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Chapter 1

Introduction

The idea of quantum computers go back in 1982 when Richard Feynman [1]
thought that certain many-body quantum Hamiltonians could be simulated ex-
ponentially faster on a quantum computer than they could be on a classical
computer. Simulations of large scale quantum many-body Hamiltonians are es-
sentially hopeless on classical computers because of the exponentially-large size
of the Hilbert space. Having the ability to manipulate an exponentially-large
Hilbert space, may also enable progress in the solution of lattice gauge the-
ory and quantum chromodynamics and help understand the strogly-interacting
nuclear forces.

Another pioneer in quantum computation was Peter Shor [2] who lighted the
fire in quantum computing research not only inside but also outside the physics
community. In 1994, he invented an algorithm that could find the prime factors
of an m digit number in a length of time ~ m? log m loglog m, much faster than
the classic algorithm of a classical computer that would need ~ e:cp(ml/ 3) time.
Since many encryption schemes depend on the difficulty of finding the solution
to problems similar to finding the prime factors of a large number, there is
an obvious application of a quantum computer which is of great and applied
interest.

The computation is based on three steps: initialization, unitary evolution
and measurement. We are equipped with a Hilbert space  and assume that
we can initialize the system in a known state |¢)g) . Then we unitary evolve the
system in a final state U (t) | Vo) with dU/dt = ¢H(t)U(t)/h and H (t) the Hamil-
tonian of the system. We require that we have control over this Hamiltonian so
that U(t) can be any unitary transformation we desire. Finally, we measure the
state of the system at the end of the evolution and the whole process is called
Quantum Computation.[3,35]

Although quantum computers have shown a great promise for solving effi-
ciently exponentially hard problems, they are not easy to build as the biggest
obstacle is posed by errors which would invariably happen during the computa-
tion. In a classical computer errors are typically corrected through redudancies
i.e. by keeping multiple copies of information and checking against these copies.



In a quantum computer, however, the situation is much complex as every time
we measure an intermediate quantum state during the computation to see if an
error has occured, we collapse the wavefunction and thus destroy the superpo-
sition and ruin the calculation

There are two major sources of error. First there is decoherence. These
are randoms errors caused by the interaction between the quantum computer
and the enviroment. Second, even if the system is protected from decoherence,
it is almost certain that all operations performed on the quantum information
during its processing will be imperfect. These errors will accumulate over the
duration of the computation, eventually causing failure. Thus we need to build
a quantum computer that is fault-tolerant.

Topological quantum computation is an approach of processing fault-tolerant
quantum information using exotic quasiparticles, called anyons.[5-10,24,25] Due
to their exotic statistical behaviour, they exhibit non-trivial quantum evolutions
that are described by topology, i.e. the evolution depends solely if another anyon
encircles them or not and not by the trajectory itself. While from the first sight
it might look like an obscure way of manipulating quantum information it is
linked to quantum error correction, the algorithmic means we have in dealing
with errors during quantum computation. In a sense, anyonic quantum comput-
ers implement quantum error-correction at the hardware level, thus becoming
resilient to control errors and erroneous perturbations. Suppose our system is
characterized by the ideal conditions of zero temprature and infinite anyons
seperation, then the states in the fusion space have three very appealing prop-
erties.

(7) All the states are perfectly degenerate.

(#t) They are indistinguishable by local operations.

(#i7) They can coherently evolved by braiding anyons.

The system is immune to local perturbations because the operation performed
depends only on the topology of the braid. The state of the system is encoded
nonlocally and can only be measured by actually fusing the anyons and not by
local interactions which makes the states resistan to decoherence. Errors could
only occur under unlikely local perturbations to the hamiltionian that would
create unwanted anyons and propagate them around the encoding ones.

Suppose we have a system of n identical particles in a three spatial and one
time dimension world. The wavefunction that describe the multiparticle state
has two possible symmetries. It is either symmetric under the exchange of two
particles, and we call these particles bosons, or it is antisymmetric and we call the
particles fermions. Under two consecutive exchanges the process is equivalent to
the process where one particles transports around the other. In three dimensions
transporting a particle around another is topologically equivalent to the process
where no particle moves at all.

Suppose we consider all possible trajectories in 3 + 1 dimensions which take
the n particles from initial positions Ry, Ra,...R,, at time ¢; to final positions
Ri, Ry, ...R, at time ¢;. If the particles are distinguishable then all trajectories
can be deformed into the trajectory in which the particles do not move at
all. If the particles are indistinguishable then the different trajectories fall into



topological classes corresponding to the elements of the permutation group S,
with each element of the group specifying how the initial positions are permuted
to obtain the final positions. Fermions and bosons correspond to the only one
dimensional irreducible representation of .S,,.

In a two dimensional system though any particle loop that encircles another
particle cannot be deformed to a point without cutting through the other par-
ticle. So when two particles are exchanged twice in a clockwise manner their
trajectory involves a non trivial winding and the system does not necessarily
come back to the same state.

Suppose we have two identical particles in two dimensions. Then when
one particle is exchanged in a counterclockwise manner with the other, the
wavefunction acquires a phase

Y(ry,re) — ew@b(rl,rg) (1.1)

The phase is not +1 because after a second counterclockwise exchange where
the particles return to their initial positions the final state is not the same as
the initial.

Y(ry,ra) — e%‘i’w(rl,m) (1.2)

The special cases 8 = 0, correspond to bosons and fermions. Particles with dif-
ferent values of statistical angle 6 are called anyons.[11] The topological classes
of trajectories which take these particles from initial positions Ry, Ra, ..., R, to
final positions Ry, Ra,...R,, are in one to one correspondace with the elements
of the braid group B,.

The braid group is infinite and thus it has an infinite number of irreducible
representations. Idistinguishable particles that transform as a one-dimensional
representation of the braid group are said to be abelian anyons and if they
transform as nonabelian representations of higher dimension they are said to be
nonabelian anyons.

Another important concept that will be useful in our analysis is the Aharonov-
Bohm effect. That is, when an electric charge q is adiabatically transported
counteclockwise around a flux ®, the wavefunction of the charge acquires a
topological phase €9®. Tt is topological because the only thing that matters is
the winding number i.e. the number of times the charge encircles the flux and
not the type of it’s trajecory.

Plan of the Thesis

In chapter 1 we begin with a brief introduction on how anyons and their topolog-
ical properties can be used for fault tolerant quantum computation. In chapter
2 we examine the symmetries of the hexagonal lattice, place spin 1/2 particles
in each site, let them interact with a Kitaev’s honeycomb lattice Hamiltonian
and find that in a special case it allows the existence of abelian anyons. In chap-
ter 3 we add a small perturbation that breaks the time reversal symmetry of
the model creating an energy gap. This gap is sufficient for nonabelian anyons



whose fusion states can be used for creating the encoding computational states.
Moreover, in chapter 4 we work on a continuous gauge theory broken down to
the finite group S3, find the anyons of the model, construct the quantum double
D(S3) and derive the fusion rules. Finally in chapter 5 and 6 we prove how
to construct the fundamental gates with a nonabelian superconductor and with
Fibonacci anyons repsectively and how measurements can be done to achieve
universal quantum computation.



Chapter 2

Eisestein Integers and
Honeycomb Lattice
Hamiltonian

Equipped with a hexagonal lattice, we place spin-1/2 particles in each vertex
and let them interact with Kitaev’s Hamiltonian [4]

H=—-J, Z afaf—Jy Z oy ?—JZ Z Ufoj (2.1)

z—links y—links z—links

with ¢f, Jo,a = z,y,z denoting the Pauli matrices of the i-th particle and
the strength of the interaction respectively. Two particles 7,5 connected with
a specific link, for example x, will interact with the corresponding term in the
Hamiltonian : —Jy0707. We want to examine the symmetries of our system.
For that purpose we introduce the Eisenstein integers.

FEisestein integers are numbers of the form Z(w) = m + nw with m,n € Z
and w = €2™/3 which can be written as Z = (m,n). If Z; = m; + mw,

Figure 2.1



Z5 = mo + now are two Eisenstein integers, then they satisfy the relations:

1+ Zy = (m1 +m2,n1—|—n2) (2 2)

Z1Zy = (mima — ning, ming + many — ninz) .

It is easy to see that w® = 1 so we can define the norm of an Eisestein integer

as

Im + nw|? = (m + nw)(m + nw) = (2.3)

|m 4+ nw|* = m? +n? —mn '

We can construct a hexagonal lattice by susbstracting all the Eisestein integers

which satisfy (m+n—2)mod3 = 0 and connect the lines between all the nearest
neighbors. There are two type of vertices.

Type 1, (m +n)mod3 = 0: White Circles

2.4
Type 2, (m +n — 1)mod3 = 0: Black Circles 24)

In the infinite lattice above there are permutations that leave the lattice
invariant. The allowed permutations are 2p+ qw, p+2qw, —p—+qw with p,q € Z,
but each one can be written as a linear combination of the other two. The
permutations form a group with elements

Tpq =12 +w) +q(—=1+w)=(2p - q) +w(p+q) with p,ge Z (2.5)

under the ordinary addition.

Theorem 2.0.1. If T, ,=[2p—¢q) + (p+ Qw : p,q € Z] and
Tmn =[m+nw:m,n€Z,(m+n)mod3 =0] then T, ; = X -



Proof. Suppose z = (2p—q) + (p+ q)w € Z, then 2p — g+ p+ ¢ = 3p = O0mod3
S0 2 € Xpp-

If now z € ¥,, ,, then 2 = m 4+ nw with m +n = Omod3 = m = 3p —n. If
g=mn—pthenm=3p—n=3p—q+p=2p— ¢ which means that z can be
writtenas 2 = (2p—q) + P+ q)w € Tp 4 50 Tp g = Z - O

If we rotate the lattice by an angle of 27/3 or by 47 /3 then every element
on the lattice is multiplied by w and w? = —w — 1 respectively. It is easy to
see that if an Eisestein integer z; = mj + n; belongs in the lattice, therefore
(m1 + n1 — 2)mod3 # 0, then after a rotation it will still belong in the lattice
with (m] 4+ n} — 2)mod3 # 0.

Every element on the lattice is characterized by two integers (m,n) so we can
define a basis on the two 2 dimension vector space. We can either work on
Eisestein basis with elements

m

)

or work on Standard basis with elements

sz

The Matrix that transforms a vector from FEisestein basis to Standard basis is

o=l v

and therefore the matrix that transforms an Eisenstein vector to a Standard
vector is

Ul 1 -1/2
0 V3/2
The reflection through an axis with unit vector 7 is defined as the matrix

annm —1 2nzny }

2nyng 2nyny — 1 (2.6)

that multiplies a standard vector. The reflection matrix on Eisestein basis can
be calculated by ‘
PEs —Uup,U! (2.7)

There are 3 reflections in the hexagonal lattice that leave it invariant as it can
be seen above. On (a) axis the unit vector is & = 1/24 + v/3/37 so

a3

On (b) axis the unit vector is b = & so



and finally on (c) axis the unit vector is ¢ = —1/2% + v/3/27 so

171 -1 —-v3
P, ==
sl 1
All three reflection matrices satisfy the relation det[P;] = —1 and P2 = 1. The
action of these matrices on the elements of the lattice is :

SN

nf -l

1] = [+

So putting all the transformations together and using Eisestein notation:

P,:m+nw—n+mw
Py :m+nw — (m—n) —nw
P::m+nw— —m+ (n—mw (2.9)
R, :m+nw— —n+(m-—n)w
R, :m+nw— (n—m) —mw
If the lattice is not infinite then there are no permutations that leave the lattice
invariant but only rotations and reflections. The symmetry transformations

form a Group G = le, P,, Py, P:, R,,, R,2] where e means that we apply no
transformation. We can calculate the multiplication table of the Group:

G e Rw sz P(L P?) P@
(& (& Rw Rw2 P& Pi) P@
Rw Rw Rw‘z € Pl; Pé P&
Rw2 sz (& Rw Pé P[l PE
P[l P& P@ Pf) e sz Rw
PB Pf) P@ P@ Rw e sz
Pc P@ PB Pd sz RuJ €

Moreover the subgroups of G are :

H1 = [B,P&] ,Hg = [e,PB]

2.10

H3 = [6,P@],H4 = [67R0J7Rw2] ( )

with Hy being the only normal subgroup = gH4 = Hyg,Vg € G. The conjugacy
classes are:

Cl = [6]702 = [Pd7Pg7P6]

Cs = [Ro, o] (2.11)



The group G is isomorphic to the group S3, the group of permutations of three
objects, G = S3. To be precise:
e —e R, = (123),R,2 — (132)

Py — (12)’Pf) — (23)’]3& N (13) (212)

It is known that if dj, is the dimension of an irreducible representation and |G]|
is the order of the group, then

Y =di =G| (2.13)
k=1

There is always the one dimensional irreducible representation, I'y, where every
element is mapped to unity, so knowing that the number of irreducible repre-
sentations is equal to the number of the conjugacy classes of the group then the
solution in the above equation is:

di=1,dy=1,d3 =2 (2.14)

The matrices P, P, P represent reflections so their determinant is equal to —1
but on the contrary, R, and R, represent rotations and thus have determinant

1. So the other 1 dimensional irreducible representation, I's, is:
le, Ry, Ro2] — [1]

(2.15)

I:Pa,7Pl;7Pé} — [—1]

To determine the two dimensional irreducible representation, I'3, we use the fact
that G & S3 and S3 being the group describing the symmetries of an equilateral
triangle. The rotation matrix in the standard (x,y) basis is:

cos —sinf
R(9) = |:Sin9 cos }

By setting 6 = 27/3 and 8 = 47/3 we can calculate R(27/3) = R[(123)] and
R(47/3) = R[(132)] respectively.

raz) =5 |4 Y]

(2.16)
R[(132)] = % {__\}g fﬂ
Moreover, (12),(23),(13) represent reflections. Setting
R3] = |2 )
along with conditions:
—1/2] [ -1/2

wen]- ]

10



we find that oo
res)= [y ) (218)

But representations respect the group multiplications. So, if (123)(23) = (13)
then R[(12)]R[(23)] = R[(13)].

RI(13)] = RI023)|RI(23)] = [\_/:12: ﬂ
R[(12)] = R[(132)] R[(23)] = % {__\}g _ﬂ

which is exactly the form of the reflection matrices we calculated above. So the
2 dimensional irreducible representation of G is:

SR KR R E R R

(2.19)

0 1

1(-1 3 111 0 1 -1 —v3
Pd_2[\/§ ﬂ P5_2[0 _1}136—2[—\/5 ﬂ

To complete our analysis we can construct the character table of G

(2.20)

|61 G Gy
L1 1 1
|1 -1 1
s |2 0 -2

with the columns and and lines of the table beeing orthogonal.
The Hamiltonian repsects the symmetry group G along with time reversal
symmetry. We define the operator

K3, = ojo) with a the type of link that connects jk (2.21)
and the plaquette operator
W, = o{ooi0i0l0§ (2.22)
with the enumeration done as in (2.2). It is easy to see that

— SRR Y Yz 2 r x Y Y
K12K23K34K45K56K61 = 010909030350,0,0505060507

(2.23)
= W, = K12K23K34 K45 K56 K1

Squarring the plaquette operator: W,W,, = ofoyoioioloioiosoioioloé =1,
so the operator W, has eigevalues £1 with high degeneracy. Precisely, the
operators W), are 64 x 64 matrices with 32 eigenvalues 41 and 32 eigevalues —1.
The plaquette operators acting on different plaquettes p,p’ clearly commute

since they act on different spaces.

Wy, Wi =0 p,pf (2.24)

11



Figure 2.2

The Hamiltonian can be expressed with K7} operators as:

H=-J, Y Kj—J, > Kj-J. Y K (2.25)

z—links y—links z—links

and using fact that [K;‘k, Wp} =0V K7} we conclude that the plaquette oper-
ators commute with the Hamiltonian

[H,Wp]=0Vp (2.26)

For an infinite hexagonal lattice every vertex belongs in three plaquettes and
every plaquette has 6 vertices. So we actually have 2 vertices per plaquette. We
can divide the total Hilbert space L into sectors:

L="Lw, P Lw, P -Lw, (2.27)

So if n is the number of vertices, the Hilbert space can be divided in n/2 sectors
of dimension n/2 where in each sector the W, operators have eigenvalues +1. A
system with n fermionic modes can be described by the creation and annihilation
operators Oz,];, oy with £ = 1,...,n. We introduce two fermionic modes a;; and
ag,; for every spin-1/2 particle in each site. By taking linear combinations of
creation and annihilation operators we define new operators:

Cok+1 = O + OZL

a —al (2.28)

Cop = ———
i

The operators above satisfy C;k = Cop, cgkﬂ = Cop+1, CjC = —cic; if 7 # 1 ie.

the particles are their own antiarticles and are called Majorana Operators. We

12



define:
b= #bx:a1—|—a1

b =y :>by:i(a{—a1>
(2.29)
b* = c3 #bzzag—i—a;

C=cy :>C=i(a§—a2)

with the above operators anticommuting. The following step is to represent
Spin operators with Majorana operators. Every spin-1/2 particle has its own
two dimensional space, so the 4 Majorana fermions have a four dimensional
space. For the correspondance to be consice we ought to remone 2 fermionic
states. The operators o; act on the Physical Space M; of each particle, on
contrary to Majorana operators which act on M ,the Extended space. We make
the choice that when a fermion is the [1) state with o, = 1/2 then the modes
ai i, as,; are empty and when the fermion is in ||) state with o, = —1/2 then
the modes are full. So

1) =100) |J) = [11)

. oo (2.30)
with a;;|00) = az,[00) = 0 and [11) = a; ;ay, |00)

We 7throw out” the states with just one of the fermionic modes full: |01), |10).
We need an operator that will act on states that belong in the extended space
and restrict us on the physical space. For that, we define the operator:

717

The operator can be brought in the form:

bEbYbie; = i(al ; — a1,) (a2, + ab;)i(ar +al ;)

(2

= bibYbie; = (1 —2af ja1:)(1 - 20] ja2,:) (2:32)

= Di = (1 — QaLal,i)(l — 204;1@%)

If |¥) = |00) then D; |00) = |00) and if |¥) = |11) then D, |11) = |11). But

if the operator D; act on the [10) and |01) states, then D, |¥) = —|¥). For the
representation to be faithfull:
|¥) € L if and only if D; |¥) = |¥) for every i (2.33)

The next step is to represent Pauli Matrices o, 0¥, 0% on the Physical space
with new ¢”, ¥, 6% on the extended space L with the condition that when the
new Pauli operators 6%, g¥, 6% are restricted on the Physical subspace they will
satisfy the same algrbraic relations with o®, ¥, 0*. We make the identification:

¢ =ibic; for a =x,y, 2 (2.34)
The Pauli matrices commute with the operator D;, [D;,5¢] = 0. If a = x then
[Di, O'lw] = [bwbybzcl, zbfcl] =

71

(2.35)

13



If for example a state |€) € £ then under the action of 5% it will still belong in
L. So the action of 6%, 5¥, ¢* preserves the subspace £. Moreover i57c/57 =
iibT c;ib! ciibie; = bfbfbfcl D;. But on the physical subspace, D; = I, so the
algebra of the Pauli matrices is satisfied:

575057 =1 (2.36)

We need to express the new Hamiltonian using the above operators. We evaluate

the product Kj; = {67 :

70§ = ibjciibje; = —i(ibfbf)cic; = —iugjcic (2.37)

where
12?7 = ib?b? (2.38)

are link operators because they depend on the type of link that connects the two
different sites ¢,j. They are antisymmetric if; = —4j;, hermitian and square to
unity (ﬁ;‘j)2 = (b?)Q(b?)2 = I since (¢%)? = (b%)? = 1. The Hamiltonian thus
can be expressed as

fI:—JJCZ()ch JZ ucz JZ i)u;cici

z—links y—links z—links

~ )
— ij .
=3 E Jamu” CiCj
,J

(2.39)
or )
~ 2 ~
H= 1 ZAijcicj (240)
(2]
where
Aij 2Ju;; A?]” if j and k are connected (2.41)
0 otherwise
The Hamiltonian commutes with the operator D;:
[FI, Dz} = % Z AjijCk, szmblybfcz =
gk (2.42)

i .
- E chkcjzbfb;’bfcl — b7 bYb} ¢; E Ajpejer =0
3.k

W

so we can diagonalise the Hamiltonian and restrict on the states where D; |¥) =
|¥). Furthermore,

[Huj} ~0 (2.43)

Just like we did before we can divide £ in subspaces of if; of fixed eigenvalues

ug; = %1, L = ®,L, with summation over all fixed Values of Uy, Thus,

14



the operators Ajk can be replaced by numbers and the hamiltonian becomes
H, = =32 y Ajjcicj, a more familiar one. It describes free fermions. But there
is a catch. The operators 47; do not commute with the operators D;, but rather
they anticommute:

{Di,uj;} = {bfbfbfcl,ibqb?} =

i bYDF ciibi by + bbby bYbE ciibi by =0

171

(2.44)

The L, subspace is not gauge invariant since acting with the gauge operator
D; on a vertex i, changes the sign of the eigenvalues of the link operators that

connect the i vertex with the other 3 j vertices. So the states ’\T!u> do not belong

to the physical space. We can construct the gauge invariant state |¥,,) € £

|\Ifw>_H<1+D)‘\IJ >e/: (2.45)

K2

The plaquette operators can be written as

W, =tay5ioi0to5 = [ af (2.46)
(i,5)€p

So the eigenvalues of the plaquette operators are the product of the eigenvalues
of the link operators that span the boundary of the plaquette p.

W= [ uh (2.47)
(4,k)edoP

But since {Wp, H] =0 and [Wp, D, ] = 0 we can still express the Hamiltonian

as H=1%%", jAijeicj. Acting with D still changes the sign of uf; but in such
way that their product, and thus the eigevalues W, remain constant To be
precise, acting with D; on a specific vertex i changes the sign of the three links
connected to 7. But only the two them belong in the same plaquette. So the
action D; leave the W,’s invariant. We will interpret the eigenvalues of the
plaquette operators as the magnetic flux. If W, = —1 then the plaquette will
carry a vortex. We define the fermionic path operator:

s=1

W(j(], ,_]n) = ijjn—l"'Kj,jo = (H Z’LL]SJS 1) CnCo (248)

We can see that the fermionic path operator for the sites belonging on the
boundary of a plaquette is the plaquette operator W,. If the path forms a
closed loop then it is called Wilson loop.
We will work on the special case where |J;|,|Jy| < |J.| and J, > 0. We
write the Hamiltonian as
H=Hy+V (2.49)

15



with
Hy=-J, Z o;o%

z—links

V=-J, Z ofoj —Jy, Z UE’U;-’

r—links y—links

(2.50)

and treat V as a perturbation. The ground state |¥y) of the unperturbed
Hamiltonian is:

Hy[Wo) = E, |Wo) = —J. > o070} |[Wo) = Eo|Wo) (2.51)
z—links
so By = —NJ, with N, the number of unit cells. The ground state is highly
degenerate, with degeneracy 2. Each particles in a unit cell can be either |11)
or |}}).We define Py : L.;f — L the projector operator that projects the
perturbed states in the space £ where the ground states reside. We will denote
the states that span the groundspace of Hy as

{‘m(0)> } with m =1,2,...,2 (2.52)
so the projector operator is
P=3 ‘m(0)> <m(0)’ (2.53)
meLy

The projector operator that projects us out of the Ly is
Pi=T—-Py=Y_|h)(h] (2.54)
hgﬁg
With the projection operators satisfying:
P? =P, P?=P,
0= 20 i1 o (2.55)
PPy =P P=0, Bh+P =1

We will use Bloch’s Perturbation theory to find an effective Hamiltonian such
that, for |a),|b) € Lo

(al Ho [b) = X (al H}y [b) + X* (a HEP, [b) + X% (a] HSD, [b) + A* (al HSP; [b) + ...
(2.56)

On first term on perturbation theory:
(al Hf; 16) = (al oVPy [b) = 0 (2.57)

because V is not diagonal on the Hamiltonian basis, so when V acts on a state
|b) € Ly it excites it in another state |n) ¢ Ly. On second term:

(al HF, |b) = (a| PV Py(Eq — Ho) ™" Py |b)
(al V' 3" () (Bl (Bo — Ho)™ Y |R) (h| V [b) =

h)&Lo |h)g Lo (2.58)
3 {a| V'|h) (k| V' |b)
Eo - Eh
|h)¢Lo

16



We can see that an excited state achieved by acting on a ground state once will
have an energy difference Fy — Fp = 4J, so on second term

S EVIBIVI) s B s SR
[hy¢Lo Eo = En x—links 47 y—links 4Jz 4J;
and so
JZ+J; J2+ T2
(al H) 1) = MI(»ZU )w N, (2:60)

which means that initializing the system on a ground state, then the interaction
V', on second term cannot transform the initial state in a different state of
the groundspace of the Hamiltonian. It will only add an energy difference.
Continuing on the third term of the effective Hamiltonian:

HSY, = RV PL(Ey — Hy) "' PV Py(Eo — Ho) ' PV Ry (2.61)

But acting with the interaction on a ground state three consecutive times can-
not return the system on a ground state of the groundspace. So on the third

term H' f)f = 0 and we can generelise this result that odd terms of the effective
hamiltonian have zero contribution i.e. Hé?)f = for n = odd. The most impor-

tant term in the effective Hamiltonian is the fourth term as we will show below.
Calculating the fourth term gives us:

HL, = PV Py(Eo—Ho) ™' PV Py(Eo—Ho) ™' PV Py(Eo—Ho) "' PV Py (2.62)
and the matrix element is
(al V' |h1) (h1| V [h2) (ha| V |h3) (hs| V [b)
b)
@HGW =3 3 3 B )@, - B, - B

(2.63)
Although for the full calculation we need to calculate many terms we are only
interested on the case where we start on an initial ground state but end up on a
different ground state. Suppose we have this part of the lattice. The interaction
can be written for this part as

h1@Lo ha@Lo ha¢Lo

V =v1+vs +v3+v4 = —Jyoio5 — Jyoy0f — Jyoiof — Jyolod  (2.64)
Let
la) = [T1detatrdslatsTs) (2.65)
1b) = [T1TeToTrTaTaTsTs)
We know that
o 1) = 1) o 1) = 1) 66)

V1) = il4) 0¥ ) = —il1)
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We will calculate

(@] V' [a) (s V o) (ol V [Bs) (hs] V' |B)
WHG 0 = 30 3 Y g R, = Era)(B, - Eny)

(2.67)
First, we will calculate the terms where v; appears only once. For a cyclic
translation of v; we have

|h1) = [T1delatTrdsdatsTs) , Eo — Ep, = —4J;
|h2) = [T1leT2erTslalsTs), Eo — En, = —4J; (2.68)
|h3) = |[T1detot7T3TalsTs) , Eo — Eny = —4J.

hl ¢C(} h2¢£0 h3¢£0

Computing the matrix elements:

(alvi |h1) = (Jite| (—Jz0703) [T1d2) = — s
(hi|vz |h2) = (J2ds] (=Jyo305) [T213) = J,
(halvs |hs) = (Jats| (—Jwoi0F) [Tads) = —

(halva |b) = (Isd2 6] (=Jyo80g) [T5T6) = J,

(2.69)

So

YT (alV [h1) (1| V |ha) (ha| V. |hg) (ha| V [b) _ J3T5 (2.70)
_ — 3 :
Ny Sy Sy (Eo — Eny)(Eo — Eny)(Eo — Eny) 64.J3
Due to the symmetry of the hexagonal lattice all the above terms have the same
contribution
V1U2V3V4, UV4V3V2V1

V2V3V4V1, V3V2V1V4 (2 71)
V3V4V1V2, V2V1V4V3

U4V10203, V1V4V3V2

2
6453 ). If we make the same cal-

culations and use the symmetries of the hexagonal lattice, the total contribution
of the 24 terms is

So the total contribution of these 8 terms is 8(—

2 72 2 72 2 72 2 72
R R A 21
6473 ' "64J3  128J3  16J3

The above arguments can easily be executed in the case J, > 0. We have

oiad [t1te) = i|l1le)
o308 [ToT7) =i [T217)
oYof [t5ta) = i |bala)
ogos [T5Ts) = —i|T5Ts)

(2.73)
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Figure 2.3

so if we visualize the spins of a z-bond as one, as seen on figure (2.3), then we
can easily make the correspondance

x Yy _ Yy — Y
0106 = 016 = Tleft

x Y _ 2 — 2
0505 = 1057 = 10,

(2.74)
o0 =03, = O—gight
O'gO'g: = _iOgS = _ioéown
So the effective hamiltonian on 4th term is
J2J?
4
<a‘| H(Ef)f |b> = <CL| <_ 13]? U;Jefto—gighto—ipa—éown> |b> (275)
z
p
We define a new operator
Qb = Ol 1(p) T right () Tup(p) O down(p) (2.76)

So the lattice has been transformed as seen in (2.3). We construct a new square
lattice, A’ and the Hamiltonian becomes

Heff:—ijgjg Yoo+ > Q@ (2.77)
16]J, |3 P

vertices plaquettes

Clearly the translational symmetry of our original model is now lost. We make
a transformation U on the Hamiltonian

horizontal links vertical links
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and bring it in a more familiar form:

J2J?
! _ t_ Ty
Hl;p=UHe U = TRAE > A+ Y B,

vertices plaquettes

(2.79)
J2J2

Hyr=-—2 Y 4+ Y B

CARRSTOVAE " »

vertices plaquettes

where
_ T r _x _x __ z
AS - 05,105,205,305,4 - H Us,j
jEstar(s)
_ oz z _z _z __ z
By=0;.1055005054= [ o5,
jEplaquette(p)

(2.80)

The operators A; and B, commute, [A;, By] = 0 because a star (s) and a pla-
quette (p) can either have two or none common particles. Hence they commute
with the Hamiltonian

[H, Al =[H,B,] =0Vs,p (2.81)

It’s clear that the operators Ay, B, have eigenavalues +1. We define the ground
state |¥)

¥ =] 50 + 4011t ) (2.82)

with A, |U) = |¥) and B, |¥) = |¥). The excited states arise when one of the
operators has an eigenvalue —1. These will be the positions of the anyons. We
want to find out how can we generate anyons. We can use the anticommutation
relations:

{As,05;1 =0, {Bp,0,,1=0 (2.83)
If [€) = 0%, |¥) then A, [§) = —0%,;|¥) = —[{). The quasipartices that created
by the action of the operator A, with eigenvalue —1 are e-type anyons and we
will refer to them as electric charges.

les, ex) = of |¥) (2.84)
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The indices s,k point the position of the quasiparticles. They ”live” on the
different vertices s,k. Similarly acting with an operator B, we can generate
m-type anyons and we will refer to them as magnetic vortices i.e. quasiparticles
with eigenvalue B, = —1.

mpemi) = o7 |9) (2.85)

The magnetic vortices lie inside the different plaquettes p,k. We can visualize
it as living inside the dual lattice.

Acting with both of the operators gives as a new state ') = o7 ;0% ; |¥) with
eigenvalues A; = —1 and B, = —1. We interpret this as a third type anyon,
e-anyon, composite of the two others.

v o, | (2.86)

|6, €> = Up,i S,

These three along with the vacuum,(1), are the superselection sectors of our
model. Acting twice with the same operator gives eigenvalue +1 so the fusion
rules put together are:

mXm=eXe=e¢Xe=1
(2.87)
mXe=emXe=eeXe=m

The anyon model is nonabelian as there is only one specific outcome for the
fusion of any two different anyons. We would like to see the statistical behaviour
of our model. We can transport the anyons on the lattice with concsecutive
actions of the operators o%,0%. Every loop of o7 actions can be written as a
product of B,’s and every loop of 0% as a product of A, operators.

In order ot exchange two e anyons we need to act with o* operators and the
operators must form a loop.

So if |¥;) is the initial state, the final state will be |¥f) = f(B)) |¥;) with
f beeing some function of the operators B,. But the B,’s act on plaquettes
without an m anyon. So the final state is identical to the initial state and thus
e are bosons with respect to themselves. The same stands for the magnetic
vortices. We want to rotate an e particle around an m. In order to have an m
anyon in the lattice we must have acted with some operators C,= on the ground
state |¥). The same stands for e. So the initital state is |¥;) = CyeCy= |¥). In
order to transport the e anyon and bring it to the original position we must act
with a series of o, operators which form a loop and call the product of them as
Ly=. But L, and Cy,= have just one spin in common $0 Ly:Cpe = —Clya Ly=.
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Thus |¥s) = Ls- |V;) = —|¥;) and thus rotating an e around an m gives
a —1. Continuing with the statistics of e particles we want to exchange two
e particles. Each e particle consists of one e and one m. Each e anyon must
transport by m around the m of the other e. This is topologicaly equivalent
with rotating just the one e around m by 27. So the exchange of two €’s
gives a factor —1 so the €’s are fermions with repsect to themselves. Tracing
back we see that the e’s and m’s live on different rows of the hexagonal lattice
We see that anyons can exist in the exotic phase where J, is much bigger
than J;,J,. But there is a problem. The fusion space of an abelian anyon
model is one dimensional and thus we cannot construct the universal gates and
achieve universal quantum computation with abelian anyons. This can only
be done if the model is nonabelian and the fusion space V5 has dimension
dimV5, = NS > 1 and so possible fusion states can serve as qublts
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Chapter 3

Gapped and (Gapless phases

But, which is the ground state of our model? There is a beautiful theorem by
proved Lieb [30] that states that the minimum energy is achieved by the vortex
free configuration and that is for w, = 1. So we may assume that uf, = L
According to the first chapter we can "move” on the lattice using 3 Eisenstein

integers, s1 = 1 85 = w, $3 = —w — 1 or written as vectors in the standard (z,y)
basis:
S1 = (1a 0)

) (3.1)

(3.2)

with the restriction that r = 7+ Say @ = 1,2,3. We drop tildes and write the
Hamiltonian as:

7
H= Z 2ci(JoCrrg + Jucirgy + Jyciya )+
-

1

1 Z(—2)0F(JZCF—§1 + JuCrog + Jycrogy) (3.3)
= %Z Z 2Jae—il;78?lc_[;/c£/ + h.c
5 a=123
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By definition, c_z = c;; and if:
Gy =e ey

R i7T/4/
Cp=¢€ Cﬁ

f@)= ) =2

a=1,2,3

then the Hamiltonian is written
IS 0 f| |
_ R /) Z
H= 4 Z &5 5] [f*(ﬁ) 0|5 (3.5)
We define the 1-particle Hamiltonian as:

[y 79

The spectrum of the Hamiltonian is

(p) = £ [f(D)] (3.7)
e(p) = + 2\J$e_iﬁ§2 + Jye_iﬁsé + Jze_iﬁsq| .

We want to examine if the spectrum allows fermi points i.e. points (p,p,) with
eigenvalues € = 0. Thus, there must be p'= (ps, p,) that satisfy:

LIPS 4 e 4 g 9

This equation represents three vectors in the complex plane. In order for the
sum of three vectors to be zero, they must form a triangle and so the length of
it’s sides must satisfy the triangular inequalities:

[Jal <yl + [Tl 1Tyl < 1Tl + [Tl 1] < al + 1y (3.9)

Going back to (3.7), we have to find (ps,p,) that satisfy:

Jpcos (—p‘” \/§py> + Jycos (_pz — ﬁpy) + J,cospy, =0

2 2 2 2
(3.10)
Jesin (_p; \/ip;,) + Jysin (_p; — \/Z)Py) + J.sinp, =0
After calculations the fermi points are:
3 VI
py = E£—-arccos 27,7,
) P (3.11)
Py = :tgarccos (W)
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Figure 3.1

In the special case where J, = J, = J, = J, the energy eigenvalues become

e(p) = ig\/l + 40052@ + 4005%005 \/ipy (3.12)

The figure is shown above. There are infinite fermi points and spectrum is

gapless.
We add an extra term in the hamiltonian
Hy,=-K Z oiojoj (3.13)
1,5,k

where K is the effective magnetic field. Every plaquette contributes 6 terms

Z oiofof, = 0{o503 + 05030; + 03005 + ojoi0f +osog0] + ogaios
{ig.k}ep
(3.14)
We added this term because it breaks the time-reversal symmetry and preserves
the excact solvability of the model. We have

of afof, = ibj ciibfcjibj.cy, = b7 bR ibY bbb b, = (3.15)
0’?0’?0’}2 = —iﬁfkﬂgk_DkCiCj .
But Dj =1 on the physical subspace and thus
oiolo) = —ilgaY,cic (3.16)

The hamiltonian is now written

1 . 2ki A 1
Heff = Z Z <2J¢juijcicj + T ZuiKujkcicj> = Z Z AijCiCj (317)
{i.5} k {i.5}
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Figure 3.2

with
Aij = 203l + 2K Y g (3.18)
k
Thus the effective hamiltonian is shown in figure (3.2) The arrow — is just a
notation for the matrix ;5 which is 4-1 if it points from j to k£ and —1 otherwise.
We define --+ in the same way. If we employ again the Fourier transform in
(3.2) then the second part of the hamiltonian becomes

) 2K il il i il (T — i il D i (1 — i
H2:izzzﬁ(e*w ni _ o7 Wn2 _|_elp (n1*n2)+e*w ni +61P n2 _6*210( 1— 2))
T P p’

K 1
= % % [— sin(phy) + sin(png) + sin p(ny — n3)]
P
(3.19)
The vectors are
i = 5 - 5 = (0,V3)
S L
2o 2 2 (3.20)
s 3,3
1 2 — 27 D)
and we define
A(p) = 4K (—sin(phy) + sin(pnz) + sin p(ny — n3)) (3.21)

If we use the relation (3.4) then
ZA () ( ey — L ) (3.22)

So the effective hamiltonian is now written

H= izﬁ: (& 4] [f*((% fA(%] [cc,’j (3.23)

27



Figure 3.3

This new extra term modifies the energy spectrum. To be precise it creates an

energy gap
A =6V3K (3.24)

around the Fermi points between the valence and conductance bands.

The starting point is this: if v(the Chern number) is odd then each vortex
carries an unpaired majorana mode. In our model the Chern number is equal
to 1. We consider a Majorana operator 7; at a specific position. Consider
2n spatially well-seperated Majoranas 71, ...,7va,. Since a Majorana degree of
freedom is halp a fermionic degree of freedom, one can combine them to give
rise to full fermions

1 .
aj = 5 (-1 +072;) (3.25)
The majorana operator satisfies
%= (3.26)
%=1

Let us take 4 localised majorana fermions 71, ...,74. We can combine these 4
Majorana fermions in two different ways as seen in the figure (3.4).

1 . 1 .
z1 = 5(71 +iy2), 22 = 5(73 +iv4)

(3.27)
1 . 1 ;
wi = 5 +iy3), w2 = 5(v2 + i)
They satisfy the anticommutation relations
Yir 5} = 204
b N (3.28)

{zi,2]} = 1, {w;, 0]} =1

It does not make sense to talk about Majorana number since it is identically one
ie. ”yg ~v; = 1. Similarly, 'yi"yg = 1. Thus in the traditional sense, the Majorana
mode is empty and fulled at the same time. However is possible to speak of
the number of states |n;), which are the eigenstates of the number operator
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n; = ajai, i =1,..m. In terms of Majorana operators, these number operators
are given by
1 .
n; = a;rai e 5 (1 + ’L’}/Qj_l’}/gj_l) (329)
So in general for spatially seperated Majorana fermions, the way to re-write
them in terms of traditional fermions is non-unique. These 2 different ways of
grouping the Majorana fermions are not independent as

) =1 (3.30)

The population states are given by [ij) = [i), ®[j),, with i,j = 0,1 and i is
the population of the z; and j the population of z5. The operators zjzi, w;[wl
project on the zero population states while zizj , wiwj project on the states with
populated modes. We are interested in the [00),,,,, [11), ,, states. The states

|00),, |11), satisfy

z/w

2121 [00), = 0, 212{]00), = [00),
2l |11), = [11),, z12] [11), =0

As the operators w; and z; do not anticommute we can find what is the z
population of the state (Qwle —1)00),.

(3.31)

z?

2121 (2w, —1)100), = (2wliw, —1)]00), (3.32)

and so
1), = (2w]wy —1)]00), (3.33)

Rewriting the above equation

12),, = V3wl 100), = (00}, + |11),) (339

S

and with the same way
1

00) = vV2ww! |11). =
00),,, 1wy [11) 7

(100), = J11).) (3.35)
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and so z and w bases are related by the transformation matrix

Fo % {‘11 ﬂ (3.36)

This matrix is the F' matrix of the Ising model. We can continue our calculation
and find that the phase factor § = /8, that of the Ising model. So we are led
to the conclusion that a vortex carrying an unpaired majorana mode is just one
of the superselection sectors, denoted by o. The others are e (fermions) and 1
(vacuum). If two vortices fuse, then they either annihilate completely or leave
a fermion behind

cXo=1+e¢ (3.37)

The complete set of the fusion rules is
oXe=c¢€

exe=1 (3.38)
oXo=1+¢

This model of anyons is called Ising anyons and it clearly nonabelian. Thus it
can be used for quantum computation. The basis vectors that can serve as our
computational basis are |¢77) and [¢77).
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Chapter 4

Discrete gauge theories and
Quantum double

Let us consider a continuous gauge theory that is spotaneously broken down
to a finite nonabelian group G in in two spatial dimensions. This nonabelian
superconductor cointains particles that carry magnetic flux, called fluxons, that
take values in a nonabelian finite group G and electric charges that are the
unitary irreducible representations of the group G [12,13]. Particles that carry
flux and charge are called dyons and they are labeled by a group element of G
and an irreducible representation of the normalizer group of the group element.

Let a be an irreducible representation of G whose dimension is denoted by
|a\. The represenation acts on a vector space spanned by vectors

la,i), i=1,..., ] (4.1)

When a charge a is trasported around a closed path whick encircles a magnetic
flux b € G then the basis vectors trasform according to

lal

a,i) = > D) a.4) (42)

So given a number of charges we can attach labels to all fluxes as long as the
representation |a| is faithful. Suppose that I use my standard charges to measure
the flux of each particle and that I assign the group elements by, bo, ..., b,, in each
particle. But what if someone else asked to verify my assignments given the same
charges but had transported them around another flux ¢ € G. The he would
assign the group elements gbig~ ', gbag™!, ..., gbrg~'. We would agree only on
the thing that each particle will be assigned a group element which belongs in
the same conjugacy class. So the fluxons belonging in the same conjugacy class
are regarded as indistinguishable particles. Given a number of fluxons we will
measure the total flux from right to left, so given a pair |a, b), it’s total flux is
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ab. We define the R-matrix which acts on the space of two fluxons, exchanges
them counterclockwise and conserves the total flux of the pair as

R|a,b) = |aba*1,a> (4.3)
The clockwise exchange is defined as
R~ |a,b) = |b,b™"ab) (4.4)
Two consecutive counterclockwise exchanges is the monodromy operator
R?|a,b) = |(ab)a(ab) ™", (ab)b(ab) ™) (4.5)

We can see that both of the fluxes are conjugated by (ab). An important
observation is taking R to an arbitrary power n is:

R a.b) = {’(ab)ia(ab)_2, (ab)ib ab)™%) n even (46)

—1

’(ab)%aba’l(ab)fT, (ab)anla(ab)fanl> n odd

Theorem 4.0.1. Let flurons take values on a finite group G. Then the R-matrixz
to the power of the least common multiple of the order of the group elements
times two equals the identity.

This is an important observation due to the fact that the system of two
fluxons does not keep on braiding but gets unbraided after a finite number
of exchanges. R acts a representation of the truncated colored braid group
P(n,m). We will return to that briefly.

Let the fluxes take values on the permutation group Ss;. The permutation
group is of order |S3| = 6 and consists of the elements

S5 = {e, (123), (132), (12), (23), (13)} (4.7)
The conjugacy classes are

C1 = {e}
Cy ={(123), (132)} 3-cycles (4.8)
Cs ={(12),(23), (13)} 2-cycles
The R matrix is shown in the figure below.
We want to know what happens when a particle carries a flux labeled by

a group element but also carries an internal charge. Let the particles whose
charge we want to measure is in the flux/charge eigenstate

| fluz, charge) = |b, u) (4.9)

Let the initial state of the 2-particle system be |a,b). Then if we transport the
flux b around a counterclockwise then

R?|b,a) = |(ab)a(ab) ™", (ab)b(ab)~') = |(ab)a(ab) ™", (aba™") (4.10)
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O PP OOV OO RO OODIODOD DO D
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Figure 4.1

So the flux/charge eigestate transformed as
R? |b,u) = |aba™", T (a)u) (4.11)

Because that transformation of conjugation may be implemented as an addi-
tional internal charge we need global transformations gbg~' with g €® N, with
®N the normalizer group of the flux b. So the internal charges we can assign to
a flux h are the unitary irreducible representations of the the normalizer group
"N So each particle that can occur in an nonabelian superconductor can be
labeled by the conjugacy class of the flux C'4 and the irreducible representation
of the normalizer group of the flux a. These are the superselection sectors of
the theory as these properties are conserved under all local physical processes.
We can define the dimension of the sector

d(cy,a) = lal|Cal (4.12)

as well the total dimension D, which is the sum over all conjugacy classes and
all representations of the normalizer groups.

D*=3">"diy, . =G (4.13)
a Cyu

An important observation is that the normalizer groups of the elements that
belong in the same conjugacy class are isomorphic. In order to find the su-
perselection sectors for S3 we need to find the representations of the normalizer
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groups. There are 3 conjugacy classes so we have to find three normalizer groups.
N(e) = Sg
N(123) = {e,(123),(132)} = Z3 (4.14)
N(12) ={e,(12)} 2 N(23) = N(13) = Z,

Z3 has 3 conjugacy classes and thus 3 irreducible representations of dimension
1. We can costruct the character table:

Z3 Z3 Z3
‘ Cl C2 03

;|1 1 1
P2 1 627ri/3 6471'1'/.3
3 1 e47ri/3 6271'1'/3

Z5 has 2 irreducible representations of dimension 1.

And S3 has three irreducible representations. Two with dimension one, I'y and
I's which correspond to the trivial and the non-trivial and one with dimension
two, I's So for the case G = S3, there are 8 particle types

Type | Flux Charge Dimension
A e Fl 1
B (& FQ 1
C € F3 2
D (123) py 3
E (123)  po 3
F (12)  m 2
G (12)  po 2
H o | (12) p 2

When two different particles are fused together the composite object can be
of various types and the fusion rules specify which types are possible. The
decomposition theorem can be used to decompose reducible representations of
a group into it’s irreducible components. But in our case every particle is labeled
by a conjugacy class and a representation of a specific normalizer group, not
the same for all particles. For this case, we are led to the construction of the
quantum double[14,15].
Quantum double or Drinfeld double, denoted by D(G) is a Hopf algebra:

D(G) = F(G) ® C[G] (4.15)

where G is a finite group, C[G] it’s group algebra, i.e. the complex vector space
with basis (e4)4ec equipped with the product egep, = egp and F(G) the abelian
algebra of complex functions defined on G.
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The magnetic flux of a particle is given by the element g € G and the
charges are the irreducible representations of the centralizer ¢ N of the particle’s
flux ¢ € G . We can measure the flux by projecting it out with an operator P,
and the charge with global transformations h € 9N C G that commute with
the flux g of the particle.

The elements spanning the quantum group D(G) are (Prg)g,neq- The pro-
jection operators satisfy the algebra:

PP = 5h,h’Ph with h,hl eG (416)
The elements Py, g do not commute:
gPh = Pghg—lg (417)

Combining the above relations we conclude that the algebra of the elements of
the quantum group is

PrhgPug' = 0, gng—1Pr(99’) (4.18)

Let {Ca}, A =1,..,C be the conjugacy classes of the group G with {C1} = {e}.

In every C4 we choose an element Ahy and define the normalizer of the element
Ah .
1

Nap, = {h € G|h*hy = “h1h} (4.19)

The normalizers of the elements in the same conjugacy class are isomorphic so

we will denote N4 the group Nap,. Let Ay, A x4 a set of equivalence classes
of G/Ny4 so that Ah; = Azfhfz; ! ie.

K3
Apy = Aa:fhfxl_l
Ap, — A ApA —1
2= “wyhiw,
(4.20)
Ap _ A ApA 1
hg = "y hix,
A

‘We choose for convience
as

x1 = e. So the conjugacy class C'4 can now be written

Ca={*hy,.." 1y} = {Panalt, A :rj;lh‘f‘xq_l} (4.21)

Let a be an irreducible representation of N4 acting on a subspace V4 with basis

vectors |“vj>j:1 gima- We define the Hilbert space V;* with basis vectors

i=1,...,q

|Ahi,a ’Uj> (4.22)

j=1,....dima

We are not interested in all the elements of the quantum double, but only on
the subalgebra B4 of D(G) with elements

(Prg)hec,geNa (4.23)
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Let II4 the mapping from B4 to V;* such that

HaA(Phg) |Ahi7a vj> = 5h,gAhig*1 |gAhigila a(g)mj avm> (424)

A

with g = m,;lg Ax; € Na. xp, is defined in such way the § is always in Ny.

g = g = Ay =g hig™! (4.25)
The map 112 satisfies the relation
I3 (Pag)ILG (Pug') = 11 (Prg P g’) (4.26)

so it is a representation of the quantum double. The representations satisfy the
orthogonality relation

1
il > (I} (Pug)tr(If (Pag))” = da,80a, 8 (4.27)
heG,geNa

with

0if h¢ Cq or hg # hg

4.28
tr(a(g)) where g = “a.'g A2, € Na (4.28)

tr(I1(Phg)) = {

Let a be an irreducible representation of Nay, if h is in C4 we will define a
representation a” of N, by

ah(g) = a(z™'§x) where h = z2ha~t, Ge N, (4.29)

We will use the notation p"(g) = tr(a(g)). As a result

tr(Hf(Phg)) — {2;(1;)9 ¢ Cy or hg # hg

The superselection sectors are the couples (Ca,a) where Cy4 is the conjugacy
class and a is the irreducible representation of the normalizer of the element
that belongs in the congugacy class C4. We will denoted them as [¢%] and call
them chiral sectors. We will show that the vectors that span the Hilbert space
VaA have the same topological spin. We define the central element as ), Pyh.
Then

(4.30)

;! (Z Phh> ‘Ahz‘,a v;) = |Ahiaa(Ah1)z1jvm> (4.31)
I

Since 4k, from it’s definition commutes with all the elements of N4 then from
Schur’s lemma it will be proportional to the identity matrix of the V, subspace

a(thy) = ™S |, (4.32)

so every sector (Ca,a) has it’s own different value of topological spin.

36



The Hilbert space that describes two sectors (C4, a) and (Cp, ) is VaA®VBB.
The extension of the action of the quantum double from the 1-particle states in
the 2-particles states is given by the comultiplication

A(Phg) = Z Ph’g ® Ph”g (433)
h'h!"=h

The representation of the tensor product is

> 1 (Pug) @ T (Pyrg) = 11 @ TIF (A(Pag)) (4.34)
h'h''=h

and can be decomposed on a direct sum of representations (Hg, VWC):

A B AB C
I} @115 = @ N o (4.35)
Cyy

The coefficients N;%BCV are called fusion multiplicities.
An important aspect of the comultiplication is that it is coassociative :

h'h!'h!" =h

We define the R-matrix that acts on the Hilbert space of the tensor product of
fluxes that span the group G as

R= Y Pe®Pyg (4.37)
h,geG

It’s action on a state |a) |b) is

R|a)|b) = Z dg.a|a) @ 0p gog—1 |gbg_1> = |a) |aba_1> (4.38)
h,geG

But we have already mentioned that the R-matrix action on a state |a) |b) is
R|a)[b) = |aba™") |a) (4.39)
So we can redefine the R-matrix as

R=00 Y Pe® Pug (4.40)
h,9€G

with the notation o meaning o o |a) [b) = |b) |a).
The physical braid operator is defined so that it acts on the states belonging
in the Hilbert space VA ® VBB

RyP =00} @E)R=00 Y T} (Pye) ® 11§ (Phg) (4.41)
h,geG
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Figure 4.2

The action of RfﬁB is
R [2his 05) [P hons va) = ]Ah?hﬁh;%ﬂ(%m %} b v;)  (4.42)

The physical braid operator satisfies the quasitriangularity conditions:

RA(Prg) = A(Prg)R

with Ry and R, satisfying the Yang-Bazter equation
Ri1RsRy = RoR1 Ry (4.44)

It is clear now that R is a homomorphism of the Braid group. The R operators
satisfy the equations of the generators of the Braid group:

RiRi Rlle RlRZ 3 i:l,...,n—Q
i D (4.45)
RiRj = RjRi, "L —]‘ Z 2
along with the condition
R™ =1 (4.46)

where m is the least common multiple of the order of the elements of the group
times two. The groups satisfying the above equations are called Truncated Braid
Groups and it is clear that the system unbraids after a finite number of knots.
They are denoted as B(n,m) where n is the number of particles and m the
order of the generators.

Let (II7}, V) and (IIf) two irreducible representations of the quantum dou-
ble D(G). The representation of the tensor product (II2 @ 115, VA @ VﬁB) is
reducible

) @ 11§ = P Nomg (4.47)
Cyy
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with
1 *
Nisdl = D trllIy @ IE(ABug))tr[IS (Pag)] (4.48)
h,geG
These are the fusion rules. They determine which particles (C¢,7y) can be
formulated by two particles (Ca,a), (Cp,). We can define the modular S-

matrix:
1
SAB _ _~ 4 (RAB)—2
ap |G| T( af )
1 B . - .
e Z tr(a(*a; Phita) tr(B(Pay Rl 2))" (4.49)
Ahi € CaP hj e Cp
[Ahi,B hj] =€
For the case that G = S5 the S-Matrix is:
1 1 2 3 3 2 2 2]
1 1 2 -3 -3 2 2 2
2 2 4 0 0 -2 -2 =2
113 -3 0 3 -3 0 0 O
5= 613 -3 0 -3 3 0 0 0 (4.50)
2 2 -2 0 0 4 -2 =2
2 2 -2 0 0 -2 -2 4
2 2 -2 0 0 -2 4 =2

Verlinde found a formula which produces the non-negative fusion multiplicities
from S-matrix [16,27-29].

SADSBD SCD *
N =3 ﬂ;,ﬁ ) (4.51)
D,s 06
So the fusion rules for our model is:
Fusion rules

A|B C D E F G H
A|A|B C D E F G H
B|B|A C E D F G H
C|C|C| ApBaC DoE DeE GoH FeH FoG
D|/D|E DaE ApCoFoGoH | BoCaoFaGaH DaE DaE DaE
E|E|D DaE BeCeFeGaeH | AeCeFaGaoH DaE DaE DaE
F|F|F GoH DeE DeE A®BaF HapC GapC
G| G| G FeH DeE DaE HaC A®BaG FaC
H| H|H FaG DeE DaE GaC FeC A®BPH

Let II be a finite dimension representation of D(G) acting on a vector space

W. So

I =D naar
Aa
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Figure 4.3

and there is a unique decomposition of W such that

w=gw (4.53)
where
MNA,a
Wi =P wi with w; = V2 (4.54)

i=1
WA are called isotypic components. We construct the projection operator P4,
which projects in W2 using the character’s orthogonality.

pA _ dima

> tr(I2 (Pyh)) TI(Pyh) (4.55)

N
A g hea

Let K fﬂac be the projection of the isotypic component W$ on VA ® VBB

dzm’y
KABC = > o8 @) N (Pyr) @ T (Paa) (4.56)

gr=ag
It is proven that

KABCREARAP = misom s —sw.m) KABC (4.57)
So acting with the monodromy operator and then fusing the two particles is
equivalent with fusing the two particles and then rotating the 2 particles clock-
wise by 27 and the composite object counterclockwise by 27 [26] as seen in
figure (4.3).

When two indistinguishable particles are exchanged then they are trans-
formed as a representation of the truncated braid group B(2,m). If the particles
though are dinstinguishable, they transform as a representation of the truncated
colored braid group P(2,m) with m/2 € Z the order of the monodromy opera-
tor R? of this particular system. So a system with n indistinguishable particles
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transform as the truncated colored braid group P(n,m) and if the particles are
distinguishable transform as the truncated braid group B(n.m). If the system
is composed of both distinguishable and indistinguishable then they transform
as the Partially Truncated Braid group.
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Chapter 5

Quantum computation
using anyons

In the case of a nonabelian superconductor, the fluxes take values in a nonabelian
finite group G. In a system of anyons there are 3 physical processes [17,18].

Pair creation and identification. We can create pair of particles from the
vacuum where every particle is characterized by it’s conjugacy class and the
irreducible representation of the normalizer group of the flux (C4,a). Particles
that either belong in a different conjugacy class or in a different represenation
of the normalizer group of the flux are distinguishable.

Pair annihilation. We can bring any two particles together and see if they
annihilate, and thus have trivial total flux and charge. We will call this process
destructive measurement.

Braiding. We can move the anyons in specific trajectories of our choice and
exchange particles.

The first thing we need to do in a system of anyons is to calibrate the fluxes.
Suppose we are given two pair of fluxes |a7a*1> and ‘b, b’1> and we want to
test if the pairs match. Consider a pair of particles each of which carries charge
but not flux such that the total charge of the pair is trivial. We will call them
chargeon-antichargeon and if the chargeon transforms as a unitary irreducible
represenation R of the group G acting on a vector space V with dimension
dimV = |R| then the antichargeon transforms as the conjugate irreducible rep-
resentation R that combined with R gives the trivial representation. If {|R,4)}
is a basis of R then {‘R, i)} can be chosen for R so that the pair can be described
by the state

IR

|0: R) = |R|Z|R ) ® |R, i) (5.1)

Imagine we create a pair of fluxes ’a, a*1> and a pair of chargeon-antichargeon.
We wind the chargeon around the first member of the flux pair, so due to
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Bohm-Aharonov effect it’s state transforms as

|R|

Z DE(a)|R, 5) (5.2)

so the chargeon-antichargeon state becomes

IR |R|
0;R)' = |R‘Z|Rz ®’Rz>—|R|Z (a)|R,j) ® |R, i) (5.3)

We bring the members of the pair together and see if they annihilate. The
amplitude of the process is

SV DE(a)  xF(a)

= A4
(0; R|0; R)" = JimR ] (5.4)
so the probability they will annihilate is
R/ \2
x"(a)
Prob(0) = ’ (5.5)
|R|

So back to our case, and the two pair of fluxes. We wind the chargeon around the
first member of the first pair and then around the second member of the second
pair. The probability they will annihilate after the two consecutive exchanges
is
_ 2
X"
|R|

which clearly is less than zero if b # a. 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/(|G|!). Suppose we take 3 pairs from
3 different bins, a_1>, _1> c_1> and we want to check whether
c = ab. We create again a chargeon-antichargeon pair and wind it first around
a, then b and then ¢! and then reunite the chargeon-antichargeon to see if it
annihilates. If ab = ¢ then every time we bring the chargeon-antichargeon pair
together it will annihilate. We construct in that way a flux bureau of standards
and label the fluxes according to the group G that they take values. 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 call this
process projective flur measurement.

Suppose we have two pairs of fluxes |a7 a’1> and |b, bt > If we transport the
pair of fluxes |a, a’1> counterclockwise around the first member of the second
pair, then the state transforms as

Prob(0) = ’ (5.6)

’a,a71> — ‘babil,baflbfl> (5.7)
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This is the basic gate we can use and we will call it conjugation gate. Reca-
pitulating, the 3 basic processes are Projective flur measurement, Destructive
measurement and Conjugation gate.

Next step is to choose the computational basis. We make the choice

[n) = |a”ba_"> ® |a"b_1a_”> 0<n<d (5.8)

with d prime. Let the fluxes take values on a simple perfect group. Every simple
perfect group has even order so we can always find a group element a such that
a? =1 and thus work with qubits [19]. We choose two noncommuting elements
a,b of G such that a®> = 1 and we define the computational basis

|0) = [b,67")
1) = |aba71,ab71a71>

(5.9)

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

Z10) = [0), Z|1) = —|1) (5.10)
Z = B _OJ (5.11)
The X-Pauli is defined as
X10) =11), X[1) =10) (5.12)
X = [(1) é} (5.13)

The eigevectors of X in the computational basis are
6 =
o=
1

- 1
)= —(0) = 1)) = —= (|b,b7) — |aba™,ab"ta™?
i) = 00—y = 2 (e - )
Suppose we create a pair of fluxes from the vacuum. What is the state of
the pair? Suppose that the members of the pair belong in the conjugacy class
C'4. They should not be carrying any conserved charges and so the state that
describes the pair is

L (J0) + 1)) = % (|b,67") + |aba™ ", ab™ a™ 1))

Sl

(5.14)

1
10;C4) = 9,9 (5.15)
oAl 2 1o

That means that if we bring two members of a flux pair |g, g_1> together the
chance that they will annihilate is not 1 but 1/Cy4 If the state of a pair is |i>
then the amplitude of the components of the pair to fuse in the vacuum is

(10;Ca) =0 (5.16)
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thus the will never fuse into the vacuum. On the other side taking the amplitude

(0[0;Ca) = ﬁ (5.17)

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

We can construct the states |6> We begin by creating a pair in the state
|0;C4) . If C4 has just two elements then we are done. But if it has more
than two, we bring the pair near a calibrated pair |c, c_1> where ¢ € C'4 and
c# b,aba'. If it doesn’t match |c, c’1> for every ¢ € C4 then it must be |f)>

It will be more convenient to denote the pairs |a,a*1> as |a). Suppose
we have the 3 pair state |z,y,z). We can wind the third pair clockwise or
counterclockwise around the first pair and execute the gate

|$,y72> - $7y7$2$71> ) |x7yaz> - |xvyaxilzx> (518)

or do the same with the second pair
|z, y, z) — |x,y,yzy*1> ez, y, 2) — |x,y,y*12y> (5.19)
or even borrow a pair of fluxes |¢) from the bureau of standards
|z, y,2) — |;v,y7czc_1> (5.20)
for every ¢ € G. So we can execute any gate of the form
2.y, 2) = |2y, fla,y)2f (z,y)7F) (5.21)
where f(z,y) is a function with a product form .

Theorem 5.0.1. If G is a simple and perfect finite group then every function
f(g1, 92, -y gn) can be expressed as a product of inputs {g;} their inverses {g; '}
and fized elements of G any of which may appear multiple times in the product

The smallest simple and perfect group is A5 the group of even permutations
of five objects. Gottesman [20] has proved in his paper that for d prime being
able to apply products of X’s and Z’s plus a Toffoli is universal for quantum
computation.

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

lz,y,2) = |2, y, 2 @ 2y) (5.22)

so in case our case it can be written in a more convenient way as
‘aiba_i, a’ba=, akba_k> — ’aiba_i, a’ba=7, aij+kba_ij_k> (5.23)
So, the Toffoli gate conjugates the third qubit by the function

f(a'ba™t a’ba™7) = a¥ (5.24)
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Suppose we have 2 qubits with fluxes g; and go with g; € {b,aba='}. We define
new variables g, = g;b~! € {1, ¢} with ¢ is defined as the commutator of a and
b

c=[a,b] = aba"'b~! (5.25)

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

hi(c) =d, hi(e) 211 (5.26)

ha(f) = a, ha(e)

then the Toffoli function can be written as

f(91,92) = ha ([91, h1(g3)]) (5.27)

Let the fluxes take values on 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 d that doesn’t
commute with ¢ = [a,b]. We make the choice b = (345) and d = (234). The
computational basis is

0) = [b) = |(345))

5.28
1) = |aba™") = [(435)) (5.28)
So
h =d, h =1
1(e) 1(e) (5.29)
ha(f) = a, ha(e) =1
It’s easy to see that two functions with these properties are
hi(g) = ha(g) = (521)g(125) (5.30)
So the Toffoli function is
f(91,92) = {(521)[g1(435), (521)g2(435)(125)](125)} = (5.31)

f(g1.92) = {(521)91(14325)g2(124) g7 ' (15432) g7 ' (521)}

So given 3 qubits |g1, g2, g3), if we want to execute the Toffoli gate for the group
As all we have to do is to conjugate the third qubit by the above function
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f(g1,92). This is the "recipe” for the function f(g1,g2) that can be used for any
simple perfect group and it’s exact form can be found using the functions h;.

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

—I% ifd=2

, (5.32)
I, if d=odd

(Xazb)d _ wabd(d—l)/2Xaded _ {

with w = €2™/4. We work with qubits so w = e?™"/2. The eigenvalues of
ZX =1Y are
0y) = —= (10) +[1)) = —= (1) + i |aba~1))
V2 v
1 . . o (5.33)
ly) = —= (10) — 1)) = —= (1) — i [aba~1))

V2 V2

The d = 2 case is invariant under complex conjugation and thus there is no way
of distinguishing the two eigenstates of ZX. Before we continue we need to refer
Kitaev’s phase estimation technique that refers that if we have an operator with
eigenvalues the dth roots of unity and if we apply a Controlled-U and measure
in the X basis is equivalent with measuring the operator U.

So suppose someone provides with a state

1
V2

It could be any of the eigenvectors of ZX. We label it as the +i eigenstate. We

use Kitaev’s phase estimation techinique and act with control-ZX on the state

‘6) ® |¥) with ’()> as the control ancilla and |P) as the target. So the circuit
performs the transformation

|¥) (10) + w 1)) (5.34)

10) ® |¥) — V) @ |¥) (5.35)

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 |¥) and construct the orthogonal state
|D) = % (|0) —w |¥)). Now that he have copied our state we can construct a
new contolled-ZX with the ancilla |¥) as the control qubit and another |¥) as
the target and then measure the first qubit in the X basis:

) @ ) = |1) ® |¥) (5.36)

Doing the same thing with |®) as the ancilla and then measurin again in the X
basis: }
|®) @ [¥) — |0) ® |¥) (5.37)

so as long as we are consistent in using the same ancilla |¥) we will have broken
the conjugation symmetry and have found a new way of labeling creating and
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measuring eigenstates of ZX. But how we create the first state |¥) ourselves?
If we want to prepare an eigestate of ZX = iY at random, it is equivalent for
the density matrix to be proportional to the identity

1 1 1
- S 1y) (1 .
P=3 2|0y><0y\+2| v) (ly| (5.38)

By using a controlled-NOT gate from a ‘(~)> ancilla to |0) ancilla we produce the
state

1
V2
So by tracing out one qubit of the bell state we have produced the desired |¥).
Therefore we proved how to construct eigestates of ZX, X, Z and execute the
Toffoli gate and thus achieve universal quantum computation.

CNOT (|0) ® |0)) = —= (|0y 1y) + |1y0y)) (5.39)
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Chapter 6

Fibonacci Anyons

Suppose we have a model of two different anyons. The first is the vacuum sector
labeled 0 and the second is the nontrivial label 1 with 1 = 1. There is only one
fusion rule

Ix1=0+1 (6.1)

The model is nonabelian as the nontrivial label 1 can fuse with itself in two
different ways. The topological Hilbert space that describes the fusion of n
different 1 anyons is denoted V% with b € {0,1}. When we create anyons
from the vacuum, their total charge is trivial. So the Hilbert space of anyons
created from the vacuum is V3. We denote the dimension of the Hilbert space
dimVy = N{ = Nf. The number N?, i.e. the dimension of the topological
Hilbert space, describes the different ways the anyons can fuse to the vacuum.
By creating the trees for each n we notice that every 0 must always be followed
by an 1. So if the first two anyons give us trivial total charge then the remaining
anyons can fuse with N?_, different ways and if the fuse to 1 then the can fuse
with NO_, different ways. So the numbers N satisfy the recursion relation

NY=NP? , +NO_, (6.2)

The dimensions of the Hilbert space follow the Fibonacci sequence and that’s
why the model is called Fibonacci model [21-23]. One important thing we ob-
serve is that V9, is two dimensional and thus work with qubits. The two
different vectors that span V), are seen below.

As we know fusion is associative. So if Vadbc is a Hilbert space then it can be
decomposed in two different ways

Vacg)c = D¢ aeb ® Vg’ = D Vade’ ® V;c/ (63)

What connects these two different decompositions is the F-matrix. Schemati-
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Figure 6.1
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cally: We can compute all the elements of the different F-matrices.

(abed) = (1101) = (F30)1 = 1, (Fi10)5 = 0
(abed) = (0000) = (Fo0)o = 1, (Fono)? = 0
(abed) = (1100) = (F{jp)} = 1, (Fi10)g = 0
(abed) = (1110) = (F)1)} = 1, (F{11)5 =0 (6.4)
(abed) = (1010) = (Fpy1)1 = 1, (Fipi)o =0
(abed) = (0111) = (Fgy1)1 = 1, (Fgy1)5 = 0
(abed) = (0110) = (Fgiy)g = 1, (Fou1)1 =0
(abed) = (1011) = (Fip)1 = 1, (Fip1)o =0

The case (abed) = (1111) is not trivial. We need to calculate all the elements
of Fl;; defined as

v J(FNDY (Fl)b
Fa = [ Gl (65

In order to find the matrix elements, we need the pentagon equation as seen 6.3.
Written as an equation

(Ffzc)i(F534)§ = Z(F2d34)g(Ff)e4)g(F1bz3)Z (6.6)

€
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Takinga=b=c=d=1
[(Fllu)ﬂQ = (F1111)(1)(F1111)? + [(F1111)H3 (6.7)
Then setting a =0,b=c=d =1
[(Fi)i]? + (Fin)p = 1 (6.8)

Moreover, if b=c=1,a =d = 0:

(F1111)8 = (F1111)(1)(F1111)(1) (6.9)
Ifo = HT‘E is the golden mean then the matrix Fi; is
1 1
iy = l b \/ai] (6.10)
Vo @

In the next step I will calculate R-matrix which is a map from V,§, — V3 and
represents a counterclockwise exchange of two adjacent anyons. It is clear that
if the exchange includes an anyon which is the vacuum sector, then it will have
no physical consequence in the system. That is the phases below are all equal
to one.

R=1, RY' =1

6.11
e (6.11)

o1



c h 7 h

> (R,)
_ bha
M

7.

Figure 6.4

R &
A
\</\R2,\] LR

Y/F\X

4
Figure 6.5

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

n [RYY 0
RM = [ 0 RN (6.12)

Just as in the case of F' matrix in order to calculate the matrix elements we
need something analogous to the pentagon equation. There exists an equation
that includes the R and F' matrices and is called hexagon equation.

RiS(F2413)ZR5112 = Z(Fzélm)gRib(Ffl%)Z (6.13)
b
Weset c=a=0 1
(RyH)? = 3t Rt (6.14)
and a=0,c=1
pupgnl _ 1 + RI_L (6.15)
1 0 \/5 - ) 1 (I)3/2 :
The R matrix is ini/s
e 0
Rll — |: 0 637”./5:| (616)
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If we want to work with qubits then we will denote |0) the state (a) in figure
(3.1) and |1) the state (b). Let o1 then counterclockwise exchange of the first
and second anyon and o9 the counterclockwise exchange of the second and third.

0110) = Ry |0) = e~/ o)

) 6.17
o1 [1) = Ri' 1) = ¥7/7 1) (647

0210) = (Fi1)oRo' (Fi11)o [0) + (Fiy){ R (Fii1)g [0)
+(Fh)oRe (Fih)Y 1) + (FL )R (F )LL) (6.18)

o2 1) = (Fi1)oRo' (Fi11)0 10) + (Fih)1 Ry (Finn)g [0)

+(Fh)1Re (Fh)Y 1) + (FL)1 R (F )T D)
So the 2 o; matrices are

o—4mi/5 0 P—1e4mi/5 H—1/2—3mi/5

o1 = [ 0 e37ri/5:| » 02 = |:q)—1/26—37ri/5 _p-1 (6.19)

These matrices are a representation of the braid group B3 whose image is
dense in SU(2). Therefore each braid 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. From our analysis on previous chapters we
know that these matrices are actually representations of the truncated braid
group B(3,m). In the case of the Fibonacci, the o;’s are representations of the
truncated braid group B(3,10). Moreover 6% = o;* so the number of braids is
significantly reduced. If we want to construct two qubit gates then we need 8
Fibonacci anyons whose fusion space is 13-dimensional and whose image is dense
in SU(13) which of course includes the SU(4) that acts on the two encoded
qubits. Therefore, we can apply the Solovay-Kitaev theorem to conclude that
the universal gates of the circuit model can be simulated to accuracy e with
braids of length poly(log(1/e) and so a universal quantum computer can be
simulated efficiently using Fibonacci anyons.
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Conclusion

Putting everything together, we saw that topological quantum computatation is
of high interest because the way the information is manipulated is fault tolerant.
We discussed two different ways to achive universitality. One with anyons from a
discrete nonsolvable finite group and one with Fibonacci anyons. The difference
between these 2 models is that the first one needs intermediate measumerents
in contrast with the other where the measurements are done after the braids
are completed. We also discussed Kitaev’s honeycomb lattice model where we
introduced a perturbation that doesn’t preserve the time reversal symmetry,
creating an energy gap which allows the existence of nonabelian anyons. But
have anyons been observed? Experimental evidence for nonabelian anyons is
weak. The only promising lead seems to be the possible observation of Majorana
zero modes trapped at the ends of superconducting wires, as described by the
theoretical model of the Kitaev chain. Recent works show that the quantum
Hall states at filling factors 5/2 and 7/2 are expected to have Abelian charge
e/2 quasiparticles and non-Abelian charge e/4 quasiparticles.
w
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