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In the end she made 1it...
she spoke as softly as she could...
“Work hard my dear little Ferdinand!” she whispered...
I wasn’t afraid of her.
We understood each other deep down...
The fact is that I have worked hard, all in all...

Louis-Ferdinand Céline, Death on Credit
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Abstract

Part of the interest in topological phases of matter stems from their potentially rev-
olutionary technological applications. One of the most exciting possibilities would
be the ability to store and manipulate quantum information in topological degrees
of freedom. This information would be intrinsically protected from some local error
processes and there are now significant efforts being made to harness this property
in scalable quantum devices. In this context, we numerically investigate the dynam-
ical evolution of a topological memory that consists of two p-wave superconducting
wires separated by a non-topological junction. We consider a closed system and
do not consider general types of errors that may arise from the interaction of the
system with an external environment. We therefore consider the best case scenario
apt to quantum computation and expand upon existing knowledge on the subject.
We find that non-adiabatic effects associated with processing and storing quantum
information, might be relevant as a source of errors in spite of the topological pro-
tection of the quantum qubit. In particular we focus on the primary source of errors
(i.e., qubit-loss) and on secondary errors (bit and phase-flip) and provide physical
reasoning behind how these types of errors may take place.

Further we consider model for more exotic quantum wires, the so-called Zy
parafermionic clock models that are also expected, in varying degrees, to possess
topological protection. We analyze in detail when this protection might take place
and provide an iterative construction of the associated zero-energy parafermionic
modes. The method, outlined in this thesis, summarizes and generalizes existing
methods for constructing zero modes in spin chains and enlightens common sur-
prising features of these types of constructions. This opens up the way for future

research on the subject.

vi



Chapter 1
Introduction

Topological phases of matter represent an exciting and fast developing subject of
research. Much of the interest in the study of these types of phenomena arise from
the fact that they represent a possible promising way towards scalable, fault-tolerant,
quantum computation [I, 2].

Roughly speaking the topological properties of the phases of a system can be
described in terms of the so called quantized topological invariants. This quantiza-
tion directly implies that these invariants cannot abruptly jump when we smoothly
change the system, for example by means of local perturbations.

In this sense and in what follows we will consider Hamiltonians that are spectrally
gapped, local and at zero temperature. The requirement on the gap is needed in
order to be able to talk about adiabatic transformations without ambiguities, while
the requirement on locality is needed in order to be able to differentiate between
systems with different dimensions. The locality condition comes from physical con-
siderations and also from the fact that, if we were not to impose locality, every
system could in principle be zero dimensional. The requirement on the temperature
implies that we will be mostly interested in the behaviour of the ground state of the
system.

These properties allow considering two systems topologically equivalent, if they can
be connected via an adiabatic transformation: two gapped ground states are consid-
ered in the same phase if there exists an adiabatic interpolation connecting the two
Hamiltonians from which they descend, without breaking up locality and without
closing the gap [3] 4].

When talking about topological order we further have to make a distinction
between intrinsic topological order and non-intrinsic one [5].

Generally, we speak of intrinsic topological order if the system is compatible with
the existence of low-energy excitations which are point-like (in two dimensions 2D
or above) or line-like (in three dimensions 3D or above). These excitations carry
fractional quantum numbers as compared to the microscopic degrees of freedom that

enter the Hamiltonian (as, for example, a fractional charge) and are free to move



in the low energy excitation space. An example of this type of topological order
is constituted by the toric code [2] and these excitations are usually referred to as
(2D) anyons [2, [6].

This definition implies that, strictly speaking, there is no intrinsic topological order
in 1D.

Most of the systems without intrinsic topological order need a symmetry in order
to enforce topological protection of the topological invariant. By this we mean that,
in order to be able to talk about the topological phases of a system, we have to
restrict the possible Hamiltonians to those that commute with some set of symme-
tries and restrict the adiabatic transformations that connect topologically equivalent
Hamiltonians to those that act on this same restricted space.

These phases of matter are usually referred to as Symmetry Protected Topological
phases (SPT) and contrary to the intrinsic topological ones do not possess long-
range entanglement. These phases, almost always, possess topologically protected
boundary modes when defined on a manifold with boundary, which are intimately
connected to the bulk properties of the system. Often these modes present frac-
tionalized quantum numbers, but are “tied” to the boundary separating different
phases, which makes them different from the anyonic excitations that define intrinsic
topological order.

The connection between the topological properties of the bulk and the presence of
boundary modes sitting at the edge of the system is usually referred to as bulk-
boundary correspondence [3], 4] [7].

The SPT phases of systems of free fermions are completely classified and tabu-
lated. This is shown in Table

T C S |ld=1 d=2 d=3 d=4 d=5 d=6 d=7 d=28
A 0 0 0 o) Z o] 7 o] Z & Z
AIlT | O 0 +1 7z (%} Z %] Z %) Z %)}
AlIl | -1 0 0 %] Lo Lo Z %] o] %] Z
DIIT| -1 +1 +1 o o Z %] %] %) 7 %)
D 0O +1 O o Z, 1] %] %] Z %) Lo
BDI | +1 +1 +1 Z %} [0} %) Z %} Zo Zo
Al | +1 O 0 1%} %] %] Z %] Lo Lo 7
cl | +1 -1 +1 [} 1%} Z o} o Lo 7 %)
C 0O -1 0 [} 7z %] Lo Zo Z 1%} 1%}
CII | -1 -1 +1 Y/ o) oy iy 7 1%} 1%} 1%}

Table 1.1: Periodic table of topological insulators and superconductors. The second
column lists the different possible symmetry classes under 7', C' and S. These
symmetry may be not present, in which case there is a 0, or may be present, in
which case we have a £1 with respect to the value taken by 7% and C?. The first
column lists the names given to the different symmetry classes. They come from
the Cartan classification of the complete set of the ten large symmetric spaces, of
which the quantum mechanical time-evolution e is an element. The third part of
the table lists the possible topological phases for the different dimensions.



This table considers the symmetry protected classes under time reversal T, charge

conjugation C' and chiral symmetry S = T'C. The first two symmetries are realized
by antiunitary operators that can square either to +1 or -1. Whenever these sym-
metries are present and square to +1 (-1), in the respective columns we write +1
(-1). When the symmetry is absent we write 0.
The chiral symmetry S is a unitary operator (as can be checked from its definition)
and the behaviour of the theory under it is fixed from the behaviour under 7" and C,
except when 7' = 0 and C' = 0. In fact the system can be symmetric under S even
when it is not symmetric under 7" and C separately. It is not difficult to convince
oneself that there are only 10 possible classes of symmetry and this is known as the
Altland-Zirnbauer 10-fold way [8], 9.

The first two rows of the table are called complex classes, while the rest are
called real classes. The group of topological phases that a Hamiltonian in a given
symmetry class can belong to, are listed for the different spatial dimension d (with
@ we indicate that the unique possible topological phase is the trivial one). This
table is obtained by looking at the homotopy classes of different types of free fermion
Hamiltonians using the algebraic properties of the Clifford algebra. In mathematics
this goes under the name of K-theory [10][]

The homotopy groups of the complex classes have a periodicity of 2 in d, while
the real classes have a period of 8. This is usually known as Bott periodicity and, for
this reason, this table is often referred to as periodic table of topological insulators
and superconductors. The classification of SPT phases for interacting fermions is
still subject of current research [12} [13].

As we said, in one dimensional systems, the presence of an SPT phase is usually
signalled by the appearance of boundary modes at the edge of the system. These
modes are generally gapless, or zero energy, and for this reason they are referred to
as zero modes. In the Ising/Kitaev chain there are two such modes, that behave
like Majorana fermions [I4]. This observation has lead to great interest because in
the gapped topological phase the two ground states can be used as a qubit space.
Transitions between the two different ground states can only happen via processes
that add or remove electrons from the system. Since transitions to the excited
states are precluded by the gap and since the degrees of freedom are localised at the
opposite edges of the system, local noise in the middle of the wire cannot induce
transitions between the different ground states. This makes this type of system the
ideal candidate for a decoherence-free quantum computer [15].

Even though the potential technological applications of systems in SPT phases
regards the properties of the ground state, in the Ising/Kitaev chain, the presence

of zero modes has consequences for all the eigenstates of the system. In fact, the

! Another approach consists in looking at the theory of Anderson localization of the degrees of
freedom at the boundary, and determining which dimensions can host surface states that are not
localized for a given symmetry class [I1].



existence of operators that commute with Hamiltonian (but do not commute with
the fermion parity), implies the existence of a double degeneracy throughout all
the spectrum. In this sense, the presence of this type of zero modes constitute an
example of eigenstate phase transition [16, [I7] and a violation of the Eigenstate
Thermalization Hypothesis (ETH) [I8], [19]. In order to emphasise this aspect of the
story this type of zero modes are usually referred to as “strong zero modes” [20),
21], 22], as opposed to “weak zero modes”, which are operators that commute only
with the Hamiltonian projected into a low-energy subspace and therefore provide
the minimal degeneracy that is generally necessary for a topological phase. The
presence of strong zero modes is also responsible for long coherence time for the
edge spins [23, 24] and is connected to the problem of prethermalization [25].

In this thesis, we will consider some of the aspects of SPT phases in 1 dimension
and we will analyse some of the problems related to the existence of strong zero
modes.

An outline of the thesis is as follows.

In Chapter 2| we review the quantum Ising model. We will see that this model can
be connected to a system of free fermions hopping on a chain and we will therefore
illustrate the concept of symmetry protected topological phases for this specific case.
In particular, we will see how the topological phase is connected to the existence of
gapless Majorana zero modes at the boundary of the system.

In Chapter 3| we will review more general types of fermionic wires and we will
make connections to the experimental realizations of the Kitaev chain, which can be
realized as a spinless p-wave superconductor. Subsequently, we will illustrate how
to exploit the existence of Majorana zero modes and the resulting degeneracy of the
ground state to perform Topological Quantum Computation.

In Chapter 4| we will review the results about numerical analysis conducted on
a toy model for a qubit made out of Majorana zero modes. Principally we will
consider how non-adiabatic effects of the time evolution of the system can introduce
errors in the computational space. Notably, we will consider the problem of qubit
loss, phase-flip errors and bit-flip errors and we will show how these types of errors
depend on the existence of stray excitations running in the bulk of the system.

In Chapter [5] and [6] we will consider the topological phases of generalized spin
chains. In particular we will consider the so called Zy quantum clock models, which
similarly to the Ising case can be connected to a system of Parafermions living on a
chain. We will carefully consider the cases in which parafermionic zero modes exist
at the boundary of the system and we will introduce concepts that are relevant when
one considers the topological phases of such systems. Specifically, we will introduce
the total domain wall angle parity, defined for the bands of the free theory, whose
conservation is essential for the existence of the strong zero modes.

In Chapter [7| we will see how to explicitly construct such zero modes and we will



clarify the role played by the total domain wall parity in the existence of zero modes.
We will show that the total domain wall parity is connected to the local properties
of the terms entering in the expansion of the zero mode in powers of the perturbing
parameter.

This construction readily extends to more general spin chains, which share common
interesting features with the parafermionic case.

In Chapter [8] we draw our conclusions and indicate some directions for further
research.

Regarding the content of the various chapters, the material contained in Chapter
and Chapter 3] except when explicitly stated, is introductory review material. The
other chapters are based on the following publications, coauthored by the author of
this thesis:

[26] A. Conlon, D. Pellegrino, J. K. Slingerland, S. Dooley and G. Kells, Error
generation and propagation in Majorana-based topological qubits,
Physical Review B, 100:134307, October 2019.

[27] N. Moran, D. Pellegrino, J. K. Slingerland and G. Kells. Parafermionic
clock models and quantum resonance. Physical Review B, 95:235127,
June 2017.

[28] D. Pellegrino, G. Kells, N. Moran and J. K. Slingerland. Constructing edge
zero modes through domain wall angle conservation. arXiw e-print,
page arXiv:1908.03459, August 2019 (under publication).

The material contained in [26] is reviewed in Chapter [ Chapter [5| and Chapter [f]
are based upon [27]. Chapter |7} instead, contains a review of [28§].



Chapter 2

Ising Model and Majorana Zero
Mode

In this section we will introduce concepts that will be relevant for the rest of the
thesis. In particular, will introduce the concept of strong zero mode. In reviewing
the quantum Ising chain we will follow [21] and we will see how this model connects

with the Kitaev chain [14] and with topology.

2.1 Quantum Ising model

The Ising model was first introduced [29] to describe ferromagnetism. In the follow-

ing we will concentrate on the one dimensional version of the model. We begin by

1

writing down the quantum Hamiltonian of the model. Consider a chain of spin 5

atoms of length L. The Ising Hamiltonian is given by

L-1 L
H:—;Jafafﬂ—zfaf (2.1)

where of are Pauli matrices at site j, J corresponds to the interaction between near-
est neighbor spins and f describes an external magnetic field along the x direction.

The Hilbert space can be described in terms of the basis

|j17j27"'7jL> (22)

where j; = 0,1 is the value of the spin along the z axis at site . By convention we
will suppose that j; = 0 corresponds to spin down and j; = 1 to spin up.

This Hamiltonian has an evident Zs symmetry that corresponds to the simulta-
neous flipping of all the spins on the chain. We can describe this symmetry through

the parity operator (o
L

Q2 = HUf (2.3)



This model has a phase transition at 7' = 0, which is, therefore, a quantum phase
transition [30]. There are no other phase transitions, as it is well known that there
are no phase transitions in one dimension for non zero temperature [31]. The critical
point is at J = f. The ordered phase corresponds to the case J > f, while the
disordered phase corresponds to J < f. This can be easily seen in the extreme cases
of large nearest neighbor coupling (J > f) and large magnetic field (J < f). In
the first case, the ground state is two-fold degenerate and it is constituted by states
with all spins up or all spins down |0,0,...,0) or |1,1,...,1) respectively. In the
second case, the ground state is instead unique and the spins are all aligned along
the positive x direction.

The magnetization, defined as
M= o3, (2.4)

constitutes the order parameter and can be used to identify the phase transition. In
particular, M = 0 in the disordered phase and M # 0 in the ordered phase.

This simple model, used to describe ferromagnets, can be rephrased into a com-
pletely different shape and can be used to describe fermions hopping on a chain,
which in turn can be used to characterize metals and insulators. This rephras-
ing can be done through the so called Jordan Wigner transformation [30] B32] we

therefore introduce two new operators per site

i—1
1 X z N
=3 (l | crj> (05 —io})

, (2.5)
Uiy o), .
= 3 (Haj> (o +id)) .
j=1
It can be easily seen that c;, c} satisfy the fermionic commutation relation
{ci,eib ={cl,d} =0 {a,cl}=4d;. (2.6)

and they are therefore fermionic operators that annihilate or create a spinless fermion
at site j. We can now invert ([2.5)) and use these identities to rewrite the Hamiltonian

in terms of ¢; and c}. The substitution gives

H = Z —J(C;C]Jrl + C}HCJ' +Cjp1c + C;C;H) + QfC}Cj —f (2.7)
J

Taking ideas coming from quantum field theory one can formally define Majorana,



self adjoint operators, as “half” fermions

aj = Cj + C;r-
T 2.8
=25 28)

i
Using ([2.5)) it is straightforward to see that Majorana operators follow the commu-
tation relations

{ai,a;} = {bi, b;} = 20;; {a;,b;} =0 . (2.9)

and, in terms of Majorana operators, the Hamiltonian (2.1]) takes the form
L-1 L
H=i]) bjajq+if» ab;. (2.10)
j=1 j=1

Let’s now consider the symmetry operator Q2. The Hamiltonian (2.7)) contains

terms that do not conserve the fermions number

L

Np =Y cle; . (2.11)

=1

In fact, cjcj11 and c}c} 41 do not commute with Ng. Since these operators can only
change the number of fermions by 2 units, this means that even though the number
operator is not conserved, it is still conserved modulo 2. In terms of the fermionic
operators, () therefore describes conservation of fermionic number modulo 2 and in

fermionic terms, () can be written as

L

Q: = [[(~iasby) = (~1)™r . (2.12)

For this reason ()5 is sometimes referred to as the fermion parity operator. As a
consequence of this Zy conserved charge, we have that the spectrum splits into two

sectors of distinct parity.

2.2 Strong zero modes

We will now show the presence, in the fermionic model described above, of zero
energy modes that characterize the topological order. Let’s first define what is
meant by a strong zero mode.

A strong zero mode is an operator ¥ that commutes with the Hamiltonian in the
thermodynamic limit

[H,] = O(e €) , (2.13)

where £ > 0 some constant length scale which can also be +o00. This means that



Figure 2.1: The upper figure represents the chain in the completely dimerized, triv-
ial, limit. In dashed lines we represent the interaction between nearest neighbor
Majorana operators. The lower figure represents the chain in the opposite topolog-
ical regime (always in dashed lines we represent the next neighbor interaction). At
the end of the chain we can see the two unpaired Majorana.

1 commutes up to terms that go exponentially to zero in the limit . — oo. The
other relation defining the zero mode regards the relationship between 1 and the
symmetry operator (Js. In particular we require ¢ to map a state in a parity sector

into a state with opposite parity, that is to say

Q2 = —1pQs. (2.14)

In order for this operator to exist in the thermodynamic limit, the zero mode has
to keep a well defined normalization in the limit L — oo (which without loss of
generality we can consider to be 1) and we demand that it will be a unitary operator
in this limit

Pl =1+0(e %) . (2.15)

Such a zero mode is called an edge zero mode if, additionally, it is localised at the
edge of the chain, in the sense that the dependence of i) on operators that act on
sites at distance [ from the edge is exponentially small in [.

The existence of a strong zero mode implies that the spectrum of the model is
at least doubly degenerate. Suppose in fact |E) to be a state with energy E. Using

the definition of a zero mode then we have
HY|E) = vH|E) = By|E) (2.16)

and we can be sure that |E) # ¢|FE), since |E) and ¥|FE) have different parities.
If this zero mode is confined near the edge of the system the lowest doublet can
in principle be used to encode information and to perform topological quantum
computation, as we will see in Chapter

The Ising model possesses an edge zero mode, as we will now see by explicit

construction. Let’s consider the limit J = 0 first. In this limit the Hamiltonian



becomes

L
j=1

This situation is referred to as the topologically trivial limit and this case is depicted
in the upper Figure [2.1 The opposite limit is f = 0, in which case the Hamiltonian

becomes

L-1
H =il biaj. (2.18)
j=1

It is evident from H that the operators a; and b;, now commute with H. This is
trivially true as these operators do not appear in the sum and commute with any

bilinear combination of Majorana operators. Moreover
a=b =1 (2.19)

and also
a1Q2 = —Qzal bLQz = —Q2bL- (220)

This means that these two operators constitute edge zero modes for the system, as
they are trivially localised on the edges. This situation is shown in the lower half of
Figure 2.1 and is referred to as the non-trivial topological limit. Note that, in terms

of Pauli matrices, a; and by, are
ay = Uf bL = QQO_E (221)

When J # 0 and f # 0 the situation is more complicated, but the zero modes
still exists as long as f < J, as we will now show.
Since we are dealing with free fermions, the zero mode can be easily computed by
direct means. It is physically reasonable to expect that in the limit f — 0 the zero
modes 1, and v, would reduce to a; and by, respectively. Supposing this to be true
we can try to find the zero mode by an iterative construction.

Consider the commutator of with a; and b;, 1 < j < L we have, using

(2.9)
[H, CLJ’] = [Z'ijfl&j + if@jbj, Clj] = 27;ij,1 — 2’Lfbj
[Hv bj]

[injCLjJrl + ifajbj, b]] = —2iJaj+1 + 2ifaj
and for a; and by, we have

[H, (11] = —2’lfbj

(2.22)
[H,b] = 2ifay, .

From these relations we can see that it is possible to find terms that, starting from

10



a; and by, run deeper into the chain and that gradually remove the b,_; and a;.

Considering the left mode we have
[H, Cll] = —2’Lfb1
.01+ Lao] = —2if (§) by

2 2
[H, ay + §6L2 + <§> ag] = —2Zf <§> bg

2 4 3
[H, a1 + §a2 + <§) as + (;) CL4] = —2Zf (§> b4

and similarly for b;,. The good candidates for our edge zero modes are therefore

given by
L—1 L1
77Z}left - a1+§a2‘|‘- Lt (§) ay, ¢right = bL+§bL_1+. ot <§> bl (2.23)
and in a chain of length L the commutators with H are
7 L—1 7 L—1
y Wleft] — — i — L y Wright] = { = ay . .
Honpd = =207 (2) o0 [ g =208 (2 (2.24)

When f < J these operators commute with the Hamiltonian in the limit L — oo
and are localised on the edges by construction.
Since these operators are made out of linear combinations of a; and b; it is also

trivially true that

Q277/}left = _¢leftQ2 Qlerz’ght = _¢rigth2 . (225)

In order to prove that i.p; and 9.4 are edge zero modes we only need to prove

that they have a finite normalization in the limit L — oo. For ;. we have

1 2
2l}leftwleft - wleft

because Majorana operators are self adjoint and therefore

2L f ji-1
w;feftwleft = Z (3) Z Aj—kQr -
J=2 k=1

Since Majorana operators on different sites anticommute, the only terms that will

survive in this sum are the perfect squares, therefore we are left with

2 4 2(L-1) _ (fN\2L-1
Vlopiiess = 1+ <§> + (g) +.o+ (é) =G (2.26)

i
1—3
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which shows that when f < J the normalization of the zero mode is well defined
and can be satisfied by renormalizing ([2.23)).

Before continuing our discussion let’s stop for a moment to consider what we
have done. We started with a spin model presenting a phase transition and we
have changed it into another model in which the phase transition of the original one
is now signalled by the appearance, persisting throughout the phase, of two zero
modes sitting on the edge of the system. Is this still a phase transition? Obviously,
the zero modes are present also in the original model but, as we saw earlier in the
section, in the Ising model we can describe the phase transition through a local order
parameter (the magnetization). Because of the Jordan-Wigner transformation this
quantity is now non-local in terms of fermions and this means that the information
about the phase transition is somehow “spread” along the wire. From a physical
point of view, this means that there is no local order parameter describing the change
in the phase of the system and therefore we cannot use the usual Landau-Ginzburg
theory to describe it [31]. Since the properties we are considering are not local, the
structure of this new phase of matter is largely independent of the local properties
of the model. In this sense these types of properties are said to be topological (more

correctly they are symmetry protected topological [33]).

2.3 What about Topology?

In this section we will try to give some intuition behind how topology enters into
play in what we said before. The following material is loosely based on [7] and we
refer there for a more detailed exposition.

Like every solid-state system, the Hamiltonian has a boundary part and
a bulk part. The bulk part corresponds to the central part of the chain, while
the boundary corresponds to the edges. Since the bulk part constitutes the largest
part of the system it is reasonable to expect that the physical properties of the
system are determined by its behavior. The physics of the bulk states should be
largely independent of what happens to the edges and in order to keep the study
of the bulk simple, it is natural to use periodic boundary conditions. When the
system is periodic, the momentum is a good quantum number and we are allowed
to take the Fourier transform, defining operators that create fermions with definite

momentum k
_1 - ikj T_l LT—ikj
cr = Ni7 ; cje Cp = NG ; cie (2.27)
with £ in the first Brillouin zone. Using this definition and the identity
1 i e BRI = 5y (2.28)
7 7 .

j=1

12
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=y

Figure 2.2: In (a) we show the one particle spectrum e, for different values of f
and fixed J = 1. It can be seen that the gap closes at f = J. In Figure (b) we show
the d vector for k € [0, 27]

it can be proved that c, cz, follow fermionic commutation relations and we can
rewrite the Hamiltonian (2.7)) as

Hyur = ZQ(f — J cos k;)chk — Jisink(c_gcp + CT_ch) — fL (2.29)
k

or, in more concise form

1
_ T
iy = 5 ; CLHCy, — fL .
c
where Cj, = Tk . Hy constitutes the single particle Hamiltonian of the system
Ck

and in the present case it can be written as
Hy =d,(k)o” + dy(k)o? (2.30)
with 0% and ¢¥ Pauli matrices (not to be confused with the spin Pauli matrices) and
d.(k) =2(f — Jcosk) dy(k) =2Jsink . (2.31)

In this form we can easily diagonalise H; and define new variables v, by

e _ Ck ‘
() -+(2) -

where U is the unitary matrix diagonalising Hj,

0
UTH U = (6(;“ ) (2.33)
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with single particle energies given by

er =2/ J2+ f2+2fJcosk . (2.34)

The matrix U is usually referred to as a Bogoliubov transformation [30] and it is
easy to show that, since it is unitary, v, and 7,1 satisfy the usual anticommutation
relations. These new fermionic operators are the creation and annihilation operators
of the excitations of the system, which are usually referred to as quasiparticles. The
many body energy band is determined by a sum of such single particle energies over
the allowed k and the gap between the conduction band and the valence band is
therefore determined by .

In Figure [2.2(a)| we show the behaviour of +¢; for different values of f and fixed

J. In particular, we see that the gap closes at f = J and £k = m. This means that
while the system is an insulator for f < J it becomes a conductor when f = J, as
electrons in the valence band can move freely into the conduction band. In particular
we note that the dispersion around k = 7 is linear in k. In Figure [2.2(b)| we show
the behaviour of the vector d = (d.(k),d,(k)) as k goes from 0 to 27. This vector
describes a circle of radius 2J centered in f. In more general 2 band insulators this
curve needs not to be a circle, but would still be a closed curve avoiding the origin,
as we imposed periodic boundary conditions. Considering Figure 2.2(b)| we can now
see that the phases f < J and f > J are topologically distinct. In particular it
is impossible to connect continuously the two different regimes without closing the
gap.
More physically this means that the qualitative properties of the system are largely
independent of the exact shape of d(k) and that they cannot be changed by local
(that is to say continuous) perturbations that do not close the gap. In this sense
the phase of the system we are studying is said to be topological.

The topology of the different loops can be characterized by the number times d
winds around the origin as k runs through the Brillouin zone. In the present case
this number is 0 for f > J, 1 for f < J and undetermined for f = J. This winding
number is a topological invariant and is called the Chern number of the system.
The interested reader can find more details about the subject in [4].

Let’s now go back to consider the edges of the chain. As we saw, in the topological
regime, the system will develop two zero modes localised at the edges. This is
indeed a general property of the system and is a manifestation of the non trivial
topological properties of the bulk. Zero modes, in fact, are usually localised around
the boundaries that separate different phases of the system or at its physical edges.
To understand the point consider a linear expansion of Hy around the point where
the gap closes

Hy ~ po® + vko? (2.35)

14
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Figure 2.3: In figure we show a plot for u(x) and for the solution of the zero mode

().

where p = 2(f —J) and v = 2fJ. Let’s now suppose that our chain has a boundary
delimiting regions where u picks different signs, delimiting regions with different
topological phases, in this sense we will consider y to be a function of the position
x on the chain. In position space we can use to write down an effective
Hamiltonian in order to consider what happens near the boundary. If we consider

the continuous limit this effective Hamiltonian is
Herp = p(z)o® —voio, . (2.36)
To keep the analysis simple we consider p(z) to be

wo x>0
p(w) =
—u <0

where 1 > 0. For the following the precise functional form of p(z) it is not important,
as long as p(z) changes sign at = 0. From the previous discussion, we know that

at the boundaries there are gapless excitations and we can therefore try to solve
Heppip(x) =0 (2.37)
which, by substituting H.s¢ becomes
HZ)
0.0(2) = "D gyt (2.38)

This equation can be easily solved by diagonalising ¢® and the two independent

exp (i% /0 Iu(x')dx’) (;)

15
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since p(x) changes sign at the boundary one of the two solutions is normalizable,

Y(x) = \/?exp <—%]9§|> (_11> : (2.39)

Note that if p(z) didn’t change sign across the boundary we wouldn’t get any nor-

and we can write

malizable solution. Therefore at the interface between two different regimes there
is a zero mode that exponentially decays into the chain (see Figure . Open
boundary conditions clearly represent a limiting case of this situation, as they cor-
responds to taking the limit g — oo for z > 0. In particular this shows how the
existence of the zero mode depends on the properties of the bulk. This is a general
property of SPT topological systems and it is a consequence of the bulk-boundary

correspondence we introduced in the previous chapter [7, 4].
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Chapter 3
Majorana wires

In this chapter we will review the physical one dimensional systems that are the
best candidate to host Majorana zero modes and therefore are supposed to realize
the topological phases described in the previous chapter. The following exposition
is based upon the material in [34], 35 36] and [4].

3.1 Majorana femions in 1D wires

We will now consider a generalization of the model introduced in Section [2.1] This
constitutes a toy model for spinless, p-wave superconductor on an L-site chain,

introduced by Kitaev in his seminal paper on Majorana zero modes [14].

L1 L
H=— (wc}cﬂl + |Ale™cjejyr + h.c.) — Zﬂc;cj (3.1)
1 =1

<.
I

As before c}, c¢; are fermionic creation and annihilation operators. This model
reduces to the Ising model when gt = —2f, w = J and ]A\ew =J.
The parameter w > 0 represents the kinetic term, as we will explain in more details
in the following. A is the Cooper pairing, responsible for the superconducting phase
and i represents the chemical potential that determines the Fermi energy.

In order to find the topological phases of the system, we can now again con-
sider the bulk Hamiltonian and perform a Fourier transform to find the spectrum.
Repeating what we did in Section we find that

1 .
k
where Cj, = ( CTk ) and similarly to Section we have
C g
Hy =d,(k)o® 4+ dy(k)(sing o + cos ¢ a”) , (3.3)
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Figure 3.1: In (a) we show the one particle spectrum ¢ for different values of fi < 0
and fixed |A| = 1.2 and w = 0.5. It can be seen that the gap closes at i = —2w. In
Figure (b) we show the d vector for k € [0, 27]

with %, 0%, 0¥ Pauli matrices and
d.(k) = —(fi + 2w cos ka) dy(k) = 2|A|sinka . (3.4)

Note that in the last expressions the dependence on the lattice parameter a was
made explicit. Because of the particle hole symmetry the vector d = (d,, dy) still
lies on the plane as in Section [2.3] but as a result of the phase ¢, the Pauli matrix

o¥ is now rotated around the z-axis

sin ¢o® + cos po¥ = 1877 gYe—igo”
and the single particle energies are given by
€ = j:\/(/]+2wcos ka)? + 4|A2sin? ka . (3.5)

As we said w represents the kinetic term, therefore the Fermi momentum is deter-
mined by the equation
—2wcos(kpa) = i . (3.6)

It is now easy to see that the system becomes gap-less when i = +2w. As in
the Ising case, these are the boundaries between two phases with different topology.
The non-trivial topological phase corresponds to the region —2w < i < 2w, while
the trivial one corresponds to g > 2w and i < —2w. This can be qualitatively
understood from the fact that in these last cases we can adiabatically connect the
system to the vacuum (i — —oo) or the fully occupied band (i — +o00). More
concretely, repeating the analysis of Section we can plot the single particle

energies of the model and the components of the vector d, from which we can easily
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identify the topological and the trivial phases. This is shown in Figure for
negative values of i, a similar plot can be obtained for positive ones.

As in the Ising case, for each site we can introduce two Majorana operators:
1 _i® . + .
¢ =5e (a; + ib;) ch = (a; — ib;) (3.7)
Lt P
with a; = a;, b; = b; and

{CLJ’, bk} =0 {aj, ak} = {bj, bk} = 2(5]',]@ . (38)

The introduction of the phase ¢ inside the definition of the Majorana operators
is quite convenient as it allows to remove the explicit dependence on ¢ from the

Hamiltonian. In terms of Majorana operators the Hamiltonian is in fact

L1 . L1 . L.
7 ~ /3 ~ 1 . ~
H= E §(w — [ADbja;1 — E 5(“’ + [ADagbj — E :§“aﬂ'bﬂ' —Lp. (39
j=1 j=1 J=1

If we consider the special case ft = 0, w = |A| the Hamiltonian becomes
L-1
H=—3 Z w(ljbj+1
j=1

and we see that in the topological phase two Majorana operators a; — by, appear at
the ends of the chain, as we would expect from the bulk-boundary correspondence.
Away from this limit, the Majorana zero modes no longer retain this simple form,
but still survive as long as the gap does not close.

Before looking at the connection with possible physical realization of this Hamil-
tonian, it is useful to consider its continuum limit, which can be obtained by taking

a — 0 (and fixing La = [). Taking the first order expansion of Hy we have
Hy, ~ —(fi + 2w — wa®k?)o” + 2| Alak(sin ¢po® + cos ¢pa¥) . (3.10)

We can therefore establish the connection between the physical and the bare quan-

tities by setting
— =wa W= fi + 2w |A| = 2a|A| . (3.11)

where m is the effective mass for the electrons.
At low energy and low density, we therefore see that the Hamiltonian H in (3.1)
belongs to the universality class of

2

Hepp ~ /dx () (2p_m — u) U(z) + (|Ale ¥ (2)p¥(z) + h.c.) (3.12)
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S-wave su perconductor

Figure 3.2: Pictorial representation of a spin-orbit coupled semiconductor deposited
on an s-wave superconductor. The picture was taken from [34].

with W(z) real-space creation operator and p momentum operator.
As a final remark note that, not differently from what happened in the Ising case,

the Hamiltonian (3.1)) commutes with the fermion parity operator
Q2 = [[(—iazby) = (=)™, (3.13)

which, again, simply counts the number of fermions mod 2 (as before Ng stands for
the fermion number operator).
In the next section we will see how to realize such an effective Hamiltonian in

physical systems.

3.2 Effective spinless p-wave superconductors

Realizing Kitaev’s topological superconducting state experimentally requires a spin-
less one dimensional system, that is one pair of Fermi points p-wave paired at the
Fermi energy. Disregarding the difficulties to engineer one dimensional supercon-
ducting wires, one major problem comes from the fact that the most common su-
perconductors are s-wave. Nonetheless, this model can be realized as an effective
Hamiltonian describing a spin-orbit-coupled semiconducting wire deposited on an s-
wave superconductor, with an applied magnetic field (see Figure . The simplest
Hamiltonian describing such a wire is

M / 4 (z) H ()b (x)

where () is the so called Nambu spinor.

(@) = (r ()T, 9y (@), gy (), =y ()
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with 1)()(x) is the annihilation operator for an electron with spin-up (spin-down)
and
H(z) = (—a—g — u) 7% — iuo? 770, + | Al(cos (¢)7° +sin (¢)TY) — #az . (3.14)
Here m is the effective mass of the electron and p is the chemical potential. The 7s
and os are Pauli matrices and the convention is to use os when we refer to Pauli
matrices acting on spins and 7s to indicate Pauli matrices that act on the particle-
hole degrees of freedom. The third term with coefficient u, denotes the Rashba
spin-orbit coupling [37], while A represents the s-wave pairing induced on the wire
by proximity effect with the underlying superconductor. The last term corresponds
to the Zeeman effect associated with the magnetic field B. Note that it is possible
to engineer materials with large g-factors (for example InAs or InSb), so that the
effects of the Zeeman energy can be relevant even with a small magnetic field, as a
strong one would lead the wire out of the superconducting phase.
Doing a Fourier transform allows us to find the one particle Hamiltonian, which

simply reads

k2 B
H, = (2— — ,u> 7% + uko?77 + |Al(cos (@) 4 sin (¢)7Y) — gMQB o . (3.15)
m

The single particle energies €, can be conveniently found by squaring twice Hkﬂ

Setting &, = ;= — u we get that the single particle energies €4 (k) can be given as

1 1 1
es(k)? = 513+(ka)2+’A|2+Z(9MBB)2:E2\/€1%(U’€)2 + Z(QMBB)in + Z|A’2<9MBB)2

As shown in [36] the topological properties of the system are determined by the gap
at k = (F] This can be obtained by considering ¢_(0)

A2+ p? (3.16)

e(0) = ‘ SgH

We therefore see that the gap closes when (%guBB)2 = A? + 2, signalling that a

1By squaring it the first time we get that H ,f is the same as

2
€ 4 (uk)> + A% + @ + 2¢k (uk)o? + Ergup Bt*0” — |A|(gupB)(cos (¢)7* + sin (¢)7Y)0*

and squaring the second time yields

(82 - w2 - - 2B )y (ganye + 228l 1B )

Since this last equation is invariant under conjugation the formula for ey (k) follows.

2There are two further momenta where the gap can close. They are k = £, which come as
a pair because of particle-hole symmetry. Qualitatively we can expect that the global effects on
the winding number coming from these two points cancel out and we do not witness any phase
transition. The topological phase transition, therefore, can only take place in correspondence of
particle hole symmetric momentum, that is £ = 0.
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Figure 3.3: In (a) we show the band structure for ¢, for p = 0 and B = 0 (|A| =
u = 0), with the spin-up and spin-down bands on top of each other. In Figure (b)
we show the same for B < 0.

topological phase transition is taking place. Since when B = 0 = u = 0 the system
is just a normal s-wave superconductoxﬂ, we expect that the non-trivial topological

phase corresponds to
1

Z(g,uBB)2 > |AP 4 p? . (3.17)
We will not discuss the general topological phases of this model in detail, and we
refer to [36] for further clarification on the subject. In the following we will instead
concentrate on the limit of strong Zeeman field gupg|B| > mu?, |A| and we will see
how this connects to the spinless p-wave superconductor we mentioned before.

The zeroth order of this limit, gives an Hamiltonian Hy,

By aupB 0 0 0
0 B+ weB 0 0
. . ey, s . (3.18)
2m 2
2
0 0 0 — 5 4 4 BB

In Figure we show the band structure for B =0 and B < 0. As we can see the
introduction of the magnetic field separates the spin-up sector from the spin-down
sector. If therefore p lies in this gap, the Fermi surface will consist only of two points
as desired. In this limit, the ground state is obtained by filling in all the levels with
spin-down electrons, up to the Fermi energy.

At this point we can introduce the effects of the spin-orbit coupling perturbatively
in u, and obtain an effective Hamiltonian for the low energy physics of the model.
First of all, note that in a perfectly spin-polarized system we could not have spin-
singlet Cooper pairing, as this terms always contains a spin-up and a spin-down
fermionic operators. The importance of the spin-orbit coupling lies in the fact that
it can “tilt” the spins of the lower bands and it can therefore allow such a coupling to
take place. In other words, by using first order perturbation theory, we can project

all the degrees of freedom into the lower band. Assuming B < 0 this can be done

3In the case of a normal s-wave superconductor Kramer’s theorem prevents the creation of two
separated Majorana modes.
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by writing

Pr(x) ~ — Dy (z) - (3.19)

Q,UBB

If we now set
U(z) ~ 1 (v) (3.20)

we get that, up to first order in um?/gupB, the effective Hamiltonian for the low

energy physics of the model is given by

He g ~ /dx W (z)! <2p_m - ,ueff) W (z)+ (|Aeff|ei¢eff\11(x)p\ll(x) + h.c.) (3.21)

with
U

gusB

1 T
Hepy = p+ s9usB |Acyy| = A ¢eff:¢+§ ,

2
which is formally the same as (3.12)).

As a final remark, we note that in the opposite limit of small Zeeman field
gup|B| < mu?, the Hamiltonian H is connected to the 1d topological insulators
(for more details see [35]).

In the next section we will discuss how it would be possible to exploit the non
trivial topology of these models, encoded into the Majorana modes appearing at the

end of the chain, to build a quantum memory and, ultimately, a quantum computer.

3.3 Manipulating Majorana qubits

We will now consider ways to manipulate Majorana fermions. Our exposition will
closely follow [34].

Suppose that we apply a gate voltage to the system described by to adjust
the chemical potential p inside the wire. As we saw the gap at k = 0 is given by

e-(0) = guBB VAP + p? (3.22)
and we are in the topological regime when
1 2 2 2
79 B)” > [A + 47

If we fix B and A we see that by tuning the chemical potential we can drive the

system in the topological phase. In particular, when

1
< pe = [ Hansy - 18P (3.23)

the system is topological and . is the critical value of the chemical potential at

which the phase transition takes place. Thus a uniform gate voltage allows the
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Figure 3.4: Pictorial representation of the Majorana modes at the end of the super-
conducting wire. In (a) we show how the tunable voltage gates can be used to create
regions with non-trivial topology, where |u| < p. (in light blue in the picture). In
this way we can also create regions in with trivial topology, where |u| > p.. The
zero modes will delimit the regions with non-trivial topology. This is schematically
shown in picture (b).

creation and the removal of Majorana fermions. However, in order to manipulate
Majoranas, it would be useful to exert local control over the chemical potential.
This can in principle be achieved by tunable gate electrodes coupled to the wire. A
schematic illustration is presented in Figure |3.4(a)|

As we saw in Section [2.3] zero modes generally lie at the domain walls separating
two different phases of the system. Consequently, we see that by locally tuning the
chemical potential, we can create multiple pairs of Majorana zero modes along the
wire (see Figure . The ability to locally control the value of the chemical
potential, opens up the prospect of dynamically manipulating the zero modes and
moving them around on the wire.
Even though for one dimensional systems exchange of particles is strictly speaking
not possible, if we consider more general types of wires, like a T-junction, we can
imagine being able to dynamically exchange Majoranas at the end of the topological
region. This is schematically represented in Figure |3.5]
With this set up we can also exchange Majorana modes separated by a non topo-
logical region. This process comprises the creation and annihilation of additional,
auxiliary Majorana modes. This is schematically represented in Figure [3.6

In the next section we will see how Majorana zero modes can be used to en-
code qubits and how their manipulation can possibly lead to topological quantum

computation.

3.3.1 Majorana qubits

In the previous sections we saw that, in certain regimes, spinless p-wave super-
conductors support Majorana states at the edges of the system. Using Majorana
operators instead of fermions is a convenient mathematical artifice, that renders
readily identifiable the mechanisms behind the physics that we described. Nonethe-
less we always have to keep in mind that the physical degrees of freedom of the
system are made out of fermionic variables.

Given two Majorana modes 7, 7, separated by a topological phase, by mimicking
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Figure 3.5: From (a) to (d), schematic representation on how to exchange Majorana
separated by a topological phase on a T-junction by dynamically tuning the chemical
potential using the voltage gates.

our initial definition of Majorana operators, we can write

—_

ol = =(n — i)
(3.24)

L

1 = 5(71 + i)

which constitutes fermionic creation and annihilation operators.
These fermionic degrees of freedom cost no energy (in the limit of long chains), as
they are made out of zero modes and are delocalised along the chain.

As we saw in Section the Hamiltonian of the system conserves the fermion
parity ()2 and the existence of zero modes implies in particular that the ground state
is two fold degenerate. We can therefore imagine using the two levels in the ground
state of the system to form a qubit in which we would encode some information. In
reality, the total fermion parity is a conserved quantity and therefore we can access
only one of the two states. This problem can be easily circumvented by considering
a system with four Majoranas, like the one depicted in Figure .

Similarly to what we did in equation we can define additional fermionic degrees
of freedom cg, c9, which will make the ground state four-fold degenerate; opening up
the possibility of accessing two states with the same parity. To see how this goes,

consider the projection of the parity operator on the ground state manifold

Q2 = (1m7e)(ivs11) = PP (3.25)
where we defined the parity operators for the two separate wires
P =imye=(1-2cc1)  Py=ivsys = (1 —2cley) . (3.26)

We can identify the four ground states with respect to the occupation number of
the fermions ¢; and ¢y (or, equivalently, with respect the parity of the two wires),

which means that the four ground states are

4Note that in order to create the degenerate state the T-junction geometry is not strictly
necessary.

25



/ /

YooY MW o M B VY M ~—> Y3 YA M

Y2 Y2
Y2 Y2
(a) (b) (c)
71 R EEE— Y4 71 V3 Y2 Y4

Y2

(d) (e)

Figure 3.6: From (a) to (e), schematic representation on how to exchange Majorana
separated by a non-topological phase on a T-junction by dynamically tuning the
chemical potential using the voltage gates. This process requires the creation of
auxiliary Majorana modes that are annihilated at the end of the protocol.

00)  [o1)  [10)  [11). (3.27)

As we said, since the total parity of the system is conserved, depending on the
initial conditions, we can access only half of this manifold. Without loss of generality

we can assume our qubits to be defined by the even states
0) =100) [1) =|[11) (3.28)

and we can use Majorana modes to encode information into some superposition of
these two states. Nonetheless all this would be useless if we do not have a way
to manipulate and access this information. As we saw there are ways in which
we can manipulate the positions of the Majorana zero modes along the wire and,
in particular, we saw that we can exchange any two of them (on T-junctions). It
is therefore meaningful to ask what are the effects of such manipulations on the
Majorana qubits.

Suppose therefore that we adiabatically perform one of the braiding processes
depicted in Figure [3.5) and Figure Since the Majorana are indistinguishable
particles all of these transformations have to be cyclic. From the adiabatic theorem,
we know that if we act on a non-degenerate state with a cyclic transformation the
ground state of the system will acquire a phase that is commonly known as Berry
phase [38]. When the state is degenerate the adiabatic evolution is not merely de-
scribed by a geometric phase associated with a connection (Berry connection), but
rather by a unitary transformation associated with a nonabelian vector potential,

that acts on the degenerate ground state manifold [39].
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Since we are considering the low energy states, the unitary transformation U corre-
sponding to our cyclic adiabatic evolution, should be described in terms of vy, v, 73,
v4; which are the only degrees of freedom at hand. We also know that the adiabatic
evolution has to preserve the total fermionic parity (as the Hamiltonian does), that

is to say

[U,Q2] =0 (3.29)

Let’s therefore suppose that we perform the braiding of the Majoranas v; and
7;- It is reasonable to expect that the unitary transformation associated with it U;;,
will only depend upon these two operators, as the others are effectively not involved
in the transformation. It is not difficult to prove that the unique combination of ~;

and ~; that commutes with ) is given by 7;7;, since
(vy)* =1. (3.30)
The most general unitary transformation that we can think of, hence, takes the form
U;; = €’ = cos B + sin 8y:y; - (3.31)

Note that there is no need for the imaginary unit, as the operator v;7; is antihermi-
tian.

By acting with our educated guess of U;; on «; and ;, we get

Uij’YiUiTj = cos (2)7; — sin (28);

_ (3.32)
Uiy U = cos (28)7; +sin (26)7: -

Since at the end of the transformation the zero modes have to be exchanged, we are
forced to have § = % and the two different signs distinguish between clock-wise
and anticlock-wise exchanges’|

The action of i7;7; in the qubit basis is readily identified and we have

1172 = 17374 = —0

. (3.33)
1273 = — 0z,
leading to the following braiding operators
Uy = Uss = ——(1 + 0
V2 (3.34)

1
U23 = E(l Z*:ZO'QC) s

which constitute a representation for the generators of the Artin braid group Bj.

°In Figure and Figure we only show clock-wise exchange for 71, 72 and anticlock-wise
exchange for 79, ~3. It is not difficult to think of protocols that perform the other exchanges.
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This discussion shows that, if we store information into 2n Majorana zero modes,

we can perform quantum computation on it by braiding them. The next question
we should ask is how “powerful” is the quantum computation done with Majoranas.
Is it better than what we get from a classical computer?
The set of Pauli matrices acting on n qubits is also known as the Clifford group
and the unitary operators that we can build from form the normalizer of
this group [40]. It is a well known fact [41], 40] that the unitary operators obtained
as the normalizer of the Clifford group are not universal quantum gates and that
any quantum algorithm performed through them can be efficiently simulated on a
classical computelﬁ.

The advantage of using Majoranas to do quantum computation resides in the fact
that, since the degrees of freedom of the system are delocalised on the chain, they
are robust against local perturbations that commute with the parityﬂ A quantum
computer, or a quantum memory, based on Majorana modes would therefore in
principle be unaffected by the problem of decoherence and would not need error
correcting codes, which pose a major obstacle to the realization of scalable quantum
computers. In this sense the quantum computation performed with Majoranas is
said to be topological and it is a specific case of a more general theory that consider
quantum computation carried out by braiding anyons [1I, 2} [43].

It is important to note that the above discussion holds only for adiabatic exchange
of Majorana modes. In the next chapter we will see what kind of errors we can expect
to observe if we relax this requirement.

We will now review one of the effects that would in principle allow to experimentally

detect the presence Majorana zero modes.

3.4 Detecting Majorana zero modes

In the past years, there has been a great deal of experimental work in order to try
to detect the presence of Majorana zero modes in semiconductor-superconductor
heterostructures. The majority of these experimental works [44], 45 46, 47] dealt
with the detection of a theoretically predicted peak in the conductance at zero
voltage, which is similar to the resonant transmission from scattering theory.

We will not discuss here the problems related to these type of experiments, but
we will rather concentrate on another experimental signature of the presence of
Majorana zero modes, which is usually referred to as fractional Josephson effect
[48, 49, [50]. Importantly this effect can be used to engineer a readout protocol of

the Majorana qubit [34], as we will illustrate in the following.

6There have been proposals to add noisy gates to this system in order to make the quantum
computation universal, for example see [42].

"As we saw the operators that commute with the fermionic parity at low energy are of the form
viv;- If the Majorana are far away from each other, perturbations of this form are supposed to be
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Figure 3.7: (a) Semiconductor/Superconductor heterostructure. The tunable volt-
age gates controlling the chemical potential can be placed on top of the nanowire.
(b) Top view of the Semiconductor/Superconductor heterostructure embedded into
a Superconducting loop. The magnetic flux can be used to control the phase differ-
ence ¢ between the two halves of the nanowire. With crosses, we have indicated the
positions of the Majoranas zero modes when the system is in the topological phase.

3.4.1 Fractional Josephson effect

Consider a junction of two topological superconductors with two different super-
conducting gaps, as we schematically show in Figure . Such a configuration
can be realized in experiments, for example implementing the design sketched in
Figure . The flux ® in the loop can be used to control the value of the phase
¢ between the two halves of the nanowire.

The presence of the semiconductor between the two regions where the wire is in
the superconducting topological phase introduces a tunnelling amplitude between
the left electron and the right one. For simplicity let’s consider the tunneling Hamil-
tonian to be

Hyp = (tch cp + t*cher) (3.35)

where t is the tunneling amplitude and ¢y, cg are annihilation operators for the left-
most and rightmost electrons of the wires in the topological phase. In the following
we will assume, for simplicity, ¢ to be real and positive.

The same analysis, even if more convoluted, can be conducted using more compli-

cated Hamiltonians [34]. Because of (3.7]), we can write (3.35) as

Hy = %sin %(aLaR +brbr) + % cos %(aLbR +arbr) . (3.36)

The presence of this interaction will thus hybridize the two middle zero modes, that

will gain a non zero energy. We know that in general the middle zero modes are of

suppressed.
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Figure 3.8: Results of numerical simulations on the Kitaev model with a poten-
tial barrier separating the two middle Majorana zero modes for different height of
the barrier (the wall heights, with the conventions of Chapter || are, respectively
Hparrier = 1.8,2,2.5). As can be intuitively understood the effect gets smaller as we
make the barrier higher. In red we show single particle energies associated with the
middle zero modes with positive parity, while in dashed blue we show the ones for
negative parity. The middle purple line shows the single particle energies associated
with the two remaining zero modes. [Other parameters used in the simulation, with
conventions that will become clear in the next chapter, are: m = 0.5, a = 0.5,
A =0.4, L =200, and g = 1.0 (in the topological region). The length of the barrier
was set to be 10.]

the form

yL::/uLbL-+... WR:::uRaR-+... C&37)

where ur/r are the real wavefunctions for the zero modes in the left/right wires.
The values of ur,/r will generally depend on the model details and we saw for the
[sing model that they correspond to the normalizations of the zero modes. We see
therefore that, up to a first order perturbation expansion, the low energy physics
can be described by the effective tunnelling Hamiltonian

¢ b t

. ¢
Hr =~ — = P .
T s cos QnyLfyR S cos 5 (3.38)

where we introduced the parity P relative to the middle zero modes, that we en-
countered in Section [3.3.11

This means that the quasi-particle energy changes with respect to the occupation
number of the middle fermionic degree of freedom built out of the Majoranas, that

1S

t cos? : (3.39)

Eizzi
UrLUR 2

Hence (see Figure |3.8)), for a fixed fermion parity, the spectrum is 47-periodic rather
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than 27-periodic. Of course, if we consider the whole spectrum irrespective of the
parity, then we get back a periodicity of 27, as it should be because of gauge invari-
ance.

For fixed fermionic parity, this results in a Josephson current [I; that is 4n-
periodic, quite unlike the 27-periodic current of conventional Josephson junctions.
This follows from the spectrum as [51]

dey te

.9
I;=2 ==+ —. 3.40
! ‘ do 2urupg Y (340)

For fixed parity, only one of the subgap states contributes to the current, thus re-
sulting in the 47 periodicity. Note that at ¢ = 7w the system becomes degenerate
indicating a phase transition. At this point, in fact, the two zero modes are “trans-
parent” and do not couple to each other.

As already said, even though we derived this result for a simple tunneling Hamil-
tonian, it can be derived also for more general ones. In Figure [3.8 we present the
result from numerical simulations on the Kitaev chain, obtained through methods
that we will explain in the next chapter. In this figure, we can clearly see the energy
of the two middle zero modes following the 47 periodicity that we described. The
middle energies are relative to the zero modes not involved in the tunnelling process

and therefore stay at zero as we would expect.

3.4.2 Majorana qubit readout

Our discussion on the fractional Josephson effect clarifies that a measurement of
the Josephson current coincides, essentially, with a measurement of the parity of
the middle Majoranas. This can be used to conceive a readout protocol on the
computational space as we will now see. We will follow [34] in the exposition.

The general idea, coming from topological quantum computation [43], is to “fuse”
together two of the Majorana zero modes (anyons in the more general framework of
TQC) and read the outcome from the Josephson current.

Consider in fact Figure [3.9, We start by creating the Majorana zero modes 71, o,
~v3 and 4 (Figure . As we saw we can associate to these zero modes fermionic

degrees of freedom

1 . 1 )
c = 5(71 + 172) Cy = 5(73 +iva) - (3.41)

The definition of these degrees of freedom is not unique, but if the two topological
phases are well separated we expect this picture to be the relevant one. Since

creating these fermions costs some initial energyﬂ we can assume that the system

8When we create the zero modes they are not well separated.
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Figure 3.9: From (a) to (c), schematic representation on how to fuse the two middle
zero modes.

is in the ground state |00) defined by
100 = ¢[00) =0 . (3.42)

We can now bring the Majorana zero modes 2 and -3 together (Figure |3.9(c)|) and,
because of this, the middle zero modes will gain a non zero energy. To understand

the consequences of this fact, we can perform a basis change by defining

/

1 , 1 .
G = 5(’71 +i74) ¢y = 5(’72 +i73) - (3.43)
It can be easily seen that with this definition
I R R
¢ = 5(01 +icy, + ¢ +icy) (3.44)

and therefore, using (3.42)), it follows that

1

100) = — (|00") — i[1'17)) . (3.45)

>

2

As we saw when we take the two middle zero modes near each other, the two
states |0'0), |1'1") have energies that differ in sign as in depending on the
occupancy of the fermion .

By measuring the Josephson current we will induce a collapse of the wave function
with 50% probability in the state |0’0’) and with 50% on the state |1'1"). The sign
of the current will determine which ground state the system is in.

In more general wire configurations this effect can be used to perform readout pro-

tocols on the qubit space.
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Chapter 4

Diabatic errors in Majorana-based

qubits

In the previous chapter we saw that, through an adiabatic exchange of Majorana zero
modes, it is possible to perform quantum computation. It is important to note that
this scenario is feasible only as long as the fermion parity is a rigorously conserved
quantity. This is only true for a strictly closed system, since the interactions with
some external source of electrons could lead to the possibility of an electron hopping
into the system, which would destroy the symmetry protected topological order. In
the literature this problem is commonly referred to as quasi-particle poisoning and
was explored by different authors [52} 53], [54].

In this chapter we will consider the errors arising, in a closed system, by the non-
adiabaticity of the controls exerted over the Majorana zero modes, as any real life
experiment will have to deal with some type of diabatic effects. A certain number
of these problems were already treated by different authors (see e.g [55, 56, 57]). In

this chapter we will review some of the results contained in [26].

4.1 Bogoliubov-de Gennes formalism

Before introducing the subject of this chapter we will review a useful framework
that allows to easily solve any two body fermionic Hamiltonian. The methods that
we will describe here go under the name of Bogoliubov-de Gennes (BdG) formalism
[4, 58]. As we will see this scheme constitutes a generalization of the methods that
we employed in the previous chapters, when we computed the single particle energies
of the various models that we considered. An important distinction is that the BdG
treatment does not need translational invariance to be applicable.

In the following we will consider spinless fermions living on a chain, as we will mainly
be interested in this case for the rest of the chapter. It is not difficult to generalize

this treatment to consider more general cases (see e. g. [4]).
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Consider therefore a general Hamiltonian of the form

1 1 ~
H= Z cl hages + §c2Aagc% + §caAa505 . (4.1)
o.f

In order for H to be hermitian, the matrix h obtained from h,g is forced to be

hermitian and KQB = Aj},. Since we are dealing with fermionic operators, the

matrix A obtained from A,g can be chosen to be antisymmetric. If we now set

(4.2)

where

oA
H= (_N _h*> (4.4)

is the BAG Hamiltonian of the system. Note that the factor 1/2 is needed because
we have “doubled” the degrees of freedom of the original Hamiltonian.

This doubling procedure has interesting implications on the symmetries of the sys-
tem. Consider in fact the operator C = 7° K, with 7% a Pauli matrix and K complex

conjugation. If we conjugate H by this operator we have
CHC ' =—H . (4.5)

This is nothing more than the particle-hole symmetry that we encountered in the
previous chapters, which arises, therefore, from the redundancy in our description.
As already noted, this implies that the one-particle energies come in pairs with
opposite signs.

Because of the hermitian nature of H and because of particle hole symmetry, we

can diagonalise it through a unitary matrix W, of the form

w0=<U V*> : (4.6)
vV U

where the first half of the columns of W, correspond to the positive eigenvalues of

‘H and the other half to the negative ones. This means that we can define operators

B=(B,...,Bn) and BT = (ﬁI, o ,B]Tv) such that

16 Ut vt c
()= () () “
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In terms of these operators the original hamiltonian can be written as

1 N

n=1

where €, are the positive eigenvalues of H. Since W, is unitary we have

vUut+vvT =1 Ut +viv =1

T T + 77T (49)
U V+VU=0 Uvir+v*Uu* =0,

and this means that, given any two operators 3! . 3,, they follow

{8, Bu} = AV ), (VIe)} + {(U" ), (U0}

where we used the anti-commutation between cs and c's. Therefore, using again

the anti-commutation relations and (4.9)), we are left with

{880} =D ViwVitn + UranUg = O -
k
In a similar way, it can be proved that

{ﬁmvﬁn} = {Bjmﬁl} =0.

The operators s and B's are therefore fermionic in nature and can be used to build
the Fock space for H. They are usually referred as quasi-particle operators and the
eigenvalues of H constitute the single-particle energies for the spectrum.

Thus we can write

N
H=> e(Blp.—5). (4.10)
n=1

The ground state |®¢) of this many-body system shall be considered as the quasi-

particle vacuum, because it satisfies
Bi|®o) =0 j=12,...,N. (4.11)

Depending on the structure of H this state can be found in terms of the bare vacuum

|—), by acting over it with an adequate number of f; operatorﬂ Up to a reordering

I'Naively one may think that
N
j=1

but this state often vanishes identically, since it may happen that there is some j for which §; =
> Upjck (that is Vi, = 0 for all js). For more details see [58].
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of the 3; we can therefore write

o) =[] Bel-) (4.12)

with M < N such that
Bi|®g) =0 Vi> M. (4.13)

As can be intuitively understood the matrix W, that diagonalises the BAG Hamil-
tonian encodes information about the ground state of the system. This raises the
following question: how do we treat, in the same framework, the excited states of
the system? The answer to this is very simple. Consider for example the state given
by

1) = B]|Do) . (4.14)

Effectively, this one quasi-particle state can be considered as the vacuum of the

quasi-particle operators (8], 55, . .., By_1, By) defined as

=81 B=5 ... Bn.. Byv=058n. (4.15)

This means that, on a practical level, the information about |®;) can be encoded
into a matrix W, obtained by exchanging the first column of W, with the N + 1th

column or, equivalently

Ul,l — Vzkl ‘/171 <~ UlTl [ = 1,2, .. .,N . (416)

This construction can be naturally extended to consider more general cases. For
example, we can consider superpositions of different states by rotating the columns
of Wy in the relevant subspaces.

We can now consider the problem of extracting information about the amplitudes
contained into these Ws matrices. Suppose for example that we would like to com-
pute the overlap between the ground state |®() and some other state |®,) obtained
by swapping and rotating the columns of W, as explained above.

A fundamental result found by N. Onishi and S. Yoshida [59, 58], establishes the
following identity

(®1|®p) = \/det(UTU; + VIV}) . (4.17)

This is known as the Onishi formula and can be easily implemented into numerical
simulations to allow efficient computation of overlaps.
In the next section we will see where dynamical evolution stands in this BdG

picture.
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4.1.1 Time-dependent BAG equation

In the following we will often be interested in considering time evolution of the

system under a time dependent Hamiltonian. Hence it would be nice to consider

this in the same BdG formalism that we used to solve the time independent problems.
Consider therefore a time dependent Hamiltonian H (¢) and hence consider h = h(t)

and A = A(t). As in the time independent case, we can define a time dependent

BdG Hamiltonian
M= (_h(t) Al) ) (4.18)

Suppose now that we found the quasi-particles operators [3,(0) that diagonalise
H(0). The time-evolution of the system can be described, in the Heisenberg picture,

as
Bzvo(t) _ Tei fot H(t/)dtlﬁn(O)TG_i fg H(t")dt' (419)

where 7T indicates the time ordering.

As we saw, we can associate a matrix W,(0) to the set of quasi-particle operators

Bn(0) such that
pO) Y _ c
(5*(0)) = Wo(0)" (a) : (4.20)

The time evolution Wy(t) of Wy(0), is defined as the matrix such that

(ﬂﬁ:f((f)l) = Wy <+) . (a.21)

Uevo (t) Vevo (t) *
Vevo(t) [yeve (t)* ’

with

Wg(t) = < (4.22)
Note that this matrix is generally different from the one that diagonalises H(t),
which from now on we will refer to as Wy(t).

The equation that determines the evolution of W§¥°(t) is

d evo . . evo
EWO (t) = —iHEOWS (¢) (4.23)

as we will now prove.
Consider the Heisenberg equation for the time evolution of 5¢*°(t). Strictly speaking
the Hamiltonian H(¢) do not act on vectors, but with some abuse of notation we

can write
d evo o evo
SE) = i [H (), B7(0)] (4.24)

where we mean that the commutator acts on each of the components of 5°(t). By
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taking the derivative of (4.21]) we see that

d ovo, AU(t)1 dV”O(t)TT
A = —— et —— ! (4.25)

We can now expand the commutator as

dUeve(t)t dveve(t)t 1 1
dt( ) c+ dt( ) =i |cthe + §cTAcJr — 3¢ A*c, U (t) ¢+ Vero(t) el

Using the anti-commutation relations it is straightforward to prove that

qUe (B dver(s)!
@ T a

¢t =i (U ()t h — Voo ()T A") ei (U2 ()T A — Vo)) ¢f

Applying the same reasoning to 37, gives

dvevo(t)T dUevo(t)T ;
@ Ta ¢

- (Vevo(t)Th o Uevo(t)TA*) cti (Vevo(t>TA . Ue’u0<t)Th*) CT
Putting all the pieces together gives

d evo __ A Evo
V@) = WG () H(E) (4.26)

which in turn is the same as (4.23)).

The formal solution of equations (4.23)4.26)) is well known and can be written as
WEvo(t) = TeHo HA Yy, (o) (4.27)

The use of the Onishi formula and of (4.27)), allows us to track what happens to the
underling Fock space without any need to resort to it. In the next section and the

following ones, we will put this general framework to work for a specific case.

4.2 The model

The model we will consider is of a generalization of the spinless p-wave supercon-

ductor that we saw in Section B.1] and can be written as

N-1 N
H=- Z(wcTCJH + Ac +1 + h.c.) Z fij + \j)ch ¢ (4.28)
j=1 j=1

where, as before, ¢; is the fermionic annihilation operator at the j'th lattice site.
ft; is the lattice chemical potential and w represents the hopping strength between
neighboring lattice sites; A # 0 is the superconducting gap, which in the following
we will suppose to be real and constant along all the wire.

Disorder in the chemical potential is introduced using the Gaussian random variable
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A; for which mean and variance are respectively

and a is the lattice spacing.

The chemical potential fi; can vary across the wire and will be used to control
the boundaries between topological regions (where |fi;| < 2|w|) and non-topological
regions (where |f;] > 2|w|). As we saw in Section [2.3] Majorana bound states are
localised at the boundaries between topological and non-topological regions in the
wire.

The continuum limit of the chain can be obtained by taking the total number
of lattice sites N — oo and the lattice spacing a — 0, with the length of the wire
L = Na kept constant.

In this limit, repeating the argument we gave at the end of Section 3.1} it can be
shown that the lattice Hamiltonian becomes

H= /0 de®t(2)[(=02/2m — p(z) — Mz))o. + Ad,o,| ¥ () | (4.30)

where W'(z) = (cf(2) ¢(z)) and the effective parameters m, p, A and ) are related

to the bare quantities as
m = 1/(2wa?) p(x) = fig/q + 2w A = 2aA Az) = Ag/a - (4.31)

The boundary wall separating a topological and non-topological regions, at a
position .y along the wire, here and in the following, will be modelled by a sigmoid

function for the chemical potential

HT — UNT
1+ e~ @—2wan)/o ’ (4.32)

p(z) = pnr +

where o characterises the steepness of the wall and jir(yr) is the chemical potential
in the non-trivial topological region (trivial topological region). See Fig. for an
illustration. For convenience, in Eq. we use the continuous label x instead
of the discrete label j [i.e., fi; — p(z)], although the lattice sites always appear at
the discrete positions © = ja, where a is the lattice spacing and 7 = 1,..., N is an
integer.

Multiple walls along the wire are modelled by adding sigmoid functions at various
@ 6

wally Toays €te.) along the wire, with an appropriate normalisation, to

positions (z
give the desired value of the chemical potential between any two walls. In the two-
wire scenario described in Section [4.5] and in Fig. [4.1] we choose the normalisation
such that the chemical potential at the outer boundary walls is g = 20w, and at the

middle wall is © = 2.5w (unless otherwise stated).
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Figure 4.1: Top: A schematic illustration of the Kitaev chain used in the following.
Majorana bound states (MBS) are localised at the boundaries between topological
and non-topological regions. Bottom: The chain is in a topological phase in regions
where |u| < 2|w| (the shaded area) and in a non-topological phase in regions where

|pe| > 2|w|. The MBS at 2 , is manipulated by moving the boundary wall with a

wal

velocity profile vv(vi;u(t) = dxgill(t) /dt.

It will be useful for what follows, to define the Fermi momentum and the Fermi

velocity as

k
k?F = 1/ 2m,uT Vp = —F . (433)

m
which are the usual definition restricted to the topological phase. The gap energy

and the finite localization length due to disorder will be defined as
Bpp = Akp 1= L (4.34)

The Hamiltonian (4.28)) falls into the BAG framework that we described in the
previous section, therefore its solution can be obtained through the methods devel-

oped there. In particular, this set-up will allow us to dynamically evolve the system
(4)
wall

chemical potential and, consequently, a time dependent Hamiltonian.

by considering a time dependence of x /. (¢). This will result in a time dependent

More explicitly, given a time dependent H (), we can write it as
N
H(t) =) ea(t)(BL(1)B(t) — 1/2) (4.35)
n=1
where the BdG transformations are

5n(t) = Z Ujﬁ(t)cj + V;Tn(t)cL

4.36
L) =Y Uin(t)el + Vialt)ey, .

Here and in the following, we will assume that the positive single particle spectrum

is labeled in increasing order ¢y < ... < ey_;. Pairs of Majorana bound states, if
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well separated, are associated with zero energy modes (¢ =~ 0, —eg = 0,... etc.). If
there are m such zero modes {f;}7.,, then there are 2™ degenerate ground states

(B0)10-.(Bf,)!
in Section [4.7].

D), where [; € {0, 1} and |®) is the quasi-particle vacuum described

4.3 Dynamics of the topological qubit

As we said our aim is to study possible sources of errors on the Majorana qubit. In

Section [3.3.1| we saw that, in order to have a Majorana qubit, we need to consider

four Majorana zero modes. This is implemented in our model with four boundary

walls at the iti S S L) i i i i
positions Ty, Ty Teans Twan- VWE again refer to Fig. 4.1/ for a pictorial

representation.

The qubit space is then encoded in either the global even or odd parity subspace of

the associated 4-fold degenerate ground state space

@0y Bi®o)  BilRo) BB -

We will choose our logical qubit to be spanned by the ground states of the even-

parity sector
0) = |@0) 1) = G55]|Do)- (4.37)

Since the Hamiltonian H(¢) can be time-dependent, the spectrum ¢,(t), the normal
mode operators 3,(t), and the degenerate ground states {|0(¢)),|1(¢))} can also be
time—dependeniﬂ

Suppose therefore that at the initial time ¢ = 0, the system is in the superposition

state

1(0)) = a0[0(0)) + cu|1(0)) , (4.38)
with |0(0)) and |1(0)) are ground states of the Hamiltonian H(t) at time ¢t = 0. At
a later time the system has evolved to the state

[(t)) = Te~H o W ) (4.39)

If the boundary walls, and hence the Hamiltonian H(t), are changed very slowly,
then by the adiabatic theorem [38, [39], in the ideal case, the system at a later time

2We note that the notation here could lead to the misconception that the qubit-space is iden-
tified with the occupation numbers of the zero modes alone. This would in turn imply that
fidelity measures of the qubit-space can be computed by performing a partial trace over the bulk-
eigenmodes. In the following we will take the view that readout protocols that can distinguish
fermionic and vacuum channels (see for example [60]) must, in some guise, project to the actual
energy eigenstates and, as such, should also be able to detect errors that come from states where
the occupation numbers of some bulk modes, together with one or both zero modes, have been
flipped.
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t will remain in a superposition of the instantaneous ground states (|0(¢)), |1(2)),

which constitute the computational basis),

[Yideal (t)) = 0[0(£)) + a1 [1(t)) (4.40)

with the same amplitudes as the initial state. This is the key feature of topological
computation: if we assume adiabaticity, the only way to rotate within the ground
state space is to braid MBS around each other and we regard |1;qea1(t)) as the ideal,
error-free evolution.

Deviations from adiabaticity will lead to excitation of the bulk modes, corre-
sponding to qubit loss. We quantify the qubit-loss by the probability P that the

system is not in one of our instantaneous qubit states:

Pross(t) = 1 = [ (0)]0(E)* = [(¥(O)[LO)* ; (4.41)

therefore P, = 0 if there is no qubit-loss and P, = 1 if the qubit is completely
lost.

Since qubit loss corresponds to energy excitations, qubit-loss errors can, in principle,
be detected by projective measurements of energy. More damaging are the unde-
tectable errors resulting from the bulk excitations returning to the ground state. We
consider two types of qubit error: bit-flips and phase-flips.

A bit-flip error occurs if the system returns to the qubit space in the state

|1 (1)) = | 1(2)) + a]0(2)) | (4.42)

i.e. with the qubit basis states exchanged (|1(¢)) <+ |0(¢))). We quantify the bit-flip
error with the probability:

Prig(t) = [ () [0uie (2))* - (4.43)

In the following study of this type of error (Section |4.5.1]), to not over complicate
the discussion, we will generally choose oy = 0 and thus the bit-flip error will simply

be given as
Balt) = [(e(0)[1(1)]? . (4.44)

A Phase-flip error occurs if the system returns to the qubit state

[¥phase(t)) = ao|0(£)) — | 1(£)) , (4.45)

so with a changed sign in correspondence of |1). We quantify this type of error with
the probability:
Ponase(t) = (1 (t) [Wphase (£))|” - (4.46)
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In the following discussions of phase-flip error (see Section |4.5.2) we will choose

ag = ap = 1, which means, more explicitly

p(0)) = %u )+ 1) (4.47)

and

[Yphase(£)) = —=(10(2)) — [1(£))) - (4.48)

As already mentioned, all the overlaps will be numerically evaluated using the Onishi

formula.

4.4 Qubit loss in single wall movements

In this section we will discuss how simple movement protocols of the external walls

affect Pogs(t), but first we will review the concept of critical velocity

4.4.1 Ciritical velocity and propagating excitations

It is well known [55] 56, [61] that, when considering non-adiabatic effects on the Ki-
taev model, the concept of critical velocity emerges. Roughly speaking this velocity
corresponds to a threshold velocity of the wall movement, above which it is not
possible to reach the adiabatic limit.

To understand how this goes, consider the movement with velocity v(¢) of one of
the walls separating the topological phase from the non-topological phase. At least
locally we can consider the effects of this movement by transforming to a frame
that moves at velocity v(t). This transformation is implemented by the translation

operator

W (t) = exp{—iP /0 o(t)dt'}

where P is the momentum operator. The Hamiltonian in the moving frame, com-
patible with the time dependent Schrodinger equation, is given by

~

MWyt — o)+ Polt) . (449)

dt

where the first term is H(0) because we are supposing that time dependence in H (¢)
enters only through a spatial translation by a distance fo (t)dt'.
If we consider the Kitaev chain the additional term Pv( ), with periodic boundary

conditions, can be written as

2

-1

Pu(t) = @(CTC]+1 clej1) . (4.50)
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Figure 4.2: Bulk single particle energies of the instantaneous Hamiltonian in the
“moving frame” v < v (blue) and v = v, (black), where the gap is closed.

This means that the bulk, single particle energies for a Kitaev chain (plotted in Fig.

is given byﬂ

. t
e(k) = :l:\/(—,& — 2w cos(ka))? + 4A2sin?(ka) + % sin(ka) . (4.51)
Remembering that A = %, it can be seen that for v < |A| the spectrum is gapped

(so long as u # 0 and A # 0). However, when v > |A| the spectrum becomes
gapless at approximately either the positive or negative Fermi momentum.
This argument suggests that the behaviour of the system for v < |A| and v > A
is completely different and that there is a critical velocity v..;; = A separating the
normal regime from the one in which the movement of the wall always ends up
producing excitations, irrespective of how slowly we accelerate itE|.

The moving frame picture also allows estimating the group velocity of the exci-
tations produced by the wall movement when v < vg..
Consider in fact Figure 4.2 and suppose that the wall movement, through some
diabatic effect, manages to excite some quasiparticle in the excited states. In the
ground state of the system all the one particle states with ¢ < 0 are occupied. For
a sub-critical velocity v < v, the occupied one-particle state with the highest
energy is at k ~ —kp, while the lowest energy unoccupied one-particle state is at
k =~ kp. The smallest energy excitation between states has, therefore, a momentum
of 2kr. The excitations are composed of quasi-particles and quasi-holes (quasi-holes
will eventually be reflected at the wall) and this means that the excitations produced

by the non-adiabatic effects travel with a velocity peaked approximately around vp.

3In momentum space the Hamiltonian becomes
Ck
H= e w)H,
deon (3
with t)
v

Hy = (i — 2wcos ka)o® + 2Asin ko¥ + == sink ,
a

from which the single particle spectrum simply follows by diagonalisation.
4Note that this is the same as what happens in superfluids.
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Figure 4.3:  Qubit-loss for vyax > vaie (left panel) and vpax < Vere (right panel).
The corresponding wall velocity profiles are plotted above. We see that the final
qubit loss is larger for two moving walls than for a single moving wall (blue lines
vs. red lines) (Plotted for A = 0.4).[Other parameters: a = 0.5, m = 0.5, L = 200,

We will discuss this further in Section [4.5.11

4.4.2 Qubit loss in a Majorana transport protocol

In order to put our intuition to a test, consider the transport of the first Majorana
zero modes constituting the qubit at wall 1, between two different positions on the

wire. To model this transport, we consider a velocity profile of the form

( —cos( X
. ) B PP
1 Umax T S t S T+ T
ai(f) = 3 es(P0T) P <i<or4T 452
Umax——— T <t<2r
0 otherwise .

\

I. e. we accelerate the wall from zero velocity to a maximum velocity vy., and keep
moving it with a constant velocity for a period T', before decelerating the wall back to
zero velocity (see Fig. , top panels). A large 7 corresponds to a slow acceleration
of the wall, while a 7 = 0 corresponds to a sudden movement.

The difference between the v < vy regime and the v > vy regime, is revealed
by comparing the left and right panels in Fig. [£.3] We see that at some time tg, after
the wall movement has ended, the final qubit-loss Plogs(tan) is small if vpax < Veris,

but can be close to 1 if vya > Veis. Note that in the v < vy regime, the motion is
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Figure 4.4: The final qubit-loss at some time tg, after the walls have come to rest,
plotted as a function of 7 = 1/w (for vyax = 0.1 and 7' = 30). [Other parameters:
in all figures, a = 0.5, m = 0.5, L = 200, pup = 1.0.]

by no means adiabatic (except at very low velocity) and there is considerable qubit
loss during the wall’s motion in the acceleration phase, however the system returns
to the ground state manifold as the wall is slowed down. This means that the wall
can be moved far faster than what would be naively thought, without incurring in
a permanent qubit loss. This has also been noted in earlier works on this subject
[50, B5] and it is linked to the notion of super-adiabaticity, where the motion can
be considered adiabatic in a moving frame (see e.g Ref. [62]). From now on we will
refer to this regime as super-adiabatic.

Along the same lines, it makes sense to also consider the motion of two boundary

‘(ngn and 955211

e (t) = @ (t) given as in Eq. 1} so that the two walls are moving in sync and

wall wall

walls (the two leftmost walls at ), both by identical velocity profiles
that the length of the wire remains constant, see e.g. Ref [55]. The numerical results
shown in Fig. show that there is no advantage to coordinated wall movement,
compared to a single moving wall. Indeed in the right panel of Fig. 4.3] we see
that for vma < vyt the qubit-loss is approximately a factor of two higher than for a
single moving boundary wall, and that this factor persists throughout the movement
protocol.

In order to investigate the dependence of the qubit-loss on the wall acceleration,
in Fig. 4.4 we plot the final qubit-loss Pss(tsn) as a function of 7 in the subcritical
(U < Verit) regime. For large 7, corresponding to slow wall acceleration, we see that
the qubit-loss follows an exponential decay (in agreement with the results of Ref.
[55]). However, the behaviour is different in the region where 7 — 0, corresponding
to sudden movement of the wall. In this limit, the qubit-loss reaches its maximum

value (for a given vpyax < Ueit). Since the qubit-loss saturates at a small value as the
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Figure 4.5: (a) The final qubit-loss in the limit of sudden wall acceleration (7 — 0).
As T gets large we see a sharp distinction emerge between the vy, > vgy and
Umax < Uerit Tegimes (here, vy = |[A] = 0.2). (b) Final P for different 7 and the
length of the time the system continues moving at vy.,, T = 0. As we can see, also
in this case there are two different behaviours of the system depending on whether
Umax/Verit 1S greater or lesser than 1. This graph is produced with A = 0.4. [Other
parameters: in both figures, a = 0.5, m = 0.5, L = 200, x = 1.0 (in the topological
region)].

acceleration is increased, we conclude that there is no critical acceleration analogous
to the critical velocity in this set-up.

In Figure (a) we plot the qubit-loss as a function of vy, in the limit of sudden
movement (7 — 0). As the time 7" spent at the maximum velocity increases, we see
a sharp distinction emerging between the V. > Vet and Vpax < Vet regimes: for
Umax > Vet the qubit-loss approaches unity and all the information is lost into bulk
states, while for vyax < Ve Wwe have Pogs(tan) < 1.

In Figure (b) we show the qubit-loss for 7" = 0 and increasing 7 plotted against
different v,,4,. It can be seen that for larger and larger 7 the qubit-loss tends closer
and closer to a step function. This shows that our intuition behind the critical
velocity is correct, as it means that for vy,.. < Vet We can in principle reach the
adiabatic limit by accelerating slow enough and that this is generally not possible
for vmax > Verit. In this regime, the system inevitably loses some information into

excitations of the bulk.

Energy corrections and effective mass

When the system comes to a complete stop the non-adiabaticity of the protocol
translates into a Ploss(fan) that is not exactly zero. The accumulated deviations
from the super-adiabatic regime result in a final resting energy above that of the
ground state.

During a super-adiabatic protocol, the instantaneous energy loss can be related
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Figure 4.6: The effective mass scales as (a) M o< 1/A and (b) M o /it o< kp. This
allows us to relate the topological gap and the effective wall mass as Fg,p, o< k#/2M.

to a kinetic energy with an effective mass
M o< k}/Egap = kp/A . (4.53)

To confirm this in the hard-wall limit we work in the moving frame picture and

estimate the energy increase with respect to the static ground-state energy as:
1
E(t) = 5Try (W5 (6) H(0)W5™ (£) = Wo(t) H (0)Wh (1)) (4.54)

where the subscript + on the trace means we only use positive energy modes
([UT, VTIT) and Wgv°(t), Wy(t) are defined as in Section [1.1.1] In general, we
find that if the motion is super-adiabatic then

M
E(t) =~ 7fy(lt)v(t)? (4.55)
where v(t) = 1/4/1 — v(t)?/A2. The effective rest mass is plotted as a function of
A and p in Figure [£.6(a),(b). The scaling allows us to relate the topological gap
Egap X k./2M.
In Figure {4.7| we show a comparative plot between E(t) and &f~y(t)v(¢)?. The value

of the effective mass is obtained by the least square method.

4.4.3 Qubit-loss due to an oscillating wall

We will now consider the qubit loss P, due to the motion of a single boundary
(1)

wall, the wall at position z .,

with an oscillating velocity profile of the form:

o) (1) = Umax sin(wt). (4.56)

wall
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Figure 4.7: the solid line represents the curve % ~(t)v(t)%. The empty circles repre-
sent the value of E(t) obtained through (£.55)). The value of M ~ 1.69 was obtained
by fitting the two curves. Other parameters were L = 100, A =04, pu=1,a=0.5
and m = 0.5. The velocity profile was chosen as in , with 7 = 50, T" = 100
and V. = 0.2.

Since the wall is continuously moving, it is appropriate to calculate the time-

averaged rate of qubit-loss

1

<dploss/dt> = oy

/ " (P (1)) (4.57)

over some interval t' —t = n7/w spanning some periods of the oscillation. The
colour map in Fig. |4.8|(a) shows (dPss/dt) as a function of the wall motion param-
eters w and vp... We can identify several features. First, when v, = 0 or when
w = 0 the qubit-loss rate is zero, as expected, since the wall is static in this case.
For small values of v, the qubit-loss rate is small irrespective of the value of w.
This is the adiabatic regime where the wavefunction of the system closely follows the
ground state of the instantaneous Hamiltonian. However, for velocities larger than
the critical velocity vy = |A] the qubit-loss rate is large, even for small frequencies
w. This is consistent with the results of Ref. [56] [55].

In the same figure we see that the rate of qubit-loss is highest when the wall oscil-
lation frequency w is close to the gap energy Fy,, = Akp. This is verified in Figure
4.8(b), where we plot a cross-section of Fig. [4.8(a) at a fixed sub-critical value of
Umax, for different values of the superconducting gap A (and hence different values
of the gap Egp, = Akp). Figure[.§(b) also shows that for w > E,,, the qubit-loss
rate decreases quickly.

While the frequency wpax at which we have maximum qubit-loss rate grows with
A, the actual qubit-loss rate (dPoss/dt)max decreases (see insets of Figure [1.8|(b)).
This decrease can be partially put down to the fact that the overall rate of qubit
loss depends on the oscillation amplitude. For our choice of parameterisation given
in (4.56) we have
20 () =2 (0) + %(1 — coswt) (4.58)

wall wall
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Figure 4.8:  (a) The time-averaged qubit-loss, as a function of the wall veloc-
ity parameters v, and w. The horizontal black line shows the critical velocity
Verit = |A| = 0.3. To generate this figure we used L = 200,a = 1,m = 0.5,v(t) =
Umax Sin(wt), and g = 0.5. The boundary potentials, in this case, were set to be
essentially infinite (fthoundary = —2000) and the wall gradient with ¢ = 1 as in the
parameterisation ([4.32). (b) A cross section of (a) at vmax = 0.02. We see that
the maximum qubit-loss rate occurs when the frequency is close to Fg,p, but where
the maximum value decays as 1/FEy,,. The low frequency regime corresponds to
the super-adiabatic limit and so we typically see very low rates of qubit loss error.
Crucially, because the maximum resonant frequency scales with Ej,,, in the high
frequency regime, increasing the topological order parameter can make the system
more susceptible to errors.

and thus, for fixed maximum velocity, we have a smaller oscillation amplitude at
higher frequencies.

For fixed frequencies larger than the gap (see e.g., w &~ 0.6 in Figure [4.§(b)), we
see that the rate of qubit-loss increases as A is increased. This is in contrast to
the situation in the low frequency adiabatic regime, where increasing A (and hence
increasing gap Eg.p) decreases the rate of qubit-loss. Thus while it makes sense to
try to maximise the topological gap to counteract low-frequency noise and/or errors
associated with a deliberate motion of the topological boundary, the situation is
more complicated if the range of perturbing frequencies extends above the frequency
corresponding to the bulk gap.

In the next chapter we will address the problem of undetectable qubit errors.

4.5 Undetectable qubit errors

In this section we will analyse the bit-flip errors and phase-flip errors, which are
undetectable within the common paradigm for quantum computation. These errors
can be in principle corrected by means of quantum detecting/correcting codes, a

scenario which topological schemes are supposed to avoid.
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4.5.1 Bit-flip errors

In the previous section we saw that the movement of the boundary wall can lead
to qubit-loss that can be recovered, to some extent, when v < v.. This raises the
question: can the system return to the qubit space with an error?

First we note that, in general, we expect to generate excitations that are local
because of the local nature of the perturbation. These local excitations can then

propagate through the wire over time.
(1)

To investigate this, we consider a single wall (at the position z_.)) oscillating sinu-

soidally with a velocity profile

1)
Uwall

(1) = Umax sin(wt). (4.59)

similar results can be obtained with the shuttling movement protocol given by

Ba. (I52)

In Fig. [1.9(a) we plot the deviations from the ideal particle density
Q(t) = (Do (t)|chej| Do(£)) — (Pidear(t)]cle; [ Pidear (£)) (4.60)

as a function of time ¢ and the position j along the wire. The plot clearly shows a
particle density wave that propagates across the wire; the velocity of the propagating
wave can be read off from the plot and is found to be approximately equal to the
Fermi velocity vgp. This agrees with the intuition that we built in Section {4.4.1],
where we saw that excitations with 2kr momentum are favoured energetically.

We can now envision a mechanism for the occurrence of bit-flip errors. The

excitations generated at a moving wall can travel across the wire and tunnel through
non-topological regions in the wire, carrying information between Majorana zero
modes. The resulting interaction between the mode and the Majoranas can, in
principle, induce bit-flip errors in the topological qubit.
It is important to note that, in order for the Majorana zero modes to interact with
the incoming density wave packet, one of the walls on the other side of the system
must also be in motion. If this is not the case, since the density wave packet will be
composed of eigenstates of the static Hamiltonian, it will not be able to dissipate at
the wall, and it will simply be reflected or transmitted without any chance for the
excitation to decay back into the degenerate ground state.

This is verified numerically in Fig. 4.9(b), where we show the bit-flip error P
due to the oscillation of boundary walls (the walls that are moving are indicated in
curly brackets in the legend). We see that there is no bit-flip error if a single wall
is moved and all other walls remain static, however, if two walls are moved, bit-flip
errors P, appear abruptly after some delay. The times at which the bit-flip errors

begin to appear can be estimated as the time taken for the propagating wave to
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Figure 4.9: (a) The density wave packet generated by a single moving wall at xgvgu

travels at a velocity approximately equal to vp. We can see the wave tunnelling
through the non-topological barrier separating the topological phases (barrier height
Ubarrier = —2.D). Here, vpax = 0.3, and w = 3. (b) The bit-flip error R increases
suddenly as the excitation produced by the movement of one wall hits another
moving wall (legend shows which walls are in motion). The time at Which the error

begins to increase can be estimated as approximately ¢ ~ ]:cwall Wall Jvp where
|55wa11 Wall| is the distance between the two moving walls. [Other parameters for
both figures: m = 0.5, a = 0.5, A = 0.4, L = 200, and g = 1.0 (in the topological
region).]

reach the other moving wall, i.e., as

()
t |xwall Lwall
VF ’
where ].7: wall — xwau\ is the distance between the two moving walls. In particular the
sudden jumps in P, at times compatible with our analysis on the velocity of stray
excitations, provide strong evidence that the same stray excitations are responsible

for the measured bit-flip error.

Effects of disorder

The central result of this section, so far, is that bit-flip error can occur in a two wire
setup if there is a process whereby a quasi-particle is excited in one wire, tunnels
through the middle barrier to the other wire, and then decays back to the ground
state manifold. In order to avoid such a process, one straightforward approach
would be to increase the barrier between the wires to prevent inter-wire tunneling.
However, within the general schemes to manipulate quantum information using wire
networks (see for example Ref. [34]), one often needs to bring neighboring Majoranas
together, a process which would render the barrier more transparent and potentially
would also excite more propagating quasi-particles.

Another solution to prevent quasi-particle propagation is to introduce some dis-
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Figure 4.10: Bit-flip error is suppressed by adding disorder in the middle of the left-
hand wire. Here, the disordered region is of length ~ 40, and a shorter localisation
length [ corresponds to increased disorder. We use vpax/Verit = 0.75, the middle
barrier height is ppamier = —2.5, 0 = 2 and the data is averaged over 20 disorder
realizations. [Other parameters used for the figure: m = 0.5, a = 0.5, A = 0.4,
L =200, and g = 1.0 (in the topological region).]

order into the wires themselves. We will consider this scenario with some care.
At first, we might naively try to introduce disorder throughout all the wire. How-
ever there are downsides to doing this. In static scenarios, in fact, disorder decreases
the gap between the ground state and the bulk excitation spectrum, increasing the
bound-state decay length [63, [64] [65] and this results in a topological space that
is less resilient to qubit-loss. Moreover, it has been shown [56] that moving the
confining potential over a disordered region results in a dramatically lower critical
velocity, thus severely hampering the rate at which quantum gates can be mechani-
cally performed. An effective compromise is to deliberately disorder only the central
wire regions. This allows for an effective critical velocity of the wire ends that is
equal to the p-wave order parameter A, while also providing a region where bulk
excitations are prevented from propagating and reducing the probability that the
excitations originating at one wall can tunnel to another wire. This approach still
allows for low barrier transparency and so the original schemes [34] for braiding and
rotating Majorana pairs can be performed as usual.

In Fig. [4.10| we present the results of our numerical simulations, where disorder
has been introduced in the middle of the left-hand wire. As earlier, we simulate

53211 and ngg

a scenario where there is an oscillation of two walls at positions x p in
different wires. The figure shows the decrease in the probability of bit-flip error as
we decrease the localization length [ in the disordered region. This indicates that,
as the disorder is increased, the wave associated with excitations, accrued at the
boundaries, cannot propagate through the wire, hence reducing the probability of

bit-flip error.
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4.5.2 Phase-flip errors

In a two wire setup, phase-flip error can occur in precisely the same way as bit-flip
error: excitations originating in one wire tunnel into the other wire and relax to
the ground state. However there is another process through which phase error can
occur, which importantly does not involve tunneling between wires.

This mechanism relies on the fact that the energy splittings between states in the
bulk are not necessarily the same as the splittings between the ground states. In
systems that experience continual qubit-loss this can lead to a small but systematic
phase error being returned to the qubit space, when excitations interact back with
the moving Majorana zero mode.

A necessary feature here is that pairs of bulk excitations that differ in the occupa-
tion of the edge modes have slightly different energies. In non-interacting systems,
this can only happen when the Majorana zero modes overlap and therefore there
is a splitting between the ground states as well. In this case the time evolution
generates a Rabi oscillation between the two ground states |¢1) = \/Li(|(_)> + |1)).

The rate of oscillation is such that

(o Ol = sin D (461
with .
o(t) = / [E1(t') — Eo(t)]dt’ , (4.62)

where we have introduced the energies of the two ground states. Since this phase
depends on the difference in energy between the ground states, it is related to the
the decay length of the Majorana edge states.

In Ref. [55] it was noted that since the decay length of the bound states takes on a
relativistic-like correction in moving frames. This rate of rotation within the ground
state space can in addition depend on velocity of the system as well.

The correction to the phase oscillation that we study here depends on the pres-
ence of a continual qubit-loss/gain channel between the ground state and excited
states. If this is the case then energy mismatches between bulk eigenstate pairs will
lead to a systematic deviation from the “natural” Rabi oscillation.

To analyze this deviation, we first recall that throughout this manuscript we take
the view that parts of the state which leave the ground state space are detectable.
Therefore we are interested only in the phase rotation within the ground-state man-
ifold. This means that we need to calculate the conditional probability of having
a phase-flip, given that the time-evolved state is projected into the ground state

manifold. This probability is given by

R(t) = Ponase(t) (L) (£)]* |
1= Poss(t)  [{@@)]-(8)* + (L (O] ()2

(4.63)
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Figure 4.11: Main figure and upper inset: Qubit-loss induced deviation from the
natural phase oscillation tends to act in the opposite direction to the natural oscil-
lation. The red dots indicate © = 0.03 and the green p = 1.68. Lower inset: The
deviation r(t) = ¢(t) — d(t) (black) and the slopes of the fitted red lines give (r(t)).
To generate this figure two wires of lengths 45 and 40 were used with an essentially
infinite barrier between them. The continuum order parameter was set to A = 0.4
in the left wire and A = 0.8 in the right. The effective electron mass was set to
m = 0.5 and a lattice constant of a = 0.5 was used. The velocity of the left-hand
boundary of the left wire was moved according to v(t) = 0.1sin(2t)

From here we can calculate the phase rotation angle within the ground-state mani-
fold as
B(t) = 2sin~t \/R(t), (4.64)

and then calculate the difference from the natural rotation angle §(t) as

r(t) = o(t) — 4(t) (4.65)

In Figure we plot the behaviour of dr/dt as a function of the chemical
potential x and the natural phase oscillation due to the small even splitting in both
wires. We see that the rate of this phase deviation opposes the mean splitting
between the even-odd pairs (4(t)) that drives the natural phase oscillation. The
mechanism that we describe here relies on there being differences in energies between
bulk even-odd eigenpairs. In a non-interacting system this is necessarily due to a
splitting of the edge modes (making them no longer perfect zero modes). This then
also implies that there is a splitting between ground states and, as a result, a natural
non-topological rotation within the qubit space. This process can be counteracted by
making the wire longer, as this will reduce the overlap between the edge modes. The
situation is different in interacting systems because in the presence of interaction,
the many-particle energy spectrum can no longer be described in terms of single
particle modes. One thus expects that there may not be an even-odd degeneracy for
bulk states when interactions are strong, even though the ground state degeneracy

is robust due to its topological nature. Indeed there is significant evidence that the
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even-odd symmetry within higher energy eigenpairs breaks down in regions where
bands with different fermion numbers are energetically similar [66, 67]. It may
therefore be possible that phase errors similar to the one described here are possible
in the presence of non-adiabaticity and interactions, even though the ground state

is essentially degenerate.
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Chapter 5

Generalized Spin Chains and

Parafermions

As we saw in the previous section looking at the Ising model in fermionic language
gives us a new way of understanding its phase transition. In particular since the
fermionic quantities are non-local in terms of spin quantities, the transition in the
fermionic language cannot be described by any local order parameters and we cannot
use Landau-Ginzburg theory. We saw that these types of transitions are topological
in nature, since they are largely independent of the local structure of the model.
In this sense it is worth looking into a simple generalization of the Ising model,
in order to see if also in this case we can understand the phase transitions of this
model in topological terms. The simplest generalization consists in considering a
chain with N > 2 spins values with a Zy symmetry operators. These models are
known as Potts models [68, 69] and their quantum version as quantum chiral Potts
models [70] [7T], [72]. A great deal of work has been done in order to characterize the
thermodynamic phases of these systems [73] [74], [75] [76, [77], which have shown an
even richer range of possibilities than the Ising model.

As we will see in this chapter, similarly to what happens in the Ising case and
using a generalization of the Jordan Wigner transformation, the degrees of freedom
of these models can be transformed into non local quantities which are a generaliza-
tion of Majorana modes, usually known as parafermions [7§].

The topological behaviour of these models is still not completely clear and the pur-
pose of this and the following sections will be to clarify some of its aspects. In
particular we will consider the existence of zero modes in the quantum clock model.

The material contained in this chapter is based on [27].

5.1 The quantum Clock Model

In the following, we will be mainly interested in the Zy quantum clock Hamiltonian

as given in [79, 22]. The Hamiltonian defining the model can be written in the form
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H = Hy+ fV and

L—1
Hy=— Z ewa,iakﬂ + e_wa/w,Lrl
k=1
. (5.1)
V=- Z e + e_i¢T,I
k=1

the o and 7 matrices are defined as
o= wi_l&j T = 5i+1,j(mod N) (5-2)

and w is a root of the unity

It can be directly checked that

The Hilbert space is spanned by vectors of the form
i) = [i1, 49, ..., iL) (5.3)

where i), € Zy represents the values of the “clocks” at each site and we will call this
the spin representation. For N = 2 the model correspond to the transverse Ising
model and the matrices o, 7 correspond to the Pauli matrices 0%, ¢”. In the case

N = 3 we have instead

1 0 O 010
c=10 w 0 T=10 0 1 (5.4)
0 0 w? 1 00
and for general N
0 0
0 w 0 1
o= : T = (5.5)
0 whN—2 0 00 0
0 wh—1 1 0 0 0
The commutation relations between o and 7 matrices are
0 = wWkio;Ty, (5.6)
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These models are a generalization of the Ising model and are known as chiral Potts
models 70} [7T], [72].

As we saw, in the Ising model, a prominent role is played by the parity operator,
which in fermionic language is an operator that counts the number of fermions
modulo 2. The following operator generalizes the fermion parity operator of the

Ising model and will play a similar role to it in the following

L
QN = HTk- (5-7)
k=1

This operator moves the clock at each site one unit back and commutes with the
Hamiltonian, as can be directly checked. The spectrum of the Hamiltonian thus
splits into IV sectors, identified by the three eigenvalues of Q.

Using a non-local transformation introduced by Fradkin and Kadanoff [78], anal-
ogous to the Jordan—Wigner transformation, we can rewrite the spin model in terms

of parafermionic variables. Parafermionic operators are defined as follows,

’721471:01{1_[%‘ ’72k=w<7kHTj

Jj<k J<k
and satisfy the relations
iy = wiEE Dy iy 4N =1 (5.8)

These operators can be considered as the creation/annihilation operators for parafermionic
excitations. As in the Ising case, using these relations, we can rewrite the clock

Hamiltonian in terms of the parafermionic operators

L—1
k=1
. (5.9)
V = —fwe® Z’V;k—ﬂ% + h.c.
k=1
and the parity operator becomes
L
Qv =w" H V1o
k=1
In general we can see that
QnYj = wy,;QnN - (5.10)

In the exact same way as the Ising case, there exist two parafermionic operators,
localised on the edges, that commute with Hy, namely v; and sy, as they do not

appear in the sum and commute with all the other terms. In spin terms they are
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Figure 5.1: Spectrum of H, for L = 6. The different colors represent the different
total domain wall parities (see Section [5.1.2)).

given by
Y1 =01 Yor, = wWoLQN - (5-11)

5.1.1 Free spectrum

In terms of the basis written above Hj is in diagonal form and its spectrum, for a

given state |i) = |iy,d2,...,7r) in the spin representation is given by
L-1
Eil,ig ..... ir = 6ik+1—ik = Ng€g +MN1€1 + ... +NN_1EN—1 (512)
k=1
where 5
™
€m = —2cos | — + 0 5.13
(55 +o) (5.13)

and n,, counts the number of domain walls of type m in the state (5.3). We say
that there is a domain wall of type m between sites k+ 1 and k when i1 — i = m.
In particular, the absence of a domain wall is the same as a domain wall of type 0.
The typical energy bands of Hj for different values of 8 are shown in Fig. for
N = 3.

The energy of the free model is therefore determined by the set of tuples of type

(ng,nq,...,ny_1) such that

n0+n1+...+nL_1=L—1 (514)
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Note that the spectrum of Hj is the same in each ()y-sector, so that three copies
of each band exist, with different values of () y. This degeneracy may be split through
the action of V' and as we know this is related to the existence of a zero mode, in the
sense that if a zero mode exists the degeneracy persists up to exponentially small
corrections in the length of the system.

In the next chapter we will see that the degeneracy generally does not split except
possibly when different bands cross. It is therefore meaningful to carefully consider

when this happens.

5.1.2 Resonance points

As can be seen in Figure |5.1} in the free spectrum, it may occur that there are 6-
values at which bands with different tuples (ng,n1,...,ny_1) have the same energy.
From now on we will refer to these special points of the free spectrum as resonance
points. As we will see in the following, these points play a fundamental role when
we consider the problem of the existence of edge zero modes. It is then of interest
to ask for which 6 values these resonance points occur, and whether they are dense
on the f-axis in the limit L — oo.

Let us consider two bands, labelled by tuples @ and b where a; gives the number
of domain-walls of type j for the first band, etc. We write ¢ = a — I;, and note that

¢ satisfies the following constraint

> =0 (5.15)

From 1’ we see that the bands labelled by @ and I;, are degenerate precisely

when

cos(0) Z_ cj cos(?) — sin(6) Z_ ¢ sin(%) (5.16)

Assuming that both sides of this equation are nonzero, we find that the bands are

degenerate at 6 values which satisfy

Z;.V*l ¢ COS(%)

tan(f) = .
u(f) Z;V*l cj sin(%)

(5.17)

and hence the bands cross twice over the full range of possible 6 values. Alternatively,
it may be that both sides of (5.16)) are zero. In this case the bands are degenerate

for all § and we can write

N-1
D el =0. (5.18)
=0

When N is a prime number, it is easy to see that this can never be satisfied together
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with 1} and @ # b.To see why this is true consider the polynomial
N-1
Oy(x)=1+z+... +2" " =J[(@-o) (5.19)
j=1

From this decomposition it is clear that
Oy(w)=0 (5.20)

When N is prime @y, corresponds with the cyclotomic polynomial of order N, that
is the unique monic, irreducible polynomial over Z (and Q), such that ([5.20)) holds
true and deg(®y) is the smallest possible. Suppose now that there exists a vector

of integers ¢ such that (5.18) is true as well. Let’s introduce the polynomial

N-1

p(z) = Z c;rl . (5.21)

J=0

The condition ([5.18)) means in particular that p(1) = 0, that is
p(x) = (x = 1)(Co+ 1z + ... + ey oz ) (5.22)

with {¢;} still integers, as can be easily seen by induction. Since p(w) = 0 we have

that ¢y + ciw + ... + cn_ow™ "2 = 0. If y_o = 1 we could conclude, but in general

(using ((5.20])) we have
G+ +@E+Dw+ ...+ (Evo+ DV 24+t =0 (5.23)

and this contradicts the fact that is the unique monic polynomial of degree
N — 1, irreducible over Z and such that w is one of its roots. Hence there are no
bands which are everywhere degenerate for N prime.

Let’s now prove that if N is composite it is possible to find bands that are

everywhere degenerate. Suppose N = ef then it suffices to consider e coefficients
{d;} € Z, such that

e—1
d; =0 (5.24)
§=0
then we have
e—1 f—1
d; Y wht = (5.25)
j=0 k=0
in fact (w®)¥ = 1 and therefore
F-1
Wk = Zw Vo<j<e (5.26)
k=0



Equation can be recast in the form and the sum of all the coefficients
vanishes because of .

This discussion characterizes the points where the bands are degenerate. We
can further distinguish resonance points by a symmetry of Hy, that will be of great
importance in the following. We will name this symmetry P and it can be written

as
P =oloy. (5.27)

From now on we will refer to this quantity as the total domain wall parity. Writing
127p

P =e 7~ we get

L1 N-1
p=ip—ii =Y dj1—ij=» kn (5.28)
j=1 k=1
so all states in the Hy-band labeled by (ng,n1,...,nxy_1) have total domain wall

parity given by p. We note that there are special values of # at which the total

domain wall parity is conserved even though different bands cross. One of these
&
the super-integrable point of the model when ¢ = & [71, [70]. This is illustrated in
Figure We will see in Section that strong zero modes may only occur at

any given 6 if either there are no bands crossing at this value of €, or alternatively,

special points for the N = 3 model is found at # = Z, which also corresponds to

if any bands that cross have the same value of p (taken modulo N).

5.1.3 Resonance points in the thermodynamic limit

We can now deal with the question of whether resonance points occur arbitrarily
near any particular value of 6. This is clearly not the case for finite L, but as L
grows, ever more resonance points appear and in the limit L. — oo they do form
a dense set on the f-axis, for all N > 2. To see this, we first note that the two
solutions to Eq. are in fact given by

6= g —arg (Z cjwj> (mod ). (5.29)

J

It is clear that we can make the linear combination i c;jw’ take any fixed argument
«, to arbitrary accuracy, if we are allowed to take the coefficients c; as large as we
want. However a complication is once again the condition that > _;c; = 0. We can
circumvent this as follows. First of all note that we can choose any two powers of
w, for example w and w® = 1 as a basis for the complex plane over the reals. We

can then take a point z with arg(z) = « in the complex plane and write

z=a+bw (5.30)
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Figure 5.2: All resonance points in the unperturbed spectrum of an N = 3 system
of length L = 30. The red dots indicate resonance points where the total domain
wall angle p of the crossing bands is equal [27].

with a,b € R. The coefficients a,b can be therefore arbitrarily well approximated
by rationals o', 0’ € Q, as Q is dense in R. In particular, for any chosen €, we can

find Z = a’ + b’'w such that
|arg(Z) — a| <e. (5.31)

We can now write o’ = o and b= Z—; for integers aq, as, by, by and consider

N-1
b :
NCLQbQZ = NGQbQ(% + b—1W) - ((Ile + agbl)( E oﬂ). (532)
2 2 -
J=0

as the second term on the right is identically zero. We now have that Z # 0 and
NagbyZ is of the form ; c;w! with ¢; € Z. More importantly, it is also true that
>-;¢ =0and

arg(Naghy Z) = arg(Z). (5.33)

This means we can indeed get within any e of our chosen argument « using a
judicious choice of coefficients ¢;. Hence the resonance points are dense on the ¢
axis in the limit L — oo.

As an illustration of how the # axis is eventually covered by resonance points,
we show all resonance points in a N = 3 chain of length L = 30 in Fig. 5.2l This
figure shows that while the resonance points are eventually dense on the axis, there
are notable gaps without any resonances even at large finite sizes, surrounding the
most prominent resonances. Also, higher order resonance points tend to appear
at high energy, meaning that if only states with energy below a given bound are

considered, there may be appreciable regions of the #-axis where no resonance effects
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Figure 5.3: Free spectrum for a chain of length L=10.

are observed.

Given the above discussion, it is interesting to analyse how the distance between
two resonance points goes to zero. As a study case we will consider the resonance
at ¢ =0, % for N = 3. Consider therefore Fig. . The different curves represent
the set of the first crossings that appear near ¢ = 0 and 6§ = %. The analytic form
of these curves can be found by considering the type of domain walls that come in
contact at the resonance. First of all, note that for § = 0 the different bands can be
distinguished by the number of ny domain walls. Therefore the eigenstates in the

bottom band have ng = L — 1, eigenstates in the second band have ng = L — 2 and
so on. Near § = 0 we have from ([5.13))

2
em A —2 + 2sin (me) 0 (5.34)

This means in particular that e, > €5 for small enough #. Thus we can exactly
distinguish the types of bands that are generated from 6§ = 0 by the number of
domain wall ny, and ny. For example, the first resonance points near # = 0 are
determined by equating the energies of the tuples (L—1—%,0,k) and (L —2—k, k+
1,0) for 2 < k < L — 1. Using we find that at the crossings 69 is given by

69 = arct 2<k<L-1 .
& arcan(zk_1> SR> (5.35)

The first curve, which delimits the region of the parameter space near § = 0 where

there are no crossings, is obtained by writing £ in terms of 8y into the energy and
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extending by continuity to all #

Ef) = -2 (L _ 3+ \/52001;(9))) cos (0) — (1 + V3 cot (6’)) cos (4% + 9) (5.36)

The top resonance point is given by %, and in the limit of large L we have

0
QLN

1
- 5.37
- (537)

A similar analysis can be conducted for the other crossings. In particular for
¢ = % we find that the meeting point of the curves delimiting the region where the
zero mode exists (red and yellow curves in Figure is given by

z V3(L —2)
¢ = arct _— .
§ = arctan < 3L — 3 (5.38)
and again, for large L, we have
T 1
0 — =~ — :
f-t~ (5.39)

The presence of a region that scales like % near crossings in which we can find the
zero modes is a general property of the free spectrum as for other resonances we
need to solve a similar set of equations. For a different, more rigorous argument we
refer to [27].

5.2 Dihedral symmetry

When the angle ¢ is a multiple of %ﬂ, the models we study have an enlarged group
of symmetries, isomorphic to Dy, the symmetry group of a regular polygon with N
sides. The Zx generated by @)y is included in this Dy as the group of rotations of
the polygon.

We now present the Dy symmetry explicitlyﬂ First of all, recall that the dihedral

group Dy is generated by two elements a and b subject to the relations
aV =b* = (ab)’ = ¢ (5.40)

where e is the group identity. Here, ¢ can be viewed as a rotation over an angle %r
and r as a reflection acting on the regular N-gon (see Fig ). The group has a total
of 2N elements, the rotations ¢’ and the reflections ¢/r, with j € {0,..., N — 1}.

We now introduce an operator R, such that R* = (QyR)? = I, which together with

1Our presentation of the Dy symmetry group here is in accordance with the results given by
Motruk, Berg and Pollmann[80] and generalizes some of their findings.
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Qn (from (5.7))) generates a Dy symmetry. First we define 1 to be the operator

that transforms each clock value as
nls) = [N = s) (5.41)

with 1|0) = |0). Note that 7 corresponds to the complex conjugation of the eigen-
values of 0. We see that n? = 1 and that the following exchange relations with 7
and o hold

on=no'  tp=nr (5.42)
We can now define 5
k=1
This satisfies (Ro)*> = I, (RyQn)? =1 and

We note that Ry and (Qy generate a Dy group together, but Ry is only a symmetry
if 6 = ¢ = 0. In order to solve this issue consider the operator F', which reverses the

clock chain, more explicitly,
Fliy,ig,...;ip) = |ip, ... i, 11) (5.45)

Note that F? =1 and FQy = QnF. Combining R, with the operator F' we obtain
the generator of Dy, R = RyF which is a symmetry for all 8 as long as ¢ = 0. From
the definition it is then clear that

R>=(RQyn)? =1 (5.46)
and RH(0,¢) = H(A, —¢)R, which in particular gives
[H(0,0),R] = 0. (5.47)

We see that we have Dy-symmetry at ¢ = 0 and in fact, Zo X Dy symmetry if
¢ =60 =0, as we have F' as an additional commuting symmetry when 6 = 0.

Since Dy is a non-Abelian group, its presence causes degeneracies in the spec-
trum. To see why this is true, first note that from (5.46|) we have QnR = RQ;,l.
This means that if 1)) is an eigenstate of H and of Qy with eigenvalues E and w?)

respectively then R|y) is an eigenstate of H and Qy, in fact

HR|Y) = RH ) = E1))
QnR|Y) = ROV ) = w™ R|Y)
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As a result all eigenstates of Qn with eigenvalues w? # w™? are at least doubly
degenerate. Only states with eigenvalues of (Q being +1 have a chance of being
nondegenerate.
Generically only states within a given irreducible representation of Dy will be de-
generateﬂ Since Dy has only one dimensional and two dimensional irreducible
representations for all N we see that the Dy symmetry only causes doublets and
not higher multiplets of degenerate states (or bands) to appear. With exact diag-
onalisation it can be seen that the Dy doublets are split when ¢ # 0, so it is not
possible to extend the Dy symmetry to this regime.

Roughly speaking this unexpected symmetry comes essentially from the addition
of the hermitian conjugate to the Hamiltonian of the free parafermion [8I]. It can
be seen that R exchanges this Hamiltonian with its hermitian conjugate, resulting

thus in a symmetry of H(#,0), which is a sum of the two.

2In principle there might be some additional degeneracy due to some other symmetry that we
did not consider, however we can exclude this by analysing the system with exact diagonalisation.
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Chapter 6
Parafermionic Strong Zero Modes

In this chapter we will carefully consider the existence of strong zero modes in the
clock models. We will start by reviewing some of the results shown in [27]. We will
first show some general features of the problem using perturbation theory and then
we will consider the specific case N = 4, that is exactly solvable (in some particular

regimes that we will explain in detail).

6.1 Parafermionic strong zero modes and the do-

main wall picture

As in the Ising case, also for the quantum clock model we can define strong zero

modes. In the same way as before a strong zero mode is an operator v such that
_L

o [H,¢]=0(e%)

* QnY =wihQn

o Ul =1+0(c %),
where as before £ is some positive constant that can also be +00 and w = e
The first and the last relations are the same as the ones for the Ising case, while
the second one reduces to the Ising case when N = 2. The zero mode is said to be

an edge zero mode if it is localised on the edge of the system, in the same sense as

before. In the following we will also usually consider the more restrictive condition
N =140(e79), (6.1)

since we want the strong zero mode to describe a parafermionic degree of freedom
sitting on the edge.

As we pointed out in the previous chapter the free Hamiltonian Hy has two zero
modes at the edges of the system. For convenience, we restate here the form taken

by the edge zero modes
N =01 Yo =worLQn. (6.2)
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Just as in the Ising case, it is natural to ask whether such zero modes can survive
the introduction of the interaction V.
As we saw, the existence of strong zero modes implies degeneracies throughout the
spectrum. Since the operator () generates a representation of Zy, this degeneracy
will involve bands with different eigenvalues of ()5 and the existence of strong zero
modes will result in an N-fold degeneracy of energy bands. A way to rule out the
existence of strong zero modes, is therefore to consider when bands in different ¢-
sectors develop splittings. In this sense it is meaningful to consider perturbation
theory between different sectors of the spectrum.
With this aim in mind, we will now introduce the domain-wall representation, where
one focuses on the differences between clock values on neighbouring sites, rather
than the clock values themselves. This picture allows us to directly write down the
Hamiltonian in each g-sector. We find that by doing this there are only two terms
in the Hamiltonian which depend on the particular g-sector. Better still, both of
these act at the right end of the chain. This makes the domain-wall representation
very convenient for numerical calculations and a natural setting for perturbative
expansions.

First of all note that the states in the spin representation are not eigenstates of the

symmetry operator (Jy. The eigenstates can be easily constructed by considering
| Nl
NS —Jja)I |3
)y = — w1 6.3
e = 7 27" QMlD (6:3)

where \/—% ensures that these states are normalized to 1. By acting with Q) it can

be easily verified that
Qnli)s = 1 Nz_lequHli>S = w7[i)s
q \/N g N q
and therefore these states constitute the basis in which both Qn and H, are in

diagonal form. We can now define states in the domain wall picture in each g¢-

sector. First we define operators a and ( given by

k
A = HTj
7=1
B = 0o (6.4)

These operators have the same matrix representations as operators 7 and o respec-

tively, except that they act on the domain-wall basis. In terms of these operators
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T, can be written as

(03] k=1
e=qal_j 1<k<L (6.5)
ijaj:—l k=1L

and the Hamiltonian (5.1]) is now given by

L-1
Hy = —Je”Y Bi+he (6.6)
k=1
L-2
V o= —fe* (Ou + Z a,takﬂ + ija}l) + h.c. (6.7)
k=1

Note that in this form all g-dependence appears only in V', on the terms — f ei‘z’QR,ozTL_l
and —fe “a;_;Qy, which act on the end of the chain.

Since Q commutes with H (and with o, _; and o} _,), this Hamiltonian is block
diagonal, and we can write the Hamiltonian in each ¢-sector by replacing ) with

the appropriate eigenvalue,

L1
Hl = —Je"> Bi+he (6.8)
k=1
L2
Vi = —¢i® <a1 + Z O{]’E;Oék_i_l + wqozTL_1> + h.c. (6.9)
k=1

and (ozL)d can be interpreted as an operator that creates a domain-wall of type d at

site k. We are now ready to introduce the domain wall representation
|d>qD = |dk1? dev s 7dk’m> )

where k1 < ky < ... < k,, and m defines the number of domain walls different from

0. dy, represent the value of the kjth domain wall
dk, = 41 — Tk, (6.10)
and we can write

)P = ﬁ(a;)dmo,omo)g . (6.11)

=1

~

As an example, for L =4 and N = 3, we write

11,232 = (ad)!(a])?|0), = % (]0010) + w™?1121) + w™27]2202)) (6.12)

While this way of writing the states is reminiscent of second quantization, one should
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remember that the ”vacuum states” |0,0...0)7 are not annihilated by the domain-

wall annihilation operators and also that
[aka O‘j] = 07 (613)

so the domain-wall creation operators are not the usual creation operators of bosonic
or fermionic Fock space. There have been attempts to formulate a Fock space for

parafermions, notably the work of Cobanera and Ortiz [82].

6.2 Perturbation Theory

In the previous chapter we explored in detail the appearance and characterisation of
resonance points in the unperturbed spectrum. The reason we are so interested in
resonance points is that the behaviour of the perturbative series depends very much
on whether one is on or off resonance. We will show that at the off-resonant points
g-sector dependent contributions only occur at an order of perturbation theory that
scales with the length of the system. On the other hand, when we perform the
perturbative expansions at resonant points (where bands of different domain-wall
type and number cross), we typically see that there are g-sector dependent terms
which split the degeneracy at an order that does not scale with L. In this section
we examine these perturbative series at both resonant and off-resonant points.

Our approach is to employ the Rayleigh-Schrodinger degenerate perturbative
method pioneered by Bloch [83, 84, 85]. In this approach, one generates effective
Hamiltonians acting within a degenerate band of the unperturbed system, which can
be diagonalised to approximate the true eigenvalues of the full system. We outline
the method in detail in Appendix [A]l Here we simply state the effective Hamiltonians
HTO L FEW and HE® for the Bloch expansion in the Qy = g sector for a given

band, where (0), (1) and (2) indicate the orders of the expansion

HO = PyHy P
HW = PyHoPy + fR VP (6.14)

H®) = P HyPy + fPVIPy + f? Povq&wpo .
K Ey — Hy

In these expressions, Fy is the projector onto the bandEL Qo = 1 — F, is its comple-
ment, while Ej is the unperturbed energy of the band, as given by Eq. . As
we already noted, there are only two terms in V¢ that actually depend on ¢, the
terms proportional to o, , and af_,. Only terms in the perturbative expansion

which contain these terms can lead to an energy splitting between g¢-sectors. It is

INote that if there are crossing between bands, as it happens at resonance, Py is the projector
onto all the crossing bands together.
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also important to note that both these terms break the total domain wall parity,
defined in ((5.28).

6.2.1 Perturbation at resonant and off-resonant 6

In order to understand why at resonant points the system will generally develop
splitting we consider the simplest resonance point, which appears at § = 0. For
notational convenience we will consider only the case of N = 3.

Consider therefore the two first excited bands that come into contact at § = 0. These
bands contain only one non-trivial domain wall. We can order the basis elements

for these bands as:
|1L—1>qD> |1L—2>qDa ) |11>qu |21>(§)a sty |2L—2>¢?a |2L—1>qD (615)
using (6.14)) we see that the relevant matrix elements are given by

Pijlatain|l )P =1 Paifep200)P =1 (6.16)

qD< ialeda2)P =1 P jel 1)P =1

we thus have that the effective Hamiltonian to the first order can be written in this

basis, up to a constant term equal to Ey, as a L' = 2L — 2 Toeplitz matrix

0 e 0 ... 0 el
et 0 e .. 0 0
0 et : :
eff(1) ~ _
Hq ~—f ‘ it 0 (6.17)
0 0 .oe? 0 e~
e w0 ... 0 e° 0

This matrix can be easily diagonalised by considering eigenvectors of the type

[vf) =™ % <€ D)) + €T 1 9)D 4+ e EVT )P
(6.18)
1L27l'k‘2 > +e L+1)2£r}c|2 > + ZL/2ﬂk|2L 1> > '

Imposing the condition
HITOlof) = B, (k) |of) (6.19)
we find that the relevant equations to solve the system are
wT T ek 4 wire e = E ()
wreke 0 4 el Dkeid = E ()
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Figure 6.1: In (a) we show the free spectrum for L = 9, N = 3. In red we plot
resonance points where total domain wall parity is conserved. With m we indicate
the order of the crossings. In (b) we plot the maximum energy splitting between
the ¢ = 0 and ¢ = 1 sectors for a chain of length L = 9 with N = 3 and ¢ = 0.
Results obtained using exact diagonalisation where each data point corresponds to
the maximal difference between all 6561 eigenvalues in the ¢ = 0 and ¢ = 1 sectors.

and this gives

E,(k) = By + 2 cos (i—” <k+%> —¢) k=0,1,....,L' =2, L' —1. (6.20)
Note that when ¢ = 0, upon sending &k — L' — 1 — k and reordering, the spectrum of
the sectors ¢ = 1 and ¢ = 2 are the same. This degeneracy is a result of the dihedral
symmetry that we exposed in Section (in the present case this is trivially true,
as for ¢ = 0 the matrices in for ¢ = 1 and ¢ = 2 are the conjugate transpose
of each other). The degeneracy between the ¢ = 1,2 sectors and the sector ¢ = 0 is
instead completely lifted at first order in perturbation theory and this is generally
true for ¢ # 0 between sectors ¢ = 1, ¢ = 2 as well. This argument shows that the
zero mode is not stable under perturbation at the resonance point § = 0 and this
agrees with the analysis of [22]. We stress again that the terms responsible for the
breaking of the degeneracy, change the total domain wall parity of the bands.

The case for general resonance points is obviously more involved, as we need
to consider bands with different numbers of domain walls that cross at a fixed 6.
Nonetheless, our numerical analysis shows that the main features of the mechanism
can be grasped already at this level. In figure we show the maximal energy
difference between bands at g =0 and at ¢g=1for N =3 and L =9, ¢ =0. In
each g-sector the energy levels have been ordered and we have plotted the maximal
absolute difference between eigenvalues at the same position in this ordering. We
can see that the splitting increases near the resonance points.

It is clear from figure that the largest splitting between sectors occurs
around the 8 = 0 point. This can be attributed to the first order processes occurring

there. For larger f, we see other branches of splittings emerge. These can be
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Figure 6.2: In (a) the free spectrum for L = 3. In (b) the free spectrum for L = 4.

Note that in this case a new resonance point appears at # = arctan <\/?§> The

splitting between different sectors in correspondence with this resonance point will
therefore be of order m = 3.

attributed to third, fourth and fifth order processes occurring at the other resonance
points, as indicated in figure |6.1(a)l We will see in chapter [7| that the order m at

which the splitting occurs, corresponds to
m = Lg -1

where Ly is the length of the chain in which the resonance points at a certain 6 first
appears when we consider chains of increasing length. This is illustrated in Figure
6.2 where the free spectrum for a chain of length 3 and a chain of length 4 are
shown.

While in principle for § = % we would expect a splitting between sectors at order
m = 2, this is not the case and the same seems to be true away from resonance
points (especially at low f). This happens because in these cases the domain-wall
parity is conserved throughout the bands of the free spectrum. We will examine
this situation in more detail in chapter [7, where we will show that in such cases it
is possible to construct a strong zero mode. Some splitting does appear at larger f
even away from resonances, but this can be ascribed to finite size effects which allow
for g-dependent perturbative processes at order f% and these effects overshadow the
higher order resonance points.

To consider more carefully the details of the perturbation theory at off-resonant
points and at § = & we can perform the perturbative expansion numerically and
estimate the maximal energy splitting between sectors with ¢ = 1 and ¢ = 0. The
results of this analysis are shown in Figure [6.3| and Figure [6.2.1]

In figure [6.3] we show the maximal difference between the perturbative energy esti-
mates for states in the ¢ = 0 and ¢ = 1 sectors of the first excited band at off-resonant
6. We note that the difference is nonzero from the third order onward, but decreases

with increasing order n > 3 and is always small enough to be explained as an error
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Figure 6.3: The maximum differences between ¢ = 1 and ¢ = 0 sectors of the
estimates from n'" order degenerate perturbation theory for a range of values of the
perturbing parameter f. This is for the first excited band above the ground state,
for a chain of length L = 11 with N = 3 and with chiral parameter § = 0.3. The
dashed lines show f™ and act as a guide.

of the approximation. That is, the energy splitting between the ¢ = 0 and ¢ = 1 sec-
tors, calculated from H*T(™)  is less than f™. In general we expect that the maximum
difference between g-dependent matrix elements of the effective Hamiltonians decay
as f". How these matrix elements affect the energy splitting between ¢-sectors is not
completely clear. However it is reasonable to expect that these corrections should
in general decay faster than f", since the number of ¢-dependent matrix elements is

relatively small and the dimension of the effective Hamiltonians grows with L. This

102 | L ——— =—==== ]
10 i}
— 10° [ ]
%l 10°
| 10-10
=7 107
LTS
é 16
g 10
10-18
10-20
10-22
1024 1 I ! .
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Figure 6.4: The maximum differences between ¢ = 0 and ¢ = 1 sectors of the

estimates from nth order degenerate perturbation theory for a range of values of the
perturbing parameter f. This is for the second and third excited bands for a chain
of length L = 8 with N = 3 and with the chiral parameter set to the prominent
resonance point at § = . The dashed lines show f" and act as a guide.
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behaviour is observed for all bands as long as € is not resonant and f is sufficiently
small. For short chains, when n > L a non-vanishing splitting between g-sectors can
be observed which is always less than f~.

The same qualitative behaviour is also shown at resonance points where the total

domain wall parity is conserved. In figure [6.2.1] we show the difference between the
perturbative energy estimates for states in the ¢ = 0 and ¢ = 1 sectors for the most
prominent of such resonance points, § = %.
We should mention here that the perturbation theory and exact diagonalisation
give the same qualitative results regardless of the value chosen for the other chiral
parameter ¢. This suggests that strong zero-modes exist all along the ¢ = % line.
Note that their existence is not dependent on the super-integrability as this occurs
only at the point (6,¢) = (%, §)-.

Showing the behaviour illustrated above directly in the degenerate perturbation
series for all cases is a formidable task. However we can intuitively argue why we
expect it to be true. For a process to lead to g-dependent energy splitting it must
include at least one ¢-dependent term acting at the end of the chain. Since these
terms change the total domain-wall angle, such a process must also include a term
acting at the start of the chain to connect back to the original band. This means that
at orders lower than L any process that contributes will contain disconnected sets
of operators acting on opposite ends of the chain. We may intuitively expect that
contributions to the energy arising from operators acting on spatially disconnected
parts of the chain that depend on ¢ should vanish. General arguments in this
direction can be made starting from extensive energy scaling: if a system consists of
independent subsystems the total energy should equal the sum of the energies of the
subsystems and one would expect cross terms in the perturbation series to vanish, or
at least the energy per site due to such terms should vanish in the thermodynamic
limit L — oo (see e.g. Ref. [86]). These considerations are closely related to the
existence of linked-cluster-theorems for degenerate systems, where non-local terms

corresponding to un-linked diagrams cancel [87), 88 [89].

6.3 The case N =4

In the next chapter we will address the existence of strong zero modes in full gen-
erality. Before undertaking this task it is worth to consider more closely the case of
N = 4, as in this case the model is exactly solvable for § = 0 and all ¢. It can be

therefore used to identify some of the general features of the problem.
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Figure 6.5: Full spectrum of Hy for N = 4 and L = 4 the different colors represent
different domain wall parities.

We consider a Hamiltonian as in (5.1)) with o, 7 given by

10 0 O 0100
02 0 O 0010
o — T = (6.21)
00 -1 0 0001
00 0 — 1 000

In figure [6.5| we show the spectrum for the free Hamiltonian Hy for a chain of length
4 as a function of 6.

Consider now the operator ¢ defined as

1 000
1 0100
=140, —0.0;+0,)= 6.22
C=50+oi—aioiran =0 o0 (0.2
0010
where
o,=0"®1 or=0"®1
(6.23)
o;=1®0" op=1®0c"

with o, o® Pauli matrices. The meaning of the subscript d (down) and u (up) will
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become clear later. It can be seen by direct computation that

10
- - 0 ¢
T Tz —i 5 _z\ __
o¢'=—= (€10, +te 1oy = 6.24
8 f( =10 0 _ (6.24)
00 0 -1
0100
t L, Ly ooy |0 001
T o, tog)+ (0,0, —0.0,7) = 6.25
rl = 3oz + o)+ sloiot—atop = || (6.25)
0010
and
=1 (6.26)

We can define { operators for every site of the chain and set

z=1]¢ . (6.27)

Since (; are unitary operators, Z is also unitary. We can therefore act with it on the

Hamiltonian H = Hy + fV without changing the spectrum. In particular we have

~

-1 L-1

z zZ : z 4 zZ y4
|:O-z uUzH u T Ui,d0i+1,d} — sin(0) E [Ui,u0i+1,d - Ui,dai+1,u]
1 i=1

ZHyZ" = —cos(0)

M

~.
I

VIt = — cos(9) — 07,0, d]

.M“
Mh

T
[UW +0i4] — sin(
1 2:1

7

and this shows that we can think of the clock model for N = 4 as two coupled chains
of spins 3 1 This justifies the use of the up and down indexes.

Setting § = “F and ¢ = mm, we see that many of the terms in Hy, V' vanish and we
end up with two decoupled chains. For 8 = nx, these are transverse Ising chains on
the legs of the ladder, whereas for § = nmw+ 7 they are zig-zag chains with alternating
ferromagnetic and anti-ferromagnetic couplings. This structure is shown in figure
[6.6l The same transformation can be also directly be applied in terms of fermionic
variables and this leads to the same results see for example [90)].

When the system can be written as decoupled spin—% chains (for § = %F and
¢ = mm), there is an exact four fold degeneracy that results from the Z, degeneracies
of the two Ising chains. Note that the existence of a Zy x Zs is a result of the dihedral
symmetry discussed before, as Dy D Zo X Zo.

To better understand how the original Z, symmetry and the two copies of Z, are
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Figure 6.6: The Z4 model decouples into two decoupled spin—% chains when 6 = %
and ¢ = mm. For = nr these are transverse Ising chains defined on the legs (solid
black lines), whereas for § = nm + 7 these are zig-zag chains which opposite signs,
depicted here with blue and grey dashed lines.

related, we can directly write down ()4 in terms of the Ising variables. We have
ZQu7" = TQ3 = QsT (6.28)

where Qg(d) are the operators relative to the Zy symmetry of the up (down) chain.

With T we have indicated the operator that exchanges the up and down chains
To; T' =07, Tol,T'=07,. (6.29)

This operator can be written as

L
1
T =5 [+ oiuoia+oluoia+ oluoly). (6.30)
=1

as can be checked by noting that

1
5(]1 +oLo; +oyoq +olol) =

(6.31)

o O O =
o = O O
o O = O
_ o O O

To simplify the notation, from now on, we will omit the presence of the Z opera-
tor. Anyhow it has to be kept in mind that every equation relating parafermionic
variables and Ising ones needs the presence of Z to be rigorously true.

Since for 6 = % and ¢ = mn the two chains are decoupled and each of them
has strong zero modes living on the edges, we can expect that a parafermionic zero
mode exists as well. This is indeed the case, as we will now show.

To fix the ideas consider 8 = 0 and the limit f = 0. From our discussion of Section

we know that in the free case the strong zero modes are given by

"N =01 Yor = 10Q4. (6.32)

we can rewrite these operators in terms of the Ising variables, using (6.2416.25)) and
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Figure 6.7: Maximal energy splitting between g-sectors at N = 4, as a function of
6 (for ¢ = 0). The maximum is taken over the entire spectrum (obtained by exact
diagonalisation), for an L = 8 chain with f = 0.01.

(6.28). We have

1 .
M= —0
V2 (6.33)

In this form, we can now recognize the presence in 7y, o7 of the first orders of
the expansions for Majorana zero modes of the upper chain and the lower
one. When the two chains are decoupled we can use the same method employed
in Section separately for the two chains and thus find the zero modes of the
interacting model, i. e. for all f =0 and € = 0. This leads to

1 i —i T
N = E (e e € 4wldeft)
. 6.34
¢ 1T —iZ ) d u,d ( )
VoL = _E (6 4¢right te 4¢right@2 Q2) T

where wfe(;?, ¢fi(gd}zt are as in (2.23)), but relative to the up (down) chain degrees

of freedom. We already saw that these operators are localised on the edges by
construction and therefore also their combination is.

We can now consider what happens to the zero mode once we move away from
6 = 0. As noted in Section [5.1.2) when N is composite (and N = 4 is), there are
bands which are everywhere degenerate and from our previous discussion we expect
that this should allow them to be split in a g-dependent fashion for generic 6. The

special points above are an exception to this, but once we move away from these we
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Figure 6.8: The maximum differences between ¢ = 1 and ¢ = 0 sectors of the

estimates from nth order degenerate perturbation theory for a range of values of the
perturbing parameter f. This is for the eighth and ninth excited bands for a chain
of length L = 7 with N = 4 and with chiral parameter § = 0.2. The dashed lines
show f" and act as a guide. The degenerate space from which we perturb here has
dimension 90.

expect to rapidly lose the strong zero-mode protection. This is clear from figure 6.3}
where we show the maximal energy splitting between ¢-sectors for all energy levels
as a function of @, for a small finite system. Away from the 6 = 0 there is generically
splitting between all g-sectors which differ by 1 or 3. Figure [6.3|shows the splitting
as a function of f at each order of perturbation theory for two such everywhere
degenerate bands of a seven site system. This figure clearly demonstrates that there
are third order processes which split the degeneracy between g-sectors and that this
splitting does not disappear as higher order terms are added.

For g-sectors which differ by 2, there is no splitting observed at generic 6. The
absence of splitting between the ¢ = 1 and ¢ = 3 sectors is explained by the dihedral
symmetry discussed in Section (which is present since we set ¢ = 0). However
between the ¢ = 0 and ¢ = 2 sectors there is splitting around the most prominent
resonance points (cf. Fig. , but behaviour consistent with exact degeneracy away
from these points.

The fact that the sectors with Ag = 2 do not generally split is connected to the
survival of order two zero-mode operators related to 72 and ~3;. To see this note
that whenever we have a Zy parafermionic zero-mode ¥ such that N is even, then

the operator ® = WV/?) i a zero-mode with

P?P=1  PQy=—-Qn.
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Considering the two zero modes at the end of the chain ®cp, ®rigne, we also note
that

(I)leftq)right = (_ 1>N/2(I)rightq)left7

so ® is a fermionic mode if N/2 is odd. If N/2 is even, as is the case we are consider-
ing, ® is bosonic. Nevertheless its existence implies order two degeneracy throughout

the spectrum, as it anti-commutes with Qy. At § = 0 we can immediately write

(I)left = (71)2 = @D?eftw;jeft

et (6.35)
Dright = (V21)” = iy 1 Vright

and we stress that these operators exist for any f. Away from 6 = 0, the parafermionic
zero-modes no longer exist but the mode ®.f/pign; may survive. We can attempt
to construct it using an iterative technique similar to the one employed in Section
to find the Majorana zero modes. In the next chapter we will define a general
scheme to carry on such iterative construction of the zero modes. We will therefore
delay the explanation on how this is done and only state the result here. To first

order in f we have

T

z z 1u P . . . ;
Piepr = 07,014+ fcos(20) (005(9)0(1,1%,2 — sm(&)ad’lgdg)
of (6.36)
1,d L ‘ .
* fcos(2c9) (cos(6)03,104,5 + sin(6) 107 5)

The number of terms on the right hand side grows fast with the order of approxima-
tion. For example, the second order involves terms with products of the operators
oy Jd1/2 and o7 Jd,1)2/3 and we spare the reader the explicit expression. We will see
in the next chapter that such operators are generically normalizable.

There are some features that are worth noting. It is clear that, even at first order,
there are singularities in the expansion. The factor 1/ cos(26) in the of q)l(el}t diverges
precisely at the resonance point § = m/4 where there is indeed ¢-dependent splitting
of the degeneracy at first order in f (this is prominently visible in Fig. This is

true also for the next order, where we see that the next resonance point appear at
4
5
the emergence of this structure will be clarified in the next chapter.

0= % arccos ( ), exactly where we see splittings appears in Fig. |6.3] The reason for
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Chapter 7
Construction of the Zero Mode

In this chapter we will explain how to explicitly construct the zero mode. The
method developed here constitutes a generalization of the one used in [21]. We will
describe this construction for parafermionic clock models, but it can be employed to
find zero modes of other spin models as well. The material contained in this chapter

is based upon [28§].

7.1 TIterative method and super-operators

The previous analysis shows, through a perturbative approach, that the perturbation
V' can destroy the zero mode for values of § where bands with different values of the
total domain wall parity cross. The same perturbative analysis hints that the band
degeneracy is left unbroken whenever the total domain wall parity is conserved.
Even though the persistence of this degeneracy strongly suggests the presence of
zero modes there is no guarantee that localised and normalizable zero modes exist.
Our aim is therefore to build up a recursive method, along the lines of [21], that
would allow the explicit construction of such operators. To keep the exposition
simple in the following, except when explicitly specified, we will consider quantum
clock models as in for N = 3.

To fix the ideas let’s consider the left edge. It is reasonable to expect that if a
localised zero mode 1) exists, when we introduce the transverse field, this will reduce
to 77 in the limit f — 0. In other words, we suppose that the zero mode admits an

expansion

L

v =g+ o W =) 0 (7.1)

i=0
Where 49 = 4, = 0,. As we saw, the defining relations of the zero mode v are
similar to those satisfied by 1)(®

[H, )] = O(c™¥) (7.2)
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with £ > 0, some constant length scale that can also be +00. Moreover

QY = wyQ (7.3)

which, as we saw, implies that the splitting between bands with the same (ng, ny,ns),
in different () sectors, vanishes exponentially with the length of the system. For the

normalization, as we said, we will mainly be concerned with the conditions
3 _L
W =1+0(e¢) (7.4)

and
W=t + 0 %) . (7.5)

Together, they imply that the zero mode is normalized on a finite chain and, in fact,
we see that

Pl =1+0(e %) . (7.6)

Despite this, the norm of ¢ may still diverge if the limit L — oo is taken at fixed f,
because the coefficient in front of the Lth term may grow quickly with L, similarly
to what happens in [23] for spin chains. We will consider this further in Section [7.5]
We stress that we will be interested in zero modes localised at the edge of the
system. As we saw, for finite systems, this property is ensured if matrix elements
acting on longer chains of sites also appear at higher order in f. However in the
limit L + oo this may not be enough to guarantee that the mode is localised as the
matrix elements themselves could grow faster than f%. This is closely connected to
the normalization issue.

Let’s now consider the commutator [H,]. Because of ([7.1)) we have

(H,) = > f* ([Ho, v W] + [V, 0*1]) (7.7)
k=1

which means that in order for ([7.2)) to be true (for all f) we must have
[Ho, ™) = — [V, V] k=1,2, ..., L—1. (7.8)

The commutators with Hy, and V' are linear operators acting on a Hilbert space
of operators. Therefore, in principle, each of gives a linear system that can
be solved recursively once we fix 1(?). In reality this method still presents certain
ambiguities, related to the fact that the commutators with Hy, and V are not
invertible operators. We will address these in detail in the following.

To understand the point it is better to rewrite the operators Hy = [Hp, - ] and
V = [V, ] in a nicer form.

The Hilbert space on which these commutators act is isomorphic to the Hilbert
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space for two copies of the original model. This can be established by using the
so called Choi-Jamiolkowski isomorphism [91], 92], which can be defined by linearly

extending its definition on the basis elements:
li1, 49, -« ip) |71, 925 - - JL) = |i1, 02, - -5 30) (J1, 2, - - -5 JL| (7.9)
with |iq,19,...,7.) and |j1,72,...,70) as in (5.3). On each site this basis simply

corresponds to the canonical basis for matrices. For example we have

0
0 | =10)I0) +w[1)[1) + w?[2)[2)

(7.10)

_— O O O O ==
S O = o £ o

0
L[ =10)[1) +[1)]2) +12)]0) .
0

It can be easily seen that, given any operator O, in this basis the commutator with
O takes the form
0,-1=0®1-1®07" (7.11)

where O7 is the transpose of the operator O. In the following we will usually name
these operators after their action on the Left and Right sectors of (7.9)

OF=0®1 Of=1®0 (7.12)
Since Hy and V' are hermitian, because of ([7.11]), we have

T *
Ho = [Hy,- | = HY — HYY = Hf — HE

o (7.13)
V=[V, ]=VE-VE = yL VR

The basis that we chose is precisely the one in which H, is diagonal and we can

write

L-1
Ho = — Z eiealﬂlTaf - eieaﬁlTJZR + h.c.
- (7.14)
V= Z et —e 4 he. .
i=1

Since H, is diagonal we can easily find its eigenvalues, which we will indicate as

Fivizein . p

J1,J2--5JL J1,925-JL

— By o iy (7.15)

with Ej1,j2 ..... Jro Eil,ig ’’’’’ ir as 1mn 512
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As we saw the free energies of Hy depend only on the domain walls along the
chain. This means that when the left and right chain have the same domain walls

at the end, they will cancel out

il  plitzediot g g g —01,2 (7.16)

J1J2-JL-150L J1:J2-JL—1
It will be useful for the following to isolate the local structure of V, therefore we set
Vi = —e“rf + e 1l 4 hec (7.17)

and V can be written as the sum of its local terms

V=> V. (7.18)

Using a nomenclature coming from the study of open quantum systems, we will
refer to operators acting on the space of operators as super-operators [93] (note
that in literature the definition of right operators usually differs from our own by a
transposition, that is OF = 1 ® O7).

Written in terms of the basis the operator ¢(*) takes the form

PO =g, = Zwi1|i1>|i1> ® I (7.19)

where [} is the identity operator acting on a chain of length k:

[k: Z ‘i17i27"'7ik>‘i17i27"-7ik> (720)

U1 yeenylk

In order to simplify the notation, we will often write ([7.9)) as

lir) ix)

where i, jir represents the collection of the k indices 41,19, ...,%; and ji, jo, ..., Jk.
If £ < L it will be implicitly left for understood that there is a I _j tensored at the
end of the chain. For example we will write (7.19)) as

O =3 "W in)]ir) - (7.21)

When we will need to highlight relations between specific indices we will often write

terms like

|it—17 ita ik—t>|jt—17jtajk—t> :

As a final remark, we write down the form taken in the super-operator basis by
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the equations ((7.8)), which define the zero mode expansion:

Hop™tD) = —pyp® k=12 L1, (7.22)

7.1.1 Restrictions on the solutions

In this section we will consider super-operator symmetries of Hy and V. These can
be used to reduce the dimension of the space where we need to look for a solution
of the problem. The first symmetry we will describe can be given in terms of the

super-operator
0= H Tk H E. (7.23)

Note that in ordinary operator language, given an operator O, with this definition

we have

Q0 = QOQ" . (7.24)
The use of Q allows us to rewrite condition ([7.3)) asE|

QY =wi. (7.25)

Since QY = W@ and since H, and V commute with Q we can impose this
condition also at higher orders.
The two super-operators Hy and ) also have a chiral symmetry that reflects the

commutator structure of their definition

(TK)Ho(TK) ™ = —H,

(7.26)
(TKOV(TK) ™' = -V
where 7 is the super-operator which exchanges the left and right sectors,
Tlic)lic) = liz)lic)- (7.27)
and /C is the complex conjugation
KGEK™ = —il . (7.28)

Therefore 7K simply corresponds to the conjugate transposition of operators. As
in the previous case, since

TK@®) = (Ky) (7.29)

'From our definitions we have that (7.3 can be given as

QX = wQ ) .

Since in our basis @ is orthogonal, equation ([7.25)) follows.

88



we can impose this condition, by induction, also at higher orders. By this we
mean that the expansion obtained starting from K(1/(?)), denoted as (K¢)®, can
be obtained as

()™ = TE@™) . (7.30)

Note that in the case ¢ = 0, both Hy and V are real super-operators, and ((7.30)
reduces to

¥ = Ty® (7.31)

which can be used to diminish the dimensionality of the Hilbert space where we

need to look for a solution.

7.1.2 General considerations on Null(H)

Consider now a vector belonging to Null(H,), which is non trivial only up to some
site k < L — 1 (locality). Explicitly,

i1y 02y -y Thm1s G| T1s J2y - Th-1s Jk) @ T - (7.32)
if this vector belongs to Null(Hy), because of ([7.15]), we are forced to have

Eiig,ind = Ejjogegiy 1=0,1,2. (7.33)

Since [ is arbitrary, we can subtract two copies of the above equation with different
values of the final clocks [ and I’. Using (5.13)) we get

Eia— By =Ej0— Ej v

and, after simple trigonometric manipulation, we end up with the condition

sin ((l . 2¢k)g + 0) — sin ((z . 2jk)g + 9) . (7.34)

Since [, I’ are arbitrary this equation can be true if and only if i, = j, ] Concretely

this means that operators that commute with Hy cannot have 7s on the last site

where they act non—triviallyﬁ. We remark that this has to be true independently of
0.

Suppose now that 6 is such that the total domain wall parity, as defined in ,

is conserved, in the sense that two vectors with the same energy also have the same

2The same conclusion could be obtained also by considering directly in the commutator picture
without the need to consider super-operators.

3Note that we are still supposing that these operators do not act non-trivially on the whole the
chain, since we will be interested in the large L limit.
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total domain wall parityf] This means that
i — i1 = ju— J1 . (7.35)
Since we just saw that, for operators in Null(Hy), ix = jx, we are forced to have
=171 - (7.36)

We can therefore sum up these observations by the following statement

Property 1. A basis for the operators belonging to Null(Hg) and acting non triv-
wally only up to some site k is given by

k-1, i) k-1, k) s.t. E;::izl: =0

if additionally 6 is such that the total domain wall parity is conserved, then the basis
15 given by

i, iz, i) i, Jeoin) B =0

As we will see this simple characterization of the vectors in Null(Hy) will be crucial

when we will consider the existence of zero modes.

7.2 Super-operators and perturbation theory

As seen above, in order to find the zero mode, we need to solve the system of
equations
HoypF D) = —pyp® k=1 L—1. (7.37)

We will now show that this problem configures as a perturbation expansion of the
super-Hamiltonian

H=Ho+ fV. (7.38)

Consider in fact an operator ¢ as in ([7.1)) and such that
Hyp = Ep (7.39)

with
E=E9 4 fE®W 4 2E@ 4 4 LD (7.40)

If we call Py the projector into Null(Ho) and Qy = 1 — Py, we can project ((7.39)
into Null(Hy) and its orthogonal space. Using that PoHo = 0 and Py + Qo = 1 we

4As explained in Section resonance points appear because there are two different combina-
tions of domain walls with the same energy. Given a resonance point that does (does not) conserve
the total domain wall parity at some energy, it is not possible to have another resonance, at higher
energy, that does not (does) conserve the total domain wall parity.
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have

[PV = EPoyp (7.41)
HoQoY + [QoVY = EQut .
Order by order this set of equations gives
k41
=0
- . (7.42)
H0¢ék+1) — _QOV <¢((1k) + w}()k)) + ZE(k+1—z)¢§z) ’
i=0

where @D;(,k) = Py, ¢§’“> = Q)™ and these are the defining equations of any
degenerate perturbation theory.
We can now see that finding the zero mode is equivalent to solving the perturbation

theory problem when we impose the conditions
EV=0 Vj<L-1, (7.43)

which concretely means that we are asking our perturbation to not split the degen-
eracy up to order L — 1.
Equation ([7.42)) thus reduces to

PonbI(,k) _ —POV@bC(,k) (7.44)
Mol =~ (0 + 1Y) (75)

which in turn is equivalent to .

Usually in degenerate perturbation theory one looks for solutions that split the
energy at some order. This is therefore quite a strange perturbation expansion, as we
are specifically looking for a solution of the perturbative problem that does not split

the energy at any order less than L. Moreover we explicitly require that 1(®) =

01,
while generally the starting point of the perturbation, inside the degenerate space
is, to some extent, undetermined.
This makes the existence of a solution of and highly non trivial. In
particular we know from [27] and our previous discussion, that if we are at resonance
points where the total domain wall parity is not conserved, the system will develop
energy splitting at order strictly less than L and this means that a solution of
will in general be not possible.

To understand the structure of the possible solution let’s now consider the action
of Hy and V. The terms of the operator V can act at most on one element of the
chains, while the terms of Hy can act on two elements. This means that, if as in

(7.19) we start with an operator that is localised on the edge, and a solution of
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(7.22) exists, the next order will be made of operators different from the identity for
at most one site more than the previous order.
For this reason, from now on we will consider each ¥*) to be operators acting

non-trivially on a chain of length k£ + 1. In this sense ([7.22) can be rewritten as
Hoyp D = vy @ I (7.46)

With this notation, we can rewrite ([7.44] as

PVl ® 1) = PV (v @ I) (7.47)
Hoyp{™ = —QV (P + yM) @ 1, . (7.48)

If a solution exists, equation ([7.47) implies that
V(0% + %) @ I € Null(Ho)* (7.49)

where the inner product entering into the definition of the orthogonal space is the
canonical one (in the space of operators). If this condition is satisfied we can then

easily find a solution for wékﬂ), by inverting H,

1
W = Ly () o1, 750
where we can omit the Qg because of (7.49)).
Hence, starting with ¢§’“), given a ¢,(,k) such that 1’ holds, we can always find a

ékH) which makes the iterative construction work and if z/é,k) acts on chains only

up to order k + 1 then wékﬂ)
Note however that nothing prevents Povw((,k) ® I to contain terms living on chains
of length k£ + . We will see that if this is the case, then a “local” solution for w;k)
will generally not exist (see Section [7.3.2)).

This treatment clarifies the importance of @Dl(,k) and equation shows that the

problem of finding zero modes is essentially a problem of finding qb;,k).

will still be localised on the edge by construction.

In the following we will carefully consider the situations in which such a “local”

@/);(,k) exists and in which it does not.

7.2.1 Some restrictions on 1,

In this section we will consider some general properties of the solution w,()k). Let’s
therefore start by considering a generalization of ((7.47)

PoV(ap, @ ) = B, @ I (7.51)

51/)((1@ lives on a chain of length k + 1
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with arbitrary £, € Null(Ho) and o, € Null(H,).

Suppose 3, to be an operator that acts non trivially only up to some site ¢
By =3 By it i) e, i) (7.52)
i7j

for some coefficients Bffj;j Note that the equality between the last left-right co-
efficients comes from Property . In the same way we can suppose that o, is an

operator that acts non trivially only up to some site ¢/

= g i) (7.53)

12
The action of V on «,, is given by

t'—1
Va, =Y Vi, + Vi, . (7.54)

k=1

Since the last two left and right indices in (|7.53) are the same for all the terms in

the sum, we can easily write down the action of Vy on «,,. That is

- iy g0 +1 iy —id|s . . .
Vt,ap - Z <a/jt/_1,it/+1 - ajt/_l,it/> € |1t'—17 uy + 1>|.]t’—17 Zt’>
i?j
Z iy _q,i—1 iy_q,0 (7.55)
1% — 1904/ ig|s . . .
+ (Oéjt/_pit/fl - ajt/_lyit/> € |1t'_172t/ - ]->|Jt’—17Zt’> :
,J

In order to consider solutions of ([7.51)) we now need to project down these terms in
Null(Ho). As we saw, since the terms in H, can act on two neighbouring sites, we
need to consider the addition of an identity operator at the end of the chain. This

means that we need to consider operators of the type
i1, &= 1 gy a) o1, i, dva) - (7.56)

Projecting down into Null(#Ho) consists in finding those values iy € Z3 such that
VIR Ve - Y . . . i/ _q,dE1liy
Lol = (. To simplify the problem we can write F,0 17077 0+

Jir—1s By Sy Jir—1s By iy

VBRI P =3 B Y s WY &) RSN WES KR

Ju_1, iy »it/+1 Jer 15t Gy _qs by gy )

where we have gathered all the final domain walls in the second term. Since by
hypothesis Ejlz:’l

— 1yt

Syt

=0, we are left with

it’flvit’ilvit’Jrl o it’—lvit’ilvit’+1

§ PV PV Y 7SS PR SV S
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) i i Ly
Consider now E.7 V¢ 770+t

y 0 In terms of domain wall energies we have
t—1> Y st

lt,il’zt,il,ltt‘rl = €; . _|_ €; . — €; . — €; .
jt’717 it’ 7it’+1 /Lt/+177’t’ Lyt =yt _q ’Lt/+1flt/3F1 lt/ilflt/_l 9

with €, as in ((5.13)). If we now set
’it/+1 = 2?:75/ +1-— it/,1 mod 3 (757)

we get
iy ,it/:tl,it/+1

=0 (7.58)

Jer_1, iy 7it’+1
This means that all the terms in ([7.55]) will always produce operators that belong to

the Null(Ho) when we tensor them out with [; ﬂ Therefore the operator PyV,a,® 14

will always contain terms of the form
|it’—17 Z't’) it’—l—l) |jt/—1) jt’7 it’—l—l) it’ ?é jt' . (759)

Imposing that «, constitutes a solution of (7.51)), with 3, as in ([7.52) then implies
that ¢ = t' and
Viay, =0, (7.60)

since in (3, all the terms have the same left-right indices at site t, while we saw that
if ((7.60)) is not satisfied then V; invariably produces terms of the form (7.59) when
it acts on .

Condition ((7.60]), in turn means that

oy = Z a;i:izij |12, 9¢—1)[Je—2,9-1) ® I1 (7.61)
i,J

where, as before, the identity between the left-right indices at site £ — 1 comes from
Property [I] The presence of I; at the end comes from (7.60) and was made explicit.
In the context of finding zero modes, we can sum up the previous discussion into

the following statement

Property 2. Suppose that a local solution of the zero mode exists up to some order
k. If P0V¢ék) acts on a chain of length k + 1, then 1/)1(;k) acts on a chain that is not
longer than k.

6To get a feeling of what this property means consider the state
0,2,0)[0,1,0) ,

which belongs to Null(Hg) for a system of length 3 and general 6, as can be easily checked. The
above property means that we can be sure the states

10,2,1,2)]0,1,0,2)  ]0,2,2,0)|0,1,0,0)

belong to Null(Hg) for a system of length 4 and general 6 without the need to compute their
energies.
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The above discussion also allows us to find the solutions of the equation
,P(]VOép ® Il =0. (762)

In fact, by repeating the previous argument by induction, we can argue that o, has
to be of the form

a, =Y ailli)]i) . (7.63)
11
This means that all the solutions are given by the linear combination of the operators

0)10) DIy [2)]2) (7.64)

T 27

’) 39 3

This last remark imposes restrictions on the possible local starting points for the
zero mode expansion. In fact equation ([7.47)), in the case of k = 0, reduces to

except when 6 = 0 in which cases the unique solution is givenﬂ by a = I.

PV @ I =0 (7.65)
(as by assumption 1/1[(,0) = 0). This property, together with the condition
QYL = wipl” | (7.66)

implies that the following holds

Property 3. When 0 # 0, %, %’r, the unique possible local starting point of the zero
mode expansion is given by

PO =gy . (7.67)

When 6 = 0, 3, %’r a local zero mode does not exist.

As a last remark we note that in the above discussion a fundamental role was
played by the fact that we have identities I; at the end of our operators. This means
that the existence of solutions of ([7.51)) that act non-trivially on the whole chain is

in principle not excluded.

"This can be easily seen by considering that at these resonance points there are additional states
present in Null(Hp). For example consider § = 0, we have

PoV|0)|0) @ I} = —e~™|1,2)]0,2) — €'?(2,1)|0,1) + €?]0,2)|1,2) + e~*?(0,1)2,1)
PoVID[1) @ I; = —e~"*[2,0)[1,0) — €?|0,2)[1,2) + €'?|1,0)|2,0) + e~ |1, 2)|0,2)
PoV|2)[2) @ I; = —e~"?[0,1)[2,1) — €|1,0)[2,0) + €'?|2,0)|1,0) + e~ *?|2,1)|0, 1)

and similarly for the other fs. Note that normally we would get zero out of this, but in the case
# = 0 two domain walls have the same energy, so Py does not project to zero. It can be easily seen
that the unique solution of (7.51) that gives 0 is

L =10)[0) + [1H)[1) +[2)[2) -
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7.3 Locality and total domain wall parity

In this section we will prove that, if total domain wall parity is conserved, then
PoVyP o) =P el , (7.68)

with 8 € Null (Ho). We will see that this condition is the main factor that allows
a formal expansion of the zero mode to exist at each order k.

This equation imposes that the terms in Null(H,) coming from the action of V
on wék) are not living on chains longer than the one on which wg’“) lives, and it is
therefore a condition imposed upon the locality of the terms of V@Dék).

In this section we will prove that this condition is fulfilled whenever the total
domain wall parity is conserved and that it is generally not satisfied otherwise. We
will also prove that when does not hold it is not possible to find local solutions
for 1.

Let’s therefore separately consider the two cases.

7.3.1 Conserved total domain wall parity

We will now show that when the total domain wall parity is conserved, condition
1) is satisfied. This is related to the general structure taken by the solution wék).
Suppose therefore that a solution exists up to some order k, then the following

statement holds

Property 4. If the total domain wall parity is conserved the solution ¥™®, with
k > 1, 1s composed of operators that act non trivially on a chain of length k+1 and

in particular

e The operators 1/15“ can be written as

¢(§kz) _ 77((Jlf) + pgk)

where nék) s a linear combination of operators of the form

i1, 3,5 - sy 1) |15 G255 Tk k1) i 7 i Vi=12....k (7.69)

while pgk) acts trivially on site k and it is a linear combination of operators of
the form
lik—1, i) k-1, ) @ I B0

Jk—1,0k

° @/),(,k) 1s made of operators that act non-trivially on chains that are no longer

than k. This means that w}()k:) 1s a linear combination of operators of the form

i1,ik—2,0k __ 0

i, k-2, ix) i1, Jr—2,ik) @ L1 ik ain
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The proof of the first part of Property [4is given in Appendix [C] while the second
part, related to the structure of w,(,k) follows from Property . In the next part of
this section we will content ourselves with showing that Property [4] implies (7.68).
Suppose therefore that a solution exists up to some order k and that total domain
wall parity is conserved, as in Property [4
First of all we recall equation , which states that whenever we have the same
domain walls on the left and on the right sector at end of the chain, they cancel out
when computing the energy

Ejkflvikvik+1 _ E._jk—l:ik Vi,=0,1,2. (7.70)

i 1,0k,0k41 ig—1,iK

This means in particular that
PoV|ik—1, k) [Je—1, k) @ I2) = Po(V|ik-1, i) |jr-1, ) @ 1) ® 11 , (7.71)
As can be explicitly checked. Therefore, extending by linearity, we have

Po(Vol @ 1) = Po(Vpi?) @ I

(7.72)
PoVyiP @ I) = Po(WyiP) @ I

Thus the only problems when we consider , may arise from n(gk). If the total
domain wall parity is conserved, however, this can never happen. In , in fact,
i1 # 71 and we know that operators in Null(#Ho) need to have iy = j; because of
Property [T This means that the action of V; is the only one that can survive after
the projection into Null(H,):

k1
Po(vﬁék) ® 1) = Po(Vmék) ® 1)+ PO(Z Vmé’“) ®L)= Po(Vmék) ® 1) .

1=2
Since the action Vy,; does not survive the projection, the last indices in the con-

stituent 1) of n(gk) are still the same. Therefore, using again 1) we have

PoViP @ L) =pP @1 . (7.73)

with B,(;k) € Null(Ho) and this proves 1}

7.3.2 Broken total domain wall parity

We will now consider what happens when total domain wall parity is not conserved.
We already saw what are the problems arising when ¢ = 0, %, %’T in Section m,
when we considered solutions of equation ((7.65)). For higher order resonance points
something similar happens and, in general, it is not possible to find a local solution

for the zero mode expansion. Suppose therefore that PO(Vwék) ® I1) contains vectors
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that do not conserve total domain wall parity.
As we saw in Section [6.2.1| resonance points appear when we consider chains of
increasing length. Suppose therefore that € is such that total domain wall parity is
not conserved on chains of length k + 2.
Using Propertywe know that the operators PO(V@Dék) ® 1) are a linear combination
of operators of the form

i1 k1, ks Thg2) [0, Jh—1s Jhs Thp2) - 00 #F 0 Eﬁ;ij;’;iﬁi =0. (7.74)
We stress that the existence of this type of terms is the same as saying that condition
is not fulfilled (otherwise we would have an identity at the end). Note also
that these terms are bound to stem out from the n(gk) of Property .

Using Property |2l we know that the solution 1/11(Dk) has to live on a chain of length
k+1, but for chains of smaller length the total domain wall parity is still conserved,
which means, using Property , that @ZJ;(;k) has to be the linear combination of vectors
of the type

|91, ik—1, 9) 91, Jo—1ik) ® 1 . (7.75)

Given the local structure of V' this is impossible unless, i, = ji in (7.74F] This
means that
Eihik—hik,ikﬁ _ Eihik—hik —0 (7.76)

J1dk—150k k42 J1dk—15ik
but this is not possible since by hypothesis for chains of length k£ + 1 the total
domain wall parity is conserved and i; # j;. This means that a local solution of

(7.47) cannot exist at resonance points where total domain wall parity is broken.

7.3.3 General form of the solution

We will now present a method that allows constructing a general solution for the
recursive problem. Unfortunately we do not have a complete proof of the method,
but we were able to check our ansatz using symbolic calculation with Mathematical’]
up to 7th order. We stress that our approach can be used to consider the solution of
similar problems in other spin chain models, which we explored to some extent, as
we will discuss later in the section. This makes us believe in the existence of some
general principle that allows the machinery to work, although we were not able to
completely demonstrate it so far.

As we said, the problem of finding a zero mode at some order k is essentially a

problem of finding ¢](Jk). We repeat for clarity, that once we find a wz(,k) such that

P + ¢ @ L =0, (7.77)

8) in fact has to act through V; to make iy # j1 in (7.74).
9The set of codes used for the computation and a collection of the results that we obtained can
be found at: https://github.com/Domenico89/clock-models-zero-modes.git| .
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we can readily find w(k+ by inverting Hg
Q
YD = _H_Z%k) +y) e L (7.78)

and this inversion is straightforward when everything is written in the basis that we
chose, as H, is in diagonal form.

As we said, the problems related to finding w;,(,k), seem to be connected to the locality
of the operator Povwék) ® I, as described by condition (|7.68]).

If condition is satisfied, then we find that a solution of the problem can always

be written in the form

w(kz) _ Z Fl17127'”7lk_17)0]}8l1 VSIQ .. .Slk—l V¢ISO) (779)

p
I8 +lg+...+lk,1=k‘

with Fll,lz,.--,lk_1 c @ and

Po [=0
S = N (7.80)
(%) 120
In the case of the N = 3 parafermionic clock model we have, for example
W) =0y,
v =
Qo
v = —*POV <H> ,
(3 _ 1 %0 ) py )y (% (0)
Yy’ = 2790V( ) <7—[ 1% + PV(H>V<’H Vi,
2
w 3 2 3 (O QO> < >
Yy = 8POV< ) V<,H> V@Z)p PV<H0> V(Ho 1% o Vl/}
1 <o 1 Qo) (L)) (L (0)
() v () v (5 v =i (5 )VWV(HO) i

2
1 [o)) ) Q )\ 1,,,0
+ JPOVPY (,HO> <,HO> Vi) + POVPV<,HO> (,HO) Vi

The coefficients for @b,(f’) are given in Appendix @ As far as we could check with
our Mathematica code, the solutions always follow this structure. Note that the
coefficients do not depend on 6 and ¢ and that all the terms in the sums act trivially
on the last site of the chain, as imposed by Property 2l The fact that the coefficients
I' for the solution does not depend on 6 gives another hint of the fact that when 6
is such that the total domain wall parity is not conserved, the zero mode operator
cannot be constructed. In particular the presence of %—g accounts for the divergences
that we witnessed when we found the zero mode for N = 4 in Section [6.3l In
Appendix [Bf we will present a proof for the solutions of wz(,l), wj(f) .The solutions for
the next orders were found by symbolic computation using Mathematica.

Note that the existence of this type of solutions is related to the exact cancellation
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of a very large number of terms, as we will illustrate in Section [7.3.4] It is therefore
hard to believe that the above structure is simply the result of chance and this
becomes even more apparent when we try to apply the same method to other spin
models.

As a final remark, we note that this ansatz is quite reminiscent of the formulas
obtained for effective hamiltonians in the framework of degenerate perturbation
theory [94), 95]. In particular, the first two orders agree with known formulas for

effective hamiltonians, while the rest disagree.

The iterative method in other models

In order to understand the structure of the solution we tried to apply our method
to spin models where the existence of a zero mode is already known, like the XYZ
model [I6] or the models considered in [23]. In every case we studied, we found that
the known solutions for the zero modes follow our description.

Strangely enough the existence of these formal expressions for the zero modes
hold even when there is no underlying symmetry, as for example in the case of the

Hamiltonian
L—1 L
H ==Y oioi,+ Y (07 +07). (7.81)
i=1 i

with f, the perturbing parameter. This Hamiltonian, in fact, does not commute with
()2 (or any other symmetry as far as we know), nonetheless our construction can
still be carried out, starting with w,()o) = o7 (the free model still possess a local zero
mode on the left edge)m. The resulting zero mode is in general not normalizable,
which means that we do not expect it to survive in the thermodynamic limit, but
surprisingly a formal expression for the zero mode can still be written out for any
order we could check (up to 8th order). Note that this Hamiltonian is non-integrable
and, if written in terms of fermions via Jordan-Wigner transformation, it is highly
interacting.

By considering different models, we also see that in general the coefficients I's are

model dependent. For example, if we consider the Hamiltonian
L—1
H'= =3 0i0i+ ) otuol +oluol =Hy+ fV' (182)
=1 7

the first orders of the projections of the zero mode, psi, € Null(H'q), constructed

0The different phases of this Hamiltonian have been studied in several works see e.g. [96], 97].
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with our method, are given by

./(0) YA
pSZ D - Ul 5

psi’él):(),
2
s 1 Q' 1(0)
psiy =—5PoV <H’o> Vipsi'y”
psit® — _2pryr (Lo Ty (Lo Y@ _ Lpry (o) )y (o 2V’p8i’(0)
p 3707 \#Ho Ho) P 370 \H H'o a

We have reasons to believe that the existence of these expressions has to do with
the chiral symmetry 7K introduced in Section [7.1.1] but we were not able to figure
out how so far.

We tried to apply the same method also to non-hermitian models and the same
general structure holds. Notably to the case of free parafermions [81], which can be
described through the Hamiltonian H' = Hj + fV’, with

L—1 L
H==> ol oi—f) 7. (7.83)
=1 =1

This is the same as the spin clock model ([5.1]) for § = 0, except for the addition of

the hermitian conjugated term. In this case, to each order k, we find

k
(k) Do 0 (k)
psi'y = (—%—IOV/> zbz(,) psi'y’ =0. (7.84)
These are formally the same expressions that one obtains in the case of the transverse
Ising model, which we believe provides further evidence that these types of models,
rather than ({5.1)), constitute a closer generalization, even if not hermitian, of the

transverse Ising model [81].

7.3.4 Algorithmic solution for 1,

The above ansatz for the solution lends itself well to direct checking. Nevertheless
the problem of finding the constants I's of is generally not an easy task,
especially for large k. However, if we are not interested in the values taken by the
I's, it is possible to design algorithms that would allow finding the w}()k) at any given
order (with limitations due to computational power). Strictly speaking, we cannot
prove that this algorithm work at all orders, as we need to assume our ansatz
to hold true in order for it to work. If this is the case we can employ some of the
symmetries of the problem, and some of the remarkable cancellations of terms that
have to take place for such a solution to exist, in order to simplify the determination
of w,(,k). As such the recipes that we will present in this section never failed us when
we applied them at all the orders that we could check.

Consider therefore a solution for w;k) as in . It can be seen by induction,
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using repeatedly property (7.16) and the local structure of V), that
%gk) =UYpk +Upr1 @ L1+ ..+ Y1 @ Ty (7.85)

where 1,,; are operators acting on chains of length I:

Ut = D ()i i iz, il i, ) with - BT =0 (7.86)

j’/[:

With i;_5 and j;_» not necessarily different from each other. The equation satisfied

by the solution 1/1£k) is given by
PoVyiP @ I) = g (7.87)
with B = —Py (V) and

B = Z(ﬁ)il’ikwikﬂ\il, o1, ie1)]its o1, ip1)  with EIVEREL —g (7.88)

11,Jk—1,0k41 i1,Jk—1,0k+1
j’i

The idea behind how to find a solution is now to determine one by one all the 9,
that constitute ¢£k), starting from v, ;. Doing this will reduce at each step the
dimensionality of the problem. Suppose in fact, to fix the ideas, that we are able to

find 9, 1, then we can write
Po(Vi @ L) = B — Po(Vippr © ) (7.89)

with
%(;k’l) =Upp—1+Uppo2@ L1+ ...+ Y1 QL9 (7.90)

If a solution exists and follows ([7.85]), because of the locality structure of V and
because of condition ([7.16)) then, necessarily, we need to have

Po(Veih @ I) = 85D @ I (7.91)
with 85Y @ I, = g — Po(Vibpr ® I1) and

BID = S (B i ik, ia) i, Jusia) with BLREE =0 (T.92)

11,Jk—2,ik
j7i

Therefore ﬁl(,k’l) acts on a chain that is one site smaller than the one on which S*)

acts. This means that we can reduce the problem to

Po(VeED @ I) = g1 | (7.93)

p

which is equivalent to solve the initial problem on a smaller chain and this is com-
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putationally very convenient, as the Hilbert spaces involved in the process are of
smaller dimensions. This process can be repeated now for ¥, x_1, 1, x—2, etc... until
we exhaust all the terms.
We now need to describe how to determine the various 1),;. Note however that
the fact that it is always possible to go from ﬂ,(,k’l) living on a chain of length k41 —1
(k,1+1)
to a 6
the existence of a solution of the form ([7.85)) and this implies the equality and the

cancellation of a large number of terms in ﬁz()k) when we remove 1,; as described

living on a chain of length k& — [ is not trivial. It is a consequence of

above. The presence of this structure can be traced back to the general form of the
solution described in Section [7.3.3| and is part of the reason that makes us believe
that this form holds in general.

We will now describe how to determine the various v,; terms. This is simpler

than it may look, as we do not need to consider the action of the whole V on v,
but only the action of V;. Given in fact the structure of this super-operator
can act non-trivially only on v,; and its action is particularly simple, as all the
terms appearing in ,; have ¢; = j;. This means that, in order to deduce the form
of 1, ;, we only need to consider those terms in B};k’k*l) such that ¢, # j;.
For the sake of clarity, we will describe the method for a specific example. We
will hence consider the case for § = % and ¢ = 0, where no resonance occurs.
In general, the analysis for any given resonance point (where total domain wall
parity is conserved), will depend upon the particular combinations of domain walls
that happen to have the same energy. The following analysis needs therefore to
be changed accordingly on a case by case basis and works only when we are not
at a resonant point. Our purpose is to present a general approach to constructing
solutions for ¢,;. There is no real difference in considering solutions for v,; for
different Is.

Consider therefore, as an example, the case of wz(f’), and suppose that we already
know the solution for v, 5. As we described we can find B,(f’l) from 51(75) and 1, 4 will

be given as
— 21712 13714 N N N ; 217]27]3714 —
Ypa = E (Xa)ir ity d2, 43, 4a) |01, G, g3, da) - B3 2500 =0 (7.94)
i’j
and

5;(,4 b Z(ﬁl)ﬁiﬁ’,ﬁ’,@i’i‘i|i17j2,js,j4>i5>’i1,i2>i3,i4, is) Egee =0 (7.95)

]72
As we said we can reconstruct v, 4 from 5}(04’1) by considering the action of V, only.
This means that we need to look at the elements of 51(74’1) such that iy # j4,. We

have to distinguish two subcases with respect of the values taken by i3 and js.
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Case i3 # j3
To explain the strategy in this situation we consider a specific example. Consider
therefore the terms

0,0,2,0,1 0,0,2,0,2 0,0
(B1)o10 1,1 (B1)o 1,0,2,2 (B1)o1

)

2,1,2 0,0,2,2,0
10,2,2 (51>o,1,0,0,0 )

that is, vectors that agree up to the third indices. Using Mathematica it can be
checked that

FO020T _ 00201 _ (62 +7Li — (5+ 60i>\/§)
1011 = Po1022

16v/2+ /3
00212 400220 [ 62471 —(5+ 60i)v/3
0.1.0.02 = Po1000 =
162+ /3

Note that all the coefficients are the same up to a sign. This is in agreement with
the fact that they stem from the action of V, on a single operator. In order to find
what it is, it suffices to consider the operators that we obtain when we make the
fourth indices agree by changing only one of them and discarding the fifth indices.

For example for the first vector, |0,0,2,0,1)|0,1,0, 1, 1), we would get the two terms
10,0,2,1)[0,1,0,1) [0,0,2,0)|0,1,0,0) (7.96)

It can be checked that only |0,0,2,0)[0,1,0,0) belongs to Null(Hy) and therefore
is the only vector that can belong to 1,4. With some effort it can be shown that
when i3 # j3 and we are not at a resonance there is always one and only one vector
that belongs to Null(H,) for any given combination of indexes iy, j1, etc... that are

not involved™] Therefore all these vectors can be obtained from the action of PyV,

on
62 + 717 — (5 + 607)v/3
_ (02Tl = (5 + 600V 10,0,2,0)(0,1,0,0) ® I . (7.97)
16v2+V/3
0020 _ _ [ 62471i-(5+60)V3 . :
In other words (x4)7100 < 6v/2r s ) Note that all this is possible

because the coefficients for 5 follow the symmetries that we have highlighted above,
this means that we are using the assumption that a solution exists. This procedure
can then be repeated for all the terms in 4 such that iy # js and i3 # js.

We can now consider the case of i3 = js.

Note that there are vectors such that by making the 4th indices agree and discard-
ing the last ones, none of the resulting operators belong to Null(Hg). Consider for ex-
ample [0,2,2,2,0)/0,1,1,1,0). It can be easily checked then both |0,2,2,1)|0,1,1,1) and
[0,2,2,2}|0,1,1,2) are not part of Null(Hg).

This means that (51)82?38 = 0, otherwise it would not possible to find a solution. This is part
of the peculiar cancellations that take place when solving these systems.
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Case i3 = j3

Also in this case, to understand the point, it is better to consider a specific case.

Take therefore the terms
(B)o2200  (Bi)oa2a
(Bozzoz  (B1)
It can be checked with Mathematica that
(Bozznn = —(Br)o2221 (o222 = —(Bi)o2zoo (o202 = —(Bozany
and

B —276 + 117i + 217/3
8v/2 4 v/3(—37 — 143 + (20 + 3i)v/3))

1
(B1)552at = —— /1980 — 2337i (7.98)

(B1)o2200 =

1445y

1
—+/ 1980 — 23372
+ 59 )

2B 52
(8,)00202 _ —276 + 117i + 217v/3
1 pu—
PR 24V B(=3T — 14i + (20 + 3i)V/3))
Note that

0,0,2,2,0 0,0,2,1,1 0,0,2,0,2
(B1)o2200 + (B1)o2221 + (Bi)o2212 =0 . (7.99)
Again we need to consider the action of PyV; on vectors of length 4. Consider

therefore

(x4)095.010,0,2,0)]0,2,2,0) + (x4)0957110,0,2,1)[0,2,2, 1) + (x4)0957310,0,2,2)[0,2,2,2) .

344y

Taking PyVy on this vector (tensored with I;) and equating it with the terms in

61(,4’1) that we are interested in, yields the system of equations

(xa)os — (Xa)o20 = (BL)o2200
(xa)oaa1 — (xa)o2as = (B1)oa221 (7.100)
(X4)8’g7318 — (X4)8Zgigﬁ = (51)8’373’%

set

(Xa)gaa = —=2 g A
50,0,2,1,1 _ ﬁo,o,g,o,g
(X4)8:g:§j _ 0,2,2,2,1 3 0,2,2,1,2 _|_ )\ (7101)
0,0,22,0  50,0,2,1,1
(X4)8:g:3:§ _ 0,2,2,0,0 3 0,2,2,2,1 + )\
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with some arbitrary constant A that we can take to be 0. The value that we chose
for this constant is not important, from our discussion in Section we in fact

know that a basis for the solution of
PV @ 1) =0 (7.102)

is given by ;. This means that at the end of this process, after we determined all
the 1),,;, the various arbitrary constants that we fix during the solution will reduce to
some multiple of o; (always assuming that the algorithm will produce a legitimate
solution for the problem )™

Repeating this procedure for all terms of B,§4’1) such that i3 = j3 we can exhaust
all of them and then we can continue to the next step and consider 5,(,4’2) as we
described. The process can now be repeated in the same way again by considering
terms with i3 # j3, consider the subcases iy # jo, 15 = jo and so on until we find all
the terms in z/Jék).

This concludes our explanation on how to find solutions for 1,. Obviously, the
fact that we can formally construct these operators, does not generally mean that
in the limit I — oo the zero modes exists, as the perturbation series could fail to

converge. This problem is the subject of the next section.

7.4 The problem of normalization

We will now address the problem of normalization. As we said, in order for the
zero mode to describe parafermionic degrees of freedom sitting on the edges of the

system, we need to have
WP =1, +0(f") (7.103)

moreover we would like the zero mode to be normalizable

Pl =I,+0(f") | (7.104)

in this section we will show that these two conditions are equivalent and that once we
find a formal solution for the zero mode they can always be fulfilled. Let’s therefore

consider these cases in full generality.

7.4.1 Expansions of 13
Let’s consider v first. Since 1) admits an expansion in f, so does *:

V=1, + fH)N + 2@ 4 (7.105)

12As we will see in Section we can exploit the addition of linear combinations of o; to fix
the normalization of the zero mode. So, at this level, it does not really matter which constant
multiplies o7.
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and we have

(¢3)(k) — Z ¢(k1)¢(kz)¢(k3) ) (7.106)

k1+ko+ks=k

Since every ¥*) satisfies the equation [Hy,®] = —[V,9*=V] so does (¢*)*) in
fact

[HU) (¢3>(k)] -
— Z [Ho, @Zj(lﬁ)} w(k2)¢(k3) + ¢(k1) [Ho, 1/,(162)] w(/%) + ¢(k1)¢(k2) [Ho,w(k3)]

ki+ko+ks=k

using that [Ho, V] = — [V,9=] for all [ < k

[HOv (1/’3)(@} =
= — Z [V,w(klfl)] w(kg)w(ks) + ¢(k1) [V,qﬂ(szl)] w(ks) + w(kl)w(lw) [Vw(kgq)] '

k1+ko+k3z=k

Since ¥(~1) = 0 we see that
[Ho, (4*)®] = — [V, (*)*1)] (7.107)
or, written in the super-operator formalism
Ho()P @ I = V)V g1 . (7.108)

In line with what we have done in the previous sections, we can project this equation
down to Null(H,) and its orthogonal space. Equation ([7.108]) is therefore equivalent
to

Ho(W*)P @ I = —=QoV (W*)F D + (V)@ I

s o (7.109)
,POV(w )p & Il = _POV(’(/} )q ® Il

with (4%)7 = Qu(u*)® and (%) = Po(u)®.
We can now see that the following property holds

Property 5. If a solution for the zero mode exists up to some order k then
WHP =0  @HP =NLn  Vi=1,2...k (7.110)

with constants \; € C.

This property can be easily proved by induction. It is true for j = 0, as

O'i)zll.
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Since

Q) = @)
and since the super-operator @ commutes with g and V, we can assume that
QW)W = (WY Vj=1,2,... k. (7.111)
Suppose therefore that Property [5|is true for j — 1, that is
@9V =0 @V =501, (7.112)
Since VI; = 0 we have
(¢3) ® L = —Qov(w?’)g*l) ®L =0,

which in turn means
3\(9) —
(¥*)9) =
and hence we are left with

PV @ I = =PV @ =0 .

We already encountered this equation in Section and we know that its solutions

are the linear combinations of the operators

Ol DL [2)2) el

Since we are supposing that a solution exists and because of (7.111)), we have that

the unique solution is given by
WD = NI, (7.113)
for some constant \; € C.

7.4.2 Expansion of ¢y

We can now consider what happens to 1. Also in this case, since ¢ admits an

expansion in f, so does 1T

iy = I+ fT)D + FPle)® + (7.114)
and we have
(i)™ = >y k)t . (7.115)
k1+ko=k
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Now the discussion goes exactly as it went for 1/® and we have that (1)T1))*) satisfies

the equations

Ho(I) P = —QpV (wTy)* Y + (i) @ I,

(7.116)
PV(@I)P @ I = —PV(T) WP @ I .
In the same way as before, the following property can be proved
Property 6. If a solution for the zero mode exists up to some order k then
@)D =0 @)D =N1,  Vi=12...k (7.117)

with constants )\3 e R.

7.4.3 Expansions of 1> and ¢

We will now consider the expansions of 12 and ' E and we will see how we can
choose the normalization by considering the relation between them.

To understand the point suppose that

P =yt +O(fh) . (7.118)
then this would imply that
(WD = @HY  vi=12...L-1 (7.119)
and therefore:
Aj =X Vi=1,2...,L—-1. (7.120)

If this condition is satisfied then we can always make sure that (7.103]|7.104)) are
satisfied by renormalizing 1.

This, therefore, raises the question: can we make sure that at each order j

or use our freedom in choosing a solution to make sure that this is true?

We can start to answer this question by establishing the following

Property 7. Suppose that
(¥H)9 = () (7.121)

13Note that in the super-operator basis (7.9) 9 is given by

of = TKy
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with j =1,2,...,k—1. Then we have
()" = (@H® = No] @ I (7.122)
with A\ € C.

The proof of this property goes exactly in the same way as the proofs for Property
and Property [6] Although note that for it to be true we need to assume that we
are able, somehow, to make sure that (7.121]) holds at each order j < k. The only

difference is that
Q") = (H ) = ((¥H)© = (1))
which means that a solution to
PoV((@*)® - @)@ L =0.

is given by \o? @ Iy, ;.

We are finally in the position to consider how to fix the normalization.

Choice of the normalization

As we already pointed out, whenever we find a solution for the expansion of the zero
mode, it is not unique. In fact, given a solution of order k£, we can always add to it

a solution of the equation

PoVER @I =0, (7.123)

with 5},’” € Null(Hp) and we would still get a zero mode, in fact
PV +6) @ L =Py o I = =PV @ I .

By now we should be acquainted with the fact that if we are looking for solutions

such that Qv = w, the only possible choice for g,S’“) is given by
W =&or @ Iy (7.124)

with & € C. This freedom can be used to fix the normalization and in particular

we can use it to enforce the condition

()Y = @HY. (7.125)

Doing this at every order will guarantee that

V=T +O(f") . (7.126)
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First of all note that

(¢2)(k): Z P k2) (7.127)

k1+ko=k

It is therefore not difficult to prove that if we use our freedom to add operators of
the form 515’@ to k)
p® s k) 4 57(?’9) (7.128)

() ) — (pT)*) will transform as

(@2)® — (pH® = () ® — (1B 4 (2, — )0l (7.129)
Using induction and Property [7], we therefore see that if at every order j < L — 1
we set .
i
& = —Re() — 3Im(x}) , (7.130)
then
W =9+ 0 (f") (7.131)

As we already noted, because of Property [5] and Property [6] this condition entail
WYY =N @)Y =N V=12, k (7.132)

and A; € R as in Property [6] Therefore, up to a normalization factor, equations
(7.103)) and (7.104)) are true. Note however that in general \; will depend on ¢ and
}.

7.5 Convergence of the formal series

Even though the method outlined above seems to work at every order, divergences
may still arise, as the coefficients of the truncated series constituting the zero mode
for a chain of length L could grow faster than f¥ . In this sense the above expansions
for the zero mode have to be to considered as formal expressions that we can write
whenever 6 is such that the total domain wall parity is conserved.

The next problem we need to address is therefore about the radius of convergence
of these formal series in f.

To this end, we first need to define what is the error that we make when we truncate

the expressions for the zero modes. Hence we define

N? =

3iLTr (v'y) — 1‘ , (7.133)

where the normalization factor 1/3% is such that 7, has norm 1 and ) is obtained

111



r m
/ = — =
10} %M’/' o 4 ¢
s — f=0.01
:\ £ =0.02
1(}3\ =004
= : — £=0.08
r — f=0.16
107}
1 — f=032
r — f=064
1
10 1L N
1 2 3 4 5
L

Figure 7.1: The norm of the truncated expansion for different chain lengths L and
=2 ¢6=0.
4

by truncating the expansion at order L
L R e (7.134)

N? is therefore simply the Frobenius norm of ¢ [98]. As we said, even though we

can always satisfy

i =1+ 0 (f) (7.135)

the sum of all terms of order f* could still diverge for L — oo. The expansion
converges if and only if N? — 0. In Figure and Figure we show the plots of
N2 for 6 = 7 and %, in both cases we chose ¢ = 0.

From these graphs we see that there seems to be a finite radius of convergence, even
though the information we can get from this kind of plot is obviously limited.

Another related, but different problem, regards the convergence of the commu-
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tator between the total Hamiltonian H and the truncated zero mode
€= (Ho+ fV) = Vo) (7.136)

In Figure and Figure we show plots for the normﬂ of € in the cases of § = %,
¢ = 7 and ¢ = 0. In this case as well, we have strong suggestion that a finite radius
of convergence exists, but further analysis is needed in order to have a definitive
answer on the subject. In particular, in order to give an estimate of the radius of
appearing in

convergence, we need more information about the constants I';, 5, 7, .

(7.79) and at the moment we lack a proper understanding of these constants.

14 A5 before we consider the normalization constant to be 3%
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Figure 7.4: The norm of € for different chain lengths L and 6 = %, ¢ = 0.
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Chapter 8
Conclusions

In this thesis we have considered different topological systems and problems related
to the existence of zero modes.

In the context of Kitaev chains and p-wave superconductors, we have investigated
possible sources of errors in a toy model of a topological qubit. Our motivation was
to understand how error processes could arise due to the non-adiabatic variation of
system parameters. As such, our analysis excludes errors due to interaction with an
external environment, and therefore the results only incorporate a subset of possible
error processes. Likewise, our analysis does not attempt to incorporate details of
specific physical realisations of Majorana based qubits. However, the simplicity of
the p-wave model should make it relevant to some degree, to more realistic device
designs (e.g. the tetron and hexon proposals of [99, 100]) and scalable architectures
built from them [101].

As we have stated throughout Chapter [ we take the viewpoint that the topolog-
ical qubit consists of two ground states of the Hamiltonian. Our perspective aligns
with the original schemes for 2D topological computers [I], in which measurement
of the fusion channels of the anyons occur as a projection to the many-body ground-
states of the system. In this context then, our results specifically show how errors
can arise in an isolated topological memory, assuming we have a perfect readout
protocol. While this approach may not fully reflect the state of current devices,
it is what allows us to resolve how errors propagate in time and to see how initial
qubit-loss error can eventually lead to more damaging errors. These errors, even
with perfect resolution of the fusion channels, cannot be detected without some
conventional error correction protocols and the associated computational overhead.
For bit-flip error we have shown that this must necessarily involve some tunneling
from one wire to another, but for phase error we demonstrated how this could in
principle happen via some local process within one wire. For non-interacting mod-
els, we argue that this result is due to finite size splitting, in addition to the qubit
rotation that can be taken into account using a moving reference frame [55].

In Chapter 5] and [0] we considered generalized spin chains and in particular we
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looked into the existence of strong zero modes in Zy parafermionic chain models.
We did this through a detailed study of topological degeneracies in the entire energy
spectra of these models, a necessary condition for strong zero modes. When N > 2
is prime, and in particular when N = 3, the introduction of a chiral parameter 6 can
lead to regions where the necessary degeneracy exists, that is, splitting between near
degenerate states is of order f¥. However, in the thermodynamic limit, resonance
points where bands of the unperturbed model cross, become dense on the #-axis and
break the degeneracy at a lower order, at least in states which are nearby in energy.
However not all resonance points result in splitting of the energy and we find points
where no such splitting occurs. These are found where bands with the same total
domain wall parity cross. A prominent example of this, for N = 3, is at § = £,
which also corresponds to the super-integrable point of the theory when ¢ = %.
For N = 4 we showed that at # = 0 the model is exactly solvable and expressions
for the parafermionic zero modes were derived. We also showed that in this case
and more generally when N is not prime, there is qualitatively different behaviour
resulting from pairs of bands which remain degenerate for all values of #. This causes
energy splitting at fixed order over the entire # axis (bar some exceptional points
like # = 0). Hence there are generically no strong parafermionic zero modes when

N is not prime. However at special values of N and 6, strong parafermionic zero

mm

2
The N = 4 model also has interesting features away from the special 6 values.

modes do occur. In particular this is the case at N =4 and 0 =

For example, despite its lack of parafermionic zero modes it does feature a bosonic
zero mode, which again has convergence issues at resonance points, but only at those
resonance points which involve pairs of bands which are not everywhere degenerate.

Another aspect of this work is the analysis of symmetries from Chapter 5, When
¢ is a multiple of § and ¢ = 0, the models have both a conjugation (time reversal)
and a spatial parity symmetry. For general 6, but still at ¢ = 0, these are no
longer symmetries individually but their product is still a symmetry, which does
not commute with ). This gives us the non-Abelian dihedral group as a symmetry.
From the representation theory of this group we can determine that (at ¢ = 0), the
q and N — ¢ sectors are exactly degenerate for each N.

In Chapter |7, we further investigated the existence of parafermionic zero modes
when total domain wall angle is conserved and we iteratively built these operators,
generalizing upon existing similar constructions [21], [16} 23].

We connected the existence of zero modes to the perturbation theory at the level
of super-operators; we showed that the existence of zero modes is connected to the
perturbative problem in the degenerate null space of the commutator with the free
Hamiltonian.

We have shown that at resonance points where the total domain wall parity is not

conserved, local zero modes cannot exist and we have shown that the conservation of
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total domain wall parity is a condition regarding the locality of the terms appearing
in the iterative expansion. We have provided a general ansatz for the shape taken
by the solution of the perturbative expansion, which we could not directly prove,
but have checked up to 6th order using symbolic calculations.

We find that this construction agrees with other known iterative constructions of
strong zero modes in a variety of models [16], 23], 25]. Our approach allows an unifying
view upon all these methods, through the use of degenerate perturbation theory at
the level of super-operators; and allows us to identify the problematic aspects of all
these types of constructions. This raises questions about the symmetries that allow
such methods and some remarkable cancellations to work. Further developments in
this direction are needed in order to fully understand this point.

At the end of the chapter we addressed the problem of normalization of the zero
mode in the thermodynamic limit and we have shown that the properties of the
zero mode existing in the unperturbed model are induced in the perturbed case as
well, but the problem of convergence of the expansion is still largely unanswered.
However we provided evidence that a finite radius of convergence may exist.

Closely connected with the problem of normalization of the zero mode is the
problem of the long coherence time for the spin edge of the system as discussed in
[23] and [24]. In this sense, it would be interesting to repeat the analysis shown
there for the parafermionc model that we described here. This would possibly allow
determining if the zero mode is to be considered a strong zero mode or rather an
almost strong one. More generally it would be interesting to consider how the
structure of the solution for the zero mode expansion is connected to the problem of
prethermalization [25], where certain physical quantities take a long time to reach
thermal equilibrium because of the existence of almost conservation laws. These
problems are connected to the Eigenstate Thermalization Hypotesis [I8, 19] and to
the eigenstate phase transition [102], it would be of great interest to investigate how
(and if at all) they relate with what we showed.

We note that the same analysis conducted in this thesis, could in principle be
extended to consider more general energy modes. It is therefore worth considering
if the same general structure of the zero mode expansion, applies to the formal
expansions of the higher energy modes as well. In this sense the connection between
strong zero modes and integrability is still not well understood and hopefully our
framework could be employed in this direction. In this regard, it might be of interest
to look specifically at the superintegrable point of the Zs.

It is known that some of the spin systems that we analysed here possess topolog-
ical protection. A possible additional outlook for future work might hence consist in
considering how the present framework changes/extends when we introduce disor-
der in the system and how this connects to the problem of Many Body Localisation

[103]. From what we have seen, it seems in fact, that the iterative algorithm could
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adjust to any local variation in the perturbing term.
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Appendix A

Bloch’s Perturbation Theory

In this appendix we will review a method to solve degenerate perturbation theory
due to Bloch [83] 84], 85]. Consider therefore a Hamiltonian

H=Hy+ fV (A1)

where V' is the perturbation and f is the perturbing parameter. Suppose we are
considering some degenerate d-dimensional eigenspace of Hy, that we will denote by
E©) Tt is not restrictive to consider the eigenvalue of Hy in the space £ to be
Ey = 0, and therefore

EO = Null(Hy) . (A.2)

The general case Ey # 0, can be easily got from this by considering the substitution
Hy — Hy — Ey.

Let [¢1), [tha), . .., |1q) be the perturbed eigenstates arising from the perturbation
on the ground space and let Eq, Es, ..., E4 be their perturbed eigenvalues. If we call

Py the projector onto £ we can consider the states

o) = Polay) - (A.3)

Note that these states are in general not orthogonal, but, if the perturbation is small
enough, we can expect these states to be linear independent. In the following we

will refer to the projector into € O ag
Q=1-F. (A.4)
The idea behind Bloch’s perturbation theory is to find the operator U such that
|1hj) = Ulay) (A.5)

and
UQy =0 . (A.6)
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Therefore we look for a sort of “inverse” of Fy. Note that as a consequence of this

definition

U=UPy+ Qo) =UP

(A7)
POZ/{:POL{P():PO,

where the latter follows by applying PyUFy to | ) and from the fact that |a;) are

linear independent. From the former of these properties, it follows that
Ul;) = [y) - (A.8)
Consider now the operator H%// defined as
HYT = fPvU . (A.9)

which we named in this way for reasons that will become clear soon. In general we
have
fPV = Py(Ho+ fV) = BhH (A.10)

and therefore, by applying H¢// to |a;), we get
HM o) = PyHU| o) = PyH[1b;) = Ejlay) .

This means that |a;) constitute eigenvectors of the operator H°/f with eigenvalues
E;. Since
HQy =0 (A.11)

this operator is a d-dimensional matrix with eigenvalues equal to the perturbed
eigenvalues and eigenvectors equal to the projections of the perturbed eigenvectors
into £©). Tt therefore constitutes an effective Hamiltonian that acts on the unper-
turbed eigenspace. The idea is therefore to diagonalize the simpler Hamiltonian
He/7 | find the right eigenvectors |a;) and eigenvalues of E; and then get [;) by
using U.
We note that the effective Hamiltonian has real eigenvalues, but it is in general
not hermitian; this means that if we replace U with approximated expressions we
might get eigenvalues that are not reals. There are other schemes following the same
framework, in which the effective Hamiltonian can be chosen to be hermitian (see
e.g. [94]).

We will now see how to approximate the operator U and, consequently H¢//.
Consider therefore

fRVIYj) = Ejla) . (A.12)
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Multiplying this equation by U, and using yields
(H — fUVtda;) = 0 (A.13)
Since UE®™ = 0 and the |a;) constitute a basis of £©) we have
(Ho+ fV — fUVIU =0 (A.14)

therefore
HoQoU = —f(VU —UVU) (A.15)

This gives a recursive equation for i/ that can be conveniently exploited to find

approximated expressions for I/, namely

U= P — fg—z(vu —Uuvy) , (A.16)

where we used that Py + Qo = 1. Note that the operator Q)y/Hj is perfectly well
defined, while 1/Hj is not.

The operator U can be expanded in powers of f as
U=u"+y" frum. (A.17)
m=1

Substituting this expansion in (A.16|) we get

m—1
ym — _% (Vu(m—1) B Zu(p)vum_p_1> s (A.18)

It can be proved by induction [83, [85] that the solutions for these equations are
given by
/
AR i I L (A.19)

where the sum Z/ is over non-negative integers [y, ls, ..., l,, such tha

(A.20)
L+lb+...+0,>p p=12....m—1
and S! is defined as
_ Qo l> 0
S = (—;OV o (A.21)
0 = .

Bringing back the dependence on Ejy, we have that the first few orders of the effective

'For example, for m=3 the set of values (I1,12,13) = (1,0,2) is excluded from the sum.
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Hamiltonian are given by

el 1O — E,
a4 = By + fRVP,

eff2 _ 2 Qo
H Eo+ VP + f POVEO By VF (A.22)
eff(d) _ 2 Qo
H =Fy+ fPVFP + BV V Py+
Eo — Hy
spv— 9y @D _yp ppy @ _ypyp,
+f OVEO_HO Fo—H, 10 [ P (Bo— Hy)? oV o
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Appendix B

Proof of the solution for %(92)

In this appendix we will provide a proof of the formula for the solution of LZJ,()l) and
7(32) seen in Section .

B.1 Solution for

We start by considering 1. We have
O =0 =" Wiy - (B.1)

As we saw in Chapter , if the total domain wall parity is conserved (which for

chains of length 1 means 6 # 0, %, 3), then

Po(Vel @ 1) =0 . (B.2)
We have in fact
V@I = (- + 7+ ho)pV @ I .

To compute this expression consider
(1 = 7{* + 7.c)[0)]0) = —[2)|0) +]0)|2) — [1)]0) + [0)]1) .

Considering the action of V on the other terms of %@ yields, after some algebra and

renaming of indexes
VO @I == Y (W = wh)e iy o)y, o) (B.3)
171,502

The difference between the two indexes j; — ¢; has been introduced for notation
convenience and has to be intended as taking values in {—1,1}. Note that, as we
saw in Section we could equivalently use the symmetry under @ and TK to

build the complete action of V on 1(%). From the point of view of numerical analysis
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this is more convenient than direct computation.
Since we are supposing that total domain wall parity is conserved then (B.2)) follows,
because 4; # ji in (B.3), while operators in Null(H,) have i1 = j; (Property [I).

B.2 Solution for

In order to find ¥ we now need to use equations ((7.47), which in the present case

are given by

HovN) = —QuV(\¥ @ I)

B.4
POVW;I) ®h) = —POVW)SI) ® ) . (B

As we saw, the first of these equations is easily solved:

o) _ : eilii—i)e
¢él) — _H_Ov(¢£0) ®I) = Z (W —w 1)W|21722>|j1,12> .
0 171,12 J1yi2

In order to find a solution for ¢1(,1) we need to repeat what we did for (¥, After

some algebra we get:

Vwél) ® I =
. . 1 1 L o o
_ Z (w]l _ wu) (Eith i Ei1,i2> ez(h 11)¢>ez(J2 12)¢‘21,22,Z3>‘j1,32,23>
i17J1,42772,13 J1,J2 1,02

‘ 4 e2ilini—i)¢  p—2i(j1—i1)é (i)
_ J1_ i _ 1 —J1)® ;. 5. 4 1. 70.1
> (W —wh) g g oaa |° i1, 42, i3} |1, i2, 73) -

i1771,12,43 J1 2 241 —11,i2

Where the terms with 7; = j; cancel identically and are therefore excluded by the
sum. Alternatively, this can also be understood by considering the symmetry under
TK. Again, since all terms in the sum have i; # ji, if total domain wall parity is

conserved'}, we have
PV @ L) =0. (B.5)

Note that in this case
PVM @ I) = (PoVe)) o I, (B.6)

in agreement with our discussion in Section . We therefore see that w,(,l) =0
constitutes a solution of (B.4)); so

1) 1
P =g, (B.7)
'For chains of length L = 3 the resonance points are given by § = 0, T %’T and 0 = %.
Since the resonance at § = % conserves total domain wall parity the only problematic phases are

=0, 3, 2{, the same as for chains of length L = 2.
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B.2.1 Normalization

We can now consider the problem of normalization. Since (B.5]) holds, we have
PoV( @ 1) = 0.

From our discussion in Section [7.4] we know that all the solutions of this equation
are given by
P = &ioy (B.8)

and the value of & is determined by the condition

(") = (phHM (B.9)

The operator (1?)(V) can be computed as

wil ei(jl 7i1)¢

(¢2)(1) =@y 4 My = Z (Wi — w“)wﬁbizﬂjhiﬁ‘i‘

11771512 g1z
, ol 5
+ Z (wh —w“)w\ﬁl,hﬂjlﬂﬁ + &0y =
171,02 Jist2

21 %, whelln—ie )
= Z (W —w )Wﬁbhﬂ]hlz) + &i07
1177152 J1,72
where we used that ¢ = 3"
the definition

i1 W |i1,12)]i1,12) and the scalar product as given by

i1, 42) |71, 92) = i1, i2) (J1, 12| - (B.10)

On the other hand, considering (1)7)®) yields

) e ii—in)¢
(ph" = Z (W™ = Wﬁ“)wbnhﬂhﬁﬁ +&o) =
11771,12 J1,22
o 0; eilii—i)e . 5
= Z (W —w “)Wlu,wml,m + &0t
117£71,02 J1,02

where we used that Eﬁg = —Eff;; Therefore if we pick & = 0, condition 1@) is
satisfied.

Consider now

<¢3)(1) = OOy 4 4h @1y O) 44145004 (0) (B.11)

All the terms in wél) have i; # j7;. This means that, as operators, all the terms
in w(l) have either a 7, or a 72. Since ¢(0) = 01, using that mo; = woym and
14+ w+w?=0, gives

W =361, =0 (B.12)
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Therefore, to recap, the solution to the first order can be given as

i(j1—i1)é
. N . . . .
1/}(1) — w((ll) = g (w]l _ WH)W|Z1722>‘]1722> . (B13)
i17£]1,2 Jist2

It can be checked that in terms of the operators o and 7 this operator can be written

as
W _ 9 ig-m 1 2 -2if 2i0_ 2 2
Yo = —e 6/ — (T101+w6 T 02 +w e 7'10102)
2 sin 30 B.14
9 1 (B.14)
2

- (71201 +we 2“9720 + wQeMTlQUng)
sin 36

B.3 Solution for ®

We will now find the solution for 1)(?) = %(12) + @D;(,Q). To simplify the notation we will
consider the case ¢ = 0. The general case can be considered in a similar way. As

before we can solve for 1/1((,2) by simply inverting H:

J1 _ i 1 1
(2 — w W e
% = Z iz (EZMQ i w) \11,22,Z3>\]1,32723>

11#£J1,02772,13 J1,J2,i3 J1,J2 J1,%2

Wt — wh 1 1 N
+ Z 21712 <E2'Ll ]17]2 - E 11 71’2) |21722>|j1’22> ®Il .

1177102 J1,22 J1 .J2 2j1—11,%2

(B.15)

Note that (B.15) follows the structure outlined in Property i} We are now in a

position to prove that

o

wf. - __POV (Ho

) VO 1) (5.16)

First of all note that with this definition

1 , , 1 1
G (W —w™) ( 5+ ) i1, 42) |01, 2) @ Iy
! 2 ilgl:@ (EZl Z2) (Eﬂ?w)

J1,22 11,12
and since Eff;; = — E;ig we have
(2) jl il 1 . . . .
== ) W =)l i)li i) ® T (B.17)
1177142 (Ejl’zé)

We can therefore now compute the action of V on @/}Z(;Q), that is

. ) 1 1
PP == Y (W —w") ( - ) |11, 42, 43) |01, J2, 13) - (B 18
= (B (E)” (B.18)

7 Ji.J2 Jiyi2
i2#j2,13
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We will now show that Po(Vl/},gz) ® I;) yields the same expression. Since W)
follows Property [ we know that

PoVP @ I) = (PoV¥P) @ I (B.19)

This simplifies the problem, as we do not need to consider chains of length 4 and
the problem stays confined on a chain of lengthﬂ 3.
Using Property [T, we can concentrate our attention on the terms obtained under

the action of V with i, = ji:

Wit — Wi 1 1
(2) _ _ . . . . . .
Poqu = 12,03 Ei17j2 i1,i2 ’21>22723>’21732723>
11#£J1,i27#72,13 J1,J2,83 Ji.J2 J1,%2
W' — wh 1 1 N
- Z Juizis |\ piviz | g i1, @2, i3) i1, Ja, is)
117£]1,02772,i3 11,J25%3 11,J2 11,22

and all the operators in the sums are such tha Emiis —

11,J2,13

Consider now the energies F:'2" = pJi2s

i B with gy # 4p as in the sums. We have

1,502,038 E?l,i'zyi:s + E7f:17‘7:2 _ Ei'lyj:z

J1,J2,%3 11,72,83 J1,J2 J1,J2 (B 20)
J1,82,83 __ p0i1,i2,i3 J1d2 _ pndisie )
Ei1,j27i3 - E’ihjz,is + Ejhiz - Eil,iQ )

where we used that ;"7 = 0. Hence we get

. ‘ 1 1
2 L. . ..
PV = ) (W' —wh) (Eny — pivd g (i1, 72, 85) |71, 72, 73)
171,127 2,13 J1.J2 J1.J2 7 g1,02
. . 1 1 .
N Z (W —w™) Eiviz pivie (E72)2 i1, 22, 43)|j1, Ja, i) -
i1#£J1,127]2,13 11,82 11,2 11,72
Now, since E/'? = —F:2 and EJ1? = —E72 we are left with
ow, sIee Li, 4, jia & 11,72 120 WV w
: , 1 1
2 L. . ..
POVID((] = Z (W —w) (Eil,jQ)Q - (Eth'Q)Q i1, 2, 13)|J1, J2, i3) - (B.21)
117#]J1,i27#]2,13 J1,J2 11,42

This is the same as (B.18)). Therefore, to summarize, we have checked that a solution
of

PoVy? = —PoVy? (B.22)

2 Again, this is true only in the case where the total domain wall parity is conserved. For chains
of length 4 means 6 # 0, 7, %”, arctan ?
3The terms with io = j» are identically zero, as can be checked by direct computation.

126



for zﬁ;,(f) exists and is given by

o

2 _ _=
WS Pov (HO

) VO 1) (5.23)

B.3.1 Normalization

As we mentioned this solution is not unique and we can consider any linear combi-

nation of the form
¥® + &40, (B.24)

and we would still get a solution of (B.22)), for any & € C. As we already saw in this

Appendix and in Section the value of & can be determined from the condition

") = (1 (B.25)

Computing the value of & directly is rather bothersome and the algebra quite in-
volved, but we proved in Section [7.4] that we can always find a & such that this
condition is satisfied. By using Mathematica, for § = &, we getﬁ

=0 (B.26)

The same analysis conducted with symbolic computation also shows that with this

choice of & we get
() =0. (B.27)

2
o (@R @)Y e

So, overall

*Also in the case of = T we get
€ =0,

Note however that in general these constants are different from 0 and depend on 6. For example

in the case 6 = & we get

while in the case of § = % we have



Appendix C

Proof of Property 4

In this appendix we will prove Property [4] which we enunciated in Section [7.3.1] and

that we recall here for convenience

Property 4. Suppose that a solution for the zero mode exists up to some order
k > 1. If the total domain wall parity is conserved the solution ¥* is composed of

operators that act non trivially on a chain of length k + 1 and in particular

e The operators wék) can be written as

wék) _ nc(lk) i p((]k)

where n(gk) s a linear combination of operators of the form
|i17i27‘"7ik7ik+1>’j17j27”'7jk7ik+1> il%jl VZ:].,2,]€ (Cl)

while pgk) acts trivially on site k and is a linear combination of operators of
the form
lik—1, k) [Je—1, tk) ® L1 EX L0 .

Jk—1,ik

° wz(,k) is made of operators that act non-trivially on chains that are not longer

than k. This means that w](;k) s a linear combination of operators of the form

.. S\ s . 11,1 -2,k
|Zl, 12, Zk> |11,J]€_2, ’Lk> X ]1 Eil,jkfzfik =0.

As we saw in Section the second part of this property follows from the first

one using that
PoVyP @) =B, ® 1, with B, € Null(Ho) (C.2)

and Property [2]
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We will now prove that
Y =0+ pl (C.3)

by induction on j < k.

Case j=1
The case for j = 1 was already proved in Appendix |B], where we have showed that
i(j1—i1)¢
; i\ € . .o
wél) = Z (W’ — W“)—Zl P i1, 2)|J1, i2)
117£741,2 Jie2 (C4)
M =0.

and therefore in this case

Inductive step

Suppose therefore that Property 4| holds for 7 — 1. We have

A o) 1 . . .
YY) = HOWW V@ l= =gV (0 ) o

Consider now V as a sum of its local terms. Since ¥/U~Y lives on a chain of length

7 we can consider V only up to terms that act on site 7 on the chain

j—1
V= Vi+ V=V, +V; (C.6)
t=1
where we defined .
o
Vii=) V. (C.7)
t=1
Note that by hypothesis pq -1 1/)(3 Y act non trivially only on a chain up to site

J — 1, which means that V; acts trivially on them:

%

¢éj) _ e

(Vn“>+v L (Y=Y 4+ pU™ ”+w“)>®h. (C.8)
Suppose therefore that

QVia (™0 + o™V + V) @ L= B i) L) @ I
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where the operators in the sum have the same indexes at site k because 17j_1 acts

trivially at site j. Therefore we have

1j—1,3
Qo5 (G-D 4 G- 4 D) T .= E TRV RS
HOVJ—l (nq + Pq + ¢p ) ®6L = Lot 1,45, 00 o1, 85, 511)
Lj—1,85,05+1

note that the dependence of the coefficients 8s on i; comes from néj b, Using that

bi_1,45,041 _ pilj—1.t5
Li—1.d5,0541 — Ely’—lﬂ'j we get
ij_1,25 ij-1,25
ljfl,ij . . . . . ljfl,ij . . .
) —Eij,l,ij!ijbZj’Zj+1>|1jflaZj»2j+1> => —Eij,l,ij|ljfl72j>!1jfwj> ® I,
1,4 11,75

hence we can set

. Qo ~ . i i
o) = =g Vi o 4T ) o 4 (C.9)
Suppose now that
N0 = i, ) s L) (C.10)

W #jt

the action of V; is then given by:

1) — b-vij _ phi-uli) Gilg-a)e); 14 L
Ving ) = Wi )€ i1, 42, ..oy, 05) |l loy -y Lis, 1)
it #l

Since the left and right j indexes are all different from each other we can write

. o -
Y = _H_E(an‘gj Ve 6) (C.11)

This proves the first part of the property and as we said the second part follows
from it and Property 2

From the proof of Property 4, we can find by induction an expansion for the
’L'1,i2,...,ij,ij+1

Wil iy in of néj ) in terms of energies. After some algebra we get

coefficients 7

o o i _ i1 !

11,082,005, 0541 (w w ) | | ei(ltfit)¢ 1 _ 1 (C 12)

l1,l2, 000051 11,8250 ,05+1 i17i2,v--,it—17'it 01,82, 50t—1,lt ’ ’
lida,e byl t=2 li,la,esle—1,0t Il le—1,l

Note that in principle, even if more involved, we could find formulas also for the
other coefficients, but they would depend on the constants I's that we introduced in
Section [7.3.3] which are in general undetermined.
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Appendix D

Coefficients for the solution zb](f)

In this appendix we will display, for completeness, the non-zero I';, ;, i, introduced
in Section , which appear in w,(f’) as found through the use of Mathematica. We

have

_ 3 _ 2 _ 3 _ 1
Loo041 = —35 Looz2 = 35 Lo302 = —1z Loia3= 35
_ 6 _ 1 _ 3 _ 3
Loi31 = 35 o1 = 5 Loz = 7 Foi22= 35
1 1 ¢ _ 3
Fio22 = 5 Loo12 = 7 2012 = 20 202 = 10 (D.1)
_ 2 _ 2 _ 9 _ 1
2102 = 5 L2021 = 7 2021 = 20 INERRE -
_ 2 _ 3 _ 4
FCiipn = -5 L1 = —% Ioi11= -5 -
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