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Abstract

This thesis consists of two parts. In part one we discuss the Kondo model. First we point out the
differences in physical properties between the one- and multi-channel Kondo model using a renormal-
ization group analysis. We also point out the challenges in obtaining exact solutions. Then we give
an overview of two approaches, bosonization and spin chain, for finding solutions for the one-, two-
and four-channel Kondo model. Using bosonization we review a mapping from the one- and two-
channel model to the exactly solvable resonant level model for a specific coupling strength. Following
previous work, we derive the Kondo effect for a spin chain construction with XX and Ising coupling,
showing the low energy behavior to be equivalent to the two- or four-channel Kondo model. We also
discuss why one, two and four channels are special and we point out the difficulties in extending these
approaches to other multi-channel Kondo models.

Then in part two we investigate survival of the topological edge effects of the Kitaev chain (Majorana
edge modes) after a quantum quench. We determine a stability region for the edge modes after chem-
ical potential and superconductivity quenches, by analyzing the wave functions using two measure:
inverse participation ratio and overlap. We see that this region does not cover the full topological
phase in parameter space. The Majoranas already disappear before the quenched system has reached
the phase transition.






“You can’t bully the javelin!”
Keith Beard






Outline of the Thesis

This thesis consist of two parts. Part [[] contemplates the physics of the multi-channel Kondo model
and Part [[I] considers a quantum quench for the Kitaev model. Both topics consider strongly corre-
lated quantum systems, but the approach and methods are distinct. The first part consist of analytic
and technical methods to find solution for the multi-channel Kondo model. While the second part is
a numerical lattice approach for quantum quenching the Kitaev chain.

The clear separation in the thesis is a reflection of my Master research. Initially, I focused on finding
interesting new physical results for the multi-channel Kondo model. This topic has been thoroughly
studied over the last fifty years by many of the physics brightest minds. It was therefore difficult to
obtain any novel results.

We (my supervisor and I) decided to switch towards the second topic. The quantum quench for the
Kitaev chain has not yet had as much attention by the physics community as the Kondo model.

We were able to find new interesting results for the Kitaev on quench survival of Majorana edge modes.

Both topics will be introduced extensively in the respective parts.
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Part 1

Kondo Problem






Chapter 1

Introduction to the Kondo Model

In 1934 in the Kamerlingh Onnes Laboratory (Leiden, Nether-
lands) three Dutch physicists made an interesting discovery.
When De Haas, De Boer and Van de Berg measured the low
temperature resistivity of gold (Au) they found a finite tem-
perature minimum (see Figure [L.1]).[I] At the time, it was im-
possible to explain resistivity minimum in a metal theoretically.
Up to then, it was understood that the resistivity decreases as
the temperature decreases. In turned out that this peculiar be-
havior was caused by magnetic impurities. However, until the
1960’s the electrical properties due to magnetic impurities were
calculated by considering effective Heisenberg coupling, which
could not explain this low temperature minimum.

In 1964 Kondo presented a perturbative calculation that was a
good step towards unraveling the low energy behavior around
this minimum.[2] He calculated the resistivity up to third order
perturbation using the s-d model.[3] Figure shows the s-d
system, consisting of a bath of itinerant electrons (gray) cou-
pled to a spin impurity (arrow). Kondo was not able to get a
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Figure 1.1: Resistivity minimum
for Au (gold). Figure from [I].

full solution for the model. In his pertubative expansion he encountered terms that diverge for low

temperature (InT).

f

Figure 1.2: Schematic representation of the Kondo model. The gray area depicts the bulk electrons

couple to the local magnetic impurity (black arrow).

At the time, these type of divergences were unprecedented in many body systems and it took another
eleven years before the first solutions were found. In the meantime the quest for solving the model
became known as the Kondo problem, and later this model would become a test ground for newly

developed many-body techniques.

In 1975 Wilson proposed the first approach for solving the physics of the Kondo model.[4] Using nu-
merical renormalization group (NRG) he obtained the low temperature behavior of spin 1/2 Kondo
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model. Later in 1980 Wiegmann [5] and Andrei [6] used the Bethe ansatz to get a solution for both
the high and low temperature regime, confirming Wilson results for low 7.

In this thesis we will not review the work on NRG or Bethe ansatz. We will however discuss another
technique for finding solutions of the Kondo model. This technique, called bosonization, offers an
elegant way to find exact solutions for the Kondo model in certain fine tuned cases. We will also
discuss spin chain construction showing Kondo like behavior, in an attempt to find solutions for the
model.

What we have discussed above is the original one-channel Kondo model. From 1980 onwards there has
also been great interest in the multi-channel Kondo model, an extension of the original one-channel
Kondo model. In this case several electron baths are coupled to the same impurity. These baths are
not coupled directly, and the electrons from different channels can only interact via the impurity. In
Figure[L.3] we see two examples of multi-channel Kondo models. The interest in the multiple channels
was raised, because the physics described is qualitatively different from the one-channel Kondo model.
In the multi-channel Kondo model there is non-Fermi liquid behavior and due to an overscreening
effect there is a finite coupling fixed point, while the one-channel is characterized by Fermi liquid
behavior at strong coupling (we will see this in Chapter m

Realizing the multi-channel Kondo model is experimentally very difficult. Completely separating the
baths is a real challenge. Generally finding solutions for multiple channels is also more difficult. In
one special case, two channels, we can find exact solutions using bosonization. Furthermore, it turns
out that there are spin chain constructions that exhibit multi-channel Kondo behavior, also yielding
results for the two- and four-channel case. Unfortunately, there are no other multi-channel Kondo
models solved so far. In this thesis we are trying to understand what makes these two cases special
and whether we can find extension to realize other multi-channel Kondo models.

(b)

Figure 1.3: Two- (a) and three- (b) channel Kondo models schematically depicted. The different
shades of gray denote different conduction electron baths. These baths all interact with the magnetic
impurity, but do not directly interact with each other.

The main objective of the first part of this thesis is to give an overview of the solvable multi-channel
Kondo model using two approaches, bosonization and spin chain constructions. We also discuss the
limitations of these approaches and debate whether we can find solvable multi-channel Kondo model
beyond these limitations.

In this chapter we will introduce the Kondo model along with the multiple channels. Also we will
discuss the physical justification of the Kondo model, by showing the relation to the microscopic
Anderson Impurity Model.

Then in Chapter [2| we discuss a perturbative approach to the Kondo model. We will encounter di-
vergences, which we quantify by discussing the renormalization group flow. Here we will already see
the different physical behavior between the one-channel and multi-channel Kondo model. Also we
see that this perturbative analysis breaks down because of strong coupling. In Chapter |3| we will
approach the Kondo Problem using bosonization. We will see how the one- and two-channel Kondo
model can be solved and we discuss why it is difficult to find solutions for other channels. Finally,
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Chapter [4] contains examples of spin chain constructions that have two- and four-channel Kondo like
behavior. This connection makes it possible to transfer results from (well studied) spin chains to
multi-channel Kondo models. In this chapter we will also discuss the search for spin chains that
relate other multi-channel Kondo models.

1.1 Kondo Hamiltonian

First we are going to take a look at the one-channel Kondo model. The multi-channel case is a
straightforward extension. As mentioned before, the Kondo model a is magnetic impurity model. A
bath of conduction electrons is coupled to a spin degree of freedom at the origin. Figure displays
the bulk electrons in gray with the local magnetic impurity in the middle. Generically there can
be multiple magnetic impurities, but in this thesis we only consider one. We will also only discuss
spin 1/2 bath electrons and spin 1/2 impurities (unless otherwise stated). The three dimensional
Hamiltonian for the one-channel Kondo model is

H=Hy+Huw= Y, (—pckci,+ > Jibh(0)7ip 0 (0)S" (1.1)
Fo=(th) nir' =)
with
Chy = /dgfﬂ Vo (F)e ™, (1.2)
T 3 T —iTk
cp = /d x Pl (F)e 7. (1.3)

Here c;;, and c;%a are respectively the spin 1/2 bath electron annihilation and creation operators in

momentum space and v, (Z) and ] (F) their counterparts in real space. The first term of is
the non-interacting Hamiltonian with ez the single particle energy and p the chemical potential. The
second term describes the interaction with the impurity spin S*, where 7* are the Pauli matrices
corresponding to spin 1/2 and J; the coupling constants.

For the multi-channel Kondo model we simply have to add a channel index a and we find

n

Huuii = > | D (= mek cppat D Jibla(0)i0tora(0)S" | (1.4)
a=1 E,a i:w,y],z

where n is the number of channels. We see that every channel/bath is described by the free Hamil-
tonian and all baths couple at £ = 0 to the spin impurity.

1.2 Kondo Model from Anderson Impurity Model

We have become familiar with the Kondo Hamiltonian in the previous section. This model is only
an effective model. In this section we will derive the Kondo model from a microscopic theory, the
Anderson impurity model (AIM). Here we give the main ingredients for this derivation. We will only
sketch the steps, the full derivation is in Appendix [A]

In 1961 Anderson proposed an extension of a model by Friedel[8] to give a microscopic description of
a fermionic impurity model.[9] The AIM consists of spinful bath and impurity fermions coupled via
spin exchange. The impurity fermions also interact with each other through Coulomb coupling.

H = Z {tkaLUCkU + (deZCkU + V]:C,den)} + Z €EiNdo + UTLdTTlcu . (1.5)
ko o
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The ¢, are the conduction electrons as usual with the single particle energy €;. The impurity
fermions are d, and they couple to the conduction fermions with Vj, and V,*. Adding a fermion to
the impurity site comes with a cost €4, since ngy, is the number operator for the impurity. Finally U
is the Coulomb coupling.

The impurity can contain zero, one or two fermions, because there can be no spin (|0)), an up
or down spin (|1),[4)) or an up and down spin (|1})). These three sectors of the Hilbert space have
energy 0, €4 and 2¢4 + U respectively. In Figure we see the three energy levels and the corre-
sponding states. On the other hand, in the Kondo model the impurity is described by a spin. This

) 2¢ + U
0) 0

)5 [4) €d

Figure 1.4: Energy levels of the impurity in the AIM with corresponding particle sectors/states.

spin is either up or down, so there is always one “particle”. If we want to derive the Kondo model
from the AIM, we need the impurity to be singly occupied. Classically we would let €5 go to —oo and
let 2¢;4+ U ~ 1, so U — oo. We can then shift all energies such that the impurity is singly occupied
as we see in Figure Both the zero- and two-particle sectors are at high energy and are projected
out. Letting 2e4 + U = 0 ensures particle hole symmetry, i.e. the zero- and two-particle sectors are
at the same energy. In the classical set-up the impurity would contain either an up- or a down-spin,
and there would be no spin flips.

However, quantum mechanically there can still be virtual excitations to the zero and two particle
sector (e.g. [1) — [11) — |[{)). These excitations give rise to the Kondo coupling.

Since we are interested in the particle sectors we write the Schrédinger equation in the following
way:

Hyo Ho1 Hoo |v0) 0)
Hyy Hyi Hip Y1) | =E| |[¥1) |, (1.6)
Hyy Hy Hop [U2) [42)

where |¢;) is a wave function in the i-particle sector of the Fock space. We can define projection
operators P; projecting to the respective sectors given by

PO = (1 — TLdT)(l — ndi), P1 = ndT -+ nd¢ — Qnd»rndi, Pg = TLdTTLdJ( (17)

The entries of the matrix in (1.6) are defined as H,,,, = P, HP,. Note that Hyy = Hgs = 0, because
in ([1.5) there are no terms that create or annihilate two impurity degrees of freedom. The other
entries are given by

Hyy = Zekczacka, Hqi = Z ekczackg +€q, Hao = ZGkCLUCkg +2e¢4+U (].8)
ko ko ko
Hyp =Y Vidi(1—nas)cko, Ho =Y  Vidinascio. (1.9)

ko ko
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We can rewrite (1.6)) to find an equation for the one particle state (see (A.9)
Hegt 1) = (Hio(E — Hoo) " Ho1 + Hi1 + Hi2(E — Haz) " Ha) [1h1) = E[41) . (1.10)

Here the effective Hamiltonian H.g acts on a one particle impurity state. The first term describes
the impurity fermion being annihilated and a new impurity fermion being created. The second term
is simply the energy of the one particle state. The third term first creates a fermion with the missing
spin and then annihilates one of fermion, The first and third terms induce spin flips

Using (1.8)), (1.9) and after commutation we find (see (A.16])(A.21])

d c gc , dy
Hyo(E — Hoo) ' Hoy = — Y ViV —o—o ke, (1.11)
kk'oo’ € — €d
C d d 1CL! !
His(E — Hy) 'H Vi Vi ke 0o T 1.12
12( 22 21 & k;;,; E Vi U+ eqg— e ( )

where we have assumed that |eq|, U > |Hyo| and E — ¢4 — 0. To understand the latter we need to
realize that E = Fy + ¢4 from , where Ej is the energy of the bath.

Note that we can write the fermion degree of freedom at the impurity as a spin 1/2, when acting on
the one particle Fock space.

S = ZdT U‘“ﬁd (1.13)
For a local impurity (V3 = V) and |eq| > |ex| we can define A = —% and B = U‘JFE to find (see
[E30):

- A-B
Het =) exClyCho + ) (A+ B)ej FapersS + e yChror (1.14)

2
ko Kk’

The last term is a potential scattering, which vanishes if we assume particle-hole symmetry

(2¢4 + U = 0). The remaining Hamiltonian is of the same form as the Kondo Hamiltonian in .
Extending to multiple channels is more difficult, because we also have to suppress terms like c}im C idedT
for a # b channel indices. These interactions couple different channels directly and should not be
present in the multi-channel Kondo Hamiltonian . It is impossible to consistently derive the
multi-channel Kondo model from the Anderson model.

1.3 Kondo Model from Three to One Dimension

In this section we are going to show that the three dimensional Kondo model put forward in the
previous section can effectively be described as a one dimensional model. On of the reasons we derive
this dimensional reduction is that bosonization is only applicable for one dimensional theories.

Here we will derive the 3D to 1D correspondence for a general local impurity.

Suppose we have a Hamiltonian
H=H,+V, (1.15)

where the free Hamiltonian is

dk?
Hy :/(2 E &l CR (1.16)
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and the local interaction is
V= [arv@etee . (1.17)

We see that the single particle &, = ex — p is rotationally symmetric, because it only depends on the
norm of k. Furthermore in a local impurity model, such as the Kondo model, the interaction term is

V(7)) =Vr) . (1.18)

Hence the full Hamiltonian is rotationally symmetric. Therefore angular momentum is conserved and
using the spherical wave expansion|[L0] we can express the fermion field in terms of momentum, total
angular momentum and angular momentum in the z direction, because these are now good quantum
numbers:

Y(7) :/gzwklm(mcklm; (1.19)
lm

where [ is the total angular momentum and m = —I,—[ + 1,...,[ the angular momentum in the z
direction. The operator ¢y, is the fermion operator in this notation and ¥y, (¥) is the wave function.
This coeflicient can be decomposed in a radial and angular part:[11]

VYrim (7) = Ryt (1) Yim (6, 0), (1.20)

where Ry;(r) are the radial functions depending only on the norm of # and Y}, (¢, 6) the spherical
harmonic functions depending only on the direction of 7. The radial functions are given by the
spherical Bessel functions: [11]

. ler 1 ! sin kr
Ry (r) = 2kji(kr) = (—1) e §dr - (1.21)

For a local interaction ¥(7) only couples to the impurity at 7= 0. From the right hand side of (1.21])
it is easy to see that only Rko(r) is non-vanishing at » = 0. The spherical harmonic Yy (¢, 0) is
ﬁ.[ll]

Hence we find

¥(0) = lim

—0

*©dk 2 sinkr
— ————— 100 + O(r 1.22
| =" e+ o) (1.2

We can drop the two zero indices from cggg, so the fermion ¢ only depends of the norm of the
momentum. The free Hamiltonian becomes

> dk
Hy :/O o Ercler. (1.23)

The full impurity Hamiltonian is now effectively one dimensional:
Tdk L e 4 Dot
H= [ o &cper + V(0)14(0) (1.24)
0

This can easily be generalized by adding spin and channel indices, so we see that the three dimen-
sional Kondo model can be reduced to an effective one dimensional theory.

Summarizing, we have introduced a spin impurity theory known as the Kondo model for both one-
and multi-channel. This one-channel model was proposed by Kondo in 1975 as an attempt to describe
the resistivity minimum observed in some metals. In the next chapters we will discuss several ways
to solve the model. First in Chapter [2| we see that finding a perturbative solution is impossible due
to divergences. In Chapter [3| we will see that bosonization can offer exact solution is specific cases
and finally in Chapter [4 we discuss several spin chain constructions that possess Kondo like behavior.



Chapter 2

Kondo Renormalization Group

The physical properties of a system are encoded in the action. We can derive physical observables from
expectation values of operators, e.g. the energy is given by the expectation value of the Hamiltonian.
These expectation values are given by

(0) = %/d[@/f]ée’s , (2.1)

for an operator O. Here d[¢)] is path integral over the field, S is the action and Z = [ d[¢]e=® the
partition function. For quadratic action these path integrals simply become Gaussian integrals, which
can be work out exactly.

However, the Kondo model is not quadratic but contains quartic interacting terms. Therefore
the expectation values cannot be calculated exactly in this way. Nevertheless, we can treat the
interaction perturbatively given that the coupling constant is small.

Suppose the action is given by

S[] = So[t] + Sine[¥] (2.2)

where Sy is the quadratic free fermion action and the interaction part Siy is proportional to coupling
constant J < 1. We can perturbatively approximate (2.1)) up to J? as

() % / d[i5]Oe 0 ¢S (2.3)

= Jat0e s (10 5 ) = 2 (00— (08uda + 3OSE) . (2)

where Zj is the partition function and <O>0 is the expectation value for with respect to Sy. We can
also expand % perturbatively to find

(0) = (O)o = [(OSint)o — (Oo(Stut)o

+ 2 [€08200 — 2(0Su)olSumedo — (O)o (130 — 2(Sw)3)] (2:5)

This is an expansion up to second order in Sy, third order gives terms like (OSf’nt
1 1

Yo with a factor

~3 = 6
In diagrammatic language the second (and higher) order term correspond to fermion loops.
Kondo did resistivity calculations using third order perturbation theory. Even though he could explain

the resistivity minimum found in some metals, he could not extend the solutions to low temperturs
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be cause the results blew up in this regime.

In 1970 Anderson invented a way to obtain renormalization group equations for the coupling con-
stants, known as a Poor man’s scaling.[12]

Here we are going to discuss a variation of this argument to show that the coupling constants for the
Kondo model diverge and a perturbative approach is impossible.

There is a general rule to determine whether the corrections as a result of the interactions contribute
to the physical properties of the system and can therefore let the perturbative analysis diverge.[13]
Doing a scale dimension analysis of the action, the scaling of the coupling constant (J) can be deter-
mined.

If J o< L™ for a > 0 the interaction is irrelevant, if J o L% the interaction is relevant and finally if
J o L° the interaction is marginal and we have to further investigate the contribution. In a bit we
will see that the Kondo model belongs to the last category.

2.1 One-Channel

We are going to look at the one-channel interactions first. To start we have to write down the Kondo
action. Recall that the Kondo Hamiltonian (1.1]) is given by

Hiw = = (0(0)1(0) — 00 (0) 5 + 2= (0w (05~ + 005 (0)5*) . (26)

where we have worked out the Pauli matrices explicitly and used S* = S, + 1Sy. Also we assume
anisotropic coupling (J, and J| = J, = Jy).

In 1) we identified the spin impurity with a fermion degree of freedom, i.e. S, = %(a@dT — dIdQ,
St = dei, S_ = dIdT. We can rewrite l} in terms of these fermions:

Hy =Y (ex — p)cfycre + Y Adid, (2.7)

k,o
Hine = 22 (41(0)1(0) — 0] 0)4(0)) (d}ds ],

+ 2 (410w )dlds + ] O (0)dld,) (28)

Since the spin-fermion transformation requires that the fermion is singly occupied (i.e. >~ did, =1)
we have to add a term to the free Hamiltonian. Coleman showed that adding >°_ Ad}d, ensures that
the fermion remains in the one particle Fock space if A — c0.[14]

From this Hamiltonian we can derive the action

dk & . ‘o
S = T;T/ @cm(lwn — (er — ))eho + T Y di (iw, — N)da

W,

= 5 (10010) = 6] 0)) (dher —ala) = = (5] O 0)ads + 0[O0 (0)d})
(2.9)

where we have replaced the time integral by the Matsubara sum with fermionic Matsubara frequencies

(2712;1)7\' (ﬁ _ ICB%)

From dimensional analysis we see that both d and ¢, scale as L%, therefore JoL o LY as well and the
Kondo interactions are marginal. This means we have to further investigate whether they contribute.
Along the lines of Feynman diagrams we can define propagators and vertices. The propagators for

Wy =
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cko and d, are given by

ﬁ Cko
Wn fk /l‘)
,,,,, > - o dy - (210)

The two interactions in (2.9) are

o o
v Ua%
b4 Y
// \\
o «
(2.11)
o —0
\\\/ Jo
AN 2
/4 \(
// \\
—0 o

The two different vertices are depicted by a crossed circle (J,) and a square (J, ). We see that the
sign of the J,-vertex depends on the spin of the conduction fermion (o) and the impurity («). Here
spin up (down) corresponds to o, =1 (—1).

The momenta are left out, because the the vertices are momentum independent. This does not mean
that momentum integrals can also be dropped.

We can now return to the perturbative expansion to calculate the corrections to the four point
functions related to the vertices above. For instance

(el erodlida) = (c}, crodida)o — TS, (2.12)

is related to the upper vertex. We have used ¢,(0) = >_, cro. The first and second order corrections
are given by I'73', , where the first order is simply the vertex in . The divergences in second
order later give rise to the renormalization group (RG) flow.

The corrections are diagrammatically given by

g g
TR &
12,2 - N
AN
’ N
« [
2.13
g —0 ( )
g —
1_‘12,J_ - \
A
’ N
—0 o

We can now also say a word on the multitude of terms in ([2.5)). For instance the sum of the four second
order terms ensures that only certain diagrams remain. These are called one particle irreducible (1PI),



12 CHAPTER 2. KONDO RENORMALIZATION GROUP

meaning the diagram is connected after cutting one propagator. Diagrams such as the following are
suppressed

L Ty (2.14)

g o g 0 o g o —0 g
F;’;Z = Zz_ T Ny (2.15)
« NP N v A v A
o o o o’ o o’ To
(2 o a g o g g —0 g
J. -0
I950 = 2% =i (2.16)
4 R vA EA NN
—0 - -0 —o -0 —0 g -

and the perpendicular corrections are

g —0 —0 O o —0 O o —0 O —0 —0
J W —0
Iy = = L G
2 A A AR VA VA
—0 g o -0 —0 o -0 o —o “o
(2.17)

If we take the factor from the vertices out, the spin indices can be dropped because only the vertex
operators depend on the spin. We are left with two diagrams we need to calculate:

V1 + wnp
r,, = W (2.18)

7 - >’ - \\
’ —Wn .

w2 W4

w1 w3
W

W,
Fop = N e ) (2.19)
v A
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&k

Figure 2.1: Linearization of the free energy at the Fermi surface.

where v1 = w1 + wy and vy = wy — wy. Hence the diagrams (2.15)), (2.16) and (2.17]) become

. I (]2 2.
e. = - <16 Iaq + T6F 2 + F2b> (2.20)
F12,z = —Z (16F2a 16F2b+ 1 F ) (221)
J J.J
[ = % + 24 = (Paq — Tap) (2.22)

First we take a look at I'y,:

1
Iy, =T =T - 2.23
2 Z/ 2T 1wy, + i1 — & —iw, — A Z/ 2T iwy, + vy — &g twy + A ( )

Wn

The minus sign in the middle term comes from the closed fermion loop.

We can work out the Matsubara sum using = f(iw,) = 52221 nr(zi)Res,, f (see ), where
1 is the Fermi-Dirac distribution and z; the poles of f.

dk 1
Too = [ 5 o5 60) = (=) (2:24)

We let T — 0, then np(e) — 0(—e). Where 6 is the heavy side function. Since A is positive np(—\)
goes to 1.

dk 1
lFogp=— | ———F0 2.25
2 /27‘(5]677;1/14’)\ (gk) ( )
We have impose a cut off A on the energy around the Fermi surface p = % to remove the UV

divergences. The cut off allows us to linearize the momentum around the Fermi points &, = %(ik —
kr) = vp(+k — kr). Figure shows the linearized spectrum. We can now substitute u = &. Note
that we have to add a factor 2 to account for both Fermi points (£kp).

r 2 ! /Ad 71 O(u) 2 1 /Ad 71 (2.26)
= — u u) = — u .
2a 2nvE J_a u— 1] + A 2mvr Jo u— 1] + A

The cut off is much larger than the A, so the first diagram is

1 A
1 . 2.27
2mUE Og()\—iy1> ( )

Foq = -2
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Now I'g is similar,

1
Iy =T E 2.28
%= / 2TUE Wy, + 1o — &g twy — A ( )
Along the same lines we obtain
1 A
Ty, =2 1 2.29
2 2muEp Og()\—l-iyg) ( )
Since A > ivq,ivy we can conclude
A
oy = —Tgp = — 1 2.30
2 2b 2 op og ()\) ( )
Now we can plug this into ([2.20)):
J 1 J? A
ree _ vz 7l1 - 2.31
12,2 ow { 4 Top 4 og </\>} (2.31)
J1 1 J,Jy A
g = = - — log | — 2.32
12,1 B Top 2 og (A (2.32)

These corrections have to be independent of the cut off. Changing the cut off from A to A’ for a
general correction I'y = g(A) — Alog (%) gives

g(A) — Alog (1\) = g(A') — Alog (AA) (2.33)
)

— g(A') — Alog (/X — Alog (i) (2.34)

Hence we see that g(A) = g(A’) — Alog (AK) The cut offs are strictly positive so we can write
A = Age! and A/ = Agel 0

g(l) = g(l = d1) + Adl (2.35)
For small 4] we obtain the RG-flow

dg)
di

Applying this to (2.31)) and (2.32) we get the following RG-equations:

=A (2.36)

dL(l) _
o = (2.37)
) _ s
L0~ g (2.38)
J

where J = P
This flow is deplcted in Figure .

In the ferromagnetic case (i.e. J, < 0) the perpendicular coupling flows to zero for |J1| < |J2|- In the
isotropic ferromagnetic case J. = |J 1| < 0 both couplings vanish and the impurity decouples from
the bath. If |J¢\ > J., meaning spin flipping (JJ_) is dominant over aligning spin (J ), the coupling
flows towards the anti-ferromagnetic regime.

The anti-ferromagnetic coupling always blows up as we see in Figure Locally the system behaves
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Figure 2.2: RG-flow of the anisotropic one-channel Kondo model.

a Fermi liquid. In the strong coupling limit the RG breaks down and the coupling becomes isotropic,
this energy scale is known as the Kondo temperature (Tk). In the isotropic limit we can easily solve
the RG equation:

. Jo

=1 (2.39)

The coupling becomes of the order of 1 at T}, for [ = and blows up right after. Past this point

1-Jo
Jo
conventional RG is therefore not valid anymore.

Also higher order correction will not prevent the interaction to run to strong coupling.[15] Hence
perturbative analysis is not valid for the Kondo model and there is a need for other approaches. In
Chapter [3| we will see that with bosonization is one of those techniques, giving exact results and in
Chapter [4] we recognize the Kondo effect in spin chain constructions.

—+——

Figure 2.3: Due to the strong coupling fixed point the impurity spin traps a bath electron with
opposite spin, resulting in a singlet ground state.

Nevertheless, at this strong coupling fixed point we can say something about the ground state. For
strong anti-ferromagnetic coupling the impurity spin tends to trap a conduction fermion with opposite
spin as we see in Figure The arrow with the circled tail is the impurity spin. This spin-couple
form as singlet % (ITade) + |daTe)), with d the impurity spin and ¢ the trapped conduction fermion

spin. The impurity is screened and excluded from the system.[15]

2.2 Multi-Channel

In this section we will see that the multi-channel Kondo model exerts qualitatively different physical
behavior than the one-channel Kondo model. In this case we will also take the two-loop corrections
into account. This two loop RG will show that there is a finite fixed point for the coupling constants.
This finite fixed point lies energetically beyond the Kondo temperature (Tx). We therefore have to
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let the system first run to Tk. In Figure[2.2) we see that the coupling flows to isotropy as it approaches
the strong coupling limit (Tk). So here we have to consider the isotropic Kondo interaction.
The action for the isotropic n-channel Kondo model is just an extension of the one-channel case (2.9)):

n dk ) .
S = E [T E /%cgm(zwn — (ex — 1))Choa + T E dl, (iwy, — N)dg
a=1 Wh ,O W,

L (00010 0) — ], (0)a(0)) (e — i)
- 5 (v vOdld; + 0], v 0dfa,) | (2.40)

From this action we find the same propagators (2.10]) and vertices (2.11]) as in the one-channel case,
although the conduction fermion propagators now carry a channel index.

Furthermore, we work in the large n limit, where n is the number of channels. Therefore we only
have to consider diagrams containing a bath fermion loop. These diagrams are proportional to n > 1
and therefore dominate the other corrections.

Before we calculate the two-loop contributions for the coupling constants we see that there is also
a contribution that renormalizes the impurity fermion operators. Note that we can write the free
action of the impurity as

dl,Gylda, (2.41)

where Gy = iw — A is the bare Green’s function. We can find a two-loop diagrams that contribute to
the total Green’s function, and from the Dyson equation we see that

GN)' =Gyt —%(A) (2.42)

The self energy diagrams are given by

N Gl ‘ g ew

g
N\ 7 ~ -
N ~p-
% —a

Here the fermion loops are displayed with a thick line, meaning there is a summation over the channels.
The two loop diagram we need to calculate is

5 = 5@» (2.44)

~ -

W — Wn +w’rn

dk dk’ 1 1 1
- 2 21 : 2.45
wzw: 21 27 i(Win — wa) + (iw — A) iwy, — &k iwy, — Exr (2.45)
Working out the Matsubara summations using (B.4)) we obtain
17 ) oo A —1(&))- 2.46
1 / 27 27 (iw — A) + & — &g (F(=A + & +iw) — n(&k)) (2.46)

Letting T' — 0 we see that np(z) — 6(—=z). Note that A > 1 so np(—A + & + iw) — n(&x) — 0(&x).
We linearize the energy and find

1

4 A .
21 = m/o dudu (iw — )\) — (u+u/) (247)
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In the end we have to renormalize the operators, so we are only interested in terms proportional to
(iw — A). Expanding (2.47) in this term gives

. 1 A .1
. 1

where all non leading order terms have been dropped. Hence the self energy is

3nJ?
Y = —(iw — \)——= log(A). 2.
(10~ N ez o8(4) (2.50)
And we find
3nJ? - -
f -1 = f ~1 1 —_ 71 A = T -1 2 1
dlG7d, = d| G, ( S(ror)? og( )) do = dl,Gy da, (2.51)

with d = dv/Z the renormalized operators. Here Z =1 — St log(A). The impurity operators are

8(mvp)?
now still in the unrenormalized form d. To correct for this we rescale the coupling constant J — K]
to find

Jd'dcte = %(ﬁdﬂc (2.52)

giving an indirect contribution to the renormalization of J.

We will now determine the contributions to the direct renormalization of J. The one-loop diagrams
are given by the one-channel corrections in Section [2.1] For the two-loop corrections we are only
going to consider diagrams containing a closed fermion loop (e.g. loop not connected to external
fermion propogators). Before we calculate the two-loop contributions we can exclude some diagrams.
For instance diagrams with a tadpole fermion loop,

Q--_p __’__——Oé

(2.53)

does not contribute, since it is proportional to ) __ ., 0 = 0. Besides, if it were non-zero, it would
have been absorbed by a renormalization of the impurity propagator. Nevertheless, it means that
these fermion loop diagrams vanish:

a

g
g o g
N ,X_U \
EATEN « \\ 4/ 4
SR S
O./

0_/
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Another diagram we can encounter is

o g
/ \

ay Ao
\ /
\\ //
a’@o’
N
RN

B 8 (2.54)

However we already see that

Wn+ 1Y Awn (2.55)
is proportional to 7'} mﬁ =nr(N) (_11,1 + V%) = 0. Therefore (2.54) does not con-

tribute either. Concluding the only possible two loop contributions to the vertices containing a
fermion loop are:

U\V\J 70'\81*0' J3
- %, /’::* + ,/’3»;* = -ngls (256)
/1 e ‘\ /’/ i ‘\
nga = Z , / + ’ ‘ - nirg (2'57)
3% g o s / 32
’.‘N “
/{ a’ ‘\ /{ ¢ ‘\
g, = ARG = -—nigls (2.58)
'Z"Z‘
/{ 0-/ ‘\

The summation over the channels gives the factor n, we see on the right hand side.
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We are now faced with calculating just one diagram:

w2
WI\\/
Wn —|—1/4/ ‘\\ Wn,
Iy = )/ 4 (2.59)

w3 Wy

where v = wy — w; (bosonic Matsubara frequency), and w = —w, (fermionic Matsubara frequency).
This diagram is given by:

T3 = (-1)°T% >

W ,Wm

dikdikl 1 1 1 1
27 2m i(wp +v) — Niwp — A i(wy + Wi +w) — &k iwm —

(2.60)

with & = ex,—pand T = % the temperature. Using l) we can work out the Matsubara summations
and find:
dk dk’ nE (& )ne (& — & — iw)
Ty [ == — , (2.61)
2m 27 (i(w — V) + & — &k + A)(iw + & — &k + A)

All terms containing 1 (A) have been dropped, because this Fermi-Dirac distribution vanishes even
for finite temperatures. Furthermore, some terms cancel out and we remain with this double integral.

Using ﬁ = ﬁ [% — %] we find
dk dk’ 1 1 - — &
r- [ 55| - | =6, oy
2 21 |t(w—v)+ & — &+ N dw+ & — &+ A v
where we have used that np(a + iw) = —np(@), with w a fermion Matsubara frequency and np the

Bose-Einstein distribution.
Now we let the temperature go to zero, which gives np(a) — 6(—a) and ng(a) = —0(—«), with 6
the heavy side function. We find

[ dkdE 1 1 0(&w — &k)
b ’/%ﬁ L(W—V)Jrgk, —G A iw A& —gHA} o ) (2.63)

As we did in the one-channel case the spectrum can be linearized and the momentum integrals become
energy integrals:

F3:4/A du’ /A du L(wy) 1 1 }H(u"—u)e(_u,) (2.64)

+u’7u+)\_z’w+u’7u+)\

_A2muEp J_p 2TUR w
For small iv we recognize m — Aiu = iu% Aiu and we can work out the first integral:
4 0 1
lg=——— dv/ ——mMm ———— 2.65
3 (2mup)? /,A iw+u + A+ A (2.65)

where we have dropped the term u = u’ because it will be linear in A in the end, and therefore is not
leading order.
Working out the remaining integral results in

4 A+ +iw 4 A
Iy =— 1 - " g2 2.
s (2mup)? °8 ( A+ iw > (2mup)? ©8 ()\) (2:66)
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We can now combine this with (2.31)) and (2.32)) to find

J 1 J2 nJ3 A
roe _ < - 1 — 2.
1232 00‘[4 (va A 32(7er)2> Og()\ﬂ (2.67)
J 1 J2 nJ? A
ro. =2_(——Z __ " V(2 2.
1231 = 3 (va 2 16(mp)2> Og<)\> (2:68)

Here I'123 denotes the vertex contributions up to third order (two loop).
Note that both contributions are the same, as they should in the isotropic limit. Recall that the self
energy also contributes to the renormalization of J:

J 3nJ3
— = ——— log(A .
Vi J+ S(ror)? og(A) (2.69)

Expanding (2.67) up to J?3 gives
1T (= (1 3
—|J=(J*=nJ? <+ =) )log(A 2.70
D7 (2 (55) ) e

~ ~ n 73
= i [J - <J2 - g) log(A)

J

TUR "

(2.71)

9

where J =

)

v

Figure 2.4: [Upper] Anti-ferromagnetic strong coupling limit, binding of two anti-aligning conduction
electron spins with the impurity spin. [Lower| Effective anti-ferromagnetic chain with opposite spin
and effective Kondo coupling.

And we obtain the following RG-flow

dJ (1) 72 N33
—=J%— = 2.72
QU J 5 J (2.72)
There is a finite coupling fixed point at J = 2. At this stable fixed point the system is described by

n

a non Fermi liquid. |10 [I5]

We can make the existence of this finite stable fixed point intuitively clear in the two-channel case,
following the explanation in Gianmarchi (2004).[I5] First of all note that the J = 0 fixed point is
unstable as we see in Figure Now suppose there is no finite fixed point. The system flows to the
strong coupling limit according to Figure In this strong coupling fixed point the system favors
to anti-align the conduction spins with the impurity spin at the origin. Therefore the impurity spin
(e.g. up) binds two fermions with opposite spin (e.g. down), one for each channel. This we see in the
upper picture of Figure The arrow with circled tail is the impurity spin and the other arrows the
bath electrons. This behaves as an effective spin down impurity, see the lower picture of Figure [2.4]
These bath electrons that are bound to the spin can still hop in and out with coupling constant ¢
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(tight binding chain). This results in an weak effective Kondo coupling, which in its turn would flow
to strong coupling. Hence the strong coupling limit is not stable either. Therefore one would expect
there to be a finite fixed coupling, as we saw in ([2.72)).

For n small (e.g. two-channel) this finite coupling fixed point is still to large and the results of
a perturbative analysis are not valid.
In the next chapter we will see that bosonization and spin chains can help us understand the
low-n-channel Kondo models better.
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Chapter 3

Bosonization for the Kondo Model

Bosonization has been developed in the late 1970s after Coleman and Mandelstam[106] [17], and Mat-
tis and Luther[I8] [19] independently derived that the correlation functions for Dirac fermions can be
expressed by the correlation functions of free bosons.[10]

It has proven to be useful for solving one dimensional metals and was essential in understanding an
interacting itinerant electron system, known as the Tomanaga-Luttinger Liquid.

In this chapter we will use bosonization to find exact solutions for both one- and multi-channel Kondo
models. First, we will briefly introduce the important ingredients of bosonization. In Appendix [C]
there is a more comprehensive discussion. There are different conventions for defining the bosoniza-
tion framework. In this thesis we will stick with the set-up Von Delft uses, because it is elegant and
short in notation.[20] Then we will use bosonization to get exact results for the one- and two-channel
Kondo models in Sections[3.3]and Finally, in Section [3.5 we give an outlook for bosonization and
the Kondo model.

Before we proceed to technical details of bosonization, it is important to underline that there are
special circumstances for bosonization to be applicable.

First of all, we need a finite density of states at the Fermi surface. For the one-dimensional Kondo
model we are going to discuss, this means we have to be able linearize the Hamiltonian close to the
Fermi point, i.e. describe the fermion by a Dirac theory. Furthermore bosonization is only applicable
in one dimension. Fortunately, in Section we saw that because of rotational symmetry the three
dimensional Kondo Hamiltonian can be reduced to an effective one dimensional theory.

We underline the difference between one dimension and higher dimensions using Figure [3.1] Figure
depicts a quadratic spectrum in one dimension with a Fermi surface. Suppose we excite a fermion
from below the Fermi surface with a finite amount of energy to above the Fermi surface. We see that
the dispersions allows this fermion to hop only to one point. On the other hand, Figure shows
a projection of a two dimensional Fermi surface. Now suppose there is fermion at k with |k| < kp
excited above the Fermi surface, it can go to any unoccupied state on the dashed circle. Hence the
state is smeared out over this circle, therefore a excitation in energy does not relate one-to-one to a
momentum change. This energy-momentum relation is essential for bosonization, hence one dimen-
sion is special.

Note that in Figure we only show k£ > 0, this is allowed because we integrated out the rotational
degrees of freedom leaving only a radial (positive) component. This has two major advantages. First,
it makes the definitions of the bosons simpler. Secondly, after linearization we do not have to care
about the filled Fermi sea for the right movers (i.e. linearization around +kp) for negative k.

23
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(a)

Figure 3.1: Excitations from below the Fermi surface (Ej) to above (Ex44) for one dimension (a)
and two dimensions (b). The spectrum for two dimensions is projected in the k., k,-plane. For one
dimension there is only one point the excited particle can go to, for two dimensions there is a whole
circle (dashed).

3.1 Bosonization Ingredients

There is a very natural way to relate a boson with fermions, because the density fermion operator
behaves as a boson. Bosonization uses this fact to construct boson operators: b o< 1t). We already see
that a great advantage of this boson representation is the fact that fermion density-density interaction
is quadratic in bosonic language, ¥y o bib.
More explicitely the bosonization identity, relating fermions to the new boson operators is

b () = Faa71/267i2%(ﬁgféab)xeﬂ'%(z)7 (3.1)
where a is the lattice spacing, ]\Af,, the fermion number operator and L the length of the system. The
factor F, is a Klein factor. Without the latter ¢/ (and 1) would conserve particle number (¢ oc 1t1)),
while it should annihilate (create) a particle. Furthermore, it ensure the anti-commutation relations
are satisfied since:

{Fl Fy} = 20,0 and F,Fl = FIF, =1 (3.2)

The boson field ¢, () is given by

1 ) .
_ T _ —iqx iqryt —aq/2
¢a($) = 900—(20) + ‘po(x) = - q§>0: \/TTq (e heo + € e bqa) e/ (33)

where ¢ = 2% with n, € Z and boson operators
_ Tt i
by = Zk (3.4)
)
b, = > el gotho (3.5)

/Mg A
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The by, satisfies canonical commutation relations:
[bgos bg'o’] = 4q'0001 (3.6)
and ¢ satisfies

L>(z—2') a—0

[0 (), por (x)] —8502misgn(x — 2') (3.7)

[P (), Oupor ("))

_ 1
E>lez) om0 o {5(:5 — ') — L} (3.8)
Where sgn(z) is the sign function, analytically continued in 0 (i.e. sgn(0) = 0). The free linearized
fermion Hamiltonian

L/2 4
Z'UFk Cko'cko' Z/ d (x)ivpO0pte(2):, (3.9)

L/2 27T

in the bosonization language is (see (C.26))
L2 Qg v
Hy = Z/ (0,00 (2))2, (3.10)

where we have introduced the notion of normal ordering :0:, to take care of the divergences resulting
from the linearization.
Note that we have normalized the fermion operators ¢ to 27, for notational purposes.

3.1.1 Bosonized Kondo Hamiltonian

The bulk Hamiltonian for the Kondo model is given by the single particle energy, so (3.10) describes
the fermion bath. The Kondo interaction ([2.6) we can write as

Hue = H, + H, = i 3 o eno suf (-0 (0)(0): 5™+ (0w (0): ) (3.11)
kK’
o=(1.4)

where we have written the z-interaction in terms of the momentum operators and the L-interaction
in terms of the spatial operators. The ¢ in front of the fermion operators is +1 for ¢ =1 and —1
for o =|. Here we will translate the one-channel Kondo Hamiltonian to boson language For the
multi-channel, we just have to add a summation over the channel numbers. Using (3.3]) and ( . ) the
z-interaction becomes

J. i
H, = i k%: 0, Criot S

J2
u Za [Z 2 (ck goCko + Ck+qack”)] >

q>0 k

J,

= i T 00:0-0)5: (3.12)

In the last line we recognized the derivative of the boson operator ¢.
We can define two new boson operators, satisfying the same commutations relations as ¢, :

¢p(x) = (¢¢( )+ ¢u(x))
(¢1(2) = ¢1(2)) (3.13)

8-

¢s(x) = %
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These are the charge ¢, and the spin ¢,. Using this transformation the z-interactions becomes

J,

H, = 72\/;7731.@(0)& (3.14)
Hence the charge field decouples from the z-interactions, only the spin operators couple to the mag-
netic impurity. Intuitively this makes sense, because the Kondo interactions are spin interactions.
Also the L-interaction couples only to the spin part:

J
H = ﬁ(:@(om(o):swh.e) (3.15)
= 47m(e S™ +h.c) (3.16)

Hence the Kondo model is a boundary sine-Gordon model:

L/2 dLL‘l ) 2. J. V36.(0) o
i [ s (0@ + 0.00(0)%) 4 000,084 S5 (V05 ) (@7

The charge carrying operators ¢, do not couple to the impurity, so we can integrate these operator
out leaving only the ¢s. From now on we drop the index s and write ¢ = ¢s.

We now use a technical trick, to further simplify the Hamiltonian Define a unitary canonical trans-
formation as

W = 75:4(0) (3.18)

Letting this canonical transformation act in the following way H = WHW we obtain after working
out the commutations

/
ﬁ=WﬂW”:/L2“ﬂ<wwmﬁ+

( J, J1
L2 2m2 ' 2V2m

—27T’UF’Y> 0:0(0)S, + 7m( i(V2=)9(0) g~ 4 . c).
(3.19)

We can still freely choose constant ~ in the canonical transformation.
In the next sections this canonical transformation proofs essential in finding exact solutions for the
one- and multi-channel Kondo model.

3.2 Renormalization Group One-Channel

Before we discuss how we can derive exact solutions for the Kondo model using bosonization we
rederive the RG equation in the one-channel case. However, as we will see bosonization will make it
possible to derive an exact RG-flow for the J, coupling

Note that if we set v = s> f the S.-coupling in 9)) disappears and the J, dependence remains

only in sine-Gordon term. The only interaction term is the perpendicular interaction.
We can write down a full action from ((3.19))

S=Sy+S. (3.20)

with

S =—- 1 a/dT i(vV2=7)¢(1,0) g— (1) + —i(x/i—w)¢(f,0)5+(7.)) (3.21)
77
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Notice that there is a imaginary time 7 in the argument as well. ¢(7,2) and S*(7) are the time
evolved operators.

To calculate the RG-flow we only have to treat J, perturbatively.

In Appendix the boson one-loop correction are worked out yielding the following RG-equations:

dZTEZ) = (V2=7)° 16iri2;}§A2 (3.22)
dJ.(l) _ (V2 —7)?
= (1 - 2) JL (3.23)

Remarkably these equations are now exact for v (related to J,) and only second order in J,. This
is the first nice result we obtain from bosonization. Expand both equations up to second order to
rediscover the conventional-RG equations 7. Still the anti-ferromagnetic Kondo coupling
blows up, so this perturbative approach does not give a satisfactory solution.

We have to add one remark, the RG-equation for « does not concur with the equation found by
Giamarchi.[I5] He obtained (v/2 — ) in stead of (v/2 —7)3.

3.3 One-Channel Kondo - Toulouse Limit

We return to the canonically transformed Hamiltonian (3.19)

J. JL, ivme _
Hipy = —=— -2 + 2L (e VENS0) g 4 he). 24
int <2\/§7r 7T’UF’Y> 0:9(0)S, 47m(e S c) (3.24)

If we now choose v = v/2 — 1 the perpendicular interaction is proportional to €'?(®). If we compare
this with we notice that the scaling dimension of this perpendicular term is now the same as a
fermion, i.e. the pre-factor in the exponent for the ¢ is the same (+1).
Note that we need a Klein factor (F) to be able to refermionize the Hamiltonian, i.e. Fei®(®) o 4)(0)
with ¢ the new fermion operator.
We also note that the spin impurity system is a two level system. A single impurity fermion is a two
level system as well, so we can write this spin in terms of a fermion. The spin up corresponds with
occupation number one, while spin down with occupation number zero through
1

S, =d'd- 3 (3.25)
where df and d are respectively the fermion creation and annihilation operators. This means that S+
and S™ need to create and annihilate a fermion, so we need them to change particle number. This
can by artificially adding a Klein factor, so StF = df and S~ F = d.
Combining both transformations results we find the L term

JL g g— _ JL is pro— _ L o4
_ = — F = . 2
dma© o dma® S 47T\/Ew (0)d (3:26)

For the z-interaction we can reverse steps from (3.12) to find 8,6(0) = #(0)¥(0). The Kondo

Hamiltonian is therefore equivalent to an interacting resonant level model:

< J, JL
2\@7( 47‘1’\/&

Here the bath electrons interact with a spinless singly occupied impurity at the Fermi level, see Figure
The electron can hop in and out (J -term) and interact via density-density interaction (J,-term).

H = Hy+ —2mvp (V2 — 1)) P (0)1h(0) (d*d - ;) + (z[ﬁ(())d + h.c.) (3.27)
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Ek

k

Figure 3.2: Resonant level model. Interaction of the bath electrons at the Fermi surface with the
quantum dot (d).

Taking a closer look at the z-coupling we see that if J, = 472v/2vr(v/2 — 1), the the density-density
interaction vanishes and only hopping remains. This critical value for J, is known as the Toulouse
limit and in the resulting resonant level model is exactly solvable.[21] Physical properties of the im-
purity is now very easy to derive. This is the most important result of the bosonization approach for
the one-channel Kondo model.

From this quadratic model it is easy to calculate physical observables.|[15]

Furthermore in the interacting resonant level model one can do a perturbative analysis and find
exact results away from this fine-tuned point, as was shown by Majumbar et al.[22]

3.4 Two-Channel - Emery-Kivelson Solution

We have seen that the one-channel Kondo model can be solved with bosonization, however this is not
unique to the one-channel case. For two-channel there is an equivalent approach using bosonization,
known as the Emery-Kivelson solution. [23]

We start with an two-channel extension of the bosonized Hamiltonian (3.19):

L/2 dxvp 2,
m- [ m%? (:(0201(2))%: + :(9:62(2))*:)

JL (V36 0) | iv262(0)) g—
T 10001(0) + 0,6 (0)] S + = | (V20 4 eV20)) 57 4 e (3.28)

2\f

Again, we can do a transformation of the operators, but now we transform the operators from the
different channels.

¢s (1 +02), oda= % (1 — ¢2) (3.29)

_ 1

V2
where S denotes the symmetric and A denotes the anti-symmetric operator. Again these operators
satisfy boson commutation relations. The Hamiltonian (3.28]) then becomes

JL [ei¢s(0) cos(¢4(0))S™ +h.c

L2
H— / dxq}F (0pbs(x )) :(3I¢A(x))2:]—&—;—;3@¢S(O)Sz+27m

(3.30)

Just as in the one-channel case we can do a canonical transformations

W = i9s(0)S: (3.31)
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such that the factor e??s(©) disappears in (3.30)):

. J. J
H=WHW' = Hy g+ Ho + [2 - 27TUF:| 0:05(0)S, + ﬁ [cos(¢4(0))S™ +h.c]  (3.32)

If we now impose
JF = dntup, (3.33)

which is known as the Emery-Kivelson line, the z-term vanishes. Hence only the anti-symmetric part
of the boson operators couples to the impurity.

The field ¢ 4 appears in e¥¢4(0) again this term has the same scaling dimension of a fermion operator
(3.1). Hence we can refermionize

Y(z) = Fa~'/2e7i0a(®) (3.34)
where F is the Klein factor. The impurity can be written in terms of fermion operators as df = StF
and d = ST F. Again we find an effective resonant level model:

H = Hys+ Hoa+ —— |(17(0) +4(0))d + d' () (0) + 1(0)) (3.35)

4f
v

In this case both the conduction electrons and the impurity couple as Majoranas, so only half the
degrees of freedom couples. This resonant level model is exactly solvable and well studied.[23]
Again using a perturbative approach for the interacting resonant level model one can calculate phys-
ical observables away from the Emery-Kivelson solution.[22]

(d' — d)($'(0) + (0)) (3.36)

In the next section we will discuss if there are other multi-channel Kondo models that can be solved
exactly using bosonization.

3.5 Beyond

We would like to extend this nice construction for two channels using bosonization to find exact
solutions for other n-channel Kondo models. It turns out to be rather difficult. Here we are going to
show why the two-channel case is so special, and why we cannot extend this approach to general n.
Again we start with the multi-channel Kondo model , in the bosonic language

L2 n :
7 / dl‘ ’UF :(61¢/\ —I—Z l:Qf l¢)\( ) Jl (62\/5(1»\(0)5— —|—hC):| (337)

L/2 47Ta

We require some transformation analogous to the symmetric vs. anti-symmetric (SA) transformation
for the two-channel Kondo model such that the z interaction is proportional to one transformed
operator. In the two-channel Kondo model we saw that the z term was proportional to d,¢5(0)S.,
which we could then eliminate from the Hamiltonian using a canonical transformation and the
proper choice of J, . For the multi-channel Kondo this would relate to

02x1(0)S (3.38)
for some choice of y; in
X1 1
X2 P2
. =0 ) (3.39)

XTL ¢7L
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with O € O(n) an orthogonal matrix (i.e. orthonormal rows and columns, OT = O~!). Note that

the first row of O needs to be (ﬁ, ﬁ, ey in), to ensure that 1| is satisfied.

We also need to be able to do the refermionization in the perpendicular term of the interaction,
as we did for the two-channel Kondo model (3.34). After recognizing that

o1 X1
¢2 X2

S |=07| (3.40)
®n Xn

we see consequently ¢; = ﬁXl + %xj, to make sure that we obtain the right scaling dimension
through eTV2TEX
unless n = 2.

So the two-channel Kondo model is special in this approach.

. From this equation we see that ¢; and x; can not both be normalized correctly

However, there is one more case where bosonization can help out. For the four-channel Kondo
model as similar approach yields an interactive solution, as was shown by Fabrizio and Gogolin in
1994.[24]

They derived that the low energy physics of four channels with spin 1/2 bath electrons is equivalent
to one-channel spin 1. Meaning we need to solve a four-channel Kondo model.

Again we can do a spin-charge-decomposition (similar to ) and canonically transform the Hamil-
tonian to find:

H=H,+ % cos <\/§¢(O)> Se (3.41)

It turns out that this corresponds to [10, 24]
Hrovo + 2JL(\I/TR(0)\IIL(O) +h.c) (3.42)

where Hrypp, o is the interacting bulk Hamiltonian of the Tomonaga-Luttinger liquid (TLL) and the
second term a local scattering of the TLL-fermions.

This identification is based on the fact that the TLL fermions are proportional to ei‘/ﬁ‘ﬁ, where
V2K is not necessarily 1. Furthermore, in this case the Tomonaga-Luttinger parameter K is equal
to %, which means the interaction between the bath-electrons is repulsive. The impurity-TLL is well
studied, hence we can find some low energy physical properties for four-channel Kondo model in this
way. [10]

As with the Emery-Kivelson solution this approach is not extendible to other multi-channel Kondo
models. For higher channel Kondo model there are simply no transformations that bring the Hamil-
tonian in a nice refemionizable form.

Bosonization offered exact solutions for both the one- and two-channel case and gave a interactive
solution for the four-channel case in the form of a impurity Tomonaga-Luttinger liquid. However, it
appears theres is no other solvable n-channel Kondo models using bosonization.

In the next chapter we will discuss that a mapping from spin chains to Kondo models, presenting
another approach to find physical properties of the Kondo model.



Chapter 4

Spin Chains to Kondo Models

As we have seen in previous sections, the n-channel Kondo model is only solvable in some special
cases. Again it is quite remarkable that adding only a single impurity can cause such great challenges
in finding solutions. Here we present another technique to solve the Kondo model for some special
cases. We recognize the Kondo effect in a specific spin chain construction. This allows to translate
results from these well studied spin models to derive the physics of certain Kondo models. In this
chapter we will first take a look at the XX-chain and derive that it shows four-channel Kondo behavior
in the right topology (Section as discoverd by Crampé and Trombettoni in 2013.]25]

Then we will discuss the Ising chain in Section Inspired by the four-channel mapping, Tsvelik
came up with a mapping from Ising chains to the the two-channel Kondo model. [26]

Subsequently, Giuliano et al. merged these two mappings, by connecting the XX and Ising model
using a XY-model.[27] They concluded that the XY-chain can only produce two- and four-channel
Kondo effects. In Section we will see what this mapping entails. Finally, in Section we will
discuss whether we can find other n-channel Kondo behavior.

4.1 XX to Four-Channel Kondo

The XX-chain is the isotropic XY-model given by

L—1
> oG (G +1) + 0¥ (4)a ( + 1), (4.1)

Hxx = —
XX =35
Jj=1

where .J is the coupling constant, L the length of the chain, and o the spin operators given by the

Pauli matrices. If we define the spin raising and lowering operators as ot = %(U”‘ +i0Y), the XX
chain (4.1)) can be rewritten as

L—-1
Hxx =J )0t ()o™(j+1) +07 (o™ (j +1), (4.2)

4.1.1 Star Junction

For the mapping to the Kondo model we combine three XX-chains. This is done by coupling the first
lattice site of the chain pairwise with XX coupling. Figure schematically shows this star junction.
The different chains are denoted by o = 1,2, 3 and the corresponding spin operators are o,(j). For

31
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Figure 4.1: Star junction for three spin chains. The chain are pairwise coupled at the first lattice site

all three chain we have a copy of (4.2) and the coupling Hamiltonian is
Hexx = Je Z Oay1(1) + ‘7;(1)0;-1(1) ) (4.3)
a=1,2,3

where we use 04 = 07 so the chains are cyclic connected with J, as coupling constant.
The full Hamiltonian now becomes:

HXX—JZ Yoo SGHD+os ok G+D+Te Y ot (Do (D) +os Vol (1) (4.4)

j=1a=1,2,3 a=1,2,3

4.1.2 Jordan-Wigner Transformation

The Kondo model is a fermion model, so we have to rewrite the spin chain in fermions. Here we
are going to use an extension of the normal Jordan-Wigner transformation (JW) to obtain effective
fermion chains.

The JW was first proposed by Pascual Jordan and Eugene Wigner in 1928 to consistently transform
spin operators on a one dimensional lattice into fermion operators. For a single chain the JW is given

by
ej) = (H 020@)) o (j) (4.5)
k=1

This construction ensures that these new fermion operators satisfy canonical anti-commutation rela-
tions:

{e (), ek)} = oy (4.6)
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In this case we have a generalization to three coupled chains. If we naively use the above JW, the
fermions in different chains would commute rather than anti-commute:

(e (4), és(k)] =0 for o # 8 (4.7)

Here we need to alter the JW with an additional factor, the Klein factor. This factor ensures anti-
commutation relations.

For three chains we can even define the Klein factor explicitly.

For these Klein factors we need an auxiliary space ~ C2. Essentially this adds additional degrees of
freedom to the Hilbert space, which are not explored by the original Hamiltonian . We define
additional Pauli matrices 0%(0), c¥(0) and ¢#(0) with site number 0 that act on this space. Now we
can introduce the Klein factors

L
1" =0a"(0) [[ o5 (k)3 (k), n¥ = o¥(0) [ oi (k)3 (k), n* = o*(0) [[ o5 (k)o5 (k) (4.8)
These operators satisfy the anti commutation relations:
{n*, 0"} = 20as. (4.9)
We can check that they are self-adjoint and they also satisfy the Clifford algebra:
0t =n, n"nY =i (4.10)

So the n’s possess the same properties as the Pauli matrices, hence they represent spin 1/2.
If we define the naive JW for the three chains as:

j—1 j—1
eaﬁ=<fbé%gaaﬂ,éMﬁ=<IL@%OaMﬁ (4.11)
k=1 k=1
Then we can write the modified JW as

o =n"Ca(j) and cf, = e (), (4.12)

with o = 1,2,3 and o' = %,n? = n¥,n® = n*. Fully written out this becomes:

j—1
ca(4) n“ (H 02(’f)> o5 (7) (4.13)
k=1
j—1
() = n° <H UZ(M) 2 0)) (4.14)
k=1
We also see that
o5 (j) = 1= 2¢}(j)ca () (4.15)
as usual. The inverted expressions of (4.13) and (4.14)) are

oo (3) =" <1:[(1 - QCL(k)Ca(k))> ca(J)
k=1

oa (i) =n" <1:[(1 - 26&(’6)%(@)) ch(7) (4.16)

k=1
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Note that n” anti-commutes with é(j) and ¢3(j) and commutes with ¢ (j), n¥ and n® satisfy similar
(anti-) commutation relations. Putting this all together gives the correct anti-commutation relation:

{ch(es(k)} = dapdjn (4.17)

We can use the JW to write the spin Hamiltonian in terms of spinless fermions.

4.1.3 Mapping

Now we return to the XX Hamiltonian (4.4]) and plug in the JW (4.16)). We obtain

:—JZZC )ea(j+1) +ch (G + Deald)

J=1 «

+u[ (e (Dea() = h(Wer(D) + 77 (@ (Des(1) = h(Dea(1) + 1 (eh(Der (1) — e (1es(1))
(4.18)

Still the « indices denote the different chains, in a moment we will see that these indices can also be
interpreted as a spin degree of freedom.
We can rewrite the interaction between the chains as

ZJ {17 el SZcs +m7clh ST gcs + ¥l Sesc } = Z Jen'el Sizes, (4.19)
,B,1

where we have introduces S*

00 0 0 0 i 0 —i 0
st =0 0 —i|, s*=(0 o0 0], S*=[i 0 o0f. (4.20)
0 i 0 —i 0 0 0 0 0

Note that these matrices are an su(2) representation in three dimensions, which corresponds to spin
1. The XX Hamiltonian in fermion language is

Hxx = —JZZC Jea(G+ 1) + el (G + Deal) + Y Jen'eal(1)TS]5e5(1) (4.21)

J=1 « a,B,i

Fourier transforming the tight binding part (J), taking the continuum limit and renaming the pa-
rameters gives a Kondo-like Hamiltonian:

Hyx =Y (e = m)chyero + D Jila(0)' k505 (0) (4.22)

k,o a,B,i

where 7' is the impurity spin 1/2 degree of freedom. If we compare this to we see one difference.
In this case the conduction electrons are spin 1, since the « index in ¢, (j) can take three values
and they are coupled through a spin 1 matrix representation. Spin 1 conduction electrons are rather
strange and not physical, however we can now use an elegant result from Fabrizio and Zarand.[28]
They showed that for multi-channel exchange models, such as Kondo, there is a mapping between
models with different spin and channel number. The low energy behavior of a model with conduction
electron spin s and channel number Ny is equivalent to a model with s* and N}* if

Nys(s+1)(2s+1) = Nys™(s™ +1)(2s" +1). (4.23)

The impurity spin in both models is identical. Using this fact the 1-channel spin 1 Kondo model
from (4.21) has the same low energy behavior as a four-channel spin 1/2 Kondo model. Notice that
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this is the same identification we made in Section [B.5] for the bosonized four-channel Kondo model.
Hence the low energy behavior of the 3-star junction XX model and the four-channel Kondo model
are equivalent.

Therefore we can translate the low energy physical properties from the the 3-star junction XX model
to the four-channel Kondo model.

4.2 Ising Chain to Two-Channel Kondo

It turns out that the four-channel Kondo model is not unique for showing up in spin chain systems.
Here we will show that the two-channel Kondo effect is found in the Ising chain, as was shown by
Tsvelik (2013).[26]

Again we consider a 3-star junction as shown in Figure in this case transverse field Ising chains:

L-1 3
Hing = ) Y [=Job()ob (i +1) + ho ()] (4.24)
j=1a=1
+ Jlgdf(l)og(l) + Jgga'g(l)a'g(l) + J310’§(1)O’f(1) (425)

The first line is the bulk Hamiltonian with a nearest neighbor coupling J and spin flip term with
coupling h. In the second line we see the coupling of the first sites of the chain with Ising interaction.
Again we can rewrite the Hamiltonian using Jordan-Wigner transformations.

From and 0% = J(0” +i0¥) we obtain

o (j) =n" (H(l - 2cL<k>ca(k>>> (ca(j) + ¢l (7)) (4.26)

k=1

Plugging this in into (4.25]) gives

L-1 3
Hisng = 32D [=71eh(3) = cal)Ileh (G + 1) + cali + D]+ hel (j)eal))] (4.27)
+ ey o [h (1) + (D] (1) + &, (1)] (4.28)

where we recognized that the n’s satisfy the Clifford algebra (4.10) 7°n7 = deap,n® (€ap, is the
Levi-Civita tensor).

It is now helpful to rewrite the fermions in terms of Majoranas:

XRal® = ja) = \/%wcam +wel (), Xpale = ja) = V%wcam Lwtdl()  (4.29)

where w = €'™/4 satisfying and a the lattice spacing. If we then take the continuum limit we the bath
becomes
3 00
> [ o i (00100 () = X (D001 (0)] = (7 = Rt )0 ) (4.30)
a=1

where we used y(z = (j + 1)a) = x(z = ja) + adyx(x = ja) and J = Ja. If we impose that h = J
(critical Ising coupling) only the kinetic term remains.
The interaction term becomes

i€apyn™ Iy [Xr.5 + XLl XA~ + XLA] (4.31)
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Since the x g, only lives in the positive half of the real line we can define a chiral fermion over the
full real line

Xo () = 0(2)XR,a(T) + (=) XR.a(T), (4.32)

where 6(x) is the heavy side function reguralized at #(0) = L. So the effective Hamiltonian of the

2
Ising chain in terms of Majorana fermions is

° o
Hur= [ do idxa(@)0xa(0) + icann® 3 x50, (0) (433)

This might seem a lot of work to get another complicated expression. Actually this Hamiltonian has
the same low energy behavior as the two-channel Kondo model. This has been proven by Coleman
and Ioffe.[29] We will not go into detail, because it is very tedious to derive. It relies on the fact
that a spinful fermion can be represented by three Majorana fermions. In this case three Majoranas
from different chains. This paper shows that the two-channel Kondo model has the same low energy
behavior as

Hog = / T itod () - Opip(z) + iJ.bSP(0) x (0) (4.34)

— 00
where 1/7 is a three-vector with Majorana entries. If we define ¥ = (x1, x2,X3)T, we recognize that
€asyX3(0)x+(0) = X(0) x X(0). So the effective 3-star junction Ising chain corresponds to the two-
channel Kondo model with tv = J and J. = =*

4.3 In Between XX and Ising

We have seen that both the XX and Ising chain correspond to a multi-channel Kondo model. We can
now investigate the models in between these two fine tuned cases, following the work from Guiliano
et al. (2016).[27] Therefore we look at XY chain with a transverse field on 3-star junction:

Lzli [ ( (]+1)+710”(J)03§(j+1)> +}2ng(j)]

j=1 a=1
3
JOé o x x
+ D (05 ()0g (1) + 70 (1ol (1) (4.35)

This model is in between the XX and the Ising chain. If 73 = 75 = 1 and h = 0 we rediscover the
XX chain and if 73 = 0 and ~2 = 0 it becomes the Ising chain. Again we can do a Jordan-Wigner
transformation:
L-1 3
Hxy=—)Y_ Z L+ y)(ch()eali +1) + b (G + Deali))
j=1 a=1
L-1 3 L 3

+ZZ (1= 7)(ch (G + D)ek () + cali)eali + 1) + Y D hel(f)cali)

j=1a=1 j=1la=1

+ Z i%na” ((1 +y2)ch (1)catt(1) + (1 = y2)ch (1)el 4 (1) — h'c'> (4.36)

a=1

We only have to consider ~1,7v2 € [0,1], for values outside this interval we can do a rescaling of
J, Ja,a+1 or do a particle hole inversion to get 71, y2 in the interval.
If we go to momentum space we find that the bulk spectrum is given by

Exy = +v/(h+ J(1 +71)cos(k))2 + (J(1 — 1) sin(k))2  with k €] — 7, 7] (4.37)




4.4. BEYOND 37

b T

71
0.5 1 1.5 2

-2 1

Figure 4.2: Phase diagram for the XY model. The lines denote the parameter conditions for a
gapless XY theory. At v; = 0 and h/J = =+1 sits the Ising chain and these points correspond to
the two-channel Kondo model (Section . Aty =1, H/J = 0 we find the XX chain, hence the
four-channel Kondo model (Section .

The Kondo model is gapless in the bulk, hence for a “spin chain-Kondo”- connection the bulk of this
JW fermion chain needs to be gapless as well. For the two bulk parameters v, and h we can derive
a phase diagram show in Figure displaying the gapless regions.

If 4 = 1 the bulk is a tight binding chain, which is gapless for all h. This corresponds the red line in
Figure and is a XX-model with transverse field (h). If 11 < 1 we recognize the Kitaev chain[30]
with chemical potential ;1 = —h, fermion hopping ¢t = J(14 1) and superconductivity A = J(1—1).
The spectrum is gapless if there exists a k for which both squares are zero. Since v; < 1 we need
sin(k) = 0 so k = 0,7. This gives h = £J(1 4+ 1) as a gapless lines for the XY model, these are
known as the Kitaev lines and are denoted by the blue lines in the phase diagram.

The four-channel Kondo model from Section [4.1] is the critical XX-model at A = 0. The two-channel
Kondo models from Section [4.2] are at the Kitaev lines at 71 = 0, as we saw before these are critical
Ising models.

The remaining question is, what happens on the lines between the special point. It was shown by
Guiliano et al.[27] that these lines correspond either to the two- or four-channel Kondo model.
Using Poor Man’s Renormalization Group [12] they showed that there are two separate cases. In both
cases the Kitaev lines correspond to the two-channel Kondo model. The argument goes as follows, if
1 # 1 there is no spin rotational symmetry around the z-axis in the bulk and hence the four-channel
Kondo model is less relevant here and only the two-channel remains.

Along the XX line the two cases are separated. If we tune v to 1 the rotational symmetry in the
boundary term is maintained and the line corresponds to four-channel Kondo model. Again if 75 # 1
the symmetry is broken and the line corresponds to two-channel Kondo.

4.4 Beyond

As we have seen in the previous section there is no easy way to find a mapping to from a 3-star
junction spin chain to an non-(4,2)-channel Kondo model since the transverse field XY model can
only correspond two- or four-channel.
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One approach would be to increase number of chains and follow the derivation for the four-channel
Kondo model. For instance we take four chains, which would then correspond to the four possible
spins for a spin 3/2 bath electron (—3/2,—1/2,1/2,3/2). To get the Kondo interaction one has to find
Klein factors (Fy,F,F3,Fy) for the chains, such that the product of any two is a linear combination
of three operators (n1,m2,13) satisfying the Clifford algebra. They should also be of such a form that
we would find a representation of spin 3/2 (5%,5Y,5%) as we did in for spin 1.

The combination of these properties makes it very difficult if not impossible to find these Klein fac-
tors. Possibly, using Lie algebra theory it can be proven that such a construction does not exist.

There is however another field of spinlike chains to be explored, namely the parafermions.[31] These
spinlike particles are an extension of spin 1/2 particles. The latter can only take spin values at
+1 in the complex plane (in fact +1/2), while Z,,-invariant parafermions can have spin e % for
k=0,1,...,m. These systems have not been studied a lot yet, but seem to give rise to interesting

physical behavior, such as topological insulators with zero energy Marjorana modes.[32] [33]



Chapter 5

Conclusion and Discussion - Kondo
Model

In this part of the thesis we have given a view on two approaches for finding solutions for the Kondo
model. The main focus of this part of the thesis was understanding the limitations of these solutions
and trying to extend these approaches beyond these limitations.

In Chapter [I] we have introduced the one- and multi-channel Kondo model, a local magnetic impu-
rity model. We have shown that the one-channel Kondo model can be derived from the microscopic
Anderson impurity model, offering a physical framework for the model. We have also derived that
we can reduce the three-dimensional Kondo model to an effective one-dimensional theory because of
rotational symmetry around the local impurity.

Then in Chapter [2] we started with the naive perturbative analysis of the Kondo interactions. For
the one-channel Kondo model, we calculated the one-loop corrections for the coupling constant. We
obtained diverging contributions and the interactions flow to strong coupling. Therefore this pertur-
bative approach is not valid for the one channel Kondo model. For the n-channel Kondo model in
the large n limit we found a stable finite fixed coupling point in the isotropic limit at J = % Hence
the multi-channel and one-channel Kondo model exhibit different physical behavior. However, this
perturbative analysis is still not valid for low n-channel Kondo model, since the fixed point is of the
order of the Kondo temperature Tk, the point were the perturbative approach breaks down. We
therefore discussed two different approaches for finding solution in the remainder of this part.

In Chapter [3] we used bosonization to solve the one- and two-channel models. By rewriting the
Dirac fermion theory in terms of bosons we observed that only the spin degrees of freedom couple
to the impurity and the charge field decouples. By doing a canonical transformation were able to
rewrite the Kondo Hamiltonian in the form of a interacting resonant level model. Finally, we imposed
J, = 47r2\/§vp(\@ — 1), the Toulouse limit, to get rid of the interaction and we saw that the one-
channel Kondo model is equivalent to the exactly solvable resonant level model. In the two-channel
case we separated the two boson field for the two channels in a symmetric and an anti-symmetric
part. The symmetric operators decouple from the impurity after doing a canonical transformation
and imposing J, = 472vp. This is known as the Emery-Kivelson solution.[23] Again we recover a
resonant level model. In this case coupling Majorana impurity fermions with Majorana conduction
electrons. It was shown in the literature that perturbation theory is suitable for finding physical
properties away from these fine tuned points.[22]

Then we discussed the difficulty in finding extensions to other multi-channel Kondo models. It
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turned out that it is not possible to find other solutions along the lines of the Emery-Kivelson solu-
tion. Nevertheless, we reviewed that the four-channel Kondo model can be solved through a mapping
to an interacting conduction electron theory known as the Tomonaga-Luttinger liquid.[24] Finally in
Chapter [4| we discussed several spin chain constructions that show rich behavior in the form of the
Kondo effect. Using an extension of regular Jordan-Wigner transformations we reviewed the mapping
proposed by Crampé and Trombettoni.[25] They showed the equivalence between the four-channel
Kondo model and the XX 3-star junction. We also discussed the two-channel Kondo effect in the
Ising 3-star junction first derived by Tsvelik.[26] Ultimately, we followed a recent paper from Gogolin
et al. which describes the Kondo model in transverse field XY 3-star junction. In the limiting cases
this model is either the XX-chain or the Ising chain, containing respectively a four-channel or a two-
channel Kondo effect. Gogolin et al. showed that all gapless XY-chain are either equivalent to the
two- or four-channel Kondo model.

Therefore, we concluded that in this 3-star spin chain junction there are no possibilities for find-
ing other multi-channel Kondo behavior. Deriving other spin chain-Kondo mappings asks for other
spin chain constructions. However, for instance the 4-channel junction already comes with major
challenges when it comes to constructing suitable Klein factors for the Jordan-Wigner transforma-
tion.

We also suggested that parafermion chains might be hiding Kondo like behavior, although there is no
clear evidence pointing in this direction. These spinlike object do however seem to possess rich physics.

All in all we have seen that many bright physicist have put a lot of effort into finding solutions
to the multi-channel Kondo model. This has let to a great deal of papers discussing a variety of
techniques and mappings, of which we have only discussed two in this thesis. However, the other
techniques such as Bethe ansatz and numerical renormalization group neither offer solutions to other
multi-channel Kondo models.

Concluding, the one-, two- and four-channel Kondo models are solvable and well understood. How-
ever, extending the approaches discussed in this thesis to other multi-channel Kondo models seems
very challenging.
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Chapter 6

Introduction to Kitaev Chain and
Quantum Quench

The second part of this thesis discusses quantum quenches for
the Kitaev chain. The Kitaev chain is a topological insulator,
showing topological effect in the form of a Majorana edge mode.
In this thesis we discuss the effect of a quantum quench on these

Majorana edge modes. A quantum quench is a shift in system
parameters. In Figure we see schematic display of a quench.
At time 7 < 0 the system is in set-up 1 and at time 7 = 0 the
system parameters are changed to set-up 2. Experimentally,
we can for instance view a quench in chemical potential as a
change in gate voltage. The gate regulates the chemical poten-
tial in the chain. In this thesis we prepare the system in the
Majorana edge modes for time 7 < 0 and discuss how this state T

evolves after the quench. 0

The dynamical properties of the quantum quench of the Kitaev

chain have already been studied using a dynamical topologi- Figure 6.1: Example of a quantum
cal order parameter[34], information recovery[35] and entangle- quench. For 7 < 0 the parameters
ment spectraf36]. In this thesis we will use a different approach of the system are set 1 and the pa-
by explicitly studying the wave function before and after the rameters change to set 2 at 7 = 0.
quench. Furthermore, we will mostly discuss the long time av-

eraged properties of the system, i.e. we let the system relax after the quench.

In the remainder of this chapter we will introduce the Kitaev chain. Then in Chapter [7| we will
discuss the technical details of the quench for the Kitaev chain. Finally, in Chapter [8| we present the
results of quantum quenching the Kitaev chain.

6.1 Kitaev Chain

The Kitaev chain is a hot topic and widely studied over the last 15 years. The model was proposed
by Kitaev in 2001 [30] and has been taken up enthusiastically by the physics and computer science
community, because it is a likely candidate for a stable quantum bit (gbit). The experimental
realization of a gbit would greatly advance computer power and would reshape the digital world
as we know it. A quantum bit is a conventional computer bit on steroids. Nowadays computers use
conventional bits to store information. These discrete bits are binary and can be either 0 or 1. A
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quantum computer on the other hand stores informations using gbits. Theoretically these continuous
gbits can take any value in C, yielding endlessly more capacity to store information. Experimentally,
this is easier said than done.

A gbit system is a system with a two-fold degenerate ground state, i.e. |1o) and |1)1) at the same
energy. From these two states the ground state can be any linear combination of the two

1
V1+lal?

where a € C is the degree of freedom storing the information. In a clean system a degenerate ground
state is easy to realize, but physical systems are never perfectly clean. In general the gbits are very
sensitive to decoherence, and as a result the two states hybridize and split in energy.

We can for example, following Kondo (2001) [30], consider the simplest possible gbit, a non interact-
ing spin with no Zeeman term. The two states |1) and ||) are at the same energy. The first form of
decoherence comes in the form of a quantum error, a spin flip o®. This error causes the two states
to interact and hybridize (E — +£4), hence the information is lost.

The second error, is a phase error. Suppose we have a chain of multiple gbits. At every site there is
a slight error §,0, this changes the sign in front of ||) with respect to |1) at every site in a different
way. Consistently retrieving information from the gbits becomes impossible.

o) = [[%b0) + aly)] (6.1)

Kitaev proposed a scheme to get rid of these two errors.[30]

He argued that using spinless fermion gbits instead of spinlike gbits removes the quantum error. For
this spinless gbit an empty site is |)y) = |0) and an occupied site is |¢;) = a' |0), where af is the
fermion creation operator. For spinless fermions this error would correspond the creation or annihi-
lation of a fermion, which is not charge conserving. In other word a quantum error would correspond
to the operator §(a' 4 a), which does not exist in any feasible theory. However, there can be two-site
errors, when a fermion hops from one gbit site to another. This can be avoided by keeping the gbit
sites far enough apart.

For the second problem we have do a mathematical trick. At every site the fermion creation and
annihilation operators are given by a} and a;, we can define two Majoranas

£aj_1 = z’(a} —aj), &y = (a;r_ +aj) . (6.2)

In the Majorana language a phase error is now given by a;aj = %(1 +1€25-1&2;). If we move the two
Majorana sites 2j — 1 and 2j far away from each other, this error will not occur either. So there is
no Majorana interaction.

However, Majoranas are difficult to realize both experimentally and physically. In his paper Kondo
suggested a theoretical superconducting model that can produce these two fold degenerate Majo-
ranas. [30]

6.2 Kitaev Hamiltonian

The Kitaev chain is a spinless fermion chain, containing hopping and p-wave superconductivity. Note
that truly spinless fermions cannot exist, but we can realize this system by imposing strong Zeeman
interaction for spinful fermions. This projects out one of the spins (e.g. |})), remaining with an
effective spinless theory (only |1)). Experimentally realizing a one dimensional p-wave superconductor
is very difficult.[37, [38]

The Hamiltonian of the Kitaev chain is

L-1

L
1 1
H= 7“2 (c;rci - 2) ~3 Z (tc;rciH + Acicipr + h.c.) , (6.3)
i=1

i=1
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where p is the chemical potential, ¢ the hopping potential and A the superconductivity parameter.
In this thesis we will assume A to be real. One can also choose A complex, but the phase can be
removed in a canonical transformation of the operators. The second quantized operators cg and c;
respectively create and annihilate a fermion at lattice site ¢. The chain is L sites long with open
boundary conditions and note that the summation in the second term only runs up to L — 1, since
it contains ¢;4+1 in summand. As we have seen in Part I, Chapter |4, the Jordan-Wigner transformed
XY-chain is equivalent to the Kitaev chain.

Because of the superconducting terms the Hamiltonian is not particle number conserving. These
terms (cj _ch, ¢ici+1) create or annihilate two fermions. Nevertheless, particle number modulo 2 is
conserved. This means there are two particle sectors for a Kitaev state, either 0 or 1 (mod 2). This
is called parity.

Because of the superconductivity terms we have to introduce Nambu vectors

—

T
C:(cl,...,cnci,...,cl) . (6.4)
in order to write the Hamiltonian (6.3) in matrix form:
H =CtHC (6.5)
where
t A
A -5 0 0 -7 0
% I t A 0 A
_( b T _| 4 2 4 | 4 4
7-[—<_T —D)’ ,D = . o , T = . A . (6.6)
4 2 4

One of the consequences of going to the Nambu-vector language is doubling of the spectrum. In
Figure[6.2a] we see the spectrum for 30 sites with 4 = 2 and A = ¢. Due to the particle-hole doubling
every particle eigenvalue (blue) has a hole eigenvalue (red) partner, with Eyole = —FEparticle- Hence
the spectrum of the doubled Hamiltonian is particle-hole symmetric. Note that the Hamiltonian itself
is particle-hole anti-symmetric (H — —H). Because of this redundancy in degrees of freedom we can
ignore the states with E < 0, the nonnegative energy states describe the full system.

o ..,.-"""' EJt - E/t -
®' L) G4
1 -~ o 05 -~
o 0.5 o o
0.5 - ....' o
Vi .-' ¥ Vi
102 30 40 50 60 10 20 &0 4 50 60 10 20 30 40 50 60
—0.5 oo o~ o
-~ —05 o o
o' . K K

-1 o o -0.5 ..,.-'

.P'.. o oo®

(a) Spectrum of Kitaev chain
in Nambu language in the
trivial sector with = 2t, A =t
for 30 sites.

(b) Spectrum of Kitaev chain

in Nambu language at the
critical point with p =¢t, A =t
for 30 sites.

Figure 6.2

(c) Spectrum of Kitaev chain
in Nambu language in the
topological sector with p = 0.5¢,
A =t for 30 sites.

Furthermore, we see that each of these eigenvalues F; (Figure [6.2a)) corresponds to an eigenstate v;
of the Hamiltonian matrix (6.6). In fermion language the eigenstates of the Hamiltonian (6.3) are

Wy, = Clyy.

(6.7)
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Y1 Y2 Y3 Y4 V5 V6 Y2L—172L

Figure 6.3: [Upper chain] Split of fermions in Majoranas in the Kitaev chain. [Lower chain] Coupling
(black lines) of Majoranas in new fermions. The first (71) and the last Majorana (s7) remain
uncoupled.

These eigenstates are a superposition of creation and annihilation operators ¥y = wlkcJ{ + ...+
kacTL + ¢¥r41kc1 + - .- + Yarrer and therefore is neither a (delocalized) particle nor a hole. In the
next section we will see that in some cases it represents a Majorana (particle + hole). Using the
Bogoliubov-de-Gennes (BAG) we can diagonalize the Hamiltonian

H=C"HC = ClyEytC, (6.8)

where ¥ = (¢1,...,1%,) is the matrix of the eigenvectors and E the diagonal matrix with entries
Fy < Es ... < E,. The eigenstates form an orthonormal basis of the Hilbert space.

6.2.1 Majorana Edge Modes

In one special nontrivial case, we can easily obtain the ground state of the Kitaev chain by hand.
Consider ;4 =0 and t = A:

¢ L-1

H = "9 Z (Clcz'ﬂ +CiCiy1 + Ci+lci + CIHCI) o

i=1
This Hamiltonian is very suitable for introducing the notion of Majorana fermions. We define
Y2i—1 = Z(CI —¢i)y Yoi= CZ + ¢, (6.10)
and the other way around

1 ) 1 .
¢ = 5(7% + iy2i-1), CZT = 5(’}’21‘ —iv2i-1). (6.11)
Notice the distinction with the Majoranas defined in (6.2)), here we are dealing with interacting
Majoranas on a single chain. The Majorana operators split the complex fermion ¢; in two real
fermions 9,1 and 79;. The upper chain of Figure depicts the fermions (blue boxes) being split
into two Majoranas. These Majorana satisfy

W= (=28 =1 (6.12)

And we can rewrite the Hamiltonian :
it K2
H= 3 Zl V2iV2i41- (6.13)
1=

This Hamiltonian suggests that we have to pair the Majoranas from neighboring sites (y2; and y2;41),
T

so we define new fermion operators ¢; = %(’722' —i7v2i4+1). These new fermions correspond to the lower
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chain in Figure the black lines depict the new coupling. In terms of these new fermions the
Hamiltonian becomes

L—-1
H=t» (e —1) (6.14)
=1

For t # 0 the system is gapped because adding a fermion 51 costs energy t.

Furthermore, there are two Majoranas (v, and 7or) that completely drop out of the Hamiltonian.
Hence they do not contribute to the energy. If we combine these remaining degrees of freedom into a
new fermion fT = 1(y21 —iy1), we see that this state is at zero energy (H fT = 0). It is a delocalized
fermion built up out of two Majoranas. These Majoranas live at of a gapped bulk, therefore we call
this a Majorana Egde Mode (MEM). Concluding, the MEM does not contribute to the energy, so the
ground state is two fold degenerate. The MEM is either occupied or empty:

GS1)=10), 1GS2) = £710) = 5321~ i) [0), (6.15)

where |0) is the filled Fermi sea, so all states with F < 0 filled. The second state (|GSs3)) is the
MEM. These two states live in a different particle sector, because for the MEM there is an additional
delocalized fermion present. The first ground state has zero parity, while the second (MEM) ground
state has parity one. As we mentioned before, this parity distinction protects a ground state against
hybridization (i.e. there is no physically reasonable Hamiltonian that maps |GS;1) to |GS3) or vice
versa). Furthermore, note that we have constructed a delocalized fermion, satisfying the second
requirement. As put forth by Kitaev, to avoid phase errors the Majorana fermions need to be far
apart and not interacting.

This is not the only parameter set for which there is a gapped bulk system with zero energy edge
modes, but it is only case we can do by hand. In Figure we see the spectrum for a 30-site Kitaev
chain with p = 0.5t and A = ¢. The system is an insulator since the bulk is gapped. The two zero
modes in the middle denote the particle-hole pair MEM. Recall that this spectrum is for the Nambu
language, so we can ignore E < 0 (filled Fermi sea for vacuum) and take only one state at E = 0.
In Figure we see the system at the critical point (u = A = t). This point is critical, because
the system becomes gapless at this point. We also see that for p = 2 in Figure there is no zero
modes.

It turns out that there is a MEM for |u| < [t|. We can therefore call the Kitaev chain a topological
insulator. In the bulk it behaves like an insulator, but at the edge there is non-trivial behavior that
is robust against smooth changes in parameters. In fact the non-trivial or topological edge effect
disappear only after the system has passed a gapless point (1 = +t). Therefore we call the region
with MEM the topological sector and without MEM the trivial sector. In Figure we see the phase
diagram for the Kitaev chain.

trivial topological trivial "

—t 0 t

Figure 6.4: Phase diagram for the Kitaev chain for the chemical potential p. The topological and
trivial sectors are separated by gapless points, yu = +t.

Before we discuss the effect of disorder on the MEM we have to make a side note. As we saw in
the example the MEMs are perfectly localized in the special case p = 0, A = ¢ (only the sites at
the very edge are occupied). For other parameter sets we can only find numerical results. In Figure
we see the absolute value of the MEM wave function for several topological systems. Recall
that the MEM is actually the fermion comprised of two Majoranas. In this picture we only see the
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first half of the Nambu-vector, because the second half is identical. Notice that for increasing u the
delocalization of edge modes increases as well. For an infinite system this would not be a problem,
but since numerically we are dealing with finite system sizes the delocalization affects the energy. For
= 0.7 (green) and p = 0.9 (red) the two MEMs overlap in the middle of the chain and feel each
other. So as the system approaches the gapless point the two Majoranas hybridize and the energy of
the edge modes does not vanish completely. In this figure we looked at a small system (30 sites), so
this effect is very strong. Nevertheless, for all finite system sizes the edge modes have finite energy.
So we have to implement a numerical cut off 1071%, to be able to view these edge modes as zero
energy MEMs.

0.5 § ’
— pu =0t
w=0.3t ‘
0.4 w=0.7t
—u=0.9¢
0.3
0.2 |
0.1¢1

5 10 15 2 2 30
site
Figure 6.5: MEM for the Kitaev chain of 30 sites with A =¢ = 1 for several chemical potentials ().

For low i the states are localized at the edge, however as y approaches t the edge modes pierce into
the bulk and overlap.

6.3 Disorder

A physical system is rarely perfectly clean. Here we take a quick look at the effect of disorder on
the Majorana edge modes. The disorder will be introduced in the chemical potential. The chemical
potential becomes site dependent p; = p + dp;, with dp; the fluctuation of the chemical potential
at site 4. These fluctuations are randomly picked from [—du, dp]. Figure displays the spectrum
of the same system as in Figure but now there is a random disorder in the chemical potential
6p = 0.5t. The overall shape of the spectrum is not much affected, the system is still gapped and
the zero modes still exist. The bulk states on the other hand have become more localized. We see
in Figure the absolute value of a wave function bulk state for the non-disordered (blue) and the
disordered case (red) for approximately the same energy. Disorder forces the bulk states to localize,
this is known as Anderson Localization.

On the other hand, in Figure depicts a Majorana edge mode, again for both the non-disordered
(blue) and the disordered case (red). Here we see that the edge mode is almost unchanged by the
disorder.

This indicates that the Majorana edge modes are very robust against the effects of disorder as we
would expect in a topological system.

We have seen that the MEMs are present in a static system, even with disorder. We now wonder
what happens to the MEMs once the system is altered. How does a sudden change in parameters, a
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Figure 6.6
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0
(¢) MEM without (blue) and
with (red) disorder. The states
have been moved up (or down)
by 1/2 for visibility.

quantum quench, affect the MEM? In the next chapter we will work out the details of the quantum
quench for the Kitaev chain. We will also derive measures to determine the survival of the wave
function after the quench. Using these measures we will investigate the evolution of the MEM in

Chapter
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Chapter 7

Technical Details Quench

We have seen that the Kitaev chain is a topological insulator with a Majorana edge mode as a ground
state for specific parameters. Also we have seen that these MEMs are very robust against static dis-
order in chemical potential. We can now wonder whether these MEMs can also withstand quantum
quenches. Do the Majorana edge modes survive a change in chemical potential or superconductivity?
A quantum quench generally pumps a lot of energy in or out of the system, so this might have a
significant effect on the MEM. Notice that the Majorana ground state is a single particle state. This
makes the quench dynamics very simple. We do not have to care about Slater determinants or Pfaffi-
ans as one would in a many body system, but we can straightforwardly calculate the time evolution
after the quench.

In this chapter we will introduce the technical details necessary for the quench. We will also discuss
how to determine the survival of a MEM after a quench.

First, the Hamiltonian of the quench is given by

H, if 0
H(ry={71 TS (7.1)
Hy if7>0

where H; is in the topological sector. The initial state (|ini)) is a MEM for H;. The time evolution
of this state after the quench is simply given by

fin(T)) = e~""H2 |ini) (7.2)

This fully governs the evolution of the MEM after the quench. We will use 7 for the real time in
order to avoid confusion with the hopping constant ¢.

7.1 Projected Overlap

We would like to define a measure for the survival of the MEM after the quench. Since a quantum
quench is very rigorous way to pump energy in or out of the system, starting with the energy of the
MEM is the first guess.

However, we have to be careful with the term energy, because the time evolved MEM is not an
eigenstate of Hy. We can on the other hand use the projected overlap (PO), which is closely related
to the concept of energy:

PO = (fin(7)| Hz |fin(7)) (7.3)

51
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The PO seems an obvious measure for the survival of the MEM. Nevertheless, as we will prove here
the PO defined above will always remain zero for a MEM, regardless of the quenched Hamiltonian.
First of all note that

PO = (ini| Hy |ini) , (7.4)

because Hy commutes with the time evolution operator.
Recall that we can diagonalize H; and Hs using an eigenvalue decomposition (6.5)):

H, =TEIT =C4E3C,  Hy, = VE, ¥ = CTyEwC (7.5)

where v and 1) are the eigenvector matrices of H; and Hs. For notational convenience we would like
to drop these C' in quadratic terms, and we can because

K3

Tiw; = (310)(Cley) = Y (3wl ei)(O)Tyy) = Y Alwl w0, = 31y, (7.6)
Suppose 7 is the MEM for H;.

Here we are going to introduce notation only used in this section. We need these definitions to
coherently prove that the PO of the MEM vanishes.
First of all, we can split the states, both initial state and the eigenstates of the new Hamiltonian

=) o)

such that QAS and ¢; act on the cj’s and 6 and f; act on ¢;’s in the Nambu-vector .

We will redefine the indices for notational purposes.

The j-index denotes the eigenvalue and eigenvector of the Hamiltonian (e.g. ; is the eigenvector
with energy Ej;). Figure shows three eigenvalues with the particle-hole partners. We see that
j runs from —L to L (j = 0 does not exist). This notation makes it easier to do particle-hole

E1 E2 E3
0.5 | l l l
o o ©
4 9 2 A
e o ©
T T ]:0.5
E 3 E_Q E—l

Figure 7.1: Particle-hole indices

transformations, because this transformation would correspond to j — —j.

Furthermore the two parts of every eigenstate (¢;, 6;) are both L dimensional vectors. The entries of
these vectors (¢;;,0;;) we will denote by ¢ running from —L/2, ..., L/2. This negative versus positive
index makes chain inversion simple. Note that for L even i = 0 has to be removed, and for L odd
the i’s are half-integers. In Figure we see this lattice schematically displayed.
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Figure 7.2: Lattice indices running from —% to % to accommodate lattice inversion.

Now we return to (7.4 and we see that
PO = ~1pEpiy, (7.8)

where ¢ is the matrix of eigenvectors.
In the following step we use some results based on symmetries of the system derived in Appendix [D}
We continue by calculating

L/2 L/2
W)y = olb+0i0= > (8lidi+0l6:) =D (6i1di — Bé-il +0],[6: + B;6-1]) (7.9)
i=—L/2 i=1

In the last step we used that the Kitaev chain is symmetric under inversion and time reversal ({D.18)):

Oji = —Bidi—i (7.10)
ej' = ﬂjej—i (711)

Here ; = %1 is the symmetry factor for the jth eigenvector. Using the fact that the initial state ()
is an MEM we see (from [D.38|)
¢i = +0; near site —L/2 (7.12)
$; = —0; near site L/2 (7.13)

We proceed by splitting the summation over the vector index (z) to find

L/2
W)y = Yol + 8,0-i] + 056 + 5,04] (7.14)
i=1
L/2
= D _lo}: +0}di + 0] (7.15)
i=1
Now using particle-hole anti-symmetry of the Hamiltonian F_; = —FE; to see that
L L
PO= > Bl = E; ((0™;1° = 10" [?) (7.16)
j=—1L j=0

and also to recognize that ¢_; = #; and vice versa . Then we find |(¥7);* = [(¥T7) -], so
the PO vanishes for all quenches.
So we can not use the projected overlap as a measure for survival of the MEM

7.2 Measures: Inverse Participation Ratio and Overlap

There are two measures we are now going to present, that combined can determine the survival of
the MEM rather well. The wave functions of the MEMSs are by characterized two properties. First
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of all the wave functions are localized, and second this localization is at the edge of the system.
The second property is measured by the overlap of the evolved state with the initial state. We define

OVR = | (inilfin(7)) |*. (7.17)

If the overlap is high the weight of the wave function is at the edge. At the end of this section we
will see why we have picked the fourth order. Note that there is a maximum for the overlap at 1
if |fin) = |ini), so great similarity reflects in high overlap. Nevertheless, the OVR does not give to
full overview in some cases. Consider for instance the two wave functions in Figure Suppose we
prepare the system in the state in Figure and it evolves to the state in Figure for some
quench. The overlap would be zero because the states are clearly orthogonal, even though there is
still a localized state.

14 1
0.8 1 0.8
0.6 1 0.6
0.4 1 0.4
0.2 1 0.2
site site
2 4 6 8 10 2 4 6 8 10
(a) (b)

Figure 7.3: Example of two perfectly localized orthogonal states.

The second measure determines the localization. Here we are going to use the inverse participation
ration (IPR) defined by Wegner in 1980.[39] For a state ) with value v; on lattice site i we define

IPR = |if* (7.18)
The IPR of a perfectly localized state (e.g. Figure is obviously 1. A fully delocalized constant
state (%, s ﬁ) has IPR = ", 2 = 1, which in the thermodynamic limit (L — co) goes to zero.

Hence the IPR becomes 1 for localized states and goes to zero for delocalized states.

For the Kitaev chain we cannot have a fully localized state in the sense of Figure or [7.3bl The
MEM for the special point (u = 0,A = ¢) is the perfectly localized edge state and the normalized wave
function in Nambu language is given by |y| = (%, 0,...,0, %, %, 0,...,0, %)T, describing Majoranas at
both edges. The IPR of v is % = %. We would like this state to have IPR equal to 1 so we define

IPR = 4IPR =4 [y;]* (7.19)
Finally, we give an argument for choosing the fourth order for the OVR (7.17). Using the diagonal-
ization of Hy ([7.5) we see that (when acting on the one-particle Fock space)

e~ iTH2 _ \I,e—iTEfz\I,’r — F(FT\IJe_iTEQ \I’TF)FT (7.20)
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where we have inserted I'T'T = I and we can write A(7) = I'tWe=E2 41T, We let this act on the
initial state %(Fl +4'_1) |0) to find

1
V2
In this notation IPR oc A* and | (inilfin(7)) | o< A, hence we choose the fourth order for the overlap.
In the following chapter we will use these measures to investigate the MEM for a variety of quenches.

fin(7)) = Ta—=(A(T)a1 + iA(T)a-110) (7.21)
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Chapter 8

Results - Kitaev Chain Quantum
Quench

In this chapter we will discuss the behavior of the wave functions after the quench. Using the measures
described in Section we explore the parameter space (1 and A) to determine whether the MEM
survives or dissipates into the bulk. First we consider the Kitaev chain without disorder and we
quench the chemical potential and superconductivity separately. Finally, we also implement disorder
in the chemical potential to see how this affects the MEM.

8.1 Examples Quench

Before we discuss the quenches using the measures, let us first take a look at the explicit time
evolution of the MEM. Figures show the evolution of the MEM after two distinct quenches. In
both cases the system (100 sites) was prepared in the topological sector at the special point, u = 0
and A = ¢t. In Figure we quenched the chemical potential to i = 2, the trivial sector. We see
how the wave function reacts and evolves over time to become very delocalized. In this figure we see
the absolute value of the wave function for several times. At time 7 = 0 (blue) we see the MEM at
site 1 and 100. Then very quickly the localized state dissipates into the bulk, at 7 = 100 (green) it is
already spread out over the whole lattice. At 7 = 1000 (red) the there are still some oscillations, but
no localization. This suggests that the MEM disappears, because in the trivial sector there are no
localized edge eigenstates it can explore. In Figure we quench the system within the topological
sector (u = 0.5). We then observe that the system remains much more localized at the edges, even
though the change in Hamiltonian induces some dissipation into the bulk. The inset of Figure
gives a better picture of the edge and shows that the MEM does not decay into the bulk for large
time. For 7 = 1000 (red) the weight of the wave function is still at the edge.

8.2 Chemical Potential Quench

So now we have discussed two particular examples, one extreme topological to trivial quench where
the MEM disappears, and one topological to topological quench where we see that the MEM survives.
We can make these statements more concrete by considering the two measures defined in Section[7.2]
the inverse participation ratio (IPR) and the overlap (OVR). The IPR estimates the localization of
the state is, while OVR determines the resemblance to the initial state. The combination of these
two quantities gives a good indication for the survival of the original MEM.
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Figure 8.1: Examples of the evolution of a Majorana state after a quantum quench for the Kitaev
chain from the topological sector (1 = 0) (a) to the trivial sector (1 = 2) and (b) to topological sector
(1 = 0.5), with a lattice of 100 sites and A = ¢ = 1. Here we have plotted for different times the
absolute value of the wave function for the fermions only for the particles (not the holes). The inset
in (b) is a zoom at the edge of the topological-topological quench.

Here we take a look at quenches in the chemical potential. In the following sections we will use a
Kitaev chain of 100 sites. It turns out that the measures (IPR and OVR) are relatively well converge
thermodynamic limit for a system of 100 sites. There will still be some effects from the finite size,
but these are only slight fluctuations that do not change the outcomes significantly.
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Figure 8.2: The IPR and OVR (long time average) for the wave function of the MEM quenched from

w=0 (a) and po = 0.5 (b) to p. (100 sites and A =¢ =1). The inset in (b) depicts the IPR for the
initial MEM as a function of u.
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In Figure we see the results for the chemical potential quenches. The system is prepared in the
topological sector. Then we prepare the state in the Majorana ground state, the MEM as we did
before. We quench to various different chemical potential (horizontal axis). By taking a long time
average (T between 10000 and 11000) for IPR and OVR we make sure the MEM has time to fully
adjust to the new system parameters. Taking the average over a time period ensures oscillations are
filtered out.

Figure depicts IPR and OVR for a quench from pgg = 0 (A = ¢ = 1). The initial has a
maximally localized MEM ground state. Unsurprisingly, OVR is maximal for p = 0, because a state
overlaps perfectly with itself. Also IPR is maximal for g = 0, since this is the most localized state.
We also see that both quantities decay and flatten out as p increases. The OVR goes to zero, while
the TPR approaches the blue solid line. This line (0.02) corresponds to the IPR of the constant wave
function (¢ = (%, ceey ﬁ)), and therefore indicates complete delocalization (CD).

For p outside the topological sector (see Figure the evolved MEM becomes completely delocalized
an has zero overlap with the initial state. The system in the trivial sector does not have any localized
edge state the MEM can go to, therefore it is smeared out over the whole eigenstate basis.
Interestingly, we see that the MEM also disappears for certain regions in the topological sector. We
can define thresholds for the measures: for the IPR IPRy), = 0.08 (four times the CD), and for the
OVR OVRy, = 0.04. If either of the measures is below these threshold, we conclude that the Ma-
jorana did not survive the quench. In this case (Figure the region of stability, or the region
of survival is & € [ftdown, Hup], With ftdown = —0.75 and pu, = 0.75. Hence even for |p] > 0.75 in
the topological sector the MEM disappear. The localized states for these chemical potential are too
“orthogonal” to the original MEM and the initial state is smeared out over many new eigenstates.
Note that for both IPR and OVR the maximum is at u = 0.
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red. At these cross overs either the IPR of the while the 100 sites results have converged to the ther-
modynamic limit.

OVR reaches the threshold value (IPRy, = 0.08,
OVRn = 0.04).

Figure 8.3

Figure [8.2b| shows chemical potential quenches for which OVR and IPR do not agree as good as in
the previous case. Here we prepare the system with pg = 0.5 and both OVR and IPR qualitatively
agree on the cross overs fiyp = 0.9 and pigown ~ —0.7. However, the maximums for the IPR and OVR
do coincide in this case. The OVR maximizes at g, which is 0.5 in this case, since there the system
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remain unchanged through the quench. However for the IPR the maximum is not at pg. We see that
there is a balance between the memory of the initial state and IPR maximization. The inset in Figure
shows the IPR for Majorana eigenstates as a function of chemical potential (and A =t = 1).
As said before the localization is maximized for p = 0, and the IPR decays in the topological sector
to zero at the phase transition p =1t = 1.

Hence for 0 < p < pg the MEM is better localized. Apparently our initial MEM tries to align with
these better localized states. On the other hand the further p and po are apart the more the MEM
dissipates into the bulk, because more eigenstates get involved. The combination of both effects

results in a maximum for IPR at pu'F® ~ 0.25.

In two specific cases (Figure and Figure [8.2b) we have looked at the two measures after the
quench, concluding that there is a stability region for the MEMs. In Figure we see this stability

region plotted as a function of ug, the initial chemical potential. Using the thresholds we have calcu-
lated the lower bound pgown (red) and upper bound gy, (blue) for survival of the MEM.

First, we observe that the MEM survival region is the largest for po = 0. Furthermore, the green
line denotes p = po and using this line we see that a system with y = 0 is much more stable than a
system with p = +0.85 at the edge of this figure. For p = 0.8 a shift of du = +0.2 would already put
the system outside the MEM survival region.

Note that the diagram runs only up to po = 0.85, because for this lattice size (100 sites) the local-
ization of the initial MEM is below the threshold beyond this point.

The values of ftqown,up turn out to be independent of lattice, provided that the system is large enough.
In Figure we see part of Figure for various lattice sizes. For 50 lattice sites there is clearly
some finite size effects in the form of plateaus, but the 100 sites is almost indistinguishable from the
200 sites. We can therefore safely assume 100 sites is large enough for these analyses.
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Figure 8.4: The IPR and OVR (long time average) for the wave function of the MEM quenched from
Ag =1 (a) and Ag = 0.4 (b) to A. (100 sites and g = 0, t = 1). The inset in (a) depicts the IPR for
the initial MEM as a function of A.
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8.3 Superconductivity Quench

We now also take a look at the superconductivity quench. Analogous to the chemical potential quench
in Figure [8.4] we see quenches for different initial condition. The first observation is that, contrary
to the chemical potential quench, the stability region does not cover negative values for A. Up to
now we have only considered A > 0, because this term distinguishes the Kitaev chain from a simple
gapless tight binding model. Therefore at A = 0 there is phase transition. However, this transition
does not separate a topological phase from a trivial phase, but on either side there is a topological
phase. In both figures we clearly see that the topological phases at both sides of the transition are
different. For the quenches in Figure the initial state is a MEM for p = 0 and A =¢ = 1. If
we quench this to negative A the MEM completely vanishes. We see this as well for different initial
condition A = 0.5 in Figure

A simple explanation follows from the Hamiltonian in Majorana language (see Section . We
showed that for p = 0 and t = A two Majoranas, v and 2, do not contribute to the energy. If we
do the same derivation for A = —t the Majoranas operators that drop out of the Hamiltonian are
~v9 and yar,—1. The even and odd Majoranas are the two different types (see ) and changing
the sign of A changes the Majorana type at both edges. The two types are orthogonal, so the MEM
vanishes when quenching from Ay > 0 to A < 0. The localized states in both systems are orthogonal.
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Figure 8.5: The region for MEM survival for a Kitaev chain with 100 sites with 4 = 0 and t = 1.
For several initial superconductivities Ay the upper A" and lower crossover A% are depicted in
respectively blue and red. At these cross overs either the IPR of the OVR reaches the threshold value
(IPR¢n, = 0.08, OVRy, = 0.04).

Similar to the chemical potential quench the MEM does not survive all quenches within the topological
sector. The lower bound for survival of the MEM are around Agown = 0.1 in both cases.

Note that we see a similar distinction between Figure and Figure[8.4b|as we saw for the chemical
potential quench. Figure is prepared in the special point (Ag = 1), so both the IPR and OVR
are maximal for A = Ay = 1. On the other hand in Figure we start at Ay = 0.5. Obviously, the
overlap is again maximal at A = Ay = 0.5. The IPR maximum is pulled away from Ay, because for
A € ]0.5,1] the available MEMs are more localized as we see in the inset of Figure This figure
shows the IPR for the bare MEM as a function of the superconductivity.

This inset also shows the MEM slowly disappearing for A > 1. In fact for the system used in this
case (100 sites) there are no MEM in the initial system (H;) if A > 25, because the IPR is below the
threshold we defined in Section Because of this delocalization of the Majoranas for high A, the
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MEM does not survive quenches to high enough A.

We can make this more explicit by determining the upper and lower cross over superconductivity for
several initial conditions. We see the results of this analysis in Figure As a function of initial
superconductivity (Ag) we see the the upper boundary (blue) and the lower boundary (red) for MEM
survival after the quench. We only consider Ay up to 4, because very high superconductivity is not
physical. Furthermore, only Ag > 0 is plotted here, for negative superconductivity one has to mirror
the plot in both axis.

Again some caution is required when discussing the cross overs in the topological sector (recall that
there is a MEM for |A| > 0). As with the chemical potential quenches it turns out that we can treat
the system size of 100 sites to be close to the thermodynamic limit. Increasing the size of the system
only smoothens out the plot, i.e. takes away the jumps but does not change the shape.

8.4 Adding Disorder

In Section we have seen that the MEM are very robust against disorder. Here we are going to
see what happens to a MEM in a disordered state, when the chemical potential is quenched. We add
the disorder in the chemical potential in the form of block disorder with width du. Note that there
is particle-hole symmetry in the system, so adding a disorder du; to ¢; means a disorder —du,; for
C;r. This disorder shifts all energies in the spectrum up or down. Therefore we have to be careful
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Figure 8.6: Effect of disorder spectrum, shifting of the eigenvalues.

with adding to much disorder. In Figure we see an example of a non-disordered spectrum in blue.
Adding Su; to every site shifts all the eigenvalues in spectrum, only the zero energy are pretty resilient
against this shift, as we saw before. The black arrows depict the shift for a certain disorder. The red
dots denote the new energies. In Figure we see two spectrums for the same global parameter set
(b =05, A=t =1). Figure displays the gapped spectrum without disorder, while in Figure
we see that disorder (0u = 1) forced the gap to close. Hence we see that adding high disorder can
result in the closing of the gap and this has two consequences. As we saw before in a finite lattice the
“zero” eigenstates are never exactly zero, because of finite size effects, we treat them as zero below
a certain threshold. For a highly disordered system energies of the bulk states can also become of
the order of the “zero” energies, hence it is impossible to distinguish the MEM from the other small
energy states.

Secondly, finite size effects start to play a role since the system is not an insulator anymore, i.e. the
zero modes can talk to one another through the bulk.
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Figure 8.7

Therefore we cannot use arbitrarily large disorder, because we have to make sure the initial system
is gapped. For A =t = 1 the size of the gap to E = 0 is given by Agp = 21— pf. In we
see that the chemical potential enters as &, therefore half the disorder (%") should be smaller than
%|1 — p| to avoid the gap to close. We choose the initial system to have chemical potential pg = 0,
so the maximal allowed disorder is du = 1. In all case we prepare the system with a certain chemical
potential pg and disorder distribution dp;. Then we quench by only changing the global chemical

potential, leaving the disorder distribution unaltered.
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Figure 8.8: OVR and IPR for chemical potential quench (u), for initial system (100 site) with pg = 0,
A =t =1 for several disorder levels (du).

In Figure the IPR and OVR of chemical potential quench for dp = 0.3 displayed. We see
that the overlap has changed very little in comparison with the non disordered case (Figure .
On the other hand, the IPR seems to level out. This is due to another localization effect, known
as Anderson localization (AL).J40] This effect appears for instance in disordered chains with tight
binding. Deviations in chemical potential along the chain force the system to localize. The stronger
the disorder, the stronger the AL. In Figure and we see that for strong disorder the IPR
almost completely levels out. This suggest that the state is localized equivalently when quenched to
a topological and trivial system. Hence the localization is not due to the appearance of Majoranas
at the edge, but rather because of the disorder, Anderson localization. In all cases the energy of the
initial MEM is of the order of 10~'¢, which is below Mathematica working precision. As we would
expect the OVR falls of as we go away from the initial condition p = 0.

More research needs to be done in order understand MEM survival in the presence of disorder.



64

CHAPTER 8. RESULTS - KITAEV CHAIN QUANTUM QUENCH



Chapter 9

Conclusion and Discussion - Kitaev
Chain Quantum Quench

In the second part of this thesis we have looked at the the quantum quench for the Kitaev chain. In
particular, analyzing the wave function of a Majorana edge mode after a quench in chemical potential
and superconductivity.

In Chapter [6] we have introduced the Kitaev chain, with it distinctive features. We reviewed the
appearance of localized zero energy Majorana edge modes in the system. And we have seen that
these topological effects manifest for certain conditions, the topological sector. Outside this sector
the system is a simple insulator, the trivial sector. These different phases are separated by a gapless
critical point. Also we have seen that these MEMs are very robust against disorder. These properties
combined make this a good candidate for a quantum computer. This made us wonder about other
experimental distortion the MEMs should overcome, for instance a sudden change in overal chemical
potential. The main question of this part is: How does the Majorana edge mode behave when the
Kitaev chain is subjected to a quantum quench? We attempted to answer this question by looking
at the wave function of the MEM after we performed a quench.

In Chapter 7| we discussed the details of the quench. The wave functions after the quench were
numerically calculated by applying the time evolution operator to the initial state for a finite size
system (100 sites). We presented measures to assess the behavior of the wave function. The overlap
determined the resemblance to the state before the quench and the inverse participation ratio esti-
mated the localization of the state.

Finally in Chapter 8] we discussed the results. First we considered two specific chemical poten-
tial quenched. In both cases the initial system was in the topological phase and we prepared the
state to be the MEM (u = 0, A = ¢ = 1). In one case we quenched the system to the trivial
phase (p = 2), and by looking at the wave function we observed that the MEM dissipated into the
bulk. It delocalized and did not survive this quench. In the second case we quenched the system
within topological sector (= 0.5). In this case there was still some dissipation into the bulk, but the
weight of the wave function was still at the edge. In this case the MEM clearly remained in the system.

We then discussed the survival of the MEM using the IPR and OVR. First we calculated these
measures explicitly for two examples of chemical potential quenches. Starting from the initial system
(o = 0 and po = 0.5) we derived these measures as a function of u (chemical potential after the
quench). We observed that the MEM already seems to disappear for quenches within the topological
sector. Therefore we defined thresholds to determine the stable quench region as a function of the
initial chemical potential. We noticed that this stability region was maximal for o = 0 and the with
of this region was approximately 1.5.
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Then we performed a similar analysis for the superconductivity. We determined the stability regions
for small initial superconductivity. Here the region seems to grow as the initial superconductivity
increases. Interestingly the MEM does not survive a quench from one topological sector to the other
topological sector. At Ay = 0 there is a phase transition between two different topological sectors,
containing different MEM types. These two types are orthogonal and the MEM cannot survive in
the other sector.

We have to mention that for both parameter quenches the finite size effects cannot be completely
ignored. These are inherent to doing a numerical analysis. Even though the evidence suggests other-
wise, the boundaries of the stability regions may be significantly different in the thermodynamic limit.

Finally, we have implemented disorder in the system. This adds a completely new dimension to
the story. Disorder can even cause localization effects in non-topological systems such as the tight
binding model. This effect is known as Anderson localization. When we add disorder to the chemical
potential we see that AL starts to battle with the edge mode localization and it is difficult to deter-
mine whether there is still MEMs.

Quenching the Kitaev chain in the presence of disorder certainly demands for more extensive research.
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Appendix A

Kondo Model from Anderson
Impurity Model

In this appendix we will show how the Kondo model can be derived as an effective theory from
the Anderson Impurity model (AIM). The AIM is a microscopic theory, so by making this connection
we obtain the physical justification for (1.1).

The idea is as follows the Anderson model couples a spinful impurity to spinful conduction electrons.
The Anderson impurity can possess no particles (|0)), one particle (|1),|)) or two particles (|T1)).
In the Kondo model the impurity is a spin, hence is is either up or down, so it is in the one particle
sector. By projecting out the zero and two particle sectors in the AIM we can derive the Kondo
impurity. In the end we let U and €4 become large and E — €, go to zero. These quantities are defined
in the following part.

The Hamiltonian of the Anderson impurity model is given by

H = Z {Ckclo_ckg + (de:fjclm + Vk*c;igdg)} + Zed’ndg + UndTndi. (A.l)
ko o

The ci, are the conduction electrons as usual with the single particle energy ex. The impurity
fermions are d, and they couple to the conduction fermions with Vi and V;*. Adding a impurity
fermion comes with a cost €4, since ng, is the number operator for the impurity. Finally U couples
both spin species of the impurity.

Since we are interested in different particles sectors we can define three sectors of the Hilbert space:

|vbo)
[v) =1 [¥1) (A.2)
|12)
The Schrodinger equation becomes then
Hoo Ho1 Hoo 70) [Y0)
Hyy Hy Hyp V1) | =E| [¢1) |- (A.3)
Hyy Hi Ha |12) [2)

The H,,, are the Hamiltonians coupling the different sectors. If we define projection operators P;
(i =0,1,2) projecting to each respective sector we get

Hyn = P HP,, (A.4)
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The projection operator are explicitly given by
PO = (1 — ndT)(l — ndi), P1 = Ndr + ngp, — 2ndTnd¢, Pg = NarNd| (A5)

Note that Hag = Hoa = 0, because in the Hamiltonian (A.2)) there is no term adding or removing two
impurity fermions.
The diagonal entries are

Hyy = Z ekczgckc,, Hy = Z ekc;rwcka +eq, Hop = Z ekcLUclm +2e4 + U (A.6)
ko ko ko

The two entries creating an impurity fermion are

H10 = Z dej;(l — nda-)Cka-, H21 = Z deindackg. (A?)
ko ko

Here & denotes is 1 if 0 =] and vice versa. We see that Hyg only adds a fermion with spin o if the
other fermion is absent and Hs; only add a fermion if the other is present. Finally Hyy = H 10 and

Hip = H)
21
From the three equation in (A.3)) we can derive

Heg [t01) = Hio [vo) + Hiy [¥1) + Hiz|p2) = Elin) (A.8)
(H1o(E — Hoo) ™ "Hoy + Hyy + Hio(E — Hag) ™" Hou) 1) Ely1). (A.9)

Where we have rewritten the equations in (A.3) to find an equation for |¢1).
Now we can work out the first term in (A.9):

Hlo(E — HO(] H01 Z Vka/ — )Ckg(E HOO)Ck/ /(1 — nda-/)do-, (A].O)
kk'oo’

The strategy with both the first and the third term will be to get all sector dependence to the front
and remain with only terms that depend on the bulk. We go to projector language immediately
because the orthogonality of the sectors makes the derivation a lot easier.

Note that Py + P; + P, = 1, so we can write

E — HyoPy = (E — Hpp)Py + EP, + EPs. (A.11)
Since the sectors are orthogonal it is easy to see that
1 1 1 1
(E — HO()P()) = (E — Hoo) Po + Epl + EPQ (A].Q)

If we insert (A.12) in , we see that only the Py survives:

(E — Hoo) el (1= n4g)dor = (1= n1dgr)dor (E — Hoo) ™' ¢} (A.13)
= CL/U/(l — nag)dor (E — Hoo — exr) 7, (A.14)
where we have used Hoocrror = Y., clgckgcl, , ck, ,(Hpp + €x/) in the second line. Note that the

energy F is for a one particle state. In the end we set |e4],U > |Hool, so E =~ €4. Therefore we

rewrite (A.14))

(E Hoo) Ck/ ,(1 — nd(—,r)d(,/ = —

o (1= nagr)dor (1  E-e- Ho()) (A15)

€k — €d €k — €d
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If we now let |e4| be large then using (A.12) we find:

— N ) Cho Chr gt (1 = Nt o

Hio(E — Hyoo) " *H , .
10( 00) Ho1 = Z Vka p— (A.16)
kk'oo’

Because we only consider the one particle state the n4z can be dropped in (A.16).
Next we work out the two particle virtual states in a similar fashion.

ng(E — H22)71H21 = Z Vk/Vk*CLUndgd (E ng)d /Mg Ck' o' (A.17)

kk'oo’
Now again we can write
1 1
(E_HQQPQ)_l = EP0+EP0+(E—H22)_1P2, (A.18)

and only the P, term remains in the product. Recall from (A.6) that Hay = Hpg + 2¢4 + U. And
using HooCpror = Crror (Hoo — €xr) we find

(E - Hgg)ildl,ndalck/g/ = dz/nda/ckzg/(E — Hyg —2¢4 — U + 6;4)71 (Alg)
d e crro E—¢e;—Hopo )

= —-Z 1-— A.20

U—f—ed—ek/( U+eq— e ( )

We have again put the second line in a form, such that we can drop the last factor to obtain the
leading order terms in 1/U and 1/¢4.
Plugging in (A.20) into (A.17)) we find

s Cho s dod! Mg g

Hi5(E — Hyy) 'Hyy = Vi Vi A.21
12( 22) 21 = k;;,:g/ K Vi i — ( )
This operator acts on the one particle sector we can work out the ngz = 1.
Plugging (A.16) and (A.21)) into (A.9) gives
dT/Ck/ /C]L d C]L d dT,Ck/ ’
Hog = Hoo + €4 — ViV | -2 ke @ | ko T 0! B O A.22
' v kz;;g/ R €k — €d U-+eq—ep ( )
= HO() + €q — Z Akk/dj;_/cklo',c}l;,odo' + Bkk;,c.i];:ada'dl_lck/o'/ (A23)
kk'oo’
= Hyo + €5+ Z (Apr + Bkk/)CLUCk'a/df,/da - Akk/éga’ékk’dl/do - Bkk/5oa'CLoCk/a/
kk'oo’
(A.24)
= Hoo + €4 + Z (A + B )eh erord! dy — Z B €}y o — Z Ak, (A.25)
kk'co’ kk'c k
We have introduced
1 1
Appr =V Vi , By =V'Vpy——— A.26
kk k kek—ed kk k kUJredfek/ ( )

In the last line we used ) __, d, ’dj;./do' =, Ndo = L.

The impurity is singly occupied, so this is a two level system (either 1 or | at the impurity). This
means that we can write the impurity as a spin degree of freedom:

S=di ”“5 Tob s, (A.27)
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where o%’s are the Pauli matrices. Now we use the Pauli matrix identity

Fopys = 200508y — Spbos (A.28)
to write

I 7 S=c & it T g = did, — Lol epodld A.29

ChaOaBCh/BD = CraOapCi gy == s = CpoChio g do — 5 ChoChioty dor (A.29)

Plugging (A.29) into (A.25) gives

5 — A ;7 — B ’
Heg = ; €kChy Cho + %;(A,W + Bk )¢y GaporpS + %Cjﬁack/”’ (A.30)
(e

where we have dropped the constant terms. If V,, = V we see that the coupling constants (A.26]) do
not depend on k (we use |eq| > €;). The first term is now the Kondo coupling, compare to ([1.1]) and
the second term drops out if we assume particle-hole symmetry, i.e. 2¢4 + U = 0.



Appendix B

Matsubara

We are going to see how to work out the Matsubara sums using contour integrals. In general a
Matsubara sum is

> fliwn) (B.1)

Using I'hopital we see that the residue of Fermi/Bose distribution function at the Matsubara frequen-
cies is:

. w . 1 1
A i e i (B-2)

where the upper sign corresponds to fermions and the lower sign to bosons. Hence by introducing
contour integrals the summation in (B.1)) corresponds to:

o 7€ dw [weﬂwlilf(w)} , (B.3)

where C is the contour integral around the imaginary line.
In stead of integrating around the the imaginary line, we can also integrate over the two real half
separated by the imaginary line. This gives the following equivalence

l

l
1
; fliwn) = £6 ; A gy Resaf(z) =+ ; nr5(zi)Res:, f(z) (B.4)
where f(z) has [ poles at z; = 21,..., 2. Note that we pick up an extra minus, because the contour

integral needs to be reversed and the contour direction is counter clockwise. Here i is the Fermi-
Dirac distribution and np the Bose-Einstein distribution.
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Appendix C

Bosonization

Interaction terms can make it extremely difficult to fully solve a quantum mechanical system. Terms
up to second order can be solved exactly, but taking into account higher other terms poses new
challenges. Bosonization is a technique that can help out in some cases.

Here we are going to describe a bosonization scheme, which is a way to rewrite a fermion operator 1
in terms of boson operators. It is not straightforward to express a bosons in fermions or vice versa.
Obviously, the different statistics make a one-to-one connection impossible. Nevertheless, a fermion
density operator p o cfc is already more boson-like, since it commutes in stead of anti-commutes.
This is the first observation of bosonization, since it relates boson operators to fermion densities
(b o< cfe). We already see that this makes quartic fermion interaction terms like c¢fcéfé, much simpler
in boson language because they become quadratic bb. In this appendix we will introduce the necessary
ingredients for bosonization. For a full derivation see [20].

C.1 Bosonization Conventions

There are several different conventions for setting up the bosonization framework. Here we are going
to use the same definitions as [20].

The first remark on bosonization is: it is only applicable in one dimension. In Figure we see
the one particle spectra for one (Figure and two (Figure dimension. For one dimension
we see that a if we excite a fermion from just below the Fermi surface (k) with small amount of
energy (J) it can only go to one specific momentum (k + §/vp), where we assumed linear dispersion
close to the Fermi surface. In Figure we look at the 2D spectrum from the top. If we excite a
fermion from below the Fermi surface (k) with a finite amount of energy, it can go to any k', such
that |K'| = || + 6 /vg, so the momentum smeared out in stead of specifically determined. In fact for
n-dimensions it is smeared out over an n — 1-sphere (S™~1).

For the Kondo problem we can assume that we only have to consider one radial direction after
the reduction from three to one dimensions, since there is one impurity in the origin. Hence we can
drop k < 0 and consider only the right movers (later on we will see what this means).

Furthermore we need the free energy of the fermion to be linear at the Fermi surface. The linear
dispersion is €(k) = vpk = k, where vg is the Fermi velocity.

(0]
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The fermion fields are defined as
1/2
2m _i
(F) Setan (€1)
k

+ 2m Yz ikz .t C.2
VY= T Ze Chy- (C.2)

k

Uy

where 7 denotes the different fermion species (e.g. spin, n = (1,1)) and L is the size of the system.
The operators satisfy canonical anti-commutation relations

{Chns €y} = OnmOrnrs {n (@), ), (2)} = 270, 6( — ). (C.3)

where we have normalized ¥ with a factor of 2 which will be useful later.
The linearized free energy is then

Hy = vak :anckn: (C4)
n,k
L/2 dz
-y / il ()ivr sy (@) (C.5)
n J-L/2 4T

The dots (:0:) denote the normal ordered operator. Normal ordering means moving all creation opera-
tors to the right and annihilation operators to the left. Alternatively it is defined as :0:= O—(0] O |0),
where the second term is the expectation value with respect to the ground state.

Before the bosonization can be introduced we have to define the ground state for n species. Sup-
pose that there are N, particles of species 7, we define the ground state as |N),, where N =

(N1, Na,...,N,,) and the subscript 0 means for all species are filled up to the Fermi surface (no
excitations). The number operator is therefore
N, = Z :anckn:: Z [c;rmckn - 0<0‘Clnckn 10), (C.6)
k k

such that ]\Af77 IN) = N, |N).

C.1.1 Boson Representation

We will now define the boson operators and the connection the fermion operators, the thorough
derivation is in [20]. The boson operators are

—1
byy = \/77 d szqnckn (C.7)

Pt f
byy = \/n—qzk:ckﬂnckn (C.8)

where g = Q%nq > 0. These operators indeed satisfy [bgy, b:;,n,] = Oy dqq’, SO they are bosonic.

If we take a closer look at these boson operators, we note that they both conserve particle number.
Furthermore we see that bjm raises every particle in site k to site k + g, if site k is occupied and k + ¢

is empty. Clearly by, induces the opposite excitation. From this we see that by, |J\7 )o = 0, since in
|(N1, Na,...)), no states can be lowered under the Fermi surface. So we have found the ground state
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for bgy.

The whole N particle Hilbert space is now spanned by acting with combinations of creation operators
on the ground state, i.e. for all|N), there exists f € R[z] a polynomial such that [N) = f(b) |N),.

Note that the particle number is conserved, so N is not changed.

At this point we can also define a boson field:

1 .
_ —1i —aq/2
o) = —E ——e "Thge M (C.9)
q>0 an

1 iqT —a
ga%(x) = _Zquq b:;ne a/2, (C.10)

q>0

And the Hermitian combination

1
bn(x) = oy(x) + @ () = —
@ @ §¢%

Where a > 0 is often interpreted as the lattice size, but here this infinitesimal parameter is used to
regularize the UV divergent sums.
Now we have several useful commutator:

(e7 "%y, + ei‘”b};n) e~ 9/2 (C.11)

len(@), o ()] = [eh(@), el (@)] =0 (C.12)
on@) @l @] = b ln (1— e E ) (C.13)
L>(z=a) —Gpy In (22;(:5 -2 - ia)) (C.14)

And
6n(2), by ()] 770 5 omio(x — o) (C.15)
[6y(@), Bpy(a)] P70 %Wﬁiku—xq—i} (C.16)

Where o(x) is the sign function, analytically continued in 0 (i.e. o(0) = 0).

C.1.2 Bosonization Identity

Now we want to write the fermion fields in terms of the boson fields. Since the boson fields conserve
particle number, we require an additional operator to ensure that 1 (') removes (adds) a fermion.
This operator is called the Klein factor (F,). We can safely assume that F;, commutes with all boson

operators and that it acts in the following way N-particle state:

EJIN) = FIf0)IN)g = fO)cly, 1)y | N)g (C.17)
Fy |N> = F,f(b) ‘N>o = f(b)CNnn ‘N>o (C.18)

From this definition it is easy to see that
F,Fl=FiF, =1 (C.19)
and

{FUT,F,,/} = 20ny, {Fan’} = {F;vFJ/} =0, [NmF;/] = 517n’F;/7 [Nn’Fn’] = =0y Fyy (C.20)
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Combining I) and 1) gives [bg n, Yn(x)] = Oy \/’;quiq”z/}n(x), hence:

1

Dy Uy () | N) g = Oy ——= €974 (2) | N), (C.21)

e
VALY

Since ¥, (x) |N>O is an eigenstate of by, there is a coherent-state representation of 1, (z) in terms of

bj;n,, which turns out to be:
27 1/2 S2m (AT 1 . .
b@) = F, (L> =12 (M= §80)z p—isph (2) —icon (2) (C.22)
— Fnafl/Qe*izfﬂ(ﬁn*%5b)$6*i¢n($) (C.23)

Here the Klein factor F,, makes sure the particle number is conserved. The full derivation can be
found in (CITE von delft). In the second line we have used (C.36)).

C.2 Free Hamiltonian
The Hamiltonian can now also be written in terms of the boson operators. We see that
[Hop, bl = vrabl, 6, (C.24)

so b, is a raising operator with respect to the free energy (Hoybgy |E) = (E +vpq)bl, |E). Therefore
we can write the Hamiltonian in terms of the boson operators as

2mvp 1 &~ ~
L2 Qg VR 5 2mupla o
_ 2,7: </—L/227T2 (0a6n(2)% + 7L Ny (R + 1) (C.26)

where 2TUE %]Vn(ﬁn + 1) is the energy of the ground state. We will assume this to vanish in most

cases, since we let L become large.

C.2.1 Heisenberg Picture

Since we have the free Hamiltonian, we can derive how the boson and fermion operators behave under
time evolutions A(7) = efloT Ae=Ho™:

tn(r) = cpne™ (©.27)
an(T) = c;rme}” (C.28)
bgn(T) = bgye 7" (C.29)
bly(T) = Bye” (C.30)

When we plug this in into the definitions of ¢, (z,7) (C.1) and ¢,(z,7) (C.11)), we see that = and
T are only present in the combination 7 + ¢x. The spatial and temporal coordinates can be trans-
formed using z = 7 + iz and Z = 7 — ix. Hence the operators only depend on z, so we can write

Yn(z,7) = Yy(2) and ¢y (x,7) = ¢p(2).
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We can also derive this more rigorously. '
From 1} we see that the conjugated momentum of ¢, (z,7) is I, (z,7) = ﬁng(xn'). So we can
write the Hamiltonian density from (C.5) as:

Hon =11, (z, 7)0ptpy (z, T): (C.31)
From the Hamilton equations we derive

dHo,

Orty(x,7) = —i0pthy (2, 7(t)) = —zm = —10, 0y (x, 7(t)) (C.32)
07ty (T, ) + 100y (T,2) = 0 (C.33)
0zy(2,2) =0 (C.34)

where we have used 0; = 0, + i0,. Consequently 1), only depends on z and only the right movers
remain.

C.3 Some Useful Identities

C.3.1 Baker-Campbell-Hausdorff

Theorem 1. Baker-Campbell-Hausdorff

Let g be the Lie algebra corresponding to the Lie group G. The linear operator adx acts on g in the
following way: adxY = [X,Y] for X, Y € g. And for A € G we can denote Ad,Y = AY A~L.

For X,Y € g (hence eX € G) the following identity is known as the Baker-Campbell-Hausdorff:

Ad xY = XYy

Or alternatively:

KV X =¥ 4 Y]+ X X V] D6 G I Y+

Proof. Consider f(s)Y = e*XYe X then L f(s)Y = Xe*XYe ¥ —eXVe XX = adx f(s)Y.
So we find f’(s) = adx f(s). Since f(0) = 1, f(s) = e®2Ix. If we now set s to 1, we obtain the
desired result. O

Corollary 2. Product of exponents
Now assume [X,Y] is central, i.e. [X,[X,Y]]=[Y,[X,Y]]=0.
Then eXeY = XY HIXY]/2

Proof. We can define g(s) = e5XesY.
Therefore Lg(s) = XesXes¥ + e XYesY = (X +eXYe ¥)g(s) = (X +Y + [X,Y])g(s).

sX+sY+s%[X,Y]/2

Since g(0) = 1 we now see that g(s) =e Setting s = 1 gives the desired result. O

From this we now have set of useful identities. Given that [X,[X,Y]] = [V, [X, Y]] = 0 the following
holds:

eXYe X Y +[X,Y] (C.35)

XY XY H[XY]/2 (C.36)

eXe¥ = eVeXelNY (C.37)
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C.3.2 Thermal Average of Exponent of Boson Operators

Theorem 3. Thermal average of exponent of boson operators .
Assume H is quadratic in boson operators and we can write some boson operators as B = Zj Ajbj +

S\jb;f, Then:
(e¥B) = X*(B%)/2 (C.38)
Proof. First we expand the exponent:

By _ N (AB)") o~ (AB)*M)
() =>" = > ) (C.39)
n=0 n=0

The odd terms drop out since (B2"+1) = 0.

Now we can apply Wick’s theorem to (AB)?"). There are (2n — 1)(2n —3)...1 = (22,1”73,' different
contractions, so:

@) =3 i e = (A 5 >> = (C.40)

n=0 n=0

C.3.3 Normal Ordering of Exponent ¢

Theorem 4. Normal ordering of exponent ¢
Let ¢,)(z) be as defined in then:

) Xy (2)
LiAD, (). €
e on(2) . = 7@”\%(2)) (C.41)
Proof. Recall that ¢, (z) = ¢y (2) + ¢l (2). therefore:
eMn(2), = iAe](2) piden (2) (C.42)
M@ (2)Hen(2)) =2 /20, ()00 ()] ysing (C-36) (C.43)
' I A2/2
= (2 (27ra> using (C.57)) (C.44)
Using (C.38) we see that we can write:
i\ A2 2 2ma )\2/2
(eP®n(2)y = = A (90 (2)7) — (L) using (eq:appthermalaverage) and (C.77)) (C.45)
This gives the desired result. O
One can easily check that a similar relation holds for ¢¢n(2)¢=irén(=");
iXpy (2) ,—idPy (2
LeABn(2) =N (). € We = (C.46)

<ei)\¢7n (2) g—iAey (z’)>
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C.4 Commutation and Anti-Commutation Relations

We shall calculate several commutation relation for the boson operators and field. First of all by,,:

P 1 i i i i
[bqn, bq/n/] — \/W Z (Ck—qncknck/+q’n’ck’77/ - Ck/_,'_q/n/ck;’n’ck_ankn) (C47)
q'%q .k’
1
_ T T T T
= s Z (Ck—qn(§ﬁn/§kk'+q/ - Ck’+q’n’ckﬁ)ck'n’ — Ckl+q/n/ (Jﬂnlék/k—q — Ck_qnck/n/)ckn>
vV ''q'tq k.k’
(C.48)
1
— T T
= Z <Ck+qliqnckn/ — Ck+q’n’ck+q7l) (049)

VAL LT s
(C.50)

If we are not careful here, we might conclude that the commutator vanishes. In fact for ¢ # ¢’ the
terms within the sum vanish indeed. For ¢ = ¢’ the terms are not normal ordered, so they diverge.
Now we can use Cank/n’ ::clnck/n/: +(c£nck/n/> to find:

1 - - - .
[bgn: b;’n'] = 5nn’5qq’n* Z [(icZanni - :CLJranlan:) + (o<0|02770kn 10) — 0<0|02+qnck+qn |0>0ﬂ
7k

(C.51)

]. — -, - —,
= 5nn/5qq’nfq Z <0<0|C};nckn 0)o — o<0|CL+qnck+fm |0>o) (C.52)
k

In the normal ordered term we can safely shift k¥ — k + ¢. For the remaining term we see that:

0 k<0

C.53
1 k>0 ( )

<Cank77>0 = 0<O|Cltnckn 0)9 Clznckn>0 = {

> (tehyern) = (pgerran) = > 1=n4 (C.54)

k O<k§%"'nq

So indeed [bgy,b!, ] = Oy Ogq -

ans> Yq'n’
All other commutators vanish.

Now we are going to take a look at the commutator of ¢, (z):

1 - ’ ’ ’
t(2)] = —ilgz—q'a’) g—ala+d)/21, pt C.55
lpn(@), o (2)] q)}q/;o N ¢ L (C.55)
1 . / 1 x n_s
_ 57777/ § 7efq(z(zfa: )ta) _ 57]77’ 2 767%nq(z(z71 )—ia) (056)
q>0 Nq ng>0 4

= Gy In(l — e F (@ma)—ia)) L)

5, In (22;(;1@ Ca m)) (C.57)

In (C.56)) we recognized the Taylor series of In.
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We can use this to find [¢,(x)0 ¢y (2')] first:

0a(@) Oy @] = 0w (Ien@), 0 (@) + 6} (@), o () (C.58)
2T 1 1
- Zf&ml (ei?((x—x/)—ia) -1 + el (' —z)—ia) _ 1) (C.59)
L>>(£—LE/) 3 a/7r _ l
= 2mi ((z e L) (C.60)
a . 1
20 §2mild(e — ') — 7] (C.61)
In the last line we used lim, .o wf/%az = §(x). If we now integrate this expression over z’ in de
neighbourhood of = we obtain
[0 (), Py ()] = =8y 27i0(z — &) + C = =6y io(z — ') (C.62)
Where we have set C' = 0,,ymi such that [¢, (), ¢, (2')] = —[dy(2), dy(x)] and o(z) is again the sign
function.

C.5 Useful Correlation Functions

In this appendix we will work out some useful correlation function. We start by calculating the
correlation function <01Tcnck’n’> and (b];an,n/>:

T‘I‘(CLan/nle_ﬂHo)

T —
<Cknck"77,> - TI'(e_BHU) (C63)
e Bk
= 6nn/6kk/m (C64)
57777’51616’
Ch (C.65)

Where we have used (C.4)

Tr (b}, by e PH0)

<bj]’l7bq,77/> = Tr(e*ﬁHO) (066)
_ 5 XNy (Nal blybe 70 [Ny) (C.67)
o Z?\ZFO (Ny| e=PHon [N .
s Dm0 Nne (C.68)
- ' %qq’ ZOO e—BaN, .

N, =0
1 oo
= —5,7,,,5@,5@,1 In | > e faln (C.69)
N,=0
1
= 5?777/5«111'3&1 In (1—e~7) (C.70)
Oy O’
= 7622 _qql (C.71)

Where we have used (C.25)), simplified |N) to |N,) and assumed L — oc.
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We assume T — 0, so —z3— = —0(—¢) and Wlﬂ = 0(—q). The ¢ two point function becomes
0 e bl )+ € (B b .72
(60(2) (0)) = ZOW (7 Banbhy ) + €% (Bl bara)) (C.72)
—a(q+q')/2
e
= ————— Oy Oqq (67 (1 = 0(—q)) + €76(—q)) (C.73)
q;o \/W nm -aq
e_aq —qz z
=S Y - (e770(q) + e*0(~q)) (C.74)
q>0 q
—q(z+a) -
=Gy > = Gy In(l — e F ) (C.75)
>0 Mg

In (C.74) we see that 8(—¢q) = 0, since ¢ > 0. Finally in the last step we recognized the Taylor series
of In.
We can define the Green’s function for the boson operators as

G (2) = =(Ton(2)bry (0)) = O0(7) (D (2) Py (0)) — O(=7) (b (0) o (2)) (C.76)

where T is the time ordering operator.
Using (C.75) we see the Green’s function can be written as

gm?/(z) = Oy In(1 — 6_2%(—0(7'),2-&-11)) LZZ) —In (22—(0(7),2 + a)) , (C.77)

with o(7) is the sign function.

Finally, we look at (h(7)h(7"))s where h is confined to A’ < k < A and A’ = e %'A. We begin at
(C79):

—a(j7=7"|+a)
B = Y (C.78)
A Jvp<q<Avy q
o e=allr=7"+a)
= - > — (C.79)

AN Jvp<q<A/vy a

Aoy p=a(jr—7"|+a)
= / dg———— (C.80)
A Jvug q
_ 9l ’ ’
= %e—f\/w(lf—f +a) = e=MvslT="'l§) = F(|7 — 7'|)dl (C.81)

where we implicitly assumed that (h(7)h(7))s, is time ordered so it only depends on |7 — 7’| and have
introduced F(|7 — 7'|) = e Mvsl7=7'l,

C.6 Bosonization One-channel Renormalization Group

In Section we look at the RG-flow using bosonization. In this appendix we go through the full
derivation of the RG-equations.
We can write down a full action from ([3.19)

S=5+5, (082)



84 APPENDIX C. BOSONIZATION

with

S, =- 1 a/dT i(vV2=7)¢(1,0) g— (T) + —i(\/i—'v)fﬁ(ﬂo)s—&-(T)) (C.83)
T

To calculate the RG-flow we only have to treat J, perturbatively. In the end this means that we
obtain an exact flow equation for ~.

Here ¢(7, ) is the time evolved operator. In fact it only depends on 7 + iz (see Appendix .
Now we impose a cut-off on the momentum, |k| < = +n Where A = Agel. We can then split up (b

NV (1
o) = | X+ X ) e (e, ) et (Clevtag)
0<g<h'/vr A jvp<q<A/ve Vi Vit
= on(7,@) + h(T,2), (C.85)

with A’ = Age! =9 (5] small). We assume h(r, ) is small with respect to ¢/ (7, z). The partition
function then becomes

7 = /d[d)] e~ Sol#l=51[4] (C.86)
-~ / d[pa]d[h]e Sol@arl=Soll=Sulgn 40 (C.87)
— / [par]e —So ¢A/]< _SL[¢A’+h]>h (C.88)

Where Zj, = [ d[hle~%"] and (...);, is the expectation value with respect to So[h].
Now we can define an effective action:

Selon] = Soloa] —In (e SH o tH),) (C.89)
= Slga] —In (1—<SL[¢Af+h}>h+ <SL[¢A/+h]>) (C.90)

= Soloar] + <SL[¢A/+h]>h~(<SL[¢>A/+h] Y — (S1[dar + R])3E) (C.91)

C.6.1 First Order

The first order correction can easily be computed by calculating (... ):

(S1[bar +h])n = _7/(17 (V21 (10) ((iVB-1)R(r0)y
+ ST (r)e V2 v)dw(T,O)<efi(\/§fv)h(ﬂ0)>h) (C.92)
L[ ar (Sf(T)ei(ﬂfvm/ (m0) 4 5+(T)67i<¢§77>¢y<r,0>> o= L (.00
4ma
(C.93)
In the last step we used (C.38). Using ((C.81]) we see that:
(h(7,0)%) = 6l (C.94)

Now we rescale the integral to recover the original cut-off A, hence k — A—/E but the scalar product

k - Z should be invariant. Therefore 7 has to be rescaled as well, 7~ //\\ T = e %7, This gives a factor
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(1—%)6 f
e ~1+ (1 2om) ))(5[ The first order correction now becomes:

(Silpar +h])n = —

4ma

—_ ~)2 . )
1+ (1 - (\62)> 61] Ju /dT (Si (T)ezﬁ%(T’O) + S+(T)eﬂﬂ¢"(7’0))

(C.95)

C.6.2 Second Order

The second order correction is little bit more complicated. To shorten the expression we drop the
(xz = 0) in the following expressions. We start of with

(SLlpar + B2 n — (SLloar + B))} = 15mbas [ drdr!
S—(1)S~ (T')ei(ﬂ*v)%/(T)ei(\/?v)dw (") [(ei(ﬁfv)h(ﬂei(ﬁfv)h(T')>h — <ei(‘/§*7)h(7)>ﬂ

LS (1)SH () e HVE=N b (1) =i (VI Dnr () [(e*i(ﬁ*’Y)h(T)e*i(\@*W)h(T/»h _ <ez‘<ﬁw>h<7>>2}
+5H(1) S~ (7)e~iVEMoar (1) i V2= (7') {<67i(\/§w)h(f)ei(\/ifv)h(r’)>h_ (ei(VZ=)h(7)) }

5 (1) SH (7)€t (V216 (1) =i (V2=)ns () [(ei(\/?—v)h(f)e—i(\/ﬁ—v)h(f')>h_ (e (V2=h(r)) }
C.96

~

Immediately we see that the first two terms vanish, since STST = §=5~ = 0. Using (C.38) we

can rewrite (e~ (V2RI G (VENA(T)Y o =(V2=2)*(h(r)*)n (V=) (MDD and (ei(V2-Nh >% _
e~ (V2= (h()*n - Using (C.81) to calculate (h(1)2), = 6l and (h(T)h(7'))n = SIF (] — 7'|) =

Sle~ M7=l we find

(Silpar +h*)n — (Silpa + A2 = (V2 — 7)25l167rj2_a2 /deT'F(|T -7

[5+ (1)S~ (T/)e—i(\/i—w)%/ (1) i(V2=Mbnr (7') | g (T)S+(T/)ei(\/§—'v)¢m (T) =i (V2=7)dns (7-/)}

(C.om)

where F(|r —7/|) = e 2/*#(7=7"1) which is short-ranged, since A > 1.

So we can redefine:
T=1-1 (C.98)
Tt (C.99)
2

with |7| < |T|. For the remaining exponents of we get (o = =£):
o=V (G0 (1) = s () _ = 0i(v2=)(dpr (T+5) 601 (T—)) (C.100)
e~ 0i(V2=)T87 ¢ (T) (C.101)

~ 1 — ai(V2 — ) FOroa (T) = —ai(V2 — )Fdrdar (T) (C.102)

Where we used the limit definition of the derivative in (C.101f). The 1 in (C.102)) can be dropped,
because this only gives a renormalization of the free energy. This is not interesting in this case.
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From (C.61)) we can conclude that the conjugated momentum of ¢(z) is II(z) = 30,¢(x). The
Hamilton equations using Hamiltonian (C.26)) now give:

Ord(T, 2) = —iOhd(T(2), 7) = —ime T

TTe s~ —i0,¢(T, x) (C.103)

Using (C.102)), (C.103]) the second order correction (C.97)) reads:

(V2 — 7). 16‘2&2 / AT, én (T, 0)[S* (T)S~(T) — S~ (T)S* (T)] < / a7 TF(T)> (C.104)
JvE
3r2a2 A2

— (VZ— )%l [ dro.on(r.0)57(1) (C.105)

where we used [ST,S57] =25, and [d7 7F(7) = %
So now

J2 2
Sualoa] = Sofén) = (VE =) 2501 [ dro,on(r,0)s°(r)

B (\/5 —7)2 JL / — ivV2¢(1,0) + —iv2¢a(7,0)
1+ (1 — ol Tra dr (S (r)e + S (1)e )
(C.106)

Since the action does not depend on the cut off, we find

T Naren = (<L 23 0+ (VR (C.107)
N “\ovar 7 ) Tor2a?A2 :
Ji(l+dl) (V2 —7)? JiL
P 1+(1 5 ol p— (C.108)
So the RG-equation become
dv(1) J2v?
a = V2 g (C-109)

dl) <1 - M) J1 (C.110)



Appendix D

Symmetries of the Kitaev Chain

In this appendix we are going use the symmetries of the Kitaev chain to derive identities useful for

Section

D.1 Particle-Hole Symmetry

The Kitaev chain is anti-symmetric under the interchange of particle and hole, meaning the eigenvalues
change sign under the transformation. Note that because of particle-hole pairing through the BdG
formalism the spectrum is invariant.

Let H be the BdG-Hamiltonian of some Kitaev Hamiltonian (H) and v, some eigenstate, with E; > 0
the eigenvalue then Hpy and 1,/1;- are the particle-hole inverted. The Hamiltonian transform as
follows using;:

1 1
Hpy = —Mzi: (CiCZT - 2) —3 ZZ: (t(cic;r+1 +eiprel) + Aclel,, + Ci-‘rlci)) (D.1)
1 1
= —MZ (—cjcl +1- 2) ~5 21: (—t(cjﬂci + i) — A(CZT-HCZT + cici+1)) (D.2)
_— (D.3)
Hence also Hpyg = —H.

So we can see that:

Heut; = Eji) (D.4)
My, = Ej) (D.5)
Hy; = —Ej) (D.6)
(D.7)

So 7721} is an eigenstate of H and has opposite eigenvalue from ;. Using 1D we see that:

o= (@)= () ©3
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Suppose we sort the eigenvalues of # in increasing order (i.e. E; < Ej41), then we can define ¢, and
1_; to have opposite eigenvalues, respectively F; and E_;. Now we can rewrite as:

¢;j = 0 (D-9)
0 = o (D.10)

This discussion does not hold for E = 0 since this state is degenerate, hence the eigen space 2
dimensional. We need two state to span the eigen space, which are ¢, and ¥ _;.

D.2 Inversion 4+ Time Reversal Symmetry

In this section we are going to look at a combination of two transformations. The Kitaev chain turns
out to be invariant under simultaneous chain inversion an time reversal. Inversion (Z) maps ¢; to c_;
(where we have defined: ¢_; = ¢,11—; for ¢ > 0). Time reversal (T) changes the direction of time.
Note that only the superconducting term cares about time direction. Time reversal means A — —A.
We can easily see that letting ¢; — ic; and CI — ficl is equal to time reversal. The Hamiltonian is
symmetric under the combination of these operations:

1 1
_N’Z (c;rci — 2) — 5 Z (t(C;rCiJrl + C;[+1Ci) — A(CiCiJrl + C;(_,'_lCI))

%

Hirrs =IP[H| =1

(D.11)

= (C:;rci - ;) - %Z (t(CICz‘H +elie) + Alciein + Cjﬂcj))
Z 1 (D.12)
—H (D.13)

Suppose we have an eigenstate ¢ of H with eigenvalue E. Then Hiy = FEt is invariant under this
combined symmetry (inversion and time reversal). so

Hirrrs = HitrsYitrs = EYrrrs (D.14)

Suppose the eigenvalue E is non degenerate (this only fails for a Majorana edge mode or for a specific
parameter t = A and p = 0), then the eigenspace belonging to E is one dimensional. Since both
and ¢Yrrrs are normalized and have the same eigenvalue they are equivalent modulo a phase:

¢ = e"“prrrs (D.15)

Again we can split the eigenvector in the particle and the hole part, we then see that (D.15]) can be
written as:

bi ie' ¢ (D.16)
0;, = —ie®h_; (D.17)

Note that H is a symmetric real matrix. Therefore the eigenvectors v are real (up to an overall
complex phase, which we choose to be 0). Hence a = F7/2 and we see that (D.16]) becomes:

b = +bs D.18)
9,‘ = :Fe_i (D19)
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D.3 Condition Majorana Edge Modes

In order to see under what symmetries the Majorana edge modes (MEM) are invariant we will use
the transfer Matrix approach.
The word Majorana in Majorana edge modes already makes us suspicious_that at the edge either
[pMEMY — gMBM (¢, g o) o [pMEM) — gMEM (0. _ 1) where ¢ is as in Eq. Alternatively one of
the following equations holds.

S~ g (020)

GMEM  _ _ gMEM (D.21)
Now we will use the transfer matrix approach to show that either (D.20) or (D.21)) holds at the edges
of the the system.

D.3.1 Transfer Matrix

Before we derive the transfer matrix we rewrite the Hamiltonian (6.3]) using:

1 ) 1 .
¢ = 5(72%1 + 172i), of = 5('721'*1 — 72:). (D22)

The Hamiltonian becomes:

. n—1

N s it o o
H=-5 > ivaiivai + 1 D A+ t)y2iv2ie1 + (A = B)y2i172i12] (D.23)

i=1 i=1

Again we can put this into the matrix form

H=TTH.T, (D.24)
where I'= (v 72 ... 7Y2r—1 72 L)T and H, equals
Ho Hy 0 ... 0
Ho Ho Hy :
Hy=| 0 H_ Ho - 0 | (D.25)
: . OHL
0 ... 0 H_ Ho
The block matrices are:
Ho = < _(;% io% ) and Hy = ( i% i% ) (D.26)

Assume [pMEM) = (ay By,...,ar,Br) - T is a MEM localized at site 1. We then have the following
equation:

1, | | =0 (D.27)
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Combining (D.25)) and (D.27]) we find:

Q1 (o7 Qi1 _
i () (5) e (5 =0 )

This can be rewritten into the transfer matrix form:

Q; Q-1
aﬂi =T B;_l ) (D.29)
i+l i
Bit1 Bi
where T is the transfer matrix:
0 0 1 0
0 I 0 0 0 1
T = _ c = _ D.30
((m) Y () %) A0 A o (D-30)
0 _ A+t 0 2p
At At

This matrix has the eigenvalues:

Cu+JE L2 A2
AE - CHEVEH (D.31)

o t+ A

n —pE N\ p? 4 t2— A2
= D.32
i~ A (D-32)

K =

With corresponding eigenvectors:

|)‘i> = (1’07)‘i70)1’ (D.33)
K5) = (0,1,0,55)T (D.34)

D.4 Zero Energy Mode in Semi Infinite Chain

We are now going to consider the chain to be semi infinite. This means that the Majoranas localized
at both edges are far enough apart, such that they do not feel each other, e.g. the wave function falls
off quickly enough.

If we now start at site 1, the MEM should be of the form (ag, 8o, @1,51)T = (0,0, 1, 51))T, because
site 0 is not in the chain. We can build this state out of : an

(@0, Bo, a1, B1)T = A(IAT) = [A7)) + B(Is™) — |57)) (D-35)

Here A and B are some complex constants. We take the difference between the eigenstate to get

@, 50 =0.
The transfer matrix approach now allows us to find (a, 8;) by applying 7% 1:

(i1, Bi—1, 00, B) = T [A(AT) = A7) + B(|s™) — |+7))] (D-36)
= AT = )TN+ B THET) = (57) T RT)) (D3T)

Since we want the MEM to be localized («;, 3;) should go to zero as i becomes large. In other words,
A is non zero if [AT],|[A7| < 1 and B is non zero if x|, |s~| < 1. Since k* = 5L there is a regime
in which A is non zero and a regime where B is non zero, but they cannot both be finite.

If we assume the system is in the topological sector and A > 0 then |[AT|,|A7| < 1, so we 8; = 0 and



D.4. ZERO ENERGY MODE IN SEMI INFINITE CHAIN 91

a # 0.

Now we also would like to know the Majorana mode at the other end. The only term in the Hamilto-
nian ([6.3)) that concerns direction is the super conductivity. Note that if we let A — —A, the chain
is mirrored. Hence we see that at the the other edge (near i =n) a; = 0 and f; # 0.

Now we can conclude that at edge near site 1 we have

¢34EM = —|—9%\/IEM near site 1 (D.38)

HMEM - —  _gMEM " pear site n (D.39)
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