i>
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Figure 17: The irrep ¢ embedded in the tensor product of irreps a x b.

The inverse of this relation is written as :

¢ k) (70)

cla b
kkij

To calculate the actual coefficients, we will use projectors P defined by :

ZH (Pag)TI(Prg), (71)
h.,geH

where the last H(Phg) stands for the appropriate representation of the P,g element of the quan-
tum double, depending on what it is acting on. These projectors, which can be applied in any
representation, act as :

'P{Hb, k> = 5a7b5j,k‘a, Z> (72)
Proof.
PLIb, k) |H| > I (Pag) (b, U|TI(Prg) b, k) = |H| > I (Pug) Ty, (Prg)
h.geH h.geH
The orthogonality relation for the coordinate functions IT7; is
P (Phg) = 0a.0i10) ks (73)
h,geH
so we have :
(b, 1| Ps|b, k) = 0apdiidjk
From the formula we want to show :
= 0a0jk|a, i) = 8405k |b,i) = (b, ) = a0, = 040,59:,10; k>
which agrees with the previous formula. |

Applying the projector to a direct product of two states (70) and using equation (69), gives :
c . . cla b
Plk‘a,z>|b,j> = (k ; j> ‘c,l>
_ Z cla b a blc
a s \k|i j 7og
7 7‘7
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By using the definition (71), this is seen to be equal to :

> > ‘H‘ thHlk Phg)H(Phg) >|b j>

&S (Flg) Y (o) (P

h,geH h’h” h
3’

N6, 57, (75)

where we inserted the definition of the comultiplication (16), which acts on the product state.
Equating expressions (74) and (75), we obtain :

cla b a b * a
<k i j) <i’ 5 Z)ZIH\ Yo Wi (Pag) D 10i(Pwg) 1L (Purg) (76)

h,geH h'h/'=h
Unitarity amounts to :
c
k

a b\ (a b
i j) \i j

Now we pick some triple (i,j, k) such that :

|H| > W (Pag) Y T (Pwg) 1L, (Purg) (78)

h.geH W h/'=h

k) (77)

is non-zero. From equation (76) with ¢ = ¢/, j = j/ and k = £’ and from the unitarity condition
(77), it follows that this number is real and positive. This fixes one of the Clebsch-Gordan symbols,

by :
a b
(]

Since we have demanded the unitarity condition, once we compute a positive (non-zero) F-symbol
(element of the F' matrix) we know that the relative phase among all the elements of that matrix
is constant, let’s say €’*. We mentioned earlier that these matrices can be can be identified with
the arbitrariness of a total complex phase (in our example this e*? phase). We use equation (76)
to calculate all others, which results in :

a b|e)_ [de Pngen Snnr=n T (Pag) 5 (Pug) 115, (Parg)
73 K) T\ TE . ) . 7
< Zh,gEH Zh’h”:h Hk;k (Phg) H” (Ph/g) Hj] (Ph//g))

From the Clebsch-Gordan symbols it is straightforward to calculate the F-symbols. We use the
definitions of " and Clebsch-Gordan symbols (Figures 9 and 17), when there are no multiplicities
meaning «, 3, u, v = 0,1. We sum in the internal states of the intermediate anyon e — }e, m> (we
have specified the result of the fusion of the anyons a and b but it’s state is unknown so we have
to include contributions from all of them). The states of the anyons a — }a,i>, b — |b, > and
c— (we prepare them in some desired states) and we let free the state of the final
anyon d — |d, l> in the end of the fusion diagram. The emerging relation is :

) (51)

S, (5 D) () =2 () G

f?n
45

1/2
Z) = (’ | Z Z H * Phg %(Ph’g)H?]’(Ph”g)> (79)

h,geH h'h''=h

(80)




Using the orthogonality of the Clebsch-Gordan symbols :

a blec a bl|d
Z(Z j k) (Z j k/>:50,c’5k,k’7 (82)

i,J
e e cl|d b el f\ (a f
m m k|l 7 kln i n

we finally have :

(F) = 3 <CZL ;7

7]’k’n7m

ol (53)

4.3.2.2 Computing the R-symbols

We look at Figure 12. As we use the quantum double here, Ry, = R defined in (18). After the
winding of the two particles a and b, with the action of the braiding matrix R, we don’t know in
which exactly states these particles end up so we have to sum in all possible states they can exist.
For the simple case where there are no multiplicities of ¢, similarly as we did for F-symbols, here

(4 5[0) S 210

where R(z .35 are the representation elements of the action of R% on the basis states }a, z> ‘b, j >

we have :

Rgb gy = (07|05 R0, )b, 5) = (0,7 (b, o o (T @ TI) (R) ], )1, 5)

= > (@ d|(0.7| (1 (Pag) 2 11°(P2) ) [b. ) (85)
h,geH
Using equation (82), we get :
Reb — do a b b alc *Rab %6
> Z i i | k) RenGay (86)

i,i'=14,7'=1
where again k (internal state of the fusion resulting anyon c¢) can be chosen freely.
If multiplicities of ¢ do occur, we can still obtain the (Rgb)w by first including the ‘" copy of ¢

and next project onto the v** copy. This can be done by introducing more general Clebsch-Gordan
coefficients that also carry and index p that keeps track of the copy c¢. The formula then becomes :

b a|cv a blc
ab ) _ ab s W
Z (RC )NV <j/ ,l:/ k > - ZR(Z,’LI)y(]’]/) <Z j k > =
v i,
b alcv b oald,v\" a blc b ald,v\"
ab ) 3 _ ) y
Z/(Rc )wj(j/ ’i, k><]l ’i, k/ > —Z R(zz)( )<’L ] k ><]l Z'/ k‘/ ) =
v,a',g 1,4’,5,5"
ab _ ab a blcp b oal|dV "
Z (Rc )'u,/(sc,c’(su,u/(sk,k’ - Z 7?’(i,z"),(j,j’) <Z ] k ) (]/ i’ k' =
174 ii/uj:j/
ab da a b c, 1 b alcv
(RE),, = 2. Z ( )(; i k:) REw).6.) (87)
i,i'=174,7'=1
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4.4 Fibonacci anyons

Here we have a model of two different anyons. We have the abelian trivial sector (vacuum) which
we label as 1 and a non-trivial charge (anyon) which we label as 7 with 7 = 7, meaning that it is
it’s own antiparticle (self-dual like 1). The fusion rules of this model are [2],[13],[14]:

1®1=1
TR1=17="1 (88)
TRT=1D7

The first two fusion rules give an abelian model as the fusion of 1 with any other anyon x = {1, T}
gives back the same anyon = (because 1 is abelian). The interesting non-trivial fusion rule is the
third one with the fusion of the two non-abelian anyons 7, which indeed makes the model non-
abelian because we result with more than one type of anyons after the fusion. The topological
Hilbert space that describes the fusion of IV different 7 anyons is denoted VCT®N with ¢ € {1,7’}.
We usually create N anyons from the vacuum (the reverse process of fusion called splitting), so in
these cases the overall charge is trivial and the Hilbert space they live is V{®N. The dimension
of this fusion space is dz’m(VT®N) NT®N [Dl]N. The number [Dl]N, i.e. the dimension of
the topological Hilbert space, describes the different ways the N anyons can fuse to the vacuum.
By creating the trees for each N we notice that every 1 must always be followed by a 7 because
1 ® 7 = 7. So if the first two anyons fuse to trivial total charge 1 then, because this trivial charge
with the third 7 give back 7, then the remaining (N — 2)7' anyons can fuse with [Dl} N_o different
ways to end up with topological charge 1. If the first two anyons fuse to 7 then we are left with
(N — 1)T anyons that can fuse with [Dl] n_ different ways to 1. So the numbers [Dl}  satisfy
the recursion relation :

[Dl]N = [Dl]N—l + [Dl]N—Q (89)

The dimensions of the Hilbert space follow the Fibonacci sequence and that’s the reason why the
model is called Fibonacci model. The matrix N, with components N, Tb, can be extracted from

the fusion rules : L L
N, = (Nl; NT;) = ((NT)H (Nf)u) _ (0 1) (90)
Nl N’T (NT)T]. (NT)T’T L1
The space Vi7" of three 7 anyons that fuse to the vaccum 1 is one-dimensional :

dim(Vi™") =Y NJ'N{T = NJ'N{" =1

x

The change of basis transformation F in V{77 is trivial (u = 1)

— TTT — TTT
_ K/ \V = (F7), |y

where with the state ‘T> we note the product anyon 7 of the first fusion (the numbers 1 and 2 on
the states are referring to the basis). Without loss of generality we can take F77" = 1 due to gauge
freedom. The diagram at the right above is identical with the left one if we rotate it around the
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main/central vertical vertex by 7 angle (the scalar coefficient F' can be a phase at most as we have
the same course of fusions). Similarly for the space Vit :

1

EV (7™ Vzwwhm,

so we deal again with an 1D space and we choose F ”1 = 1. In general, we know that the total

1
probability to measure the ‘7’> state in the right basas given that we prepared the system in the

state }1> in the left basis is P(1|T) = ’(Ffﬂ)h}Q =1— (Fle)lT = ¢ and we select § = 0. We
cannot encode a qubit in these two trivial spaces. The first non-trivial space to encode a qubit is

VITT, with states :

The general unitary transformation F' between the two bases has the form :

F=F"" = <(FTTTT)11 (FTTTT)h) — <a b >
T a* Y

() () = e -

T

with Ey !(FT”T)zy‘Q = ‘a‘Q + ‘6‘2 = 1. Without any multiplicities in the theory, the pentagon

equation (67) fora=b=c=d=e=m=y =7 and n,z =1 gives :

(P () = 3 () (7)) = () (P, (), =
T
(F77) 10 = () (F777) = 0=

SO |a\2 +ta—-1=0=a12= %‘/5 We pick a = _1%‘/5 = ¢! with ¢ = 1+T\/g the golden mean.
We then have to solve for b — |b\2 =a=¢ ! =b=1¢e?/p"!. The phase € can be set to unity

with a gauge transformation (in each space VCT®N separately we have a gauge freedom or else for
every different F' matrix). The F matrix becomes :

—1 —1
F= ( ¢¢_1 _j_1> (91)
All pentagon relations are now indeed satisfied as we fixed the gauge. Next, we calculate the R
matrix. It is clear that if the exchange includes an anyon which is the vacuum sector, this action

will have no physical consequence in the system. Since the vacuum braids trivially, the phases
below, which are allowed by the fusion rules, are equal to 1 :

71 17 11
R™' = R = pI' =

The R matrix is clearly diagonal because an exchange of two anyons cannot change the outcome

of the fusion, so it has the form :
R 0
R=R]" = ( (3)1 R?)
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Having found the F' matrix, we use the hexagon equation (68) to find the components of the R
matrix. Fora =b=c=d =7 and m =n =1 we take :

TT TTT TT TTT T TTT TTT 2 TTT TT TTT
st (FT )11R1 :Z(Ff )lmRT (FT )a;lz (FT )11+(FT )1TRT (FT )71:>
(b—l(R’:ll'T)Q — ¢—2 +¢_1R:T = (RIT)2 _ ¢—1 _’_R:T
Fora=b=c=d=m=7and n=1 we get :

RITRT ¢ 1 =¢? - R"¢™3? = RI'R]" =¢~' — R]"¢"

The solutions from the two equations we derived above are R}™ = e~%™/> and RI™ = €3™/5 5o we

result with the following R matrix :
—4mi/5
e 0
R= ( 0 e37ri/5> (92)

We work in the qubit basis |x> with z € {1, T} that we established previously. The generators of
the braid group B3 among three identical 7 particles can be determined by the F' and R matrices
that we found :

o2)

=S (F) CRy(ETT), T = (FT) R (FT), L)
Yz Y,2

So the unitary generators o; are (F~! = FT = F because the matrix F is hermitian) :

e—4mi/5 0 . ¢—1647ri/5 \/Fe—:amﬁ
or=R= < 0 63’”/5> , 09 =F "RF = \/qﬁje_?’”i/‘r’ e (93)

These matrices comprise a representation of the braid group B3 with an image that is dense in
S U(VTTTT) =S5 U(2). Therefore, each braid/weave can be simulated with arbitrary accuracy by
some finite braid. We can also use the inverse of each of the o;’s as the opposite braid can be applied.
The image of these two generators is the truncated braid group B(S, 10) which has infinite order
(three identical 7 anyons where the order of the generators is 10 — ailo = Tax2). Because of this
finite order of the generators, we result with o7 = o'~ '* where n = n (mod10), so the number of
braids we need to approximate or even construct analytically a unitary gate is significantly reduced
[15].

Even though the determinants of the generators are not 1, we can redefine them with a freedom
of a common total phase e™/® so that they belong in § U(2). Otherwise, we approximate unitary
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gates with braids up to an overall phase factor. Since in quantum mechanics the overall phase of a
system cannot be measured, this overall phase is generally of no consequence. In order to create a
two-qubit entangling gate, we need 6 Fibonacci anyons with a 5D fusion space and whose image is
dense in SU(V1T®6) = SU(5) (Figure 18) or 8 anyons that form a dense set in SU (VCT®8) = SU(lB).
Both spaces of course include the SU (4) as 4 x 4 computational blocks in their representations that
act on the two encoded qubits. The representations of the generators for the 6 and 8 anyon cases
have a trivial and a 9 x 9 non-computational blocks respectively (there is leakage which leads to
errors between the computational and non-computational states whenever the representation has
non diagonal elements) [14],[15].

Universality refers to the existence of a universal set of quantum gates, the elements of which can
perform any unitary evolution in SU (n) with arbitrary accuracy. It requires a minimum set of
quantum gates, such as the set of single qubit braids (rotation gates that can span SU (2) or geo-
metrically the Bloch sphere) and a two-qubit entangling gate such as the controlled-NOT (CNOT)
gate. Alternatively, universality can be achieved only with the Hadamard gate and CCNOT or
Toffoli gate (3-qubit gate). The weaves (sequences of successive braids) of some universal gates
like Hadamard, NOT and CNOT with Fibonacci anyons are included (with diagrams) in [15].
Not all anyon models, such as Ising anyons, provide universality by braiding alone. Such comput-
ers need to be supplemented by non-topological operations (like measurement) in order to achieve
universality. The application of the Solovay-Kitaev theorem concludes that the universal gates of
the circuit model can be simulated to accuracy e with braidwords of length poly[log(l / e)] and so
a universal quantum computer can be simulated efficiently using Fibonacci anyons [15].

Ist qubit 2nd qubit

Figure 18: The 67 anyon encoding of two qubits where x,y = 1,7 (left) and the trivial
non-computational basis element (right).

4.5 Ising anyons

There are three elements in the Ising anyon model. A fermion denoted as v, an anyon denoted as
o and the vacuum 1, obeying the following fusion rules [2],[16]:

11=1, 1¢v=79Y, 1®0 =0,
YRY=1, c®@y¢=o0, (94)
oc®o=1@.
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The fusion rule for two o particles states that this anyon is indeed a non-abelian one, because there
exist two possible fusion outcomes. Since all other fusion rules determine the outcomes uniquely,
higher dimensional fusion spaces are always carried by ¢ particles. Using the last fusion rule
successively, we get the fusion rules for No particles :
cRoRo =20,
CRIRIRo =212,
cROR®oRo®o =40,

(95)

N-—2 N-2 .

QN 272 1®2 2 ¢, N iseven,
(‘7 ) =\, 4=t .
272 o, N is odd
From these, we can detect the smallest non-trivial fusion spaces :
veT=vger dim(VIe) = NI© =2,

V= verr dim(Vi00) = N =2, (96)

Ve =vgerr, dim (Vo) = N3 =2
Since one anticipates that the computational space should belong to the vacuum sector, the interest
lies particularly in the space V7777 because they could be used to encode a qubit as the space is
two-dimensional. To encode m qubits, one needs a fusion space carried by (Zm + 2)0 particles. In
general, the dimension of the fusion space carried by N particles can be determined by using the
last fusion rule from (94) successively :

N \123456789101112...
Ny 01020408016 0 32 ...

= dim(Vy*") =272, N is Even,

which means that the topological Hilbert space grows exponentially with N. Since the fusion
multiplicities are zero for all odd NN, one can restrict to consider only spaces carried by an even
number of particles. This is in line with the anticipated initialization of the quantum computer,
where one draws some number of particles-anti-particle pairs out of the vacuum, which implies
that one always ends up with an even number of particles. The space V{77 is zero-dimensional
(forbidden by the fusion rules). By inspection with the tree diagrams, we collect the values of the
F-symbols for the one-dimensional spaces VY%, V{"7% and V7" with z € {1,9} :

(Fimy) = ay0qy, (Ffw)gy = byday, nyo = Cy, ’ay|2 = ’by’2 = ’%’2 =1,

o

for some ay, by, c, € C, meaning that these F-moves introduce only overall phases which are non-
physical and can be set to unity — a; = b; = ¢; = 1. The zero values, because of the Kronecker
delta, correspond to the forbidden F' transformations. However, the space V7?7 is 2D and so a
potential computational space for a single qubit. So F777 is a genuine 2 x 2 unitary matrix because
it is the only one acting in a non-trivial fusion space :

F = 999 — ((Fgag)ll (Fgaa)1w> _ <F11 Flzﬁ)
= o Y

(Fgcm)zm (Fgoa)ww Fy1 Fyy

o1



where the components have to satisfy the constraints following from unitarity :

|Fua) + | Frpl” =1,

2 2
[Fy1|” + [Fyy|” =1,
Fua(Fpa)" + Fiy(Fgp) =0

From the pentagon equation (67), fora=b=c=d=n =y =0 and e = 1 we take :

(F72), (77 = 3 (F5),0(F), (7).,
z=1,0

from which we take two equations for m =z =1,v :
(57" (57 )1 (FF7) g0 = 1= Bl FroFoa =1,
2
(F77) g + (F777) 1 (FT77) gy =1 = Fiy + PrpFp =1,

where we used the F' symbols equal to 1 that we derived earlier. We can pick Fy1 € R. We have
this freedom to select an element from the whole matrix to be real and then the fixed gauge will
determine properly the other 3 elements. From the above two equations we get Ff; = Fiw =
Fyy = £F11 € R. We then conclude that :

PryFy1 = |Fiy|* = |Fa|* = Fiy = Fjy
The third equation of the unitarity constraint becomes :
F11F1¢, + Fle¢¢ =0

Adding by members this equation to the pentagon relations, we see that the F' matrix elements are
determined as solutions to the polynomial equations :

1= Fi1(Fi1 + Fip) + Frp (Fpa + Fyy),
1= Fya (Fua + Fiy) + Fpy (Fyr + Fyy)

The set of equations has four types of general solutions :

1 0 1 0 0 e 1 1 e
(60 60 +(8T) (8,

where ¢ = [O, 27T] is an undetermined arbitrary parameter (different from the gauge freedom of
a common total phase which we fixed when we demanded Fj; € R). Of these matrices, the first
three are trivial in the sense that they only redefine the basis up to some overall phase. Fixing
the arbitrary phase by setting ¢ = 0 and choosing the solution with an overall '+’ sign, the matrix
implementing the non-trivial F-move in the standard basis of the model is :

(i)

This solution is of particular interest because it is the Hadamard gate, which was already encoun-
tered as one of the gates in one particular universal gate set. To find how the braid group acts in
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the fusion space of the model, one should find the unitary matrices representing the R-moves as
solutions of the hexagon equation (68). For a = b= c=d = o we take :

Rgla (Fgoa') mnRZU — Z (Fgaa) mega (Fga'a) .
=1,

This time all the Ry, with y € {1, w}, are complex constants with unit norm. This is because the
spaces V7 are 1D for a given y, which implies that braiding can only contribute non-physical overall
phases that can again be set to unity. From the definition of the R-move as a map R : Vcab — Vcba,
also Ry7 with y € {1,1&} are phases, because there are no fusion degeneracies. However, this is
a 2D fusion space to encode a single qubit, as the action of braiding depends whether one braids
particles which fuse to yield either 1 or . Therefore, these phases are physical and correspond to
the eigenvalues of a matrix implementing an R-move in V.77 (or V{7799) :

R{” 0
=V )

From the hexagon equation for m = n = 1,4, we get (R‘lm)2 = (R1)2 = /2 and (Rf)2 = (R¢)2 =
—v/2 so combining the two results we have :

(R%J)Q _ eiﬂ—(R({U)Q . Ria _ 6i7r/2Rz170
We want the R matrix to be unitary so |R1]2 = |Rq/,|2 = 1, which restricts that it’s elements must

have unit norm (complex phases). Since all the solutions give a different representation of the same
model, the simplest one will be to choose Ry = 1 and represent the R matrix as :

R= (é ‘2) (98)

This particular matrix appears also in the theory of quantum computation, where it is known as
the phase gate S. We can now find a representation of the braid group Bs, the braid group on
three identical (same color) strands. Just like we did with Fibonacci anyons, with the basis states

|x>, T € {1,w}, Now :
10

im/4 .
o o1 e 1 —
o1 =R= <0 2) , 09 =F "RF = 7\/5 (—i 1 ) (99)

We verify that the generators o; indeed form a representation of the braid group Bs, i.e. that they
satisfy the Yang-Baxter equation :

010201 = % (1 _1> = em/AF = 090109

As it happens that both sides are proportional to F', this also demonstrates that the F' matrix is
a physically meaningful transformation (Hadamard gate) which can be implemented by braiding

)

we find the generators of B3 in V797 :
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anyons.

The generators are unitary operations — amg = lax2. Another thing to be noticed is the order 4 of
the generators — o] = 03 = Loy, which means that we are dealing with the truncated braid group
B(3, 4) rather than the braid group Bs that has infinite number of elements. The truncated braid
group has a finite number of elements and this sets a limit on the number of different braidings,
which could be implemented. Since braiding is the only tool to perform unitary transformations in
the fusion space, dealing with truncated braid groups implies that there is also only a limited number
of unitary transformations available. However, models that produce truncated braid groups are not
automatically invalid for universal quantum computation since some may generate subgroups which
are dense in the unitary group U(n) (in our example with Ising anyons det (ai) =1 # 1 — dense in
U (2) and not SU (2)) For instance, even though single qubit unitary transformations are limited
to the elements in B (3, 4) here, even this relatively simple group is of order 96 [3] and it is far from
obvious whether it admits universal quantum computation.

Unfortunately, such a model is not universal for quantum computation. Even though the Hadamard
gate H can be realized, instead of the g-phase gate T', one can only produce the phase gate S = o1 =
T?. Because the physical braid group generators o; are the most elementary unitary transformations
that can be implemented on the system, there can not exist a transformation 7' € B (3, 4) because
then o1 could be decomposed as two successive even more elementary operations 7', which should
satisfy the pentagon and hexagon equations. However, no such solutions were obtained and thus
even without considering if any entangling gates arise though braiding anyons, it can be concluded
that the Ising anyon model does not admit universal quantum computation.

Two qubit gates can be constructed in the fusion space of 6 Ising anyons as shown in Figure 19
[16]. The braidwords and their diagrams of constructing 1-qubit and also 2-qubits gates like CNOT
can be found in [17]. In bibliography, the o generator is defined with an overall phase e/ as it
emerges from the hexagon equation. We omitted this phase because it cannot be measured.

a b ¢ 100)
[10)
[01)
[11)

— S| S| ==

S| =S| —|=
R I S S R Y

1

Figure 19: The 60 anyon encoding of two qubits where the table shows the identification of the
fusion channels with the computational basis.

4.6 D(D;) anyons

We are working with 3 identical anyons (F' type) so we have to find the two generators of the braid
group Bs via the F and R symbols. In the qutrit basis we selected, we have :
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P

=" REF(FEFF) V
Yy

= > (FE), IRTE(FEFT),, = (FE) IRTE(FEFT), L2),
Y,z Y,z

0'2‘17> =

F

where x,y, 2z € {A,B,L} and because (F}?FF) is unitary we have (FIfFF)_l = (FJEFF)* So :

yz 2y’
o1 =R, 0o = F''RF = F'RF, (100)
where :
R{F 0 0 (Fe™)ga (FET) ap (FFTT) 40
R=| 0 REF 0 |, F=F"F = (FETT),, (FEFF) . (FEFT),, (101)

0 0 REF Fe ) (Fe ™) s (FET) 1

We calculate the F-symbols with the quantum double method (Clebsch-Gordan symbols). We will

calculate the first element (FEFF as an example. We have from (83) :

)

FERY F F|A\ (A F|F\(F F|A\"(F A|F\"
(FF)FF_Z<ij1 1 kl1)\ k1) \i 1]1)°

i,9,k,n,m

where m,n = 1 because the anyon A (vaccum) is one-dimensional and we also chose | = 1 for the
two-dimensional F' anyon. To find a non-zero coefficient, we start with (79) in which we calculate
diagonal elements of the representations IT* and IT7 and because of (14), the relation A’'h" = h in
the sum of (79) defines which coefficients are non zero. For instance :

<1; }17 il) =0 because 'hy'hy = r? *e= Ohl,
(1; I; f) =0 because 'hylhy =13 #e= On,

So the two non-zero coefficients for this selection of anyons (¢« = b= F and ¢ = A) are :

F F|A F F|A
(1 9 1) and (1 9 1) because ‘hithy = Tholhy = e =1y

We first find from (79) that :

F F|A 1 A . 1/2 1 1/2 1
(1 2 1) - (5 ;Z: ) T(ogs) ) = (1wt ot rut ot rutow)) =
A

S

where Zs = {e, r,r2, s, r4}. Then we find the other non-zero CG coefficient from (80) :

(F FA): 1 Ygec ' T(s9)'Tgs) 1
2 11 V10 NG V2
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where we summed in the elements of the conjugacy class C. The other non-zero symbols that we

need are calculated as above :

A F F\ _
11 1)~

F\ (F A
1) \1 1

Gathering what we computed, the sum for (F 15 FE ) 44 Teduces to one term :

F F
(F};FF)AA - (1 2

The total F' matrix results :

A\ (A F|F\(F F|A\"(F A
1/\1 111 2 111 1 1

/2 —1/2  1/V2
F=Fffr=1-1/2 1/2 -1/v2
1/vV2 —1/vV2 0

We reassure that E;’:l ‘(FgFF),.f =1fori=1,2,3.

ij
For the RET symbols we use the simple relation (66) for k = 1 :
Rf"F — o IS o —ITSF JiTsA 6—27”/5 _ w—l =,
RgF —_ e—wrsFe—MrsFewrsB — 57
REF —_ e—wrsFe—MrsFewrsL =w,
where we used the anyon spins from (43). The total R matrix is :

0
0

w

R=

o o g
o g o

Alternatively, we could have used (71) with :

RFF = Rﬁﬁ =

o o o€
o g oo
o o g o
& oo o

and the non-zero 3j-symbols (CG symbols) :
F F|A\_(F F|A\_ 1
1 211)"\1 201) " &
F F|B\ (F F
1 211) \2 1

F F|L\ (F F
1 1]1) \2 2
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and take the same result for the R matrix as in (103).
The generators of B3 are (FT = F, as F is symmetric with real elements) from (100) :

wt@ (w+w)

w 0 0 2 T2 %
o1=|0 @ 0| ,0p=FRF =[-8 wiv -= 1. (104)
0 0 w W _ W o
V2 V2
where w + @ = 2 cos 2w /5. The generators act on a general qutrit state :
a
[¥) =a|0) +b|1) +c[2)=[0b], (105)
c

which represents the initial state of the three I’ anyons we braid. We can approximate or even
find exactly a qutrit gate by a sequence of actions of the generators o; and o2 on the state ‘1/1>
Working with the group Ds, such a task is very hard because among the elements of the generators
we have the 5" roots of unity.

Without loss of generality, we may multiply the o;'s by a common factor (we explained this freedom
earlier) so that they all have determinant equal to 1 (note that all the o;’s are conjugate to each
other). This is because the images of the representations we take are subgroups of SU (V™)
(square matrices with determinant = 1 that have the dimension of the space V;™"). For our
case, we have 3 anyons m = F that fuse to z = F and dim(VLATT) = 3. The new matrices with
determinant = 1 are g; = 70; with 7 = e27/15  The matrix o1 (as well as &1) is unitary but o
(and &9) is not. The order of the first generator is finite — o = I' (01) = 1343 but the second
generator oo = I‘(ag) has infinite order — 04" # 1343 Vm € N.

The quantum double D(Ds), as well as others like D(.S3), have a lot of options for qutrit encoding so
we can get as images of the representations of the braid group generators some interesting subgroups
of SU(3) which are rarely the braid group Bs or the truncated braid group B(3,m) (the matrices
of the generators don’t obey the Yang-Baxter equation but the multiplication table of the image
subgroup of SU(3) which can have finite or infinite order). Nevertheless, those matrices indeed
correspond to representations of the braiding generators as we showed geometrically with F and R
moves even though they don’t actually produce the braid group. For quantum computation reasons,
we want the braiding transformations o;’s to be unitary in order for the process to conserve the
total probability. Generators that are not in this category still represent braiding transformations
between anyons but are not ideal for building braiding quantum circuits. Our aim always is to
build circuits that lead to a universal gate set.

We want to examine if the representation of Bs that we found is irreducible and identify the images
on each irreducible summand (we also call them sectors but we shouldn’t confuse the word with
the anyonic sectors/states). To find a subspace invariant under the matrices o1 = I'(0;) and
o9 = I'(02), we carry out the following procedure: First, we create new matrices from oy and o9
via addition and multiplication. When we find a matrix that has a nontrivial null space, we take a
basis for that null space, and apply the matrices o1 and o9 to the vectors in that basis. We record
the resulting vectors, apply o1 and o9 to them, and continue in this fashion until applying o and
o9 ceases to produce vectors that are linearly independent from the ones we have already recorded.
After some testing, the first combination of the two generators that has non-trivial null space is
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their product :

w2 (4%%) w2
2 2 V2
_ 1+w?) 1+w? @2
01092 = —(7 == —=
2 2 2
Bl )
V2 V2

We transform this matrix into row echelon form :

1 -1 V2
oo — | 0 0 1
0 O 0

so it’s null space is spanned by a single vector :

1 -1 V2\ [z 0 x 1
0 0 1 yl=10]=|y]|=2|1
0 O 0 z 0 z 0

Any linear combination of addition and multiplication of o1 and o9 we act on the above vector
gives the same vector multiplied by a complex scalar or the trivial null vector which implies that
the null space is 1-dimensional. We name this irreducible subspace as W. We normalize the vector

to norm 1 :
1

1 1
@ = 7 (1) — E(\AWF |1B)),

where ’A> = }0> and ’B> = ‘1> are the two basis states of the qutrit space. The representations
of the two generators in this 1D basis are 01 = @ and o9 = 0. We will now find the irreducible 2D
orthogonal complement of W — W+ (dim(VEFF) = 3 = dim(W) + dim(W+)). We want to find
two linearly independent vectors that are orthogonal to the vector . Those two real vectors must
satisfy :

1
1
—(:1: Y z) 1l =0=z4+y=0.
V2 0
For x =1 — y = —1, we have the normalized vector :

1

1 1
wh = 7 —01 - \ﬁ(\fw -1B))

We can pick as the second vector of W= the unit basis vector in the z direction (U and W, are in
the xy plane) :
0
Wy= 0] = |L)=]2)
1

The three vectors that we found are linearly independent :

a 1 b 1 0 0
— (1] +—=-1]4+c|O0]=]0] =a=b=c=0.
V2 0 V2 0 1 0
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The representations of the generators in the basis {(’A> — ‘B>)

(@ 0\ _ (1 0 1 0
=10 w) "%\ w? 0 w?)’
C(wtw W) _(1+w? 1 1+w? 1
2=\ )7YL 1 1 1 1)

if we reduce a common phase @ (07 = @ ~ 1). The 2 dimensional sector satisfies obviously the same
multiplication relations as the 3D reducible representation we first derived and also carries qutrit
information even though it is 2-dimensional (the basis of W includes all of the fusion basis states
{A>, ‘B> and ‘L>) So, we still encode a qutrit in the 2D basis and process it’s information with
the above 2D matrices o1 and o2. We proved that the reducible representations of the generators
in Vlf FF decompose into the irreducible representations in the sectors W and W=.

We could have worked with 4 identical F' type anyons (this type choice is arbitrary) but we need
more F' symbols to calculate in order to find the 3 generators of the By group. We analyze the case
where the space is described by four F' anyons that fuse into the vaccum A. The basis states are :

L>} of W+ are :

(106)

=
~
BN
~—
Il
—_
~—
Il
S
~—
Il
@
B @
\)
S~
Il
h
~—
Il
-
-

where we symbolize the states ‘x,:c> = ‘l’> because the two anyons are the same kind. For the
generator oo :

For x = A, B we have y = F from the fusion rules. If x = L then y = F, L. But fory = L —
Fa L +#A. Sowe accept only y = F. We continue :

F F F F

= R, F *)ur ,

A

FoF F F

F F F F

Z FFZ FFF) ZRfF( FFF) (FFFx)xFV
ez, f A
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But because F' x F'= A& B & L, we should have f = z in order to eventually fuse to the vacuum
A, so:

F F F F

ooy = Z FEF?) FFFF) RFF(FFFF) (FFFx)xFK/

We see that it requires more effort than the case with three F' anyons as here we have to calculate
not only the matrix FFFFF that we calculated but also the symbols FEFA, FEFB and FEFL. The
generators o1 and o3 are identified straightforward :

so 01 = 03 = R from (103).

We will now construct representations of the braiding generators with the quantum double. The
case of indistinguishable particles is very easy to be examined and we can verify that the generators
satisfy the Yang-Baxter equation (28). Suppose we have one anyon type a, we only need the
braiding matrix R** (from equation (19)) to construct them with equation (33). They all have the
same order and so we result with representations of the truncated braid group B(n,m).

We will do the calculations for the case of distinguishable particles. Suppose we have three anyons
of types E, F and G (or else 5, 6 and 7). In order to take a representation for the pure truncated
braid group, all the R matrices involved must have the same even order. The braid matrices we
need are :

1 000 w 0 0 0 w2 0 0 0
0010 0 0w O 0 0 @ 0
Res = Ris = 010 0 , Rs6 = Rre = 0@ 0 0 , Rs7 = Rer = 0 = 0 o0
0001 0 0 0 w 0 0 0 w?

From equations (33) and (36), we define the 3 generators of the pure truncated braid group (all
the above matrices have order 6 — R0 = Taxa) :

Ajg = RY = Re5Rs6 @ Laxa,
A3 = RIRIRT = (Res @ Laxa) (Lax2 @ RrsRsr) (Rag © Laxa), (107)
Aoz = R3 = laxa ® RrRer,
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where R;, R; 17 correspond to single braiding operators while RZQ ’s correspond to monodromy
operators. The matrices end up being :

Ag = diag(w,w,w,w w,w w,w),
Az = dz’ag(w,wQ,w2 w,w DQ,w2,w), (108)

b b
2w

Aoz = diag(w w2 w?, w2 52,w2,w2,52),

where all the generators have order 5 — Am/ 2 = A5 = Tgxs (equation (37)) and form the pure
truncated group P(3,10) (3 distinguishable partlcles Wlth all the generators having order % =5).
We verify with an example that the generators we found satisfy the group relations (30) :

AI21 = dla’g (w’ wa w,w,w,w, wa w) )

Af31 = diag(w,EQ,w2,w,w,w2,52,w),
so we have :

A1_21A23A12 = A13A23A1_31 = diag (@2, wz, w2, wQ, wz, w2, w2, 52)
The braiding generators A;; act on the general initialized state :
[v) = (a|E,1) + b|E,2)) @ (c|F,1) + d|F,2)) ® (e|G,1) + f|G,2)), (109)

where we use the notation of the internal states of the 3 types of anyons (the R matrices and
consequently the braiding generators in the quantum double are represented in the internal states
of the anyons). It holds that |a|?> + [b]> = |¢|* + |d|* = |e|* + | f|* = 1. We cannot encode any qudit
in the fusion space of E, F and GG because it is one dimensional as EXF =C®K,CxG=F®&H
and K x G =1 @ L so we get only 1 time each anyon in the end of the fusion tree.

There are a few options in D(Dj5) in which we can encode a qubit in the fusion options between
3 distinguishable anyons. If we select the anyons E, F' and O, we result with the following fusion
space basis :

E 6}

e

so we can encode a qubit in this 2D space with state W> = a‘O + b‘ 1> We can define the braiding
generators between the 3 anyons just like in equation (107) by substituting the indices of the anyon
7 with the anyon 15 in the R matrices (also now the rightmost anyon lives in a 5-dimensional space
so in the tensor product when we don’t act on the 3rd anyon we put 1545 instead of 1ax2). The
additional R matrices we need :

01 00O0O0O0O0GO0TO O 0100 0 O O O OO
00 010O0O0O0O0OO 00 0w O 0 0 0 0O
000O0O0OT1TTO0UO0TG 0O 0000 0 w2 0 0 00
00 00O0OO0OO0O1O0®O0 0000 0 0 0 w00
Riss — 000O0O0OOOO0OTO 01 Rise — 0000 O O 0 0 0 w
1 000O0O0O0OO0OO0OOY” 100 0 0O O O O 0 Of”
00100O0O0O0TO0OO O 0 0wO O O O 0 0O
000O0O1O0O0OO0OTG 0O 000 0 w2 0 0 0 00
000O0OO0OO0OT1O0TO0O0 0000 O0 0 w2 0 00
000O0O0OOO0OOT1TQO0 0000 0 O 0 0 w O
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with order 10 — R%gg) = R%gﬁ = 119x10. So now not all R matrices involved have the same order.

The generators that arise are :

0 wA  Osxs Os«5 C 0
10x10 | o, . HA D Osys 10x10 (110)
A3 = | — , Aoz = ;
wB  Osxs O O Osx5 C
Osv5 wB 10x10 10x10 D Os.5
where with O we denote the zero/null matrices and :
00 010 0 01 0O
00 0 01 0 0 0 10
A=|[1 000 0|,B=A"1t=]00 0 0 1],
01 000 1 00 00
00100 01 0 0O
(111)
0O 0 0 1 0 0O 01 0 O
0 0 0 0 w 0 0 0 w O
C=|w? 0 0 0 0, D=]0 0 0 0 w?
0 w2 000 w2 0 0 0 0
0 0 w 0 0 0 w 0 0 O

The generators have order 5, 2 and 10 — A?Q = A%3 = A%g = T99x20, a consequence of the different
orders of the R matrices. The image group of this representation, formed by elements that are
all the possible different results for any action of the generators, now is a different finite group
(because all the generators have finite order) than the pure truncated braid group. It is obvious
to confirm that the relations of the pure braid group (30) are not satisfied here.

In the attempt to define the generators in the fusion space rather than the internal states of the
anyons (quantum double), using the F' and R symbols, we can construct the generators Ao and
A23 as :

E F 0]

) = (REFYa),

o,P

)ye (ROV(FE50),, 7

-1 2
= Z ( 5§O)yz (Rgo) (FOEL};O):L‘y‘Z>7
Y,z

where we define geometrically the generators A;; as in Figure 3 (the particles are distinguishable)
by using the monodromy symbols (RfF )2 and (R5 0)2 from equation (66) (for k = 2). We cannot
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construct the generator A3 with F' and R symbols because there is no way to make the leftmost
anyon F and rightmost anyon O fuse while braiding separately from anyon F' at some point in the
process, in order to use for their braiding the monodromy symbol (REO)Q. That’s why this method
is applicable only when we work with a collection of indistinguishable particles.

4.7 Universal quantum computation

In this final section, we inspect two fundamental cases of universal quantum computation with
certain anyon models. There are also other interesting suggestions that propose an efficient way
to achieve universality, such as metaplectic anyons or more generally the SU(2); anyon theories
from which we compared the Ising (k = 2) anyon and Fibonacci (k = 3) anyon models, motivated
by their potential for future realizations based on Majorana fermion quasiparticles or exotic
fractional quantum-Hall states, respectively.

4.7.1 Simple perfect groups

Instead of dealing with the general case of non-solvable groups, we will deal with the smaller
set of groups that are both simple and perfect. Non-solvable groups are those that contain a
perfect subgroup; and a perfect group is any non-trivial group, whose commutator subgroup equals
the full group: [H ,H ] = H. The property of simplicity means that the group has exactly two
subgroups that are invariant under conjugation: the trivial group and the whole group. Because
the commutator subgroup is invariant under conjugation, it should be clear that any simple non-
abelian group is perfect. However, we shall refer to these groups as simple and perfect to remind
the reader that we are dealing with a subcase of the general non-solvable case.

The set of simple perfect groups, which includes the alternating groups A, for n > 4, is powerful
for computing because in some sense we can get from one non-trivial element to any other using
operations that fix the identity. The simplest example of that category of groups is As which will
be referred during the process.

We will work with a computational basis of qudits of trivial net flux [18]:

n) = [a"ba™) @ |a"b"'a™"), 0<n <d, (112)

with d the smallest prime number such that a®ba=? = b. The pure fluxes, as we defined them in
subsection 4.1, here take values in a simple perfect group. Every simple perfect group has even
order, so we can always find a group element a such that a? = e and thus work with qubits (e is
the trivial element). We choose two non-commuting elements a,b € H such that a?> = e and we
define the basis states :

0} =[6:57),

11
’1> = ’aba_l,ab_la_1> (113)

The matrix that executes the projective measurement is the Z-Pauli matrix :

2(0) =10). 2]1) = -|u), .
114
Z= <(1) —01)
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The X-Pauli is defined as :
X0y =11), Z|1) =10,

v ((1) (1)) (115)

The eigenvectors of X in the computational basis are :
1 1
+)=—=(0)+ 1)) = —
)= 20} + 1) = =
1 1
N=—"A(loy = [1)) = —
=) = 250 = 1) = =
Suppose we create a pair of fluxes from the vacuum. The state, as we explained in subsection 4.1,
should be |0; C’h>, with b,aba™! € C},, as we cannot have any conserved charges. This means that
if we bring two members of a flux pair ’h, h_1> together, the chance (probability) that they will
annihilate is not 1 but :

b, b71> + ‘abail, ab*1a71>),
(116)

b, b*1> — ‘abail, ab*1a71>)

P = |(0; Cy|h, D) = 1/]Cy

If the state of a pair is |—), then the amplitude of the pair components to fuse into the vacuum is :

1
(0:Cn1=) = g (O + (1) (j0) = 1)) =0,

thus they will never fuse to the vacuum. On the other side, if the pair is in the state |4), we have :

(0;Cp |+) = J;Tm«o‘ + {1+ ) (o) + (1) = \/E

and thus there is a finite probability that they will fuse to the vacuum.

We can construct the state |[+). We begin by creating a pair in the vacuum state |0; C’h>. If C}, has
just two elements, then }0; Ch> = |+) and we are done. But if the specific conjugacy class has more
than two elements, we bring the pair near a calibrated pair |c, c_1>, where ¢ € C}, and ¢ # b, aba™".
If it doesn’t match |c, c_1> — <c, c_l}O; C’h> = ( for every ¢ € C}, then the state of the pair must
be |+).

We denote for convenience the pair states as ‘a> = ’a,a‘1>. Suppose we have the 3 pair state
|x,y, z> We can wind the third pair clockwise or counterclockwise around the first pair and
execute the gate :

sz’-’%ya Z> = |xaya .’EZ.T_1>, R;zl l‘,y,Z> = ’$,y,$_12$>,

or do the same with the second pair :
Ryz|w,y,2) = |z.y,y2y™"), Ry, 2) = |o,y,y " 2y),

or even borrow a pair of fluxes ‘c> from the bureau of standards and wind ‘z) around it :

:c,y> ® R‘c>‘z> = |a;, Y, czc*1>‘c>,

for every ¢ € H. So we can execute any gate of the form :

TTRi[e0:2) = [0, £ (.)2 2) ™),

with R; = RE, R;tz and f (m, y) is a function with a product form of z, y factors and their inverses.
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Theorem 4.1: If H is a simple and perfect finite group, then any function f (hl, ey hn) cH"—> H
can be expressed as a product of the inputs {hi}, their inverses {hi_l} and fixed elements of H,
any of which may appear multiple times in the product.

The smallest simple and perfect group is As, the group of even permutations of five objects.
Gottesman has proved in one of his papers that for d prime, being able to apply products of X'’s
and Z’s plus a Toffoli gate is universal for quantum computation.

The Toffoli gate is defined to act on a 3-qubit state as :

T|:'E’ y? Z> =

@y, 2 @ zy), (117)

so in our case, where a pair of fluxes can be written in the form ‘h> = |amba_m>, we can write the
action of the Toffoli gate in a more convenient way as :

T’a"ba*i, a’ba=, akba*k> = ’a"ba*i, a’ba™, aij+kba*ij*k> (118)
Thus, the Toffoli gate conjugates the third qubit by the function :
f(:c,y) = f(aiba_ijajba_j) =q¥

Suppose we have 2 qubits with fluxes hi; and he with h; € {b, aba_l}. We define new variables
hi=hib~t e {e, c}, with ¢ defined as the commutator of a and b :

c= [a, b] = aba" b1

We choose an element g such that it doesn’t commute with ¢ and define [ = [c, g]. If we find two
functions p; 2 that can be written in a product form, such that :

pi(c) =g, pi(e) =e,
p2(l) = a, pafe) =e, (119)

then the Toffoli function can be written as :
f(h1,ho) = pz([hlppl (hé)D

Let the fluxes take values in As. According to the above analysis, we need an element a such that
a’® = e in order to work with qubits. We choose a = (12) (34). Next, we choose an element b that
doesn’t commute with a, and an element g that doesn’t commute with ¢ = [a, b]. A little trial and
error yield b = (345) and g = (234). The computational basis is now defined as :

0) = [6) = [(345)),

120
1) = faa) = | (135)), e
and the remaining group elements are fixed as :
= (aba™')b~! = (435)(435) = (345
e = (aba™ )" = (435) (435) = (315), .

I = (cgc")g~" = (245)(324) = (25)(34)
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It’s easy to see that two functions with the properties in (119) are :
p1(h) = p2(h) = (521)h(125) (122)

Putting all the steps together, we get the Toffoli function :
f(ha,he) = {(521)h1(14352)h2(124)h;1(15342)h;1(521)} (123)

So given 3 qubits !hl, ho, h3>, if we want to execute the Toffoli gate for the group As all we have to
do is conjugate the third qubit by the above function f (hl, hg). This "recipe” of finding the Toffoli
function f (h,l, hg) can be used for any simple perfect group and it’s exact form can be found using
the functions p;.

Now that we constructed the Toffoli gate, we move on to the next step. We need to be able to
apply and measure products of X’s and Z’s, i.e. X®Z°. An important observation is that :

I, ifd=odd,

—I% if d =2, (124)

(XaZb)d _ ,abd(d=1)/2 yrad Zbd _ {

2mi/d 2mif2

withw =e . We work with qubits so w =€ e™. The eigenvectors of ZX = iY are :

0v) = 55 (0)+4[1)) = 5

1) = 5 (10) = i[1)) = S5 ([8) = ilaba ™))

L (5) +ilaba 1)),

S

(125)

In order to construct the method for measuring operators of the form X*Z? for every possible value
of d, we introduce a vital trick, that is Kitaev's phase estimation technique. Assuming that we
are working in a system with qudits, and we have an operator U with eigenvalues that are d*” roots
of unity. If we are able to apply a controlled-U, and measure in the X basis, it is equivalent to
being able to measure the operator U.

The general case for d an odd prime number is easy because the eigenvalues of X*Z? are the d*"
roots of unity just like those of X and Z. Assuming we can make measurements in the X basis
(which includes preparation of X eigenstates), all that remains is to construct the controlled-X®Z°.
That is, we need to be able to apply the gate :

CXo 2 () 0[4) = 3 Py (072 ) & 1) = ) & (X°22)" |
= |n) ® X 7P, b (n=1/2| ),

composed of the total phase :
CXaZb’TL, m> _ wbnm-{—abn(n—l)/Q‘n’ ’I?’L>,

as Zb”‘m> = wb”m}m>, followed by controlled-sums (a in number) which illustrate the X" gate
above. The controlled-sum is just a Toffoli with an input (qubit) fixed to one, so in practice it acts
always as X" for the third qudit (one control qubit, one control qudit and one target qudit) :

(Csum)*[1) @ |n) @ ) = T*[1) © |n) ® [¢) = |1) @ [n) @ X*"|¢),
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where we use an extra qubit ancilla in the state }1> As for the phase, because we have a Toffoli, we
have universal classical computation. We can thus compute the computational basis vector indexed
by ¢ = bnm + abn(n—1)/2 in an ancilla by the action of 7% in |1,1,0) (two control qubits and one
target qudit) :

Tq

1,1,0) =

1,1) @ X?0) =

1717Q>7

apply a Z to this ancilla in order to create the phase, and then erase the computation. We used
for the previous the generalized hybrid Toffoli gate :

de—1d;—1 de—1d;—1
T = Z Z PP, X" = Z Z |'r><r‘ ® ‘s><s| ® X",
r=0 s=0 r=0 s=0

with d.,d], the dimensions of the two control qudits. We showed how to compute X @7b operators
for the qudit case.

The d = 2 qubit case is invariant under complex conjugation and thus there is no way of distin-
guishing the two eigenstates of ZX. Suppose someone provides us with the state :

) =[0v) = 55 (0) +]1)

It could be any of the two eigenvectors of ZX. We label it as the w = +i eigenstate. We use again
Kitaev’s phase estimation technique and act with control-ZX on the state |+) ® ‘\I/>, with |+) as
the control ancilla (X eigenstate) and ‘\IJ> as the target. So the circuit performs the transformation

CZX(|+)®|¥v)) = %(|00> +w|01) — |11) + w|10)) = |¥) @ | V)

So the copy of the second state occurs either way. This is quite helpful as we can execute gates
on the first qubit without employing a destructive measurement on the second. We can always act
with Z on |\If> and construct the orthogonal state |®> = % (}0> — w|1>). Now that we have copied

our state, we can construct a new controlled-ZX gate with the ancilla ‘\I/> as the control qubit and
another ‘\I/> as the target, and then measure the first qubit in the X basis :

(X@I)CZX(|¥)®|¥)) = %(\10> +w|11) —w|01) — |00)) = — |-) ® |¥),

where the phase e/™ = —1 is irrelevant as it is not observable. Doing the same thing with ’<I>> as
the ancilla, and then measuring again in the X basis :

(X @ 1)0ZX (|8) @[ ¥)) = 5 (10) +w|11) +w|o1) + 00)) = |+) @ [¥),

so as long as we are consistent in using the same ancilla ’\Il>, we will have broken the conjugation
symmetry and have found a new way of labeling, creating and measuring eigenstates of ZX.

All that remains to be explained is how to create the first copy of ‘\I/> Because a state with a
density matrix proportional to the identity can be written as :

1 1 1
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it is equivalent to having prepared an eigenstate of ZX = Y chosen at random. By using a
controlled-NOT gate from a |+) ancilla to a ‘O> ancilla, we produce the state :

ONOT (1) ©10)) = 75(100) + 1)) = 5 (1ov 1) +[10v)

So by discarding one qubit of the above bell state (trace out it’s degrees of freedom), we have
produced the desired }\IJ> Therefore, we proved also for the qubit case, which is of main interest,
how to construct eigenstates of ZX, X and Z as well as the way to execute the Toffoli gate.
Summing up what we showed, we have the power to achieve universal quantum computation

4.7.2 Qutrit encoding in D(S3) model

The superselection sectors of D(S3) (representations of the quantum double model D(S3)) are [19]:

=A= e,0F>, 2=B= e,1F>, 3ECE}6,2F>,
4=D=|'C,°T), 5=E=|'C,'T), 6=F = [*C,'T), (126)
7=G=C,'T), 8=H = [*)C,T)

The fusion rules of D(S3) are included in the last section of T'ables and R matrices. The T matrix
of the model is :

T = diag(1,1,1,1,-1,1,w,w?), (127)
with w = €2™/3 from which we find the spin factors s; = sy = s3 = 54 = 56 = 0, 55 = 1/2, s7 = 1/3
and sg = 2/3. We can use the spins to find the R symbols from (66).

Now, the fusion rules of the whole D(Sg) anyon model are too complicated to serve as an illustrative
model. Hence, the simplest fusion subalgebra M we can distinguish is [20]:

M = {1,A,®}, (128)

with 1 = A, A = B and we have 4 options for & = C, F',G, H. These choices of particles give closed
fusion rules :
PRP=19AP, AQA=1, PRXA =,

where ® is the anyon with the non-abelian identity. We elaborate two cases for the A — ® submodel,
one in the space where three ® particles fuse to ® and the other with four anyons of the same type
that fuse to the vacuum. We choose ® = C. The basis states in Vq‘? P are :

with =z € {1, A, <I>}. We calculate the unitary F' and R matrices :

Fii Fix Fie 1 1 1 —V2
F=F™ =|Fn Fay Fao =5 1 1 V2,
Fo1 Fopn Foo V2 V2 0 (129)
R 0 0 1 0 0
R=| 0 R 0 |=|0 -10
0 0 R2® 0 0 1
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The unitary generators of Bz are (F~! = FT = F) [19]:

‘ -1 0 0 A L1 V2
or=¢"R=(0 1 0 and o9 =e"FRF = 5 1 -1 V2], (130)
0 0 -1 V2 V2 0
where we multiplied both 1 and o with a total phase e!™ = —1 so that the have determinant equal

to 1. The image of this representation of the generators o; is the symmetric group of permutations

on 3 objects S3, as 0% = a% = 1343 and also the Yang-Baxter relation is satisfied.

When we deal with the fusion space VfM’M’ (® = (), we have the computational qutrit basis :

PO @

‘x> = }!U,:B> = a4,

with z € {1, A, ‘ID}. The generators of B4 are identified in the same manner as we did in D(D5) :
01’:x> = 0'3’:1:> = Rf‘b’:x%
oafa) = 3 (%) oo (%) RED(FEP®), L (FFP) 0 ]2)
e,z

The extra one-dimensional F-symbols we need, in order to determine o9, are (Fl<I> <I’1) *_ (Fl<I> <I>A) *_
(F{ID ‘I"D)i = 1. We result with the expressions :

-1 0 0 1 -1 V2
1
op=03=10 1 0 and oy =—5 (-1 1 V21, (131)
0 0 -1 V2 V2 0
where we added again a common factor €™ = —1 so that det (O'Z') = 1. This reducible representation

splits into two sectors S7 and S, where Sp is a 1-dim irrep mapping o; to 1 and S5 is a 2-dim
irrep spanned by the basis {‘A, A>, @ 1, 1> — @!@,(ﬂ} = {}B,B>, ?‘A,A> — @‘C, C’>} The
matrices of the ¢;’s under the basis of So are given by :

o1 =03=1 ((1) _01) and o9 = % <__\}§ _1@) (132)

They generate a group which is isomorphic to the non-abelian semidirect product Zs x Z4 [19],
which has order 12. Thus, combining the action of the generators in any possible way, we derive
only 12 different matrices that form a representation for this specific group (they satisfy it’s mul-

tiplication table). This group is generated by the elements p = (0102)2 and 7 = o9, with the
relations p3 = 1343 = 7* and 7p = p~!7. Note that p and 72 commute, so pr? has order six. We
verify that the group is non abelian because o109 # 0201. The three generators of B4 have the same
order af = lax2 and satisfy the Yang-Baxter equation. Nevertheless, there is no finite truncated
braid group B(4, 4). The only finite truncated braid group with order m = 4 is B(3, 4).

If we choose ® = G, the qutrit basis in the fusion space V,2??®® = VEGGG is {}A, A>, !B, B>, ‘G, G>},
while we have :

(Y V2 w? 0 0

-1 1 —V2), R=|0 —-w? 0], (133)
2\v2 —v3 0 0 0 w



with w = ¢2™/3. All the other F symbols we use in the formula of o9 are 1D and equal to unity.
We find the representation of By :

w? 0 0 - w —w \/§w2
or=03=7|0 —w? 0 and o9 = 3 —w w Vaw? |, (134)
0 0 w V2w?  V2uw? 0

where the phase 7 = ¢~ 9 fixes the determinant of the generators to 1. This representation is
irreducible and the group generated by o;’s has a structure of the semidirect product (Zg X Zg) X S3
with order 162, which is isomorphic to the group D(9, 1,1;2,1, 1) [19],[21]. This group has three
generators :

27i

010 es 0 0 -1 0 0
E=|00 1|, F(9,,1)=| 0 €% 0o |, G2L)=[0 0 -1
100 0 0 % 0 -1 0

So the group is defined as D(9, 1,1;2,1, 1) =< E,F(9, 1, 1),G(2, 1, 1) >. Actually one can show
that the group generated by the o;’s is isomorphic to D(9, 1,1;2,1, 1) via a conjugation by some
unitary matrix. Obviously, the o;’s belong in that group and can be produced by the 3 matrices
above.

Now, let’s present a model inside D(Sg) that succeeds universality, and this is by using D type
anyons. We revert to the fusion tree formation of 4 anyons that was used throughout the thesis. The
natural choice will be to encode a qubit in Vf DDD - Unfortunately, we did not succeed in finding
a model that could be made universal even with measurements and ancillary states. Therefore, we
turn back to VGD DDD hased on our knowledge of the braid group representations :

D D D D

ez S

G

The space V(?DDD is nine dimensional with a basis {‘G, G>, |A, G>, }G,A>, ‘F, C>, |C’,F>, F,H>,
|H, F>, C, H>, H, C>} Let U = span{‘G, G>, A, G>, G,A>}, V= span{%(‘F, C’> + ‘C’,F>),

%(}F,H> + |C,H>),%(]H,F> +|H,C))} and W = spcm{%(’F,C’> - \C,F}),%(]C,H> —
|F, H >), %(‘H , F> — ‘H , C>) } To remind ourselves that these bases are used as computational
bases, we also write them as {‘O>x, ‘1>x, ‘2>x}, x = U,V, W, where the subscript z indicates which
subspace we are referring to, e.g. ’0>U = ‘G, G>. The representation of By splits into the direct

sum of a 6-dim irreducible summand U @& V and a 3-dim irreducible summand W.
To encode 2-qutrits, we consider the following fusion tree :

£U1,y1;332,y2> = }$1,y1> ® |x2,y2> =

The 2-qutrits are the tensor product of the two qutrits on the two branches. This encoding of
2-qutrits is called the sparse encoding because encoding with fewer anyons, called dense encoding,
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is also possible. To encode n-qutrits, we simply use the tensor product of n such branches, so there
are totally 4n anyons. We will refer to the three qutrit models that encode 1-qutrit in the subspaces
U, V and W respectively, with the computational bases above as the qutrit U — model, V' — model
and W — model respectively.

For 1-qutrit braiding circuits, we need to know the representation matrices of B4 and for 2-qutrit
braiding circuits, the representation matrices of Bg. Since both collections of matrices are finite, they
are not sufficient to simulate the standard qutrit circuit model. To gain extra power, we consider
measurement and ancilla. In anyon theory, there are two kinds of measurements to determine the
total charge of a collection of anyons: projective and interferometric. Both types of measurements
always lead to some decoherence in the model. Therefore, ideally we should only use them at the
end of the computation. Since we cannot avoid using them for weakly integral anyons, we will allow
ourselves to determine whether or not the total charge of two anyons is trivial in the middle of the
computation. Then based on the outcome, we choose how to continue our computation. For this
reason, we call such models adaptive.

Measurement 1. Let M4 = {PA, PA/} be the projective measurement onto the total charge = A
sector and it’s complement. Then M 4 allows us to distinguish between the anyon A and the other
anyons; namely, check whether an anyon is trivial or not. Moreover, the state after measurement
for each outcome is still coherent.

The next measurement that we use is problematic, but it is unavoidable due to our choices of
computational subspaces. It allows us to project states back to the computational subspaces.
Measurement 2. Let S be a subspace of an anyonic space and S be it’s orthonormal complement.
Then Mg = {PS, PsL} be the projective measurement that projects a state to S or S=*.

For example, applying Mg to S = U in VGDD DD we obtain the orthogonal projection to U =
span{|G, G>, ‘A, G>, ‘G, A>} and it’s orthogonal complement VW = spcm{‘F, C’>, }C, F>, ‘F, H>,

!H,F>, C,H>, H,C}}.

The main idea is that braiding supplemented by measurements M 4 and My leads to a universal
gate set for the U-model and V-model. To make the qutrit W-model universal, we need to use the
extra ancillary state :

‘H>AE ‘H’H>AE

Then the second result from this analysis is that braiding supplemented by measurements M 4 and
My and the ancilla state ’H > 4 leads to a universal gate set for the W-model.

Measurement 3. Let Mg, = {P|0>, _P|0>L} be the projective measurements that is the orthogonal
projection to span{ ‘O>} and it’s orthogonal complement spcm{’l>, ‘2>} in a qutrit.

The generalized Hadamard gate for qutrit is the following :

L1 B
h=—|1 w w?|, wherew=c¢e¢3. (135)
V3 1 w? w

The SUM gate for qudits is a generalized version of CNOT, which maps the basis element ‘i, j >
to |4, + jmod3).

We define the qutrit gate FLIP, by the map: FLIP,|0) = [0), FLIP;|1) = |1), FLIP,|2) = —|2).
Theorem 4.2: The 1-qutrit classical gates, generalized Hadamard gate, SUM gate, and Measure-
ment 3 form a universal gate set for the standard qutrit quantum circuit model.
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Note that with 1-qutrit gates, the generalized Hadamard gate h and Measurement 3, we can easily
construct the following ancilla and measurements :

1. |i),i=0,1,2.
2. i) = 2o wi|j) = hli), i = 0,1,2.

3. Projection of a 1-qutrit state to any computational state, preserving the coherence of the
orthogonal complement. For example, projection to 5pcm{|0>, 1>} and it’s complement

span{‘2>}.

4. Measurement of a qutrit in the standard computational basis.

2>} and it’s complement span{‘ >}

5. Projection to span{m,

6. Measurement of a qubit in the standard basis if we take {‘0), 1>} as the computational basis.

This follows from 4.

From the set of operations given in Theorem 4.2, it can be shown that we can construct the qutrit
(qubit) gates (measurements) stated in Lemmas 4.1 — 4.3.
Lemma 4.1: The gate F'LIP, can be constructed. -
Lemma 4.2: The 3-qubit gate /\2 (Z) which maps ‘i,j, k> to ( — 1)”k‘i,j, k> can be constructed.
In particular, /\2 (Z ) and Z can be constructed since we have the ancilla |1>

1)}.

We note that the state |[+) can be obtained by projecting the state |0> to the space span{ |0>,
Lemma 4.3: Measurement of X can be constructed on a qubit.
Lemma 4.4: The following set of qubit operations are universal for quantum computation :

1. Create the state |£) = %(|0> + 1)), |0) and |1).
2. Measure Z.
3. Measure X.
4. The Toffoli gate T = \? (X).
Lemma 4.5: The following set of qubit operations are universal for quantum computation :
1. Create the state |+) = %(|0> +[1)).
2. Measure Z.
3. Measure X.
4. The Toffoli gate T = \? (2).

By the lemmas above in this subsection, all the operations in Lemma 4.5 can be created from the
operations given in Theorem 4.2 if we pick a qubit from the qutrit space . Thus, Lemma 4.5 implies
Theorem 4.2.

The U-model, V-model and W-model can be made universal provided measurement and ancilla
are allowed besides braiding. Our main theorems are :
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Theorem 4.3: Braiding quantum gates and Measurements 1 and 2 provide a universal gate set for
the qutrit U-model and V-model.

Theorem 4.4: A universal gate set for the W-model can be constructed from braidings and Mea-
surements 1 and 2 when the ancillary state ’H > 4 1s used.

Universality for U- and V-models. U ® V is a 6-dim irreducible representation of B4. Under

the basis span{‘O>U, 1>U, 2>U, O>V, 1>V, 2>V},the generators o;’s have the following matrices :
w0 0 0 0 0 1 w w o V2w V2 V2
01 0 000 w 1 w V2 V2 V2w?
O__OOwQOOOO_Ew w 1 V2 V2R V2
"10 0 0 100”2 3]v2w? V2 V2 —w —w? —w|’
0 0 0 01 0 V2 V2 V2w —w? —w —w?
00 0 00 w V2 Vo V2 W - —w
w2 0 00 0 0
0 w2 00 00
03:001000
0 0 01 0 0
0 0 00 w 0
0 0 00 0 1
Let p = 010901 and ¢ = 030903. Then :
001000 010000 100000
010000 100000 001000
) 100000 ) 001000 5 9 9 010000
P=1loo0oo0010["T fooooo1|"P9” T ]o00100
000100 0000T10 000001
000001 000100 0000710

Therefore, when restricted to the subspace U or V, p? and ¢ generate all the classical gates on 1
qutrit and p?¢®p? is equal to h?, where h is the generalized Hadamard gate defined previously :

h2 (D
p292p2 <®3><3 ;;3> = ]12><2 ® h2
Let b/ = q2pq2. Then (in block form) :

1< h \/ih—1>, 1 (h—l \/§h>

h/ — h/—l —_
75 \vant o 7 \van

We define a unitary transformation between the basis states of the two subspaces U and V as
v:U =V, yi)y = i)y, =012

Lemma 4.6: By alternating use of i’ (or A’~!) and Measurement 2, one can eventually obtain the
generalized Hadamard gate on both U and V, as well as the transformation v and y~!. Moreover,
the probability to successfully construct these transformations approaches to 1 exponentially fast
in the number of measurements and the gate 7/'.
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The following lemma shows Measurement 3 can be constructed in both U and V.

Lemma 4.7: Using Measurement 1, 2 and braiding, one can perform Measurement 3 in both the
space U and V.

Up to now, we only considered gates and operations on one qutrit. Next, we want to construct a
2-qutrit gate, the Controlled-Z gate /\(Z) which maps i,j> to w' i,j>.

We use the fusion tree to encode 2-qutrits that we mentioned before. Let s; = 090103092, namely,
s1 is the braiding of the first pair with the second pair. Similarly let so = 04030504, S3 = 0605070%.
Clearly s; exchanges x7 with y; with a phase in the 2-qudit splitting tree, namely it maps
|21, 413 22, y2) to |y1, 215 32, y2) up to a phase :

S1 331,2/1;1‘2792> = = |y1,x1;x2,y2>

Similarly, s3 exchanges xo with yo. The gate sy is much more complicated since it involves F'-
moves. Let CZ = sy 's3s;s; s3s3. Through direct calculations, we find that CZ is a diagonal
matrix. Moreover, when restricted to the space U, CZ is exactly the Controlled-Z gate /\(Z)
Again, via the transformation -y, one also obtains the Controlled-Z gate in the space V.

The SUM gate maps |i,j> to ‘z’, i+j> and can be obtained by conjugating A (Z) via the Hadamard
gate. Explicitly :

SUM = (Id@h) \(2) ' (1d@ h™")

So we can also construct the SUM gate in the space U and V.

To sum up, with Measurement 1, 2 and braiding, we can construct all the 1-qutrit classical gates,
generalized Hadamard gate, SUM gate and Measurement 3 im both spaces U and V.

Finally, Theorem 2 follows from Theorem 1 and the arguments analyzed in Universality for U- and
V-models.

Universality for W-model. At this point, we examine the representation on W. Under the basis
of W given by {‘O>W, ‘1>W, ’2>W}, the o;’s have the matrices :

The same as in the U, V-models, we define p = 010901, ¢ = 030203. Then :

010 001
pP=—(1 00|, ¢#=-[0 10
001 100

So p? and ¢? generate all the 1-qutrit classical gates in . Also from oy and o3, we obtain the
generalized Z-gate and Phase gate P :

0
0

2

1 0 1 0 0
=10 w , P=10 1 0],
0 0 w 0 0 w
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where Z maps ‘z> to wﬂz) and P maps ‘2> tow 2 ‘2> Moreover, let b/ = ¢°pg?, then b/ = e~ Th=
i~1h, which is exactly the generalized Hadamard gate up to a phase.

Therefore, in the space W, we obtained the classical 1-qutrit gates, generalized Z-gate, the Phase
gate and the generalized Hadamard gate by braiding.

Now we turn to constructing the 2-qutrit gate /\(Z ) One may try the same braiding method as
we did for the space U. But it turns out that braiding doesn’t work for W. Instead, we try to
construct a transformation similar to «. Consider the following picture of braiding :

R|H),

z,y) = PT'QP|H)

Let P = 0405040307060504, Q = 020101020607070¢ and let R = P~'QP. Then the braiding in
the picture is given by R.
We denote the state in the picture before braiding by ’H > A}x, y> Then the braiding R gives the
following transformation :

RIE) \JiYyy = 5 (= [H) pJi)yy + ) i)y, — VEIH) 5] — i),
and :
RE) i)y = <5 (1), = )y + 1) 5] = 0,

where ¢ = 0, 1,2 and —1 is taken to be modulo 3.

We define a unitary transformation S : }H>A QW — ‘H>B ® U with ﬂ(|H>A‘z’>W) = ‘H>B‘i>U'
Here ‘H > 4 1s the ancilla.

Lemma 4.8: With braiding, Measurement 1, 2 and Ancilla ’H > 4> the transformation § and B~1 can
be constructed with probability approaching to 1 exponentially fast in the number of measurements
and the gates applied.

By going back and forth between W and U via 8 and S~!, any operation in the space U can
be performed in W accordingly. In particular, the Controlled-Z gate and Measurement 3 can be
constructed in W. Collecting all the results in Universality for W-model, we finish the proof of
Theorem 4.4.

The whole process can be found analytically in [19], which also contains proofs for the Lemmas
and Theorems that were claimed in order to derive Universality for U, V and W-models.
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5 Conclusions

The quantum mechanical description of quantum hall systems focuses on how the landau levels are
filled and as we change that filling, our system will cycle through a variety of some very interesting
quantum hall phases that can be quite extraordinary exotic and differ in the kind of anyonic
excitations they allow us to generate. Both abelian and non abelian anyons can be realized in FQHE
systems [22]. For example, abelian anyons with e* = e/3 are realized in v = 7/3 FQH state whereas
the v = 5/2 FQH state can harbor non abelian anyons, known as Ising anyons, with e* = e/4
[23],[24]. In relevance with the latter case, it was discoved that the non abelian physics of this non
trivial and highly correlated phase of matter can be distilled into a much simpler weakly correlated
platform, namely the 2D ”spinless” p + ip superconductor, where superconducting vortices form
the non abelian Majorana zero modes, meaning that each pair of quasiparticles contain a neutral
fermion orbital which can be occupied or unoccupied and hence can act as a qubit [25].

If we want to build an inherently fault tolerant topological quantum computer, we have to find
topological phases of matter that harbor non abelian anyons as collective excitations. These emer-
gent particles have zero energy deegres of freedom, in the way that when they populate a certain
exotic topological phase, they generate a degenerate ground state (they are locally indistinguish-
able). We want their unitary braiding to commute with the Hamiltonian of the system so that our
state transforms between these degenerate ground states. Also, there has to be a sufficient energy
gap between the ground states and their corresponding first excited states, a crucial requirement
as we want our system to be immune in local operations and external noise. In that way, we
can encode information non locally meaning that it is protected by damage that can be caused
by decoherence through topology. Non abelian anyons can be implemented with an engineering
approach (we can design them). We take materials which individually we understand perfectly well
(find them in laboratory) and then combine those materials in a very precise way to really force
non abelian anyons in to our system, even if individually we will have no chance finding something
so exotic by looking at the individual components. Read and Rezayi proposed a phase state where
there are correlations among triplets of electrons (3e = e4+e+e¢) and Fibonacci anyons emerge. It is
possible to mimic this multi-particle clustering physics by using the ”simple” abelian quantum hall
state and deposit 2D arrays of superconducting islands on top of this quantum Hall phase (charged
2e = 3 X (26/ 3) Cooper pairs are forced into a quantum Hall fluid that supports fractionalized
excitations) and find Fibonacci anyons in practice [26].

When it comes to their computational capabilities, we pointed out some interesting conclusions
on how the Fibonacci are capable of producing a universal gate set while the Ising anyons are not.
With their discrete braiding operations we cannot reach the entire Bloch sphere of a qubit. So some
quantum gates required for universal quantum computation will be missing from the set that we
can do with braiding. These additional gates can be supplemented by topologically not protected
operations on the qubit, but without absolute gate fidelity. There are also suggestions that abelian
anyons, provided that we support them with non topological operations like measurements, can
potentially achieve universality [27],[28] (see also Kitaev’s work in [29]). We presented that As
anyons can be universal and also we can find submodels inside D(Sg) that give a universal qutrit
gate set. The dihedral anyons in D(D5) are not preferred for computational purposes, as they
produce limited gates and also due to their fusion rules, there in no way to encode qubits between
indistinguishable anyons. However, there is a Y ang- Baxterization process which leads to universal
quantum computation with dihedral anyons [30]. This method is worth mentioning but exceeds
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the logic and the scope of this thesis.

The field of research aims in finding topological phases of matter that can host non abelian
anyons in order to built a fault tolerant quantum computer. There has been progress in the
field of Majorana zero modes, which can be found in the boundary edges of 1D ”spinless” p-
wave superconducting nanowires, where by adding an extra nanowire and exploiting the second
dimension we can construct a T-junction and perform quantum gates with them [31]. They can
also be spotted as vortices in the defects of 2D superconductors or quantum spin liquids (i.e. when
we have a chiral Majorana edge state in the boundary of a Kitaev spin liquid which yields quantized
values of thermal Hall conductance and v, o Ising anyons appear) [32]. In the near future, it is
promising that the hardware will be created so that non abelian anyons, such as Fibonacci, to be
detected, then prototypes of topological qubits to be constructed and finally quantum simulations
to happen with anyons that give eventually universal operations to execute a variety of gates and
algorithms.
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6 Tables and R matrices

’ Ds H e ‘ r ‘ r? ‘ r3 ‘ r ‘ s ‘ sr ‘ sr? ‘ sr3 ‘ srd ‘
e e r r2 | 3]t S sro| sr? | sr3 | srt
r r r2 |3 e | srt| s sr | sr? | sr3
r? r2 3]t e ro| s | srt| s sr | sr?
r3 r3 | e r r2 | sr? | srd3 | srt | s sr
r r e r r2 | 3| sr | sr? | s | st | s
s S sr | sr? | sr3 | srt | e r r2 | 3]t
st || s | sr? | s | srt| s r e r r2 | 73
sr2 || sr2 | sr3 | srt | s sro| | rd e r r?
sr3 | sr3 | srt | s sro|sr? | P2 | 3|t e r
srt || srt | s sr|sr? | sr3 | r r2 |3 e

Table 2: Multiplication table of Dj.

’ Ds H Representatives
o 21 =e
'C lryi=elzg=s
2C 21 = e w9 = s
3C || 321 = e3m9 = 12 323 = 14304 = 1325 = 10

Table 3: Representatives for the equivalence classes of D5/4N.

(ola[B] ¢ | D | £ r | ¢ | =#
Al A|B C D E F G H
B|B|A C E D F G H
c|C|C|AaBaC DoFE DoFE GoH FoH FodG
D|D|FE DoE AdCoFoGoH | BoCoFaGoH DoE Do FE DeFE
E|\FE|D DoE BeoCoFoGoH | AoCoFaGoH DoE Do FE DeoFE
F|F|F GoH DoE DoE A®BOF HoC GaC
G| G|G FoH DoOE DOE HeC A®BodG FaocC
H|H|H Fed DoOE DoE GaC FaC A®DBoH

Table 4: Fusion rules of D(Sg).
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(Sa)@ yo o uosny (G O[qR,

B dSDBV NS --DABDDA d90 d©0 dD0 d90 d©0 dD0 d®0 d®0 d9©0 O|d| d
e BdPDDI|IND - BADDDY d®0 d® 0 d® 0 d®0 d® 0 d® 0 dD 0 d® 0 d® 0 dlO0| O
d®0 d$e0 1¢a a¢da DD TS d Wed reH M1 T Wer N|N|N
d®0 dPD0 qHDD 1@ a D éa N®&d MEDH TOH MEr N®T W|IN|IN
d9 0 d90 d10d0OV D DD HSd N©®H o1 TS A WD D N© [ WS 3 T|T| 1T
d90 d®0 1©D ren MO H N @ da N @ IN Tér M| M| 3
d90 d90 HodoVv MO 1D red WD T N &M rjr|r
d90 d90 Mbda Neae Vv TeD reda N&D DDA HOH I |1 I
d90 d90 19D TOD MOdOV N©&d WO a 499 19D H|H|H
d® 0 d$¢0 WeH Meda reon WeD Tea 194d H®A DID|D
d®0 dD0 N®I1 rea N @ a Tegdev MED 19 H Ded A4 4
d®0 d90 red N©D W@ a MSD (ogaoVv H®eD 194 g4 |
d®0 d90 W& T DDA 40d 19H HOD DhPgeV aen a|aj|a
d@0 d®0 N& M HOH 19D DO 194 asn aAedev|D|D|D
(6] d r 1 H Aq i} a D vid|4d

d [0) W ! 3 r 1 H D A c! a o) d|V |V

d (0] N T pil r I H D Aq I} a O d|Vv |®
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The R matrices of D(D5) are :

1.

2.

10.
11.
12.

with :

Ryy=Ruu=Riz=Ran=1

R) = Riz3 = Ria = Ri5 = Rig = Rir = Ris = Ri9g = Ri1o = Rinnt = Ruiz = Ruug =
Ri14 = Ro3 = Ros = Ras = Ras = Rar = Rag = Rag = Ra210 = Ra211 = Ra212 = Ra13 =
Ro14 = Taxo

- R3) = Ri115 = Ri16 = Ra15 = Ra16 = Lsxs
- Ry = Raz = Raa = R3s = Ras = Rar = R3s = Rag = Ra1o = R311 = Rz = Rz =

R314 = Ras = Ras = Rae = Rar = Rag = Rug = Ra10 = Ra11 = Ra12 = Ra13 = Ra1a =
Rs5 = Rs10 = Re10 = R710 = Rs10 = Ro10 = Rio1o

- R(5) = Rs6 = Rs11 = Res = Rr11 = Rs11 = Ro11 = Ri013 = Ri113 = Ri213 = Razis
- Ri6) = Rs7 = Rs12 = Rer = Rrr = Rr12 = Rg12 = Ro12 = Rio11 = Run

R(7) = Rss = Rs13 = Res = Rrs = Rr13 = Rss = Rs13 = Ro13 = Rio14 = Ri114 = Ri21a =
Ri314 = Ri414

- R(g) = Rs9 = Rs14 = Reg = R79 = Rr14 = Rsg = Rs14 = Rog = Ro14 = Rio12 = Ri112 =

Ri212

- R(9) = Rs15 = Rs16 = Ra15 = Rua1e

R(10) = Rs15 = Rs16 = Re15 = Re16 = Rr15 = Rri6 = Rs15 = Rsi6 = Ro1s = Roi6
R(11) = Rio1s = Rio16 = Ri115 = Ri116 = Ri215 = Ra216 = Ruz15 = Rizi6 = Ria15 = Ri416
R12) = Ri515 = —Ris16 = —Riei6

1 000 w 0 0 0 w2 0 0 0
0010 00w 0 0 0 @ 0
Ro=lo 100" =0z 0ol ®O=|0g &2 0 ol
000 1 00 0 w 0 0 0 w?

10000O0GO0GO0O 0O
0000O0T1O0O0GO00O0
0100000000
w2 0 0 0 @ 0 0 0 0000O0O0T1O0UO0O0
00w20R_00w0R 0010000000
0 w2 0 01" o wo 0o’ f{ooo0o0000710 0}/
0 0 0 w? 00 0 0001000000
0000O0O0OGOT1O0
0000100000
0000O0OOTOTO 01
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