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Abstract

In una formulazione rigorosa della teoria quantistica, la definizione della varieta Rieman-
niana spaziale su cui il sistema ¢ vincolato gioca un ruolo fondamentale.

La presenza di un bordo sottolinea 'aspetto quantistico del sistema: l'imposizione di
condizioni al contorno determina la discretizzazione degli autovalori del Laplaciano,
come accade con condizioni note quali quelle periodiche, di Neumann o di Dirichlet.
Tuttavia, non sono le uniche possibili. Qualsiasi condizione al bordo che garantisca
I’autoaggiunzione dell” operatore Hamiltoniano ¢ ammissibile. Tutte le possibili bound-
ary conditions possono essere catalogate a partire dalla richiesta di conservazione del
flusso al bordo della varieta.

Alcune possibili condizioni al contorno, permettono 'esistenza di stati legati al bordo,
cioe autostati dell” Hamiltoniana con autovalori negativi, detti edge states.

Lo scopo di questa tesi quello di investigare gli effetti di bordo in sistemi unidimensionali
implementati su un reticolo discreto, nella prospettiva di capire come simulare proprieta
di edge in un reticolo ottico.

Il primo caso considerato ¢ un sistema di elettroni liberi. La presenza di edge states e
completamente determinata dai parametri di bordo del Laplaciano discreto. Al massimo
due edge states emergono, e possono essere legati all’ estremita destra o sinistra della
catena a seconda delle condizioni al contorno. Anche il modo in cui decadono dal bordo
al bulk e completamente determinato dalla scelta delle condizioni.

Ammettendo un’ interazione quadratica tra siti primi vicini, un secondo tipo di stati
emerge in relazione sia alle condizioni al contorno che ai parametri del bulk. Questi stati
sono chiamati zero modes, in quanto esiste la possibilita che siano degeneri con lo stato
fondamentale.

Per implementare le pitt generali condizioni al contorno, specialmente nel caso intera-
gente, ¢ necessario utilizzare un metodo generale per la diagonalizzazione, che estende la
tecnica di Lieb-Shultz-Mattis per Hamiltoniane quadratiche a matrici complesse.
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Introduction

Since the early days of the quantum theory, boundary effects arise and play a crucial role;
quantum theories on a Riemannian manifold requires the self-adjointness and positivity
of the negative Laplacian of the system. In a compact boundary-less real manifold both
properties are fullfilled; when the manifold is endowed with a boundary, the Laplacian
may fail to be positive.

For instance, if a superconducting system is confined in a domain M with boundary (2,
the boundary conditions of the electromagnetic fields are predetermined by physics: they
are time-reversal and also parity invariant for adapted geometry and they lead to edge
excitations, while the bulk energies have a large gap.

A similar phenomenon occurs for topological insulator where appropriate boundary con-
ditions for the Dirac Hamiltonian lead to similar edge states and incompressible bulk.
Furthermore, this kind of edge states appears in QCD models with chiral boundary
conditions[3].

Out of a relativistic approach, the crucial point is that edge states are a direct manifes-
tation of the effects of topology in fermionic many-body systems. A prominent example
is the quantum Hall effect, where chiral edge states are responsible for basic phenomena
such as quantized transport.

In order to investigate edge properties, quantum simulation plays a central role, provid-
ing the possibility of using well-controlled quantum system to simulate the behaviour
of an another one, whose dynamics escapes standard theorethical or experimental ap-
proaches. Geometry and topology are making their appearance in quantum simulators,
specifically in optical lattice with ultra-cold atoms.

For 1-D optical lattice, artificial topology, that reproduces particular boundary condi-
tions, has been implemented inducing appropriate hoppings on the internal degrees of
freedom, attaining effectively higher-dimensional dynamics; for instance, a 1-D PBC
hopping hamiltonian can be realized in a 1-D open lattice of L sites, each endowed with
M internal states where the periodic boundary conditions could be induced technically
operating on the system [9].

The possibility of manipulate boundary conditions in a controlled way paves the way for
an accurate investigation of edge properties.

For instance, spinless fermions on a two-chain ladder driven by pair tunneling, show
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zero-energy exitations on the edges of the ladder represented by Majorana fermions, in
complete analogy with a one-dimensional topological superconductor [10].

These are only few examples that connect edge physics of lattice field theories to other
quantum specific problems and make clear the importance of studying physics of lattices.

First of all, it is necessary to understand mathematically and analitically how edge
states arise in a quantum field theory supported on a lattice, namely the lattice theory,
before being able to implement them in a quantum simulator.

This master degree thesis inserts itself in this contest, regarding edge properties of a 1-D
lattice of spinless fermions interacting through a quadratic potential, that reminds to
the one considered in superconductivity theories. The aim is to give analytic solutions
for edge states considering arbritary boundary conditions, in such a way to construct a
general theory.

The implementation of arbritary boundary parameters, first of all, makes the diagonal-
ization of the Hamiltonian not so obvious.

Furthermore, it is necessary to understand how such parameters provide a self-adjoint
extension of the Hamiltonian in the continuum limit, in such a way the simulation of the
theory on the discrete lattice is reasonable.

In the idea of deeply comprehending the treatment of general boundary conditions, the
first step is to analyze the simple case of free electrons, where the diagonalization of the
Hamiltonian that describes the system is easy to carry on. This will be done in Chapter
2. The eigenvalue problem may admit two possible kinds of solutions: scattering state,
which always exist, that are a superposition of plane waves in the bulk and edge states,
whose eigenfunction is mainly localised at the boundary, decaying exponentially from the
edges. Boundary conditions fix the quantisation of the momentum of the bulk scattering
states as well as the rate of decaying of the edge states. At most two edge states can
emerge; they may be both bounded at one boundary point or splitted between the two
ends of the chain. Of course, for some boundary conditions their presence is excluded.
Given the guidelines through the free case, the process may be extended for interacting
electrons. However, the diagonalization of the Hamiltonian in this case requires a general
method to include boundary conditions.

Lieb-Shultz and Mattis[12] in 1961 found a general way to diagonalize a quadratic Hamil-
tonian with two-bodies interaction terms. Neverthless, they supposed this interaction
represented by a real matrix, which is not true in the description of a superconducting
system or in the presence of a magnetic field. In Chapter 3, we will describe the standard
LSM techinque and we will propose an extension of it applicable to complex operators.
Equipped with this new method of diagonalization, the procedure followed for free
fermions can be performed in the interacting case.

As we will describe in Chapter 4, the interaction makes possible the emerging of new
states, called Zero Modes, whose existence is determined both by boundary and bulk
parameters; they can reach the zero energy point becoming degenerate with the ground
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state. Such a degeneracy could give rise to a quantum phase transition.

As in the free case, at most two edge states are permitted. Furthermore, particular
boundary conditions admit the presence of edge states and zero modes simultaneously.
The steps outlined above allowed us to build a general theory to describe the spectrum
of quadratic fermionic hamiltonians with the most general boundary condition on 1D
lattices. It would be interesting to check whether our techniques can be extended to
higher dimensional systems, which have a wide range of applications, from topological
insulators to lattice gauge theories.



Chapter 1

Preliminary Concepts

1.1 A simple example

A quantum theory must be compatible with the fondamental principle of the preserva-
tion of probability. This is the basic idea for implementing boundary conditions. Let us

see, in a simple way, what it means.

Consider a non-relativistic point-like particle, moving on an one-dimensional Rieman-
nian manifold! M = [0, L] with smooth boundary T' = OM = {0, L} described by a free

Hamiltonian:
B 1 d?

-~ 2mda?
For suitably differentiable functions on ([0, L]) we have

L
(6, Hox) =~ [ 16
0

where ¢ = %.
Let us consider m = 1 for sake of semplicity; integrating by parts, we get

L

(¢1, Hpa) — (P2, Hon) = —% / % [Gy{(ﬁz - QF{@} dr = X(¢1, ¢2)

0
with
N1, ) =¢ha(L) — Pida(L) — ¢iha(0) + dipa(0) =
. . L
= [(¢12 - d1e5) -

'For higher dimensional manifolds, see [4]

0

(1.1)

(1.2)
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where 7 is, as usually, the normal versor?.

This last term is what obstructs the self-adjointness of H. It has a relevant physical
interpretation. It measures the net flux of probability across the boundary.

If the operator H has to be self-adjoint this flux must be null: the incoming flux has
to be equal to the outgoing one, because the evolution operator et in such a case is
unitary and preserves probability. For higher dimensional systems, this is just a version
of the Gauss theorem.

It follows that the classification of the different possible self-adjoint extensions will be
easily derived from the cancellation conditions of the boundary term Y(¢1, ¢2), which
can be written as a quadratic form of (¢, )

s =i () (6)

Furthermore, as explained in Appendix A, a self-adjoint extension H is given if exists a
unitary matrix V' : R(H — iI) — R(H + il) such that

V= (H +il)(H — )" (1.3)

called the Cayley transform of the operator. So, if V exists, there is also a partial Cayley
transform for the Hamiltonian operator Hg acting on smooth functions belonging to the
Hilbert space at the boundary, namely H(I').

Hpg acts on ¢|o 1, giving, because of Stokes theorem,

e (5) = ()

Hence, a unitary matrix U must provide the Cayley transform for Hg, namely:
Hp = —i(I+U)(I-U)"* (1.4)

U is a 2x2 matrix, considering that in this one-dimensional example, boundaries are
provided by the two edge points 0 and L.

It follows that
() - ()

(—¢(0) +z‘¢(0)) _ U( 5(0) — i6(0) ) (1.5)

¢(L) +i¢(L) —¢(L) —io(L)

2In a N-dimensional manifold M, it is a N-versor orthogonal to the N-1-dimensional hypersurface
oM.
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It means that for every unitary matrix there exists an extension of Hg”.

3

Some specially interesting cases are the following:

(i)

(i)

(i)

Periodic Boundary Conditions

¢(L) = e”$(0)

H(L) = 3(0) (1.6)

In this case, as we know, eigenfunctions of H are given by ¢(z) = Ae*® with
k= %n, n € Z. The role played by boundary conditions is to discretize the values
of k.

Neumann Boundary Conditions

¢(L) = ¢(0) =0 (1.7)
In this situation, the eigenfunctions of H are ¢y,(x) = Asinkz with k = 2%n, n € Z.

Dirichlet Boundary Conditions

$(L) = ¢(0) = 0 (1.8)

For such boundary conditions, eigenfunctions of H are caught by ¢y (x) = Asinkx
with £ = %”n, n e ..

Robin Boundary Conditions

H(0) = Mi(0) (1.9)

O(L) = Aoop(L)

where A\;, Ay € R. In such a case, there is a bulk spectrum E? = k?  with plane
wave eigenfunctions; neverthless, even solutions that are bounded to the edge are
allowed, with eigenfunctions of the type

o(z) = ae™® + be™ "

31t may happens that (I — U) is singular. It is possible to define the Cayley transform swapping the
roles of (I—U) and (I+ U). In such a case a problem of definition arises if (I+ U) is singular. Then, if
we denote the eigenspace associated to the eigenvalue —1 with W, the self-ajoint extension Hg is given
by the projection of the Cayley transform on the orthogonal subspace of W:

Hp = —iPy. (I1+U)1-U)""

However, smooth eigenfunctions of U with eigenvalue —1 still could be solutions, with negative energy,
envisaging the presence of edge states.
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In order to illustrate this, let us consider, for instance, the limit Ay — oo. From
(1.9), it follows that
ala—0b) = X(a+Db)
ae*l + ek =0

Obtaining @ and b and substituting in ¢(x), we have an eigenfunction corresponding

to a negative energy E? = —|\|?, which decays exponentially from the left edge
x = 0. This is the reason why edge states are associated to negative energy
eigenfuntions.

For a massive Dirac Hamiltonian, negative eigenvalues are not a problem for quantum
field theory; however, such edge states arise requiring the conservation of density current
at the boundary. Such a situation is what describes the case of a topological insulator|[3].
We are going to work in a 1-D lattice of electrons, which are initially free and then inter-
acting through a particular potential, considering the most general bondary parameters
that must provide the self-adjoint extensions of the Hamiltonian in the continuum limit.
We will find how to rewrite the Hg in terms of these parameters and we will analyze for
which parameters edge states are admissible.

First of all, let us make a step back, in order to really comprehend that edge states have
many phisical applications. One of this is in quantum computation. The presence of
Majorana edge states in a 1-D fermionic interacting lattice, that produce two different
phases for the system, could provide a quantum computational device.

1.2 Kitaev Model: an example for Majorana Edge
States

Certain one-dimensional finite Fermi Systems can be used as qubits since they are in-
trinsically immune to problems of decoherence. Precisely it is possible, according to
AY. Kitaev [14] to recognize a qubit on a site that can be either empty or occupied
by an electron, usually with spin up (in these models the spin degree of freedom is not
condidered). Such sites are called local fermionic modes.

Thanks to the conservation of charge, classical errors are avoided by placing the fermionic
sites far apart from each other. In order to resolve also quantum problems of decoher-
ence, that emerge as different phase for different electronic configurations, the idea is to
consider 7 Majorana sites”. An isolated Majorana site is immune to any kind of error.*
In particular, each fermionic site is described by a pair of annihilation and creation

4A full description of this decoherence-free property is out of the scope of this thesis. It can be found
in [14]
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operators a;, a;f». One can formally define Majorana operators:

i 4 —q : 1.10
Coj—1 = Gy + CLJ- , Coj = i (] = ]_,2, L) ( : )

which satisfy the relations
Cm = cin . ClCm F CCt = 201m (l,m=1,2,..2L) (1.11)

According to this definition, it is possible, at least mathematically, to split each local
fermionic mode into two objects, called Majorana fermions. The non-trivial idea is that,
theoretically, they can be paired up by interaction, so that only a few Majorana fermions
remain unpaired and separated from each other. Let us consider a chain of L >> 1
sites; the electron dynamics is described by the following Hamiltonian:

L
1 *
H = Z < (a aj1+a HaJ) — 1 (a;aj + §> + Aajajq + A a;Ha}) (1.12)
7j=1
where

e w is the hopping amplitude;

e 4 is the chemical potential;

o A =|Ale" is the superconducting gap.

Let’s define the Majorana operators, including the phase parameter 6 in the transforma-
tion:

Coj—1 = ei%aj +e %a; , Coj = —ieigaj +ie” ga; (j=1,2,...L) (1.13)

In terms of these new operators, the Hamiltonian becomes
L
1
= D (—peajaeny + (@ + |A]) eajeazin + (—w + |A]) a5 109540) (1.14)
J=1

Let us analyze this system at arbitrary values of w, p, A. It is necessary to reduce
the Hamiltonian to a canonical form

H= iek (aLak — %) (1.15)
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that in terms of Majorana operators will appear as

. L
H= %Z exbL bl (1.16)
k=1
where
~ 1 / -1
ap — 5 (bk‘ + Zbk‘)
1
il = = (b — iby)

2

The diagonalization of H, as we will see in a more particular way in the last Chapter,
brings to the following eigenvalues for the fermionic Hamiltonian:

er = £/ (2wcosk + p)2 +4|AP2sink? —r<k<nw (1.17)
When |A| = w and p = 0 the eigenvalues become
€r = 2w = +2|A| (1.18)

They are completely indipendent from k. What physically happens can be read from

the Hamiltonian
L L 1
_ _ ~1~
H = sz; C2jCoj41 = 2W z; (ajaj — 5)
]: ]:

where

. . - 1 :

a5 = 5 (e +icyin) a5 = 5 (e — iczj)

are the fermionic operators transformed in order to make the Hamiltonian diagonal.
The ground state is two-fold degenerate, since there are two orthogonal states, where the
Majorana operators at the edge remain unpaired. One state has even fermionic parity,

while the other one has odd parity, so that they represent two phases.

Cor—-1C2L C1 C2 C3 Cq Cor—1C2L

Cc1 C2 C3 Caq

Figure 1.1: Two types of pairing.



Chapter 2

The Free Electron Case

We are going to analyze the case of non-interacting spinless fermions in a one-dimensional
manifold. As we have seen in the first chapter, all possible boundary conditions must
preserve the self-adjointness of the Hamiltonian operator.

We are going to consider a system of electrons on a discrete lattice of L41 sites, with
lattice step @ = 1. In this situation, we are working with a finite number of degrees of
freedom. Hence, the Hamiltonian is simply given by a (L+1)x(L+1) matrix, for which
no difference between the notions of self-adjoint and symmetric exists!; it means that
implementing boundary conditions merely consists in allowing arbritary parameters at
the edges of the chain.

However, when the limit a — 0 is approached?, the discrete Laplacian becomes continu-
ous and boundary parameters must provide a unitary matrix as its Cayley transform at
the edge.

In this way all consistent self-adjoint extensions of the Hamiltonian are given and it is
possible to classify them depending on the solutions they provide.

Moreover, we will see precisely that some extensions admit the presence at the edge of
states described by real functions, the so-called edge states.

2.1 Discrete Lattice
As we already know, the Laplacian in one dimension is given by V? = %; so that when
we have an eigeinvalues problem such as

—V*(z) = k*(x)

'For finite dimensional linear operator, there are not problems in the definition of the domain of the
adjoint operator. See Appendix A.

2The limit a — 0 does not coincide with the thermodynamic limit, because the density of sites does
not remain costant.

14
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eigenfunction are provided by plane waves ¢ (1) = Ae™** + Be=** where A and B are
determined by boundary conditions and orthonormality request; it is simple to verify
that their eigenvalues are E? = k?. Considering a discrete Laplacian, instead, we have a
finite difference operator acting on each site j:

=V =i+ ) — 1= 25 = By (2.1)
with a dispersion relation given by E? = cos? k and eigenfunctions
v = Ae*lad) 1 Be=ik(ad) (2.2)

where a is the lattice step. Representing (2.1) through a matrix formalism on a lattice
of L+1 sites, for periodic boundary conditions we have

o -2 10 . . .1 o
1 1 210 . . 1
Hl =1 : (2.3)
Y1 .. 1 =21 . Y1
YL, .. . 1=2 YL

Hence, a general Hamiltonian, describing particles on a lattice, must still share the same
"diagonal” structure, with each site related to the two nearest neighbours.

Including arbritary boundary parameters, the most general fermionic Hamiltonian for a
chain of L+1 sites is, then, provided by:

w o —t 0 . . . 0 0 wugm
—t h -t 0 . . . 0 O
0O -t h -t 0 . . .0
H = (2.4)
0o . —t 0
0 O 0 -t h —t
uy 0 0 0 -t v

which in second quantization formalism, can be written as follows

™~

-1
H=3" |t (o e+ pa) +hele| —t (oo + e ) +
1

(2.5)

)

Fupéher +uhél o + péléo + vél ey
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Boundary conditions consist of arbitrary chemical potentials p and v respectively for
1 =0 and ¢ = L, and of the hopping coefficient u4 between them, which represents in

some way the possibility of a current from one edge to the other.
Now, the eigenvalue problem is well posed if Ey¢r = H .

We are dealing with a traslational invariant Hamiltonian, at least far from the boundaries;

so let us take plane waves as ansatz of solutions, namely:
L
Or = Z [aem + be_lkj} é;|0>
=0
Let us consider first the action of our Hamiltonian inside the bulk:
-1
Hyar = 3 [—t (éj_léi + éj.ﬂal-) + héj@} —t (5{@0 + é}fléL)
i=1

Applying it on our ansatz of solution, we obtain

L—1L-1
Hyund = [—t (altlé,- + @jﬂéi) + héjéi] [ae™ 4 be7] & |0)+
i=1 j=1
L—1
S [—t (éj_lél- + éLléi) + hé}él} [a -+ b] &0)+
=1
L—1

[—t (éj_léi + éLléi) + hél c} [ae™™ + be =] &l |0)+
1

i

L
¢ (éiéo n a}_léL) [ae™ + be=7] & [0)
7=0

that can be easily evaluated by using the fermionic anticommutation relations.

éLéBéL - vﬂéTa

The action on the bulk turns out to be

L-1

Hyunp = [ae™ + be™™] [t (&]_,]0) + ¢l,,10) ) + hel[o)] +

=1
— tla+0b]el|0) — t[ae™" +be ] e _,]0)

(2.6)
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We can manipulate this expression in order to get:

~

-1
Hyuxdp = [— t (€% +e7™) + 1] Y [ae™ +be ] efj0) +
~ (2.7)

j
—t [ae”g + be’“ﬂ éhl0) — t [aeik(kl) + beiik(L*l)} ¢ 10)

Now, let us consider the part of the Hamiltonian which operates at the edge, namely:
Hogge = ualhép + el éo + péléo + vél ey
It is easy to see that
Heagen = [ae™ + b ] [uach|0) + v} |0)] + o+ 0] [uich o) + uefj0)]  (28)

Now, we can put (2.7) and (2.8) togheter and write:

~

-1
Hop =[—t(e®+e ™)+ h] Y [ae™ +be ] el|o) +

1
, , , , (2.9)
+ [~ t(ae™ + be ™) + ua(ae™ + be ) + p(a +b)] ¢hlo) +

+ [~ t(ae™ Y 4 e M ETDY Loyt (a4 D) + v(ae™t + be”*)] a[)

<.
Il

Now, the eigenvalues problem H ¢, = Eji¢y is solved if and only if:

(i) [~ t(e®+e ™) +h] = —2tcosk+h = E
(i1) [— t(ae™ +be ™) + ua(ae™ + be ™) + pla+1b)] = Ex(a+0b)
(iii) [— t(ae®™ ™V + be *EV) 4oy (a +b) + v(ae®t + be *)] = Ey(ae™ + be )

The first condition is the usual bulk condition which yields a spectrum depending on
cos k for a free particle on a lattice presented in the first section.

However both (7i) and (i) must be satisfied; these conditions give us an equation that
fixes the k£’ s values. This is the role boundary conditions play.

In the following, without loss of generality, we can set h = 0; thus (4i) and (ii) become:

a(p +te™™® +u ™) 4 b(p 4 tet* fuye* ) =0

i ’ ’ ‘ 2.10
a(ye’kL 4 teik(+1) 4 ut) + b(ue_”“: + teth(LFD) | uy) =0 ( )

These form a set of two homogeneous linear equations in a and b, that admit the non-
trivial solution:
b p+te ™ +uqett veRl 4 tetR(EH1) 4

—— = , , = . . 2.11
a p+teth +uge Rl pemikL 4 pe—ik(LH1) 4 g% (2.11)
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only if the determinant is zero. This condition is satisfied if:

oihL U + te—zk + uAezk:L v+ te—zk + u*Aesz
e _

= ; ; . ; . 2.12
1 + tezk + uAe—sz v+ tezk + uze—zkzL ( )

As already said, (2.12) fixes the values of k’s | that are considered belonging to the range
[0, 71] 3. We notice that the r.h.s. of (2.12) yields a pure phase factor, i.e. k¥ € R if and
only if:

(a) ug =uly = us € R.
(b) p=v Yus € C.

In this case wave functions are standard superpositions of plane waves (scattering states).
For more general boundary conditions, the r.h.s. of (2.12) might become a generic
complex number. As we will see with some examples below, it is possible to find solution
with complex k’s values, which correspond to wave functions exponentially decaying
from the boundaries (edge states). Some easy limits can be useful to understand all the
process.

o \u=v=0, uy=u, = —t| Periodic Boundary conditions

Imposing these conditions (2.12) is fullfilled for all &£ such that:
, 2nm
L) = fn=——,n=0,1,.,L
€ # n L + 1 ) n 07 Y Y

Hence, the solutions are given by linear combinations of ¢, = ﬁeik"j.

o | uy =0| Truncated at the edge
In this situation, equation (2.12) becomes

ser, At ® oy e
© T [+ teik  u o teik

v v)e it 4 f2e
v+t v)ett + 122k

In particular

(i) if g — oo or v — oo , we have Dirichlet conditions. In fact:

, b
PRl — =1 = kn:zn n=1,..L—-1
a L

3We are not taking in account all the first Brillouin zone, because the energy is symmetric for k — —k
and the lattice step is a = 1.
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The solutions are* L — 1, provided by the orthonormal eigenvectors

= sin k,,
¢ L+1
(ii) if p = v = —t we have, instead, Neumann conditions, implying
Q2RL =2k 2ik(L41) _
=k, = n n=0,.L—-1
L+1
In this case we have L solutions given by the eigenvectors
1 ) ) )
an — [ezkn o e_’k”em}

vVL+1

As already mentioned, for k fixed at £k = 0 and k = 7w, which are stationary points for
the energy, (2.10) is satisfied also for complex values of £’s, that could give rise to real
eigenfunctions for the edge states. There are two cases:

(A) Edge Uniform States :
k=ia | = ¢; = (ae™ + be_aj)é;r-|())
= E, = —2t(e*+e %)

(B) Edge Staggered States:
6, = (Wlae b
= E, = +2t(e* + e %)

These states are called staggered because of the factor (—1)7, which flips the sign
of the eigenfunctions site by site. This will be clear in the next section, where we
are going to draw the solutions.

We remark that, for this kind of solutions, equation (2.12) becomes :

Conr Mt Fuge™ vt te® + ute ok (2.13)
e = . :
p+te= +uqgelt v tem 4 ulerl
We are going to analyze this situation in the continuum limit, where the role of the
parameters at the edge is exactly connected to self-adjoint extensions of the Hamiltonian,
and some semplifications are permitted.

4They are only L-1 because the two ends point do not partecipate at the total current. There is no
hopping between the two edge sites.
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2.2 Continuum Limit

As explained in the first chapter, a self-adjoint extension of H at the boundary is given
only if exists a 2x2 unitary matrix U such that

—p(0)\ _ I+U [¢(0)
(w) - it (D) 2

In the continuum limit, our ansatz of solution is ¢y (x) = ae®® + be=*=.

Let us impose
H + U ai; Q12
A= — = 2.15
T—U (a21 22 (2.15)

that satisfied A = A, being self-adjoint. Equation (2.14) is translated into the following
system of equations:

a [—Zl{? — ail — algeikﬂ + b [Zk’ — a1 — alge_ikL}

0
ae%kl [Zk — A9 — a2167ikL} +b [—Zk — a99 — agleikﬂ 0

The crucial point, now, is to make a comparison between these equations and (2.10)°.
Actually, moving from the discrete case to the continuous one, we have ©:

a—0 = % ~1+ika

= coska~1+ (ka)”
= sinka ~ ka
Then LU
S = Al (e )

It is now clear in which way edge parameters provide different self-adjoint extensions of
the continuous Laplacian.
In this limit, equation (2.13) can be approximated to

ez _ PE T vAe®
e =

: 2.16
UAeaL uzeaL ( )

where we have preserved the dominating terms on the r.h.s.. It follows that
e+ (p+v)e® + (uv — |ual®) =0 (2.17)

SLet us impose t = 1 for sake of semplicity.
6We have consider a lattice step a = 1 in the previous section. 1 = (L + 1)a is the lenght of our chain
and it is fixed.
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that is resolved by

o V) £V (p+v)? = A — fual?) _

2 2.18
_ ) £ V(e —v)? + Aual 219
2

In order to have a bound state, of course, it is necessary’ that e* > 1 which means

+/ (1 — V)2 + 4ua2> 2+ (u+v) (2.19)
Two regions come out:

(1) 2+ (p+v)>0ie. v>-2—p

= Vg —v?+4ual? > 2+ (p+v)

) (2.20)
= |ual* >+ (p+v)+1
while
= —V(p—v)2+4ual > 2+ (u+v) (2.21)
is never satisfied. It means that we have only one edge state:
_ 2 _ Ay — 2
(2) 2+ (u+v)<0ie.v<—-2—pu
= Jual* <pr+ (p+v)+1
For staggered edge states, instead, we have:
e — (u+v)e® + (v — |ual®) =0 (2.24)
whose solutions are given by
o (A v) = (v — A — uaP) _
2 (2.25)
_(ptv) £ V(= v)? + dual?
B 2

"If e* < 1 the roles of a and b are exchanged.
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Imposing again e* > 1, we obtain

= P Al 22— (u+ ) (2.26)

and the two regions are given by:
(1) 2—(p+v)>0ie v<2—1p
(2) 2—(p+v)<0ie. v>2—p

Once again in the first region we have only one edge state, while in the second region
there are two solutions.

Let us consider first the case .

Now, equation (2.13) becomes:
(ntte)(vLtte*)~0 (2.27)

We have always two solutions. Specifically, for £ = 0, one solution is given by :

et = —% = ¢a(r) X7
which gives an edge state localizaed at the left edge (x = 0). The other solution, instead,
is provided by:
v
e = -7 = Po(x) 0x e ek

that is localized at the right edge (x = L). Analogue considerations can be carried on
for k = m.

We conclude that if us = 0, edge states are described by a real wave function that decays
in an exponential way indipendently from either one of the two edge sites but depending
on the strenght of 1 and v. This is illustraj;ed in Figure (2.2)

4 Jul=0

-4

Figure 2.1: Phase diagram of Edge States for us = 0.0
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When we turn on u,4, a probability current is established between the two edges
and these modes are no longer indipendent, still they can decay either in a uniform or
staggered way. Moreover, the region of the parameter that allow for edge states gets
enlarged as we can see in Figure 2.2

_4L

Figure 2.2: Phase diagram of Edge States for uy = 1.0

In the following, we report the behaviour of the edge state wave functions for some
value of uy4, pu, v that exemplify the various case we have discussed up to now. The
graphs are the result of a numerical analysis performed on a chain of 200 sites, done with
Mathematica.
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Figure 2.3: For ug = 0 and p, v < —2, only uniform edge states are possible, as predicted by
the phase diagram of Figure 2.2. Since both u and v are smaller than —2, we have two uniform
edge states. Wave functions can be chosen to be real; hence, the nature of these edge states is

that one of Majorana modes in the Kitaev chain.
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Figure 2.4: For real uy , since p < —2 we have a uniform edge state bound at z = 0 .On the
other end, because of v > 2 a staggered edge state is bound at x=L. Again wave unctions can
be chosen to be real, representing a Majorana mode.
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Figure 2.5: For a complex hopping parameter
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u4, edge states are described by a necessary

complex wave function, which decay from both ends. This means that edge states are now

Dirac-like and not Majorana.



Chapter 3
Lieb - Shultz - Mattis Method

Our goal is to extend what we have done in the previous chapter for electrons interact-
ing by a quadratic potential, similar to the Bradley-Cooper-Schrieffer potential[6] that
describes the microscopic theory of superconductivity.
The Hamiltonian of the BCS-model, having already performed a Fourier transform, is
given by:

Hpos = (e — W)ehoéno — > [A*éik@; — Aégéy,

ko k

where €, gives the spectrum energy of free electrons properly renormalized by the coulom-
bian interaction between them and h is the chemical potential; the A terms gives in-
stead the quadratic interaction between electrons of opposite spins, estimated through
the Hartree-Fock approximation considering the interaction with the phonon. Usually,
Hpes is diagonalize through tha so-called Bogolyubov unitary transformation

ka Cit
(1) = ()
—k| -kl

for which Hges = ). Ekls,tal;kg; it becomes a free fermionic Hamiltonian in the new
ko=t1
annihilation and creation operators, whose eigenvalues are provided by:

Ep = £/ (e — h)2 + |A2 (3.1)

However, in the BCS-model, Fourier and Bogolyubov transformations are carried out in
periodic boundary conditions. If we want to consider all the possible conditions, we may
find a more general procedure to diagonalize a quadratic Hamiltonian with ¢éféf terms,
in such a way we can treat the edge sites.

Furthermore, let us notice that in the BCS theory of superconductivity are considered
only interactions between fermions of opposite spin and momentum; in the following,

27



Introduction 28

we are not going to take in account the spin degree of freedom, so that we are going to
drop out the approximation that only electrons with opposite momentum interact. Lieb,
Shultz and Mattis in 1961 provided a new general method to diagonalize an Hamiltonian
with real quadratic interactions. Hence, the goal of this chapter will be extending it for
complex operators in order to recover a BCS-like model.

Similarly, the same procedure is carried out studying some spin % models , such as the
XY model, for which the original spin interaction Hamiltonian can be re-written as a
quadratic Hamiltonian in fermionic degrees of freedom, thanks to the Jordan-Wigner
transformation[11].

3.1 Lieb-Shultz-Mattis method for Real Operators

The most general fermionic Hamiltonian on a 1-D lattice with quadratic interactions is
given by:

1
H = Z C;'[Aijcj + 5 (CIB@'C} —|— hC) (32)
ij

where the ¢; ’s and the ¢ ’s are Fermi annihilation and creation operators. The hermicity
of H requires that A is a symmetric matrix, while the anticommutation rules among the
the ¢; ’s require that B is an antysymmetric matrix. Namely:

() Aij = Aji ;

In order to diagonalize H, we are searching for a transformation:
U ngici + hyiclnf = ngicj + hkici (3.3)

that can be more briefly illustrated as:

U= (fl g) (3.4)

Let us underline that U must consists, in some way, both of Fourier transforms and
Bogolyubov ones, so that we can diagonalize the Hamiltonian in the momentum space.
More clearly:

e ¢ represents the site index, so it is related to the Fourier transform that maps to
the momentum space;

e [ is the impulse index, upon which the Bogolyubov transform acts.
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The Fourier transform is not so obvious when boundary conditions are applied. This
is the reason why we are considering general transformation. The transformation U is
unitary only if it preserves the anticommutation rules of the fermionic operator ¢; and
¢!. This request means that

(i) {ngm} =0
(i) {nqml} = Okq-

Substituing the definition of the new annihilation and creation operators in the anticom-
mutation rules, it is simple to see that:

(i) implies GHT + HGT =
(ii) implies GGT + HHT =1

Moreover, the unitary transformation (3.3) makes H diagonal, i.e.

H= annk + const (3.5)
k

only if:
[, H] = Ay i (3.6)

where the Ay are the energy eigenvalues related to the new operators. We have

[0, H] = [nk,ZAqnlnq] Z Aq [ ming] =
—Z Aq (0 T mgl + [l ] 1) ZA Sk = Axti
Including the definitions of the new operator, it means that
[k, H] = Z [ gxAa — hwiBa] a +
+Z hiAu + guBal ¢

From (2.5) , using the definition of 7,,, these two equalities come out to be:

Nygr = Z (griAir — hxiBa) (3.8)

i
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Aphy = Z (— hriAa + griBa) (3.9)
It is quite simple to see that the eigenvalue problem can be resolved through the following
linear combinations:

Vi = Z (g + hit) (3.10)

l
Sk =Y (gr — ) (3.11)

In fact, adding up and subttracting both sides of equations (3.8) and (3.9), we achieve:

Axthe =Y [(grs — hwi) Au + (g5 — i) B] = ¢ [A + B (3.12)
il
Aoy, = Z [(gri + hei) Ai — (gri + hi) Ba] = ¥ [A — B] (3.13)
il
Hence, we have

and, in the same way:
Air = Mbrdr = Mty [A — B] = ¢ [A+ B][A - B] (3.15)

Thus, the problem of finding the energy spectrum A7 is translated into the problem of
finding the eigenvalues of the matrix (A + B)(A — B)

3.2 Extension to Complex Operators

In this section we want to propose an extension of Lieb-Shultz-Mattis technique to com-

plex matrices A and B.

In this case the hermicity of H imposes that A is a hermitian matrix, while the anticom-

mutation rules among the the ¢; ’s need B to be an antyhermitian matrix. Precisely:
(i) Ay = A5 ;

So, we can rewrite our Hamiltonian in this way:

B. B*
H = Z {C;Alel + C;TNC;[ — ClTﬂCj
gl
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It will be clear later why we have choose to consider %B instead of B. The coefficients
of our transformation now have to be complex, because a complex Fourier transform is
needed. Namely:

Mo = 2 GriCs + hiicl
' = U= (G H) (3.16)

n = > ii¢i + hici o G"

The preservation of the anticommutation rules of the fermionic operator ¢; and ¢! in this
situation are such that

o {1, M} = 0 implies GH'+ HG' =0
b {77(1; 77,1} = Oyq implies GG+ HHT =1
Let us see at one of these relations as an example:
{TIQ777]'E;} = {quz ci + hqi CZ»‘ , Zh;);j Cj + g;;j CT} =
‘ j

= Z [gqih}gj{ci, i} + 9qigriiciy C;} + hqith{CL ¢} + hqig;;j{c;f? C} ] =

i?j
= (949505 + haihig6i] =Y 9agk + hahid =
2,7 7

- (GGT + HHT>qk

We have to impose that (3.16) diagonalizes H, i.e. [ng, H] = Ag ny.
Let us evaluate first [y, H]:

e, H] = gijy [ei s cle] + ) hiAy [cl cle] +

ijl ijl
B B
+ng17j [ci s c}cj] + th?” . c}cj] +
ijl ijl
B/ B
_ngi% i, acj] — thz% el acj]
ijl il

that, making use of the properties of our operators A and B, becomes

e H) = ) l g = hri——

il

3.17

y By + B t ( )

+Z — hii Ay + gkiT q
il
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Let us impose Bij = w = Re[B,;] and notice that just the real part of B has an
effective role in the dynamics of the new particles describes by 7y, 77,1.

Then, if our transformation makes H diagonal, the following equalities must be satisfied:

Apgr = Z (gkiAil - hk:iBil> (3.18)

()

i
It is time to explicitly express the hamiltonian terms; we will work with a traslational
invariant Hamiltonian in the nearest neighbours approximation; hence, let us consider
hopping and interaction elements complex, which relate nearest neghbours sites.

Let us take them the same for all of the sites!:

Ay = Ae™™
. i 3.20
{ Aprg = Ajy g = Ae? (3:20)
Moreover A;; will simply be the chemical potential.
Bi_1; = Age® { Bl+1l = —Agcost
Tk i = ~T 3.21
{ Bl—i-l,l = —Bl,lJrl = Aoe 0 Bl—l,l = AQ cos ( )

Thanks to the translational invariance away from the edge, we can suggest an ansatz of
solutions in terms of plane waves:

_ ikl —ikl
{ g = aie™ + bre (3.22)

hkl = Ckeikl + dke_ikl

Now, according to the nearest neighbours approximation, the r.h.s. of equation (3.18)
includes only five elements:
Argr = grasn)Airrg + gl + grag—nAi—1g +
— higan Bivig — Pra-nBio1y

that means
(A — Ary) (akez’kl X bke—z‘kl) _ (akeik(l—H) 1 bke—ik(l+1)) Aei® 1 (akeik(l—l) 4 bke—ik(l—l)) Ao~ o

_ (Ckeik(l—l-l) + dke—z‘k(l+1)) (—Agcosf) +

— (ckeik(l_l) + dke_ik(l_l)) (Ag cos0)

It is then possible to separate the real and the imaginary part of e’*!, namely:

e = cos (kl) + isin (kl)

Tt is implicit that we are working with a U(1) global symmetry.
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so that we can easily derive two equations from (3.18):
e one for cos (kl)

(Ax — Apy) (ar + b)) =2Acos (k+ ¢) ap + 2Acos (k — ¢) bp+

3.23
+ 2iAgcosfsink ¢, — 2i\gcosfsink dy, ( )

e and another for isin (kl)

(A — Aiy) (ar, — b)) =2Acos (k+ ¢) ar, — 2Acos (k — @) b+
+ 2iA\gcosfsink ¢, + 2iAgcosfsink dj

(3.24)

The combinations (3.23) £ (3.24) provides us two equations where it is clear that the
four coefficients of our anstatz are related two by two:

(A — Ayy) ap = 2Acos (k+ ¢) ap + 2iAgcosfsink ¢y (3.25)
(A — Apy) b, = 2Acos (k — ¢) b, — 2iAgcosOsink dy (3.26)

Repeating the same procedure for (3.9), with the precaution that A, = A;; because of
the hermicity of A, we obtain:

(A + Apy) cx = —2Acos (k — @) ¢ — 2iAgcosfsink ay (3.27)
(A + Ayy) di = — 2Acos (k+ ¢) di + 2iAgcosOsink by, (3.28)
In conlusion we end up with four equations:
(A — Apy) ar, = 2Acos (k+ @) ap + 2iAgcosfsink ¢
(A — Ayy) by, =2Acos (k — ¢) by — 2iAgcosOsink d,
(A + Ary) e = —2Acos (k — ¢) ¢, — 2iAgcosOsink ay
(A + Ayy) dp = —2Acos (k4 ¢) di, + 2iAgcosOsink by

Making use of the trigonometric relation

(3.29)

cos (o + ) = cos acos 8 F sin arsin 3

and defining
e 2Acoskcosop =R

e 2Asinksing =T
e 2iA\gcosfsink =1

the system of equations (3.29) becomes:

(3.30)
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3.2.1 Real Hopping

Let us consider the case of real hopping coefficients; if A is real, then ¢ = 0 in (3.20).
It follows that

R=2Acosk T =0 I =2iAgcosfsink

Thanks to T" = 0, the system of four equations reduces to two identical systems of two
equations.
Explicitly:

Ak (Ck F dk> = — (R + Al,l) (Ck F dk) — 1 (CLk + bk)

It is very easy to find the eigeinvalues Ay of the matrix:

N:(i-%)

where R = R + Ay
The eigenvalues are given by:
(R 0) (R A+ o0
A—R+12=0
Ay, = +VR? - I

Making R and I explicit, we obtain the following eigenvalues:

Aiy = £/ (24 cos k + A)? + 403 sin’ k (3.31)

They are the discrete analogue of (3.1), where A;; = —h and A = —t. To be more
precise, we can find other linear combinations of ay, by, ¢, di to enlighten which are
the eigenfunctions of the Hamiltonian; in fact if we consider:

it is automatically clear that

Ak (gt = hi) (ﬁf F f) ( g1 F hat) (3.32)
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So, the eigenvalue problem can be resolved through the following linear combinations:

Yy = Z (Grt + hi) (3.33)

l

ok = (g — hw) (3.34)

l

In fact, equations (3.8) and (3.9), in this case of real hopping, become:

ANegr = Z (gkiAil - hkiéil>

7

RS <— hii A + gkiBil>

(2

Adding up and subtracting both sides, we achieve

At =) [(gm — Tuei) Ai + (ki — hii) Bu] = Ok [A + B} (3.35)
il
Apdr = [(gkz + hiei) A — (gri + hui) E’il} = i [A - B} (3.36)
il
Hence,
A2y = MAs = Aoy [A + B} — i [A _ B} [A n B] (3.37)

and, in the same way:
A2y, = ApAydr = Aty [A — B] — & [A n B} [A — B} (3.38)

As expected, we recover the same set of equations of the standard LSM method.
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3.2.2 Complex Hopping

Now, we want to analyze the possibility of complex hopping terms even if we will not
use the results, because in two dimensional system it would be useful in order to take in
account the interaction with an external magnetic field?.

One more time, it is neccesary to start from the system of equations (3.30). The Bo-
golyubov coefficients are always related two by two, but now the two subsystems of two
equations are no longer equal as in the real case. Let us start with the pair (ay,c),
described by the set of equations:

Ak ak:(R—T%—AU) ap + [Ck
Ay CkI—<R—|—T+AlJ) c, — 1 ay

Having in mind the substituition R+ A4;; = R | it is easy to evaulate the eigeenvalues

Ay of the matrix: 3
R-T I
M — 3
(" i)

From imposing the secular equation det(M — Al) = 0 , it emerges that:

(R-T-n) (~R-T-A)+12=0
(T+ AR = R24+12=0A2 + 20T+ T2 — R*+ 12 = 0 (3.39)
A, = -T+VR-1I?

The pair (b, di) satisfies, instead, the equations:

Ay dk:(R—l—T—i-Al’l) b, — I dy,
A bp=—(R—T+ A) b+ I dy

R+T —1I
P = ~
< I (k- T>)
where the same substituion R + A;; = R has been done. Solving again the secular
equation det(P — Al) = 0, we have:

The resulting matrix is :

<R+T—Ak> (—R+T—A)+12=0
(T—A)? —R24+12=0A2 - 20T+ T*— R*+ 12 =0 (3.40)
Ay, =T+ VR?—I?

Notice that (3.39) and (3.40) are similar except fot 7" <» —T. Hence, in the case of
complex hopping, it is more complicated to find out which linear combinations of g

2See the last chapter.
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and hy; can resolve our problem, because of the four different eigenvalues. Indeed, such
a complex hopping gives place to different eigenvalues for the outgoing and ingoing plane
waves of the Fourier transformation. Precisely, we have

(Ap +7) ar =R ar+ I ¢
(A =T) by =R by — I dy
(Ap +T) cr=—Recp— I ay
(A, =T) dy=—Rdp+ 1
from which:
(ar F cx)
(bk F dy,)
In this way it is clear from (3.41) that a complex hopping produces an opposite shift
for Bogolyubov particle of impulse k, and those ones having impulse —k. A, is shifted

of £T respectively in the first and in the second case. This fact suggests to define the
following functions 3 :

Ak +T) (ax £ 1) = (R (3.41)
R

F1
(A, —=T)(by £dy) = (R+1

Ve, = (ar + ) e™

Y = zl: (bg + di) e

Pry = Zl: (ar — cx) ™

Pk = Zl: (b — di) ™™
.

(3.42)

In fact, we have:

(Ap +T) (Mg — T) (ar £ i) (b = dy,) = (R + I) (R + 1) (a F cx) (be T )
Hence,

(A2 = T2 (ay, % cx) (b & dy,) = (fz ¥ 1) (ﬁz + 1) (ar F cx) (b F dy)

3The second index =+ represents the sign of the impulse associated to the creation (annichilation)
fermionic operator after the Fourier transformation( ¢, = 3 ¢e® ) .
1
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We finally come to these four equations:

A% (ak + Ck) (bk + dk) = T2 + RQ - [2 (ak — Ck) (bk — dk)

Az (ak — Ck) (bk - dk) = T2 + R2 — ]2 (ak + Ck) (bk + dk)
2

AZ (ag+ o) (b — dy) = | T2+ (B = 1) | (o — i) (by + i)

A% (ak —Ck) (bk +dk) = T2 + <R—|—[>2 (ak+ck) (bk —dk>

=5

These are a new set of eigenvalues equations, which generalize the real case studied in

the original paper by Lieb, Shultz and Mattis. The new eigenvalue problem is resolved
by the eigenfunctions of the following operators:

. N 2

o A*A+2Re[A|B + B?, whose eigenvalues are given by T? + (R +1 ) :

) (A* + B) (A F B), whose eigenvalues are provided by T2 + (RQ -1 2)

Thanks to this extended method, we are now ready to implement boundary conditions
proceeding in the same way of the free case.



Chapter 4

Interacting case

We are going to introduce in our lattice of L + 1 sites a BCS-like interaction bewteen
nearest neighbour fermions, with the most general boundary parameters in such a way
the Hamiltonian remains hermitian. Using the diagonalization through the Lieb-Shultz-
Mattis method with real hopping, we can determine for which parameters edge states are
allowed. We will see that interactions produce a new kind of states, called Zero Modes,
in addition to scattering states and edge states we have found in the free case.

Our system is now described by the following Hamiltonian:

~

-1
H=3" |t (et per) + heles| —t (oo + ) yer) +

=1

tuadher +uhét éo + pébéo + vel e+ (4.1)

L-1
Act ol A*e 6 _’_AAT A G e — AF At £ A A
+ Ci16 Cit16C; Cr_1Cp, C1Cop — URBCHCy, + URCLCy
=1

So that
w —t 0 .0 0 ua 0 A 0 .. 0 0 —up
“t h -t o0 .. 0 0 A" 0 A O. 0 0
0 —t h —t0. .0 0 —A*0AO0. . . 0
A= B=| - o (4.2)
0 . . Ll Zeo o . ..l T A Do
0 0 0—t h —t 0 0 LZA* 0 A
w0 0 0 —t v why 0 0 0 —A* 0

We have already seen with Lieb-Schultz- Mattis method how is it possible to diagonalize
H. We will first examine the bulk spectrum of (4.1) and then we will discuss boundary
conditions.

39
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4.1 Bulk Spectrum

According to Lieb-Schultz-Mattis Method, our solution satisfies

Aior = (A+ B)(A - B)¢y, (4.3)
where 0 Ag O . .. 0 0 —upp
LGRS T T
. B+ B 0 7B0 0 200
B_StE (4.4)
2 RV
0 0 . . .0-Ag 0 Ag
wp 0 0 . .. 0 —=Ap O
is real. Thus:
. 7t;A0 h 7t4LA0
<A+B> - LTI e TR iny (4.5)
. —t—Ap - 0
. LU —tfAy R —t—Ag
(A_B> = . —t+Ap tﬁA —t;Ao N (4 6)
. - 0 —t—Ap
Because of:
(4+B) (a-8B)], = > (a+8), (4-5),, (4.7
we obtain:
(A—B><A+B>: L. PP —=A =2t WP 42(2+ A3 —2nt 2 — A}
(4.8)

In (4.8) the generic form of the k-th row is shown. The diagonal element is h* +
2 (t* + A?); thus each site is connected to the subsequent and the previous two. The
Hamiltonian is still translational invariant inside the bulk, so we can propose that the
most general ansatz of solution is of the form:

bp = AZ¥ + Bz7F (4.9)
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which includes all possible types of eigenfunctions, if we allow z € C .
Using (4.8) and (4.9), the eigenvalues problem becomes

E? (Azk + Bz_k) = (t2 — Ag) (Azk_2 + Bz_k+2) +
+ (—2ht) (AZF1 4+ B2 F) +
+[P*+ 28 + A3)] (A" +Bz7" )+ (4.10)
+ (—2ht) (A2 + Bz +
i (t2 - Ag) <A2k+2 i Bz—k—2)
More precisely,
Ef (A + Bz = [( = A}) (277 +2°) —2ht (27 +2) +1° + 2 (£ + AF)] (A" + B=7F)
Now it is easy to see that:
El=[t(z""+2) - h]2 — A (7 - 2)2 (4.11)

According to the hermicity of the Hamiltonian, the quadratic energy eigenvalues must
be real. The next step, therefore, is imposing conditions of reality of the r.h.s.; since in
general we assume z € C.

In order to extract the complex part, let us define:

z = e (4.12)
with A > 0. In this way :
(z+21) =N+ X tem™®) = A+ A7) cosk+i(A— A7) sink
(z—z"1 = (e = Xtem®) = (A=A cosk+i(A+ A )sink

Let us also doing the following substituition in such a way to simplify the next passages:
)\ )\_1 == g )\
A+A)=a a+

(A _ )\—1) — /8 a — /8 — )\_]_ <413)
As a consequence, (4.11) can be written as:
E,% = t? (a2 cos® k — (3% sin? k) — 2htaccosk + h? — Ag (52 cos® k — a?sin k:z) + (4.14)

+2iBsink [(t* — A}) acosk — ht]
Then, three are the conditions that could make the complex part of E? vanish:
(1) B=X2-X1=0
(2) sink=0
(3) (t* —A2)acosk —ht =0

In the following we will discuss these three cases separately and show that they corre-
spond to what we call Scattering, Edge and Zero Mode states, respectively.
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4.1.1 Scattering States

Let us start with the first condition of reality.

B=0 = A=)\ = A=1 = (4.15)

Hence, we have as solution a linear combination of plane waves, as expected in the bulk.
In fact, from (4.15), (4.14) becomes:

E} =t*a*cos® k — 2htacosk + h* + Aja?sin k* =
— [2tcosk — h]” + 4A2 sin k?

where we have already set A = 11i.e. a = 2. This is the usual dispersion relation of BCS
model in a one-dimensional lattice.

By, = :|:\/[2t cosk — h)® + 4AZ sin k2 (4.16)

In order to make possile a comparison with the other cases when the reality conditions
is satisfied, let us analyze FE; for the scattering states in function of %k . Maxima and
minima are provided by stationary points defined by:

OE?

S = 4sink [t —2cosk (1 — AF)] = 0

Namely:

(a) sink=0 & k=07
corresponding to an energy

E? = [+2t — h)°
k sin k=0 [ ]
(b) cosk = W whose energy is given by
0
h? A2
E? — 4N P20
cos kzz(ﬂhijAg) 0 (tQ — A%)

Because of cos k? < 1, these stationary points exist only in the region of the bulk

parameters such that
R2t? < 4(12 — A2)?

where , of course, also the condition for E? > 0 is satisfied.
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The following picture shows the scattering states energy spectrum for some examples of
the parameters!.

o for| t* — Ay > 0|, we have

k
T ()

ht < —2(t2 — A2)

k , k
00 05 0 5 20 25 30 (B) 00 05 10 15 20 25 30 (C)
h2t? < 4(t? — A2)? ht > 2(t? — A2)

Figure 4.1: Energy spectrum of Scattering States depending on bulk parameters.

e for [t* — Aj < 0|, the roles of k = 0 and k = 7 are swapped.

As a final remark, we notice that conditions (a) and (b) are exactly the conditions of
reality (2) and (3) that define respectively the edge and the zero modes. This means
that the latter two, when existing, originate from scattering states that correspond to
minima or maxima of the bulk spectrum. These considerations will be clarified in the
next paragraphs.

4.1.2 Edge States

Let us analyze the second condition of reality:

sink=0 = k=071 = z==+\ = (4.17)

where n=1In\ .
Hence (4.11) becomes:

E2=[t(xe"+e ) —h]" — A2 (£e? Fe )’ =
= [t (+2coshn) — h]* — A2 (£2sinhn)* = (4.18)
= [2t coshn F h]2 — 4A3 (sinhn)

'We are plotting E2, which is It is the same because we have invariance for k — —k
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We have a BCS-like dispersion relation with the hyperbolic function.
For n = 0, which provides a stationary point for the energy:

E> — [2t + h)?
1, [ ]

It obviously coincides with the limit energy of the scattering states; so we can assure
that edge states drop from the scattering spectrum at this points.

4.1.3 Zero Modes
The third reality condition is more complicated:
(t* — A%) acosk —ht =0

Setting z = Ae®® = ¢/*=) and recalling that o = X\ + A\~! = 2coshn, this condition
gives a relationship between k and 7, which, therefore, are not indipendent. Explicitly,
we find:

ht
hn = 4.19
oS = 9 (t2 — AZ) cos k (4.19)
It is also possible to calculate the energy spectrum:
E,fn = [2t cos (k —in) — h]2 — 4AZ(sin (k — in))? (4.20)

Because of coshn > 1, proceeding as we have done before for the scattering states, one
can show that these solutions exist only in the range of the paramenter:

Rt? > 2 (8 — A) (4.21)

We notice that (4.21) defines the region in which the scattering states develop a minimum
at k # 0, , as shown in figure (B) of (4.1.1).

Combining this with the fact that the value of k, at which such zero modes appears, is
exactly the one of the minimum, we can conclude zero modes emerge by dropping out
from the scattering spectrum precisely at this minimum.

Figure 4.2: An idea of the dropping out of Zero Modes from the scattering spectrum.
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A tedious algebraic calculation shows that the energy E,%n is always smaller then the
minimum of the scattering band. This means that these modes lie always in the energy
band. Therefore, they might reach the zero energy (hence the name zero modes) and
become degenerate with the ground state. If it happens, as argued in [14], the system
may undergo a quantum phase transition marked by a Z, symmetry.

4.2 Boundary conditions

In order to have a hermitian extension of the Hamiltonian, even in the edge, our solutions
have to be eigenfunction of (A + B)(A — B), which is given, considering the boundary
parameters, by:

W H(t=A0)* +(uatup)® —p(t+Ao)=h(t=A0) t*~AF . . . 0 —(uatup)(t+Ao) p(ua—up)+v(uatup)
—u(t+2A0)—h(t—Ag) h2+42(t2—A2) —2nt 0 . . . 0 —(ua—up)(t+Aop)
0 . . . . . 0
~ ~
0 . L . 0
—(ua+up)(t+Aop) 0 . .. —2ht h24+2(t2—A2) —v(t—Ag)—h(t+Ap)
wlua—up)+v(uatupg) —(ua—up)(t+Ao) . . . AL —v(t—Ao)—h(t+A0) v2+(t—20) 2+ (ua—up)?

It is evident that also the site 1 and the site N — 1 are influenced by the boundary
parameters. In order to simplify a little the calculation, let me use a trick starting from
(3.8) and (3.9):

o for[ =0
Aygro = Z <gkiAiO - hkiBzO)
; ) (4.92)
Aphyo = Z <— hii Ay + gkiBzO)
e[ =N
Argen = E (gkiAiN - hm’BiN)
i (4.23)

Aphny = (— hii Al + gkiéiN)

)
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Let us start with ¢ = 0. Considering only the non vanishing terms of A and the first

equation of ( 4.22) turns in:

Akgko = gkOAOO + 9k1A10 + gkNANO - hméw - hkNBNO =
= groAoo + gr1Aio + genAno — Rk Bio — hen Bno+
—hg—1B_10 + hxt—1B_10 + gr—1A—10 — gr—1A-10

The second one, instead, becomes:

Aiphro = —hioAjy — hin ATy — hen Ao + gklélo + gkNBNO =
= —hroAgy — h1 Aty — hen Aoy + 9k1Bio + genv Bno+
+gr-1B_10 — gr—1B_10 — hie—1 A% 1o + hie—1 A7 1

Working with + = N, we obtain:

AkgkN = gkOAON + gk:N—lAN—lN + gk:NANN - hkOBON - hk:N—IBN—lN =
= groAon + gev—1AN_1N + GeNANN — hoBon — hiv—1By—1in+

—hint1Byian + hinvi1i Byyan + gevi1 ANy — gene1 AN

Arhin = —hro Ay — han—1A% 1y — v Ay + groBon + gen—1By-_1n =
= —hroAony — hen—1AN_1nv — Pen ANy + 9o Bon + gev—1By_in+

» I * *
+9eN+1BNN — gent1 BN — hevi1 Ay T v ANy

Because of the continuity with the bulk solution we have also:

Argro = groAoo + gr—1A_10 + gr1 Ao — hi1Bio — hi—1B_10
Aphro = —hroAgy — b1 A" 1o — i Afy + ge—1B_10 + gr1 Bo

Aegiy = GNANN + N1 ANIN + Gen i1 AN N+
—hgn—1Bn-1n — hin+1Bntin
Aphin = —hin Ay — hin—1AN_inv — Pen+1Anpin T

+gen_1BN 1N + genv1 Byian

(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

Using (4.28) and (4.29) we have to pay attention to Ag and Ayy ; they must
represent the bulk chemical potential h, in order to make these last equations true.
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Finally, we have:

(4.24) = 0= ginAno — hin Bro + hi—1B_10 — gr—1A_10 + Gro (Aoo - /_100) =
= genty — hentog + he—180 + gr—1t + gro (1 — h)

(4.25) = 0 = —hun Ao + genvByo — g1 B0 + hi—1 AT 15 — hag (Ao — Ago) =
= —hpnUa + genUoy — Gr—100 — h—1t — hyo (10 — h)

(4.26) = 0 = groAon — hwoBon + hins1Brsin — ginvi1Ansiv + grv (Avy — Ayy) =
= grota + hkotoy — hini1D0 + genv1t + gen (v — h)

(4.27) = 0 = —hy Ay — han (Ayy — Ann) + GroBon — gin1Bysin + hanv 1Ay =

= —hroty — Groloy + Jen+100 — heni1t — by (v — h)

Simplifying these expressions and considering the elements of the matrices A and B, we
get

Genwy — hintoy + 180 + gr—1t + gro (1 — h) =0
—hgnua + grntoy — Gr—180 — hp_1t — hyo (L —h) =0 (4.30)

Grotia + hiotioy, — P N4180 + grenvgrt + grn (v —h) =0

—hrouy — grotoy + gk N4100 — Pgny1t — hen (v —h) =0

Consider the following general ansatz of solution, which, up to a redefinition of the
coefficient is equivalent to (4.9):

N—
Iml = amzl + me !

4.31
Bt = €2 + dpp 2V (4.81)

For scattering states with z = e, equations (4.30) fixes the discrete values of k of the
band which are compatible with boundary conditions. Such an ansatz can be considered
for edge states, too; in the limit of large L, for edge states such that z/ = 7% with
a > 0, it is possible to make the following approximation:

Gm—1 ~ a2 Py ~ ¢z}
gmo ~ Q hmO ~ C
gmN ™~ b th ~d

Gmn—1 ~ bz! Bn—1 ~ dz™*
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. . .ol o I
considering that 2z~ Jlarge o ond  p-oW-j) Jsmal o

Thus, equations (4.30) become

buly — dug, +cz ' Ag+az Mt +a(p—h) =0
—duy +bug, —az 'Ag—cz it —c(p—h)=0
aua + cug, —dz Do+ bzt +b(v—h) =0
—cu’y — aug, +bz Ay —dz it —d(v—h) =0
This system has non-trivial solution for (a, b, ¢, d), only if
tz=' 4+ (n—h) uy Agzt —Uup
D AV up —tz7t—(u—h) —ua
N ua tz=t + (v —h) up —Agz!
—up Ayt —u’ —tz7t — (v —h)

has null determinant.

Imposing this condition, a fourth order equation of 27! is obtained, that gives four solu-
tions, depending on the parameter at the edge.

Now, as illustrated in the previous chapter, the combinations that diagonalize the Hamil-
tonian are given by (a 4 ¢) and (b =+ d) or alternatively by (a +b) and (¢ F d); therefore,
the action of the Hamiltonian can be reduced to a 2x2 matrix. The same combinations
must be eigenfunctions for the edge sites. The reduction? yields a second order equation
for =1 . In fact, choosing the combinations (a + b) and (c F d), we get to:

((t—Ao)z—lJr(u—h) g+ up ) (aib)zo

up — Uk —(Ao+t)zt—(w—h)) \cFd
which again has non-trivial solutions only if :
(2= A2) 224 (=2th+t(u+v) + Ao (p—v)) 2 Hpv+h* —h(p+v)+uh —|ugs? = 0 (4.32)

A similar procedure can be carried out for zero modes, thus finding all possible eigen-
values of tha Hamiltonian with specified boundary conditions.

Summing up, in this chapter we have shown how the Lieb-Shultz-Mattis technique
can be analitically implemented after using an ansatz for the wave function of the type
(4.31)% and exactly imposing boundary conditions.

2 Actually this reduction is symply given by the symmetry ¢t — —t and Ay — —Ay
3Incidentally we remark that such an ansatz is what is known as Bethe Ansatz 7]
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LSM method is also easily implemented numerically via a Mathematica code. As a sum-
mary of results, we show below the energy spectrum of the Hamiltonian (A+ B)(A— B).

for different values of the boundary parameters?.

sc

I I I I
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200

When the chain is truncated
at the edge, for small edge
chemical potentials, no edge
neither zero modes appear,
in complete analogy with
the free case.

Figure 4.3: t=1;A=02;h=p=v=—-0.2;usy =ug =0.0.
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Figure 4.4: t=1;A=02;h=02; u=v=-2.0;us =ug =0.0.

4The energies are ordered in aa decreasing way.
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As in the free case, for not
too large p and v, no edge
state is present. However
interactions open up a gap
in which zero modes might
appear.



Introduction

3.0F,
ES

s

250°

20f i Even if uy is zero, for strong
15} + enough p and v, edge states
can appear simultaneously
with zero modes.
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Figure 4.5: t =1, A=02; h=02; u=-20;v=-25; uy =ug =0.0
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Figure 4.6: t =1, A=02;h=02; u=-20;v=-2,5;u4 =15, ug=0.0
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Conclusions and Outlooks

The possibility of manipulating boundary conditions in a controlled way on a lattice
paves the way for an accurate investigation of edge properties.

The study of a fermionic Hamiltonian with the most general boundary conditions has
been carried on in a 1-D chain with lattice step a = 1. For free spinless fermions, two
kinds of edge states are possible: uniform edge states that emerge from the bulk spec-
trum at £ = 0 and staggered edge states which drop out at k = .

In the continuum limit, edge states are bound eigenfunctions at one or the other bound-
ary point of the chain depending on the chemical potentials chosen for such boundaries.
When there is no hopping between the ending sites, the two edge states are indipendent;
turning on a probability current flux, instead, they are no longer extraneous and they
can fall again into the scattering spectrum.

In the presence of a BCS-like interaction, simultaneously with the emerging of edge
states, the system can afford the arising of another kind of states, the so-called zero
modes; the existence of these new modes is determined both by bulk and edge parame-
ters.

While edge states show energies larger than the scattering spectrum, zero modes energies
belong to the gap generated by the interaction; it follows that edge modes can become
degenerate with the ground state providing a new quantum phase.

The procedure followed in a 1-D chain can be extended to a two-dimensional lattice,
starting from the description of free fermions through an Hamiltonian of this form:

Hfree = Z Z |:—tz <éj+1,jéi,j + hC) — tj (é;‘r’j_;_léi,j + hC):| =+ hi,jé;jéi,j (433)
i g

where ¢ ;, éjj are fermionic annihilation and creation operators. The first term describes
the dynamics along one direction, that we label by 2, while the second term provides the
hopping along the other, i.e. y ; the third term represents a chemical potential at each
site. As long as we are describing free fermions an ansatz with indipendent solutions
for the z and g directions is acceptable and implementing boundary conditions could be
quite simple.

However, if we consider some interactions, for example with an external magnetic field,

52



several problems arise.

On the other side, the action of a magnetic field can be treated by considering that the
fermions acquire a phase each time they jump from one site to the other. It is just the
Ahranov-Bohm effect in a discrete lattice. Then, if it is possible to perform a local U(1)
transformation on each site[1], such that we have a uniform complex hopping parameter
per direction, we will able to diagonalize the Hamiltonian through the extended Lieb-
Shultz-Mattis technique and to implement boundary conditions.

Such a mathematical description can be useful to investigate lot of new topics of research
interest. For instance, it could explain chiral edge states in a 1-D fermionic Hamiltonian,
where a syntethic dimension is given endowing each site with M internal states, as it has
been observed in recent experiments[9]. Otherwise, it can be useful also to implement
a simulation of quantum field theories; in fact, using ultracold atoms, fermionic systems
share qualitative features with QCD, including chiral symmetry breaking and restoration
at non-zero temperature[5].



Appendix A

Self-Adjoint Extension of
Unbounded Operators: Deficiency
Indices

Let T' be an unbounded linear operator on a Hilbert space H such that its domain D(7")
is dense in H.

Namel
’ DTy =H = D) =0 (A1)

Let me recall first some definition and theorems of linear operators in order to under-
stand the Cayley transform®.

Def. T : D(T) — H is symmetric if (¢|TY) = (T'¢|v) Vo, ¢ € D(T)
Th. T is univocally defined as adjoint operator of T only if D(T)~ = H and it satisfies

(@|Ty) =(T'oly) Yy € D(T), ¢ € D(T") (A.2)

Th. Fisher-Reisz for linear functionals.
V linear continuous functional f € H* 3z € H|f(y) = (z|]y) Vy e H

Th. Fisher-Reisz for sesquilinear functionals.
Let w: H x H — C be a sesquilinear continuous functional. Then

Vy e H fixed 3! 6, such that w(z,y) = (x]6,) .

o4



Then a linear application T : H — H is defined. Namely:

O,=Ty = w(x,y) = (=(Ty)
= 7] = llwl]
Fisher-Reisz’ theorem can be applied only if the functional is continuous. That is the
reason why it is necessary to pay attention to the domain of definition of T'". Explicitly:

Vo € H:¢p — (o|T) is a linear functional, but it is not continuous.
So let’s define:

D ={p e, [(o|TY) | < Cyllv]l}

Hence, the functional is bounded - so, continuous - V ¢ € D*.

At this point, thanks to Fisher-Reisz’ theorem 3! ¢* such that (¢|TW) = (¢*|¢)) and
W =TT,

The uniqueness is garanteed by the property D(T)* =0 .

In fact, if 3 ¢*, ¢** such that (¢|TY) = (¢*|1) = (¢**|Ty) then

(0" =o™M)TP) =0 = (¢"=¢") L ¢
DT)'=0 = (¢"~=¢")=0 = ¢ =¢"

. So it can be provided a new definition of symmetric operator:

Def. Symmetric Operator
Let T': D(T') — H be a linear operator. D(T)” = H.
Then T is symmetric only if

r=T1" |D(T)

Hence, the adjoint of a symmetric operator is an extension of it.

Def. Self-Adjoint Operator
Let T': D(T) — H be a linear symmetric operator. D(T)~ = H.
Then T is self-adjoint if

D(T)=D(T" = T=T1"

Def. Graphic of an Operator
GT)={(z,y) e HeH|y=Tz, x € D(T)}
Given II; : H & H — H such that II; (z,y) =
G(T) graphicof T & N(II| o) = 1(0,0)} (A.3)

where N is the kernel. Namely N (I1;) = {(z,y)|I;(z,y) = 0}.



Def. Closed Operator
Let T': D(T') — H be a linear operator.
T is closed if Vz,, € D(T') such that

dlmx, ==z
n—0o0 J—
Jlim Tz, =y = y=Tw

n—oo

It is similar to the property of continuity, in which however the existence of lim Az, is
n—oo

implicit.

Th. Closed Operator
Let T': D(T') — H be a linear operator.
T is closed if its graphic is closed.

G(T)" =4G(T) & T isclosed

The closure of G(A) guarantees the completeness; so G(A) is an Hilbert space, endowed
with the T-scalar product:

(z,Tx), (', T2")) = (x,2") + (Tx, Tx")
where the scalar products of the r.h.s. are given by the standard scalar product in H.

Def. Closable Operator
Let T': D(T) — H be a linear operator. Then T is closable if G(7)~ is the graphic of
an operator 7'~. Then T~ is the closure of T'.

Th. Graphic of the Adjoint Operator
Let T': D(T) — H be a linear operator. Let 7 : G(T) — H such that 7(z,y) = (—y, x),
where y = T'x. Then,

D(T)"=H & [(GD)] =G(T")

The adjoint operator of T exists if and only if the orthogonal complement of [7(G(T))]*
is the graphic of an operator, namely it satisfies (A.3). This operator is exactly the
adjoint one of T.

Now, [7(G(T))]" , being an orthoganal complement, is a closed subspace and it is the
graphic of a closed operator that is 7.

Th. Essentially Self-Adjoint operator
Let T': D(T') — H be a linear operator.
T is essentialy self-adjoint if D(T)~ = H, it is closable and D(TT)~ = H



Dim: T closable = [G(T)]” =G(T7).
D(T)"=H = 3T
DTy~ =H = 3I(TH.

Then [r(G(T))]" = G(T") and [z [F(G(D)]*] " = G(T)).
However
@@ =[] = e
= G(T)) =g((1) = (T

Th. Self-Adjoint Operator
Let T': D(T) — H be a linear symmetric operator. D(T)~ = H.
The following statements are equivalent:

(a) T is self-adjoint : D(T) = D(T");
(b) T is closed and N'(TT +il) = {0};
(¢) R(T £1l) = H, the range of (T' £ il) is closed.

Th. Essentially Self-Adjoint Operator
Let T': D(T') — H be a linear symmetric operator. D(T")” = H.
The following statements are equivalent:

(a) T is essentially self-adjoint;
(b) M(TT +4I) = {0};
(¢) R(T +£I)~ =H.

After this overview, it is possible to introduce the Cayley transform.

Th. Cayley Transform
Let H be an Hilbert space and T : D(T) € H — H be a symmetric linear operator.
Then

V= (T +il)(T — i)™ Cayley Transform of T (A.4)

is a surjective isometry V : R(T —il) — R(T + i) and are valid:
(a) D(T) =R(I=V);
(b) T=—i(I+V)IT-V)™

(c) T is self-adjoint if and only if V' is a unitary operator on H;



(d) Given a unitary operator V : H — H, if (I — V) is injective, then it is the Caley
transform of a symmetric operator T defined as in (a).

Def. Deficiency indices
Let T : D(T) — H be a linear symmetric operator. Its deficiency indeces are defined as:

d(T) = dim(N(T" 4 4l))

The deficiency indices indicate in some way how much the operator is not self-adjoint.
In fact, as mentioned before:

e T is closed and N (TT +il) = {0} & T is self-adjoint;

o N(TT+1il) = {0} < T is essentially self-adjoint.

Th. Deficiency indices
Let T': D(T') — H be a linear symmetric operator. Then

(a) T admits self-adjoint extensions if and only if d,(T") = d_(T);

(b) If d(T) = d_(T) then 3 a bijective correspondence between the self-adjoint ex-

tensions of T" an the surjective isometries defined before. More precisely, T" admits
many self-adjoint extensions how many are the surjective isometries.
Let me remember that N(TT 4 1) = [R(T Fil)]". If dim(N (Tt £ iI) = 0, then
[R(T Fil)]” = H and V := (T +4I)(T —4I)~" is unitary® and the only Cayley
transform. In fact if T is essentially self-adjoint, it admits only one self-adjoint
extension(its closure):

T-=—i(l+V)I-V)!
where V is a unitary operator.

Let me conclude giving an idea of how a self-adjoint extension can be built. Given
a linear symmetric operator 1" : D(T) — H, such that d,(T) = d_(T) , its Cayley
transform:

U= (T + i) (T — )"

is an isometry U : R(T —il) — R(T + ). It is bounded, so it can be extended to the
closures of these two spaces.
Because of d, (T) = d_(T) , 3 another isometry Uy : N(TT +4l) — N (TT — 4I). Then:

W=UU: [R(T—il)]” @N(T' +il) — [R(T +il)]” @ N(TT —4l)
W:.:H —H

2An isomtery becomes a unitary operator if its domain is all H



Therefore W, as a unitary operator, is the Cayley transform of a self-adjoint operator 7,
that is an extension of T". For all extensions what changes is Uy. If it exists is possible
to create a self-adjoint extension.
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