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Correlations in Low-Dimensional
Quantum Many-Particle Systems

Erik Eriksson

Department of Physics
University of Gothenburg

Abstract

This thesis concerns correlation effects in quantum many-particle sys-
tems in one and two dimensions. Such systems show many exotic non-
Fermi liquid phenomena, which can be treated analytically using non-
perturbative field-theory methods.

Quantum phase transitions between topologically ordered phases of
matter, which do not break any symmetries, are studied. It is shown that
although there is no local order parameter, a local measure from quantum
information theory called reduced fidelity can detect such transitions.

Entanglement in quantum impurity systems is also studied. The
general expression for scaling corrections in entanglement entropy from
boundary perturbations is derived within conformal field theory, show-
ing that the asymptotic decay of Kondo screening clouds follow the same
power-law as the impurity specific heat.

Furthermore, the effects from spin-orbit interactions on Kondo physics
in helical Luttinger liquids are studied. Such helical liquids occur on the
edges of two-dimensional topological insulators. It is shown that Rashba
and Dresselhaus interactions can potentially destroy Kondo singlet for-
mation in such a system, and that the coupling to an electric field gives
a mechanism to control transport properties.

The most recent work focuses on correlations in interacting one-
dimensional Bose gases. The asymptotic expression for correlation func-
tions in a generalized Gibbs ensemble, where all the local conservation
laws appear, is obtained from Bethe Ansatz and conformal field theory.

In addition to the research papers with the above results, the thesis
also contains an introductory text reviewing background material.
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Outline

This thesis on correlation effects in low-dimensional quantum many-
particle systems is organized as follows. Chapters give a review over
existing literature on the physical systems and methods that are treated
in the thesis. In Chapter [1| we discuss the paradigms that have domi-
nated condensed matter physics for much of the 20th century, and the
new developments in correlated systems that go beyond those paradigms.
Chapter 2] introduces first the bosonization technique to treat interacting
fermions in one dimension, and then conformal field theory which pro-
vides a unifying framework for gapless one-dimensional systems. Chap-
ter 3] treats the Kondo effect in various systems, in particular the bound-
ary conformal field theory approach is reviewed. In Chapter [ we discuss
an intrinsic phenomena in correlated quantum systems, namely entan-
glement, and review the universal results that can be obtained for gap-
less one-dimensional systems using conformal field theory. In Chapter
we review topological phases of matter, discussing topological order and
topological quantum phase transitions as well as two-dimensional topo-
logical insulators and their edge states. Finally in Chapter [6] we introduce
the Bethe Ansatz solution for the interacting one-dimensional Bose gas
and discuss the generalized Gibbs ensemble.

In Chapter [7] we give a brief introduction to Papers I-VI, and sum-
marize the main results in them. The introductory text ends with a
summary and discussion in Chapter [§ Appendix [A] contains a general
derivation of the conformal field theory results for the von Neumann en-
tropy presented in Papers II-1I1. Finally the thesis contains Papers I-VI
which are published, or submitted, research papers containing the new
results of this thesis.
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Introduction

Our attempts to understand Nature must inevitably take into account
that the whole is often not just a simple sum of its parts [1]. An overly
reductionistic view on physics as merely a development towards an un-
derstanding of smaller and smaller constituents eventually leading to a
"Final Theory” in terms of the most elementary parts [2], would not shed
much light on those rich and fascinating collective phenomena that we
know by experience will emerge when putting many such constituents to-
gether [3//4]. Tt is usually not possible in practice to reconstruct the laws
governing collective behavior from the underlying laws for the elementary
parts. Understanding the mechanisms that govern human society for ex-
ample, can hardly be accomplished through elementary particle physics.
Similar arguments are valid also within theoretical physics itself. Namely,
although we now believe that we have a good understanding of the quan-
tum mechanics that govern individual particles [5-7], the complexity of
quantum many-particle systems [8,9] continue to confront us with many
intriguing challenges [10].

The relevant degrees of freedom for the description of a physical sys-
tem are not the same at different energy scales. If one is interested
in the dynamical properties of a system at room temperature one usu-
ally do not need to take subatomic processes into account, and at even
lower temperatures there should be even fewer details needed to formu-
late an effective theory at that energy scale. For a many-particle system
in some condensed phase, i.e. a condensed matter system, an effective
low-energy theory will often be in terms of collective degrees of freedom
varying over large distances. In such situations the effective low-energy
theory should be a field theory [11,|12], where only such details as un-
derlying symmetries need to be accounted for. The notion of symmetry
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indeed pervades modern physics, and in particular the physics of con-
densed matter. With symmetries comes conservation laws, generically
associated with low-energy excitations. The framework relating physical
theories at different energy scales is known as the renormalization group.
It explains the mechanism behind the observed universality of physical
phenomena, where low-energy properties of large classes of systems are
remarkably similar as long as they share the same underlying symmetries.
These symmetries thus allows for the classification of different phases of
matter, and with the renormalization group follows an understanding of
phase transitions in terms of scale invariance |13].

It is indeed natural that physical theories in general are just effective
theories for the energy range of their confirmed validity, and that they
in principle always could be just a limiting case of some "Final Theory”
[14]. We should not be surprised therefore to find exotic new phenomena
regardless if one goes towards higher or lower energies.

1.1 Quantum many-particle systems

It is an easy task to write down a many-particle Hamiltonian, such as

~ pl ~ ~

H= A 2me +ZV;1(I'Z') —|—ZVee(ri—rj) (11)
7 [ 1<

for electrons moving in a static Coulomb potential V;; from lattice ions[]

and the Coulomb potential V.. from the other electrons, with m, the elec-

tron mass and p; the momentum operator. However solving the problem

exactly, i.e. finding the solutions |¥) to the Schrodinger equation [16]

) -
i [¥) = H|©) (1.2)

presents a formidable challenge already for just a few particles. Just as
in classical mechanics, no general analytical solution for three or more
interacting particles can be found. Various approximation schemes how-
ever often work very well. An example of the quantum three-particle
problem is the He atom, which can be treated quite accurately using
perturbation theory. In order to treat problems perturbatively one must
however choose a proper reference state to perturb around.

IAlready by assuming this lattice potential to be static has a first separation of
energy scales been done. This so called Born-Oppenheimer approximation [15] can
be justified by the large difference in mass between the ions and electrons.
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Correlated systems

Condensed matter systems consists of a macroscopic number of parti-
cles, typically on the order of ~ 10%* per cm? for bulk systems. Finding a
good ground state that allows for a perturbative treatment is not a trivial
thing. Remarkably however, for many systems it turns out that although
the electrons interact with strong Coulomb repulsion, they can qualita-
tively be treated as almost non-interacting. These systems show weak
correlations, meaning that they effectively can be described in terms of
single-particle states. For such solid-state systems it is a good first ap-
proximation to consider non-interacting electrons in a periodic potential,
for which the wave functions 1, (r) = e%Tu,(r) are given in terms of the
Bloch wave functions u,x(r) which have the periodicity of the lattice [17].
The resulting band theory in terms of some effective single-particle states,
where interactions can be treated within a mean-field framework, works
remarkably well in most cases and forms the basis for our understanding
of electronic structure |18]. However, for some systems such methods
fail because of electronic correlations, and these are then referred to as
strongly correlated systems. For these systems it might not be possible
to find some effective single-particle description. In other cases this may
still be possible, but with new effective particles that are qualitatively
very different from the original electrons.

1.2 Beyond Landau’s paradigms

One may wonder why electrons interacting through the long-ranged Coulomb
potential should possibly allow an effective description as free particles .
The explanation to this is provided by Landau’s Fermi liquid theory [19)
for interacting fermions, which shows that excitations at the Fermi sur-
face are stable and behave as effectively free quasiparticles, "dressed” par-
ticles with the same quantum numbers as the non-interacting fermions.

An important case where correlations play a role is at continuous
phase transitions. Here increasing fluctuations at all length scales cause
a divergence in the spatial extent of correlations in the system. A phe-
nomenological model by Landau [20], relying solely on the concept of
broken symmetry, has laid the foundations on which most of our under-
standing of critical phenomena, as well as collective excitations, is built.

Together these two theories, Landau’s Fermi-liquid theory and the

Landau theory of continuous phase transitions, have formed a paradigm
dominating much of 20th century condensed matter physics [21].
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1.2.1 Fermi liquids and non-Fermi liquids

For a non-interacting Fermi system at zero temperature all states up to
the Fermi energy will be filled. This implies a distribution function taking
the form of a step function

1 when <
n(p) = 0(p — pr) :{ 0 when ﬁ;; (1.3)

as a function of momentum p, defining the Fermi momentum pg. The
basic idea behind the concept of the Fermi liquid is that of "adiabatic
continuity”. When turning on the interactions, the states will be adia-
batically connected to those in the free system, provided no phase transi-
tion occurs. Hence the interacting system will also have a Fermi surface,
and the excitations will carry the same quantum numbers as the original
electrons but with renormalized, "dressed”, values of their energy and
dynamical properties such as mass [22]. The fundamental excitations
are thus no longer electrons but so called quasiparticles, which still are
electron-like. In particular, there is still a discontinuity in the distribu-
tion function at the Fermi level, given by the quasiparticle weight Z. The
weight of the delta-function peak in the spectral function for free elec-
trons is Z = 1, becoming Z < 1 for the quasiparticle when interactions
are turned on. The reason why such quasiparticles are stable excitations
is purely kinematic: A quasiparticle with momentum p; close to pr can
decay into another state with momentum ps by simultaneously creating
a quasiparticle-quasihole pair. Conservation of energy however severely
restricts the available states for this scattering event to be possible. In
three dimensions it leads to a scattering rate ~ |p; —pr|?, which vanishes
sufficiently close to the Fermi surface hence showing the stability of the
quasiparticle. This also shows that the resistivity should go as ~ T2 at
low temperatures. Similarly, since the quasiparticles qualitatively behave
as the original free electrons, one recovers the free electron expressions
for specific heat, C,, ~ T, and magnetic susceptibility, x ~ const., as the
temperature T"— 0. Note that the phase space argument, which can be
confirmed rigorously with a renormalization group analysis [23], does not
assume the original particles to be weakly interacting. Hence it provides
an explanation for how strongly interacting electrons can result in weakly
interacting quasiparticles.

Non-Fermi liquids are simply those metals for which Fermi liquid the-
ory fails [24]. Situations where Landau’s paradigm breaks down include

e Superconductivity. The Fermi liquid is unstable to arbitrarily small
attractive interaction between electrons, leading to the formation
of Cooper pairs [25]26].
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e In one dimension. Here the quasiparticle decay rate ~ T, which
is comparable to its excitation energy. Hence they are unstable
and the Fermi liquid will never form. The corresponding universal
theory in one dimension is instead the Luttinger liquid [27}2§].

e Near a quantum critical point [29]. When there is a continuous
phase transition at zero temperature there are fluctuations at all
length scales, dramatically enhancing the scattering rate destabi-
lizing the quasiparticles.

e Kondo systems with multiple electron channels or impurities. A
Kondo resonance at the Fermi level due to electrons scattering off
magnetic impurities can in many cases lead to a breakdown of the
Fermi-liquid picture [30,31].

As we have seen, reduced dimensionality can play an important role in
invalidating the Fermi-liquid paradigm. This may also be the case for the
still poorly understood high-temperature cuprate superconductors where
the 2d CuO, planes are expected to be responsible for most of the exotic
properties, including the non-Fermi liquid normal state [32].

Indeed, understanding non-Fermi liquids has become one of the cen-
tral challenges in modern condensed matter physics, pushing the devel-
opment of new ideas and concepts as well as mathematical methods and
experimental techniques.

1.2.2 Symmetry breaking and local order parameters

The second paradigm of condensed matter physics is Landau’s theory of
phase transitions [20}/33]. The approach is to identify a symmetry that
is spontaneously broken in one of the phases. This is unambiguous since
a symmetry always is either present or not present. For example, when
a liquid crystalizes the translational symmetry is broken. The broken
symmetry gives a local order parameter from which one can construct
an effective field theory, allowing for the calculation of critical exponents
from symmetry considerations alone. The paradigm for the classification
of condensed matter thus goes from identifying a symmetry that is bro-
ken in an ordered phase, thereby obtaining a local order parameter. Then
the collective excitations are obtained as fluctuations in this local order
parameter. In particular, for spontaneously broken continuous symme-
tries the these will be the massless Nambu-Goldstone bosons [34-36].
As an example, in a ferromagnetic phase the time-reversal symmetry
is spontaneously broken, and the order parameter is therefore the local
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magnetization. The massless excitations are here the spin waves, also
known as the magnons.

However, some systems defy this kind of analysis, with the fractional
quantum Hall effect [37] as the primary example. Here the different
phases all have the same symmetry (i.e. they all look the same locally)
but they have different topological quantum numbers characterizing such
global quantities as ground state degeneracy and quasiparticle statistics.
This leads to the concept of topological order [38], when these new quan-
tum numbers are of topological origin. An understanding of topologically
ordered phases and the phase transitions between them thus need to go
beyond the Landau paradigm. Attempts to do so have frequently relied
on ideas and concepts from quantum information, such as entanglement
and fidelity [39)].

1.3 Why low-dimensional systems are special

Quantum many-body physics can change dramatically when the number
of spatial dimensions is reduced. In this thesis we will concentrate on the
following effects

e As we have seen, in one dimension the Fermi liquid paradigm breaks
down. This is somehow expected since the electrons now can-
not move independently, without constantly colliding. Stable low-
energy elementary excitations will instead be particle-hole pairs,
which are bosons and can propagate coherently, cf. Fig[1.1] The
universal low-energy theory in one dimension, replacing the Fermi
liquid, is the Luttinger liquid [40H42] where the relevant degrees
of freedom are collective bosonic waves. The technique of map-
ping fermions to bosons is known as bosonization, and it turns out
that the interacting fermion problem can be mapped to a free bo-
son problem. The electrons are now no longer the fundamental
particles, instead they are split up into their charge and spin com-
ponents, which can propagate with different velocities [27}28].

e Gapless systems with sufficiently short-ranged interactions have
an emerging conformal symmetry at low energies, and for one-
dimensional quantum systems this makes it possible to use very
powerful predictions from conformal field theory [43].

e Some interacting quantum many-particle systems in one dimension
can be solved exactly, by their so called integrability. The technique
to obtain solutions is known as Bethe Ansatz [44]. It provides
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2d, 3d | 1d

 do

» £

Figure 1.1: The qualitative differences between the spectra of particle-
hole excitations in different dimensions. In d > 1 it is possible to create
low-energy excitations for all momenta 0 < k£ < 2kp, whereas in one
dimension low-energy excitations are restricted to momenta k ~ 0 and
k ~ 2kp. The linear dispersion £ ~ vpk at k ~ 0 means the bosonic
particle-hole excitations can propagate coherently and form density fluc-

tuations .

important exact solutions that can be used as input in effective
theories. In higher dimensions integrability is much less powerful,
and only applies to systems that can be reduced to free particles.

e In two spatial dimensions the statistics of quasiparticles is not re-
stricted to being either fermionic or bosonic as it is in higher dimen-
sions. Instead the wavefunction can acquire any phase as particles
are exchanged , which has given them the name "anyons”. In
fact, particle exchange does not even need to commute, and quasi-
particles with that property are called non-Abelian anyons. The ex-
istence of anyons is associated with a ground-state degeneracy that
is dependent on the topology of the system, and they are therefore
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a manifestation of topological order. This is a new type of order
that is not associated with local symmetry-breaking [38]. Hence
topological quantum phase transitions cannot be treated within the
Landau paradigm.

1.4 Quantum criticality and the renormaliza-
tion group
Quantum phase transitions

Phase transitions that take place at zero temperature are called quantum
phase transitions [29,46]. Hence they do not involve thermal fluctua-
tions but instead quantum fluctuations within the ground state. The
mechanism can be understood by considering the analogy between d-
dimensional quantum systems and d + 1 dimensional classical systems:
In the imaginary-time formalism, the inverse temperature is the size of
the quantum system in the imaginary-time direction, hence calculating
the thermodynamics of a quantum system can be mapped into calculat-
ing the thermodynamics of a classical system in one spatial dimension
higher. In the thermodynamic limit this becomes particularly clear at
zero temperature, as then also the size in the imaginary-time direction
goes to infinity. A phase transition in a classical system can then be
mapped to some phase transition in a quantum system at zero temper-
ature, with some driving parameter in the Hamiltonian. Analyzing the
finite-temperature region around the quantum critical point, sketched in
Fig. is on the other hand highly non-trivial.

In typical examples this driving parameter of the quantum phase tran-
sition corresponds to doping, magnetic field, etc. To make this more clear,
and at the same time introduce some other interesting concepts, let us
consider the example of the quantum Ising chain.

Quantum phase transition in the quantum Ising chain

We will now outline the technical details of the exact solution of the one-
dimensional quantum Ising model, also known as the transverse Ising
model. This will allow us to discuss some of the concepts introduced
above in a rather simple way. The spin chain is described by the Hamil-
tonian

H=-J> [ojo}, +hol] (1.4)

with J > 0. We will here work in the thermodynamic limit where the
number of sites N — oo, neglecting boundary conditions. The spin



1.4 Quantum criticality and the renormalization group 9

T
5
quantum
critical
ordered disordered
» h
0 h,

Figure 1.2: Typical phase diagram around a quantum critical point, here
for the quantum Ising chain. At zero temperature, the ordered phase with
h < h. and the disordered phase h > h. are separated by the quantum
critical point at h., where the system is gapless. In the low-temperature
phase diagram there is a quantum critical region which extends above the
quantum critical point, where non-Fermi liquid behavior can arise [29).

operators, given by the Pauli matrices, satisfy the relations

{aiaaU;'B} = 25a,5> (15)
[08,0f] = 0 i#j. (1.6)

To see how a quantum phase transition can arise, consider the ground
state in the two simple limits h — 0 and A — oo:

Wy) = Hmi or H'”i when h — 0, (1.7)

Wo) = []I-) when i — oo (1.8)

where | 1);,| | ); are the o7 eigenstate with positive/negative eigenvalue
at site ¢, and | —); the oF eigenstate with positive eigenvalue at site i.
When h — 0 the ground state is two-fold degenerate, whereas there is
only one ground state when h — oco. Since the degeneracy is an inte-
ger, it will not change continuously and there must therefore be a phase
transition in between. With zero magnetic field there is a spontaneous
breaking of the Z, symmetry of the ground state, and this is the ordered
phase. For high magnetic fields there is no spontaneous symmetry break-
ing, and that phase is called disordered. The order parameter is therefore
the local magnetization (0|c7|¥y).

Let us now outline the solution of the model, as obtained in Refs. [47-
49]. From Eq. we see that the spins have fermionic character at



10 Chapter 1 Introduction

the same site but bosonic between different sites, which complicates the
analysis. By the Jordan-Wigner transformation

o =1-2cl¢, (1.9)

of =i(e; — ) J[J(1—2clc;), (1.10)
Jj<i

of = —(¢; +e) [J(1 —2c]ey), (1.11)
Jj<i

it is possible to map the spin problem to a spinless fermion problem,
where the fermion operators satisfy

{¢;, Yy =6, {ei,ci} =0, {cI.cl} =0 (1.12)

(R (R
This is a first example showing that in one dimension there is no clear

connection between spin and statistics. The Jordan-Wigner transforma-
tion brings the Hamiltonian on the form

H = JZ [th;rci — cjciJr1 — Cig1C — c;rHci — cZTcZTH (1.13)
i

in terms of the spinless fermions, which are seen to have a pairing mech-
anism as in superconductivity [26]. Now, performing a Fourier transfor-
mation

¢; = \/LN zk:ckeikj : (1.14)
and then the Bogoliubov transformation
Cp = UpVk — iv,wik , (1.15)
where the v quasiparticle operators are fermionic
et =0 end =0 {uoby=0.  (1.16)
the Hamiltonian ({1.4)) is diagonalized:

1

H=Y aibn—2). (117)

k

The eigenvalues ¢ are given by
e = 2JV1+ h% —2hcosk. (1.18)

and the ground state can be written as

Vo) = H (uy, + ivgefe’ ) [0). (1.19)

k>0
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The parameters v and v are determined through the Bogoliubov-de Gennes
equations

exu, = 2J(h—cosk)u, + 2Jsinkuv,, (1.20)
exv, = 2Jsinku, —2J(h —cosk)v,. (1.21)

Now, from Eq. it is clear that when h = 1 there will be gap-
less quasiparticles with £ = 0. Hence the quantum critical point is at
he = 1. The energy gap AF vanishes as AE ~ |h — 1|, and hence fol-
lows the power-law AE ~ |h — h.|* with the critical exponent zv = 1.
It is connected to another quantity, the correlation length &, through
A ~ £7% where z is called the "dynamic critical exponent” since it de-
termines the relative scaling between space and time. The correlation
length £ ~ |h — h.|™", with critical exponent v, sets the length scale for
the exponential decay of correlation functions (o;0;1,) ~ exp[—r/£]. The
diverging correlation length as h — h. implies that the exponential decay
is replaced by a power-law decay at the critical point. Another power-law
is that for the order parameter, which here vanishes as (07) ~ |h — h|"/®
as h approaches h. from below. The exact solution therefore shows the
appearance of power-law scalings in physical quantities near the quan-
tum critical point, just as for classical critical phenomena [13]. In fact,
the quantum phase transition is in the same universality class as that in
the 2d classical Ising model [50], showing a nice example of the analogy
between quantum d-dimensional and classical d+ 1-dimensional systems.
In the language of the renormalization group, this means that the classi-
cal two-dimensional and the quantum one-dimensional Ising models are
governed by the same fixed-point theory at their phase transitions, which
is that of a free Majorana fermion. Let us see explicitly how this comes
about in the quantum case.

The spinless fermion operator in Eq. can be decomposed into
a pair of Majorana operators as [51]

e—iﬂ'/4

¢ = —5— (a; +iby), (1.22)

where the Majorana particles obey
{ai, (lj} = {bz, b]} == 251']'7 {(li, b]} =0. (123)

Hence a Majorana fermion is its own antiparticle [52]. With this mapping,
the quantum Ising chain at the critical point h = 1 becomes

J
H = —7,5 Z [ajaj—i-l - bjbj+1 + (Zjbj+1 - bjaj+1 — 2(Zjbj] . (124)

J



12 Chapter 1 Introduction

Now, since we are interested in the low-energy properties at the critical
point we can take the continuum limit, by letting the positions x be
continuous, with = ja and a is the lattice constant, and defining the

continuum field ) .
xi(z) = a5 Xa(z) = by (1.25)

This leads to the low-energy Hamiltonian

H o~ iv / dz [ (2)0exa (&) — xa(2)Poxa(x)] (1.26)

which describes the two free counterpropagating components of the Ma-
jorana field x = (x1,x2)7. This model features a conformal symmetry,
i.e. if the coordinates are expressed in complex form iz 47 where 7 is the
imaginary time, then the model is invariant under all conformal
coordinate transformations in the complex plane [43]. More on this in
Section 2.2l

It is also interesting to note that in the spinless fermion representation
1.11)), (o7) is a highly non-local order parameter. Since the Hamltonian
1.13]) only conserve the parity of the number of fermions (i.e. the number
being odd /even), the two-fold ground-state degeneracy is connected to the
existence of an even or odd number of the fermions. In the ordered phase
there is an energy gap, so if the fermions were to have open boundary
conditions there must be some gapless edge states responsible for the
degeneracy, and these will be in terms of the Majorana fermions. Hence
if one were to consider the fermions as the physical objects, i.e. in the case
of a quantum wire of spinless fermions with superconducting pairing [53],
the model would feature a topological phase of matter.

The renormalization group

The idea behind the renormalization group [54,55] is to systematically
study what happens when removing information about the fine structure
of the system, i.e. when "zooming out”, hence obtaining a new effective
theory at a smaller energy scale. By doing this in an infinitesimal step,
differential equations can be obtained for the change in the coupling
constants of the theory as the energy scale is reduced. Let us now outline
this procedure for a general field theory [12].

A field theory is generally defined through its action S(¢), with the
partition function as a path integral

7 = /D[qs] e 5@, (1.27)
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in terms of a set of fields ¢, i.e. some smooth mappings z — ¢(z) where
z denotes the coordinates (x,7) in D = d + 1 dimensional space-time.
Since a field theory generically is an effective theory valid only within
some energy scale, there is generally some cutoffs involved. In condensed
matter the continuum theories are naturally restricted to distances larger
than the lattice spacing a. The inverse lattice spacing then sets a high-
energy cutoff A ~ 1/a.

Let us now for simplicity assume there is only one field in the theory,
defined for energies below the cutoff A. By Fourier expanding this field

1 D iq-z
o) = o /| Ao (1.28)

it follows that it can be decomposed into a low-energy component ¢
and a high-energy component ¢-,

P(2) = d<(2) +0x(2) = (1.29)
1 1

— dPq ¢ e* + / dPq ¢y €',
(2m)P /q|<A/b (27)2 J A jo<|gl<n

where b is a scale factor and ¢ = (k,w). Now we wish to see the effect
of successively integrating out the high-energy modes, increasing b > 1.
This will give us the same Z but expressed in terms of only the low-energy

modes, i.e.
/D ¢] /D e S(d<+9>) /'D e~ Set(9<) (1.30)

with a new effective action Seg(¢~) for the low-energy modes. However,
on this form the length/time scale has been altered by the scale factor b,
giving |g| < A/b and |z| > ba Hence one needs to rescale the expression
to get the correct units, which is done by

z2— 2 =2z/b, q—q =bgq, (1.31)

such that the rescaled variables have the correct units, |¢'| < A and
|2'| > a. These two steps are the renormalization-group transformation,

(1) Integrate out high-energy modes above cutoff A/b,
(2) Rescaling z — z/b, ¢ — bq. (1.32)

Considering the action to be defined by a (perhaps infinite) set of cou-
pling constants, successive renormalization-group (RG) transformations
will generate a flow of these coupling constants as the cutoff A succes-
sively decreases. Such a flow will have fixed-points, which will define the
different phases and phase transitions of the system.
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Now, a fixed-point action S* is by definition an action for which

ar(9<) = 57(9), (1.33)

i.e. S* is invariant under the renormalization-group transformation. Hence
the system has scale invariance, i.e. it "looks the same” on all length (and
time) scales. This means that the correlation length has to be either zero
or infinite. Zero correlation length, and hence infinite energy gap, means
that there are no fluctuations and thus it describes a stable phase of mat-
ter. Infinite correlation length, hence zero energy gap, means that the
system is critical with fluctuations on all scales. This is the case at a
phase transition, which is an unstable phase where there exists at least
one infinitesimal perturbation that will drive the system away from the
fixed point.

Let us now consider the perturbative renormalization group around a
fixed point. The fixed-point Hamiltonian density H* will then be per-
turbed with all the local operators in the theory, H = H* + ) ; gj®j, so
that the action becomes

56) =50 + [ 42 3 g0, (1.34)

with coupling constants g;. Under a scale transformation z — 2’ = 2/,
the fields transforms as

0i(2) = ¢j(2/b) = b ¢;(2), (1.35)

which defines the scaling dimension A; of the field ¢;. Hence under the
RG transformation

S@) » S+ [A Y0 Pgee) (130)

to first order in the coupling constants g;. This means that

g; — g;=b%""yg; (1.37)

Writing the rescaling parameter b > 1 as b = ¢~ °°, in terms of a "renor-
malization length” ¢, this can be written as g} — g; = —(D — A;)d(. As
differential equations they become the first-order renormalization-group
equations

4

% =(D—-Aj)g; + ... (1.38)
which determine the flow of the coupling constants as the energy scale is
reduced.

We now see that the scaling dimensions A; determines whether a
coupling constant increases or decreases as the energy scale is reduced.
Fields can therefore be classified as
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e Relevant: If A; < D, the coupling g; grows under the renormal-
ization group and the field ¢; becomes "more important” at lower
energy scales.

e [rrelevant: Conversely, if A; > D then the coupling g; decreases
and the field ¢; becomes "less important” at lower energies.

e Marginal: If A; = D, the coupling g; does not change to first
order. To determine whether it grows or not one must go to higher
orders in the perturbation expansion. If it grows due to higher-order
contributions, then ¢; is marginally relevant, and if it decreases then
¢; is marginally irrelevant. Otherwise it is exactly marginal.
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Chapter 1

Introduction




Bosonization and conformal
field theory

In this chapter we give a short introduction to bosonization and conformal
field theory] This provides us with a unifying framework for the low-
energy physics in gapless one-dimensional quantum systems.

Individual motion of electron-like quasiparticles is no longer possible
when they are confined to one dimension. Instead one should expect a
collective behavior. It turns out that this can be described in terms of
density fluctuations. The technique known as bosonization allows a map-
ping from fermions to bosons, which express these collective degrees of
freedom. It is a remarkable result that the low-energy limit of interacting
fermions in one-dimension can be mapped exactly onto a free (i.e. non-
interacting) boson field theory, with the Luttinger liquid replacing the
Fermi liquid as the universal theory in one dimension [40-4258,59]. To-
gether with the concept of the renormalization group [23] this paradigm
gives effective solutions for a multitude of different kinds of interacting
models.

Emergent conformal invariance at low energies makes complete solu-
tions possible in terms of conformal field theories [60]. In higher dimen-
sions this is no longer true; not only is the general possibility of extending
the bosonization procedure to higher dimensions unclear [61-63], in ad-
dition conformal invariance then no longer provides infinitely many local
symmetries which makes conformal field theory much less powerful.

1See Refs. |27,28,43./564[57] for more complete accounts.

17
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2.1 Interacting fermions in one dimension: The
Luttinger liquid

2.1.1 Non-interacting Dirac fermions

Consider first non-interacting spinless fermions with some dispersion e(k),
given by the hamiltonian

Hy = ZE(k)CLCk, (2.1)

k

in terms of the fermion annihilation operator ¢, at wavevector k, with

{c,t, cL,} ={ck, e} =0, (2.2)
{CL; Ck’} = 5k,k’-

For fermions on a lattice, (k) typically describes the cosine-dispersion
of nearest-neighbor hopping, depicted in Fig. 2.1, Now, at sufficiently
low energies all the physics takes place at the Fermi points, and we can
make an approximation by linearizing the dispersion so that F(k) =~
Er + vp(xk — kp). While this linearization is only valid for momenta
within some momentum cufoff A from the Fermi points & = £k, the
Tomonaga-Luttinger model is obtained by extending the linearization
to all momenta, shown in Fig. 2.2 thereby introducing an independent
fermion for each of the two different branches,

H() = Z ZUF(T]{? — kF)CL,erJ‘ (24)
r=+ k
In the continuum limit, we can introduce the fermion field
W) = - [ dkepets (2.5)
x) = o cp et .

for the fermions in Eq. (2.1)). The mode expansion of the field ¥(z) can
be written as
1

\Il(x) = %/dk [Ckp+k ei(kF-i-k!)I + C otk ei(—kF-i-k’):c} _ (2.6)

Hence we can write U(z) = Ug(z) + Vi (), with Ug(z) = ¢p(z) e*r®
and Uy (x) = ¢ (z) e *7® such that

U(z) = ¢r(x)e™® 4+ (x)e ™, (2.7)
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E

=T -kp 0 kp 7lT

Figure 2.1: Dispersion relation for an electron nearest-neighbor hopping
model in one dimension without interactions. In the ground state all
the available electron states with energy below the Fermi energy Ep are
filled. For sufficiently low energies the excitations can be described within
a linearized approximation of the dispersion at the Fermi points k = £kp.

Figure 2.2: By extending the linearized dispersion at the Fermi points
k = £kp in Fig. to all momenta k, one obtains the one-dimensional
Dirac Hamiltonian (2.14)), for which the ground state is the filled Dirac
sea below Er. The divergences occurring in the theory due to this infinite
Dirac sea are treated by normal-ordering the operators.



20 Chapter 2 Bosonization and conformal field theory

where
Vn(z) = % dk e o €, (2.8)
Yr(x) = % dk c_ppip €, (2.9)

with
{Vh(2), vh(y)} = {Yr(2), vrly)} = 0, (2.10)
V@), V5 )} = {¥r(z),Yr(y)} = 0, (2.11)
{Wh(@),vr(y)} = {(WL(@),vry)} = dz—y). (2.12)

The fields 1 g/, are usually referred to as the slowly varying fields around
the right/left Fermi points, since originally the theory is restricted to
around the Fermi points,

1

U(z) ~ —=| Z cp, e+ Z cp e ]. (2.13)
\/Z —A<k—kp<A —A<k+kp<A
bn(e) e br(@)eikre

In terms of these fields, the Hamiltonian ([2.4)) becomes

Hy = —ivp / da [w;awa _ w;awm] (2.14)

which is the one-dimensional massless Dirac Hamiltonian [64]. The time-
dependence of the fields follow from e0typ(k)e= 0! = 4pp(k)e~®F! and
ettty (k)e ot = ) (k)et™F*  such that

Yr(z,t) = % / dk (k) eF@—vrt), (2.15)

Yp(x,t) = % / dk 1y, (k) etF@tort) (2.16)

hence ¥ is a right-moving, and v, a left-moving field, and we have that
\IJ(J}, t) = wR(I — ’UFt)eikFCE + wL(x + UFt)e_ikFx.

2.1.2 The Luttinger model

Consider now the interacting problem for electrons with spin. Then
the field is given in terms of the two-component Dirac spinor ¥(z) =
(U4 (x), ¥y (2)]", with each component W, (x) = g, (z) €M), (x) e Hre,
The Coulomb repulsion between the electrons is given by

Hom = / de / dy V(& - 4) pel() pely), (2.17)
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VE e v
N +4q,0

backward:

£ s = V(g = 2kp)

Er \’\><l’/

- 0 T >/
]{Z,O’ k+q+2kp,o
A G
——= P
K, o k' —q+2kp, o’
Umklapp:

\—>
EF \
A

k,o R Lk—kq,a
.---.).--%---.)_---
k/,OJ k/ _q,O'l
dispersive:

E gd:V(Qr’UO)

7
k,o - Lk +q,0
k/,oj ’k/—q,O'/
forward:
y  9r=V=0)
]
E 7/
1\ D
— >k

Figure 2.3: The four types of low-energy scattering processes for right-
moving (full lines) and left-moving (dashed lines) electrons in one dimen-
sion. Sometimes they are also referred to as g1 = gus, 92 = 94, 93 = Gum
and g4 = gy. Each scattering type is associated with two values of the g
parameter, g, and g depending on whether the spins o and ¢’ are equal

or opposite, respectively [27].
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where p.(r) = Ui(2)¥(z) = \Iﬂ(x)\I/T(x) + \I/I(x)llli(x) is the electron
charge density and V' (x —y) the Coulomb potential. In momentum space
this becomes

mt Z Z V Ck—l—q JCk/ qcr’ck' o' Clk,os (218)

0'0’ k,k',q
where o is the spin index. At low energies, the scattering processes
around the Fermi points can be categorized into backward, forward, dis-

persive and Umklapp scattering, according to Fig.[2.3] The corresponding
terms added to the Hamiltonian are

Hio = g [ do Y vho(@hbnole)ul _,(a)on (o). (2.19)

o="T,

Ho = [ao Y [on vl @@, (@)ra(o)

o=11
+ 941 Vho (@) (2)0, o ()01, o (7) | (2.20)
Hum = Gum 3 /d[)ﬁ Z _Z4szwRa( )77Z)R o‘( )¢L0¢L 0( )+HC
p—
(2.21)
Hy = /dx Z Z [gfllw T)Yrq (2 )¢I,a($+a)¢r,a($+a)
o=l r=R,L
+gfl—wr,a(x)wT,U('r)wi,—a(r)wr,*U('r) : (222>

Here the gg| term in Eq. has been point splitted by the short-
distance cutoff a. The Umklapp process H,,, arise due to the fact that
the wave vectors are only defined up to a reciprocal lattice vector @)
(i.e. a multiple of 27, in units of the inverse lattice spacing). Hence in a
scattering process one may have ki +ky = k3 +ky+ @, but if all momenta
are to be at the Fermi surface, i.e. the two Fermi points, one must have
4kr = @. From this it follows that Umklapp scattering only occurs at
half filling, i.e. when kr = 7/2. Away from half filling, and for the
moment neglecting the backscattering, one has the Tomonaga-Luttinger
model [40,41], given by

Hrp = Hy+ Hy + Hy, (2.23)

which can be solved exactly with bosonization.

2.1.3 Bosonization

The reason that the Tomonaga-Luttinger model can be solved exactly is
that both the non-interacting term H, and the dispersive and forward



2.1 Interacting fermions in one dimension: The Luttinger liquid 23

interactions are quadratic in the density fluctuations of right- and left-
movers. These charge densities

pr(z) = :Yh(x)r() 2.
pr(x) = ¢ (2)p(x): (2.25)
are bosonic in character
L
[pi(k), pi,(—k‘,)} =T 5r,r’5p,p’p%- (2.26)

Note that the normal-ordering?] in Eqgs. (2.24) and (2.25) is crucially
needed due to the infinitely filled Dirac sea. It is readily checked that

Egs. (2.20) and (2.22)) can be rewritten in terms of the densities as

Ho = [ao S [onpne@pro(@) + 9u pro@pnole)],  (220)

o=t
1
Hy = 5/ o >, > [9f|\/)w(fff>/)w(f">+ gfipr»a(”“")p“—”(’”)]
o=, r=R,L

(2.28)

That the Dirac Hamiltonian (2.14]) is quadratic in the density fluctuations
can heuristically be expected from the naive classical analogue: With a
linear dispersion, shifting the right Fermi point an amount dqr gives an
energy

1 Sqr Vr
O0F ~ — d = —(6gr)? 2.29
5= [ davea = G0y, (2.29)

and with pr &~ dqr/2m one gets E ~ wvpp%. Hence one expects Hy ~
2 2
Pr T PL-

A more formal approach is to note that the U(1)p @ U(1), symmetry,
Y — €P”yp and ¥y — €?L1)p, of the Dirac Hamiltonian (2.14) means
that the right- and left-moving densities pg, () are the conserved "cur-
rents” Jp/r () associated with the U(1) symmetry. Writing the Hamil-
tonian quadratic in the currents,

Hy = va/dx [ Jh(x) 4+ Ji(2) ], (2.30)

is known as the Sugawara construction. We will return to this in Sec-
tion [3.2] when treating the Kondo effect.

2Normal-ordering consists of putting all annihilation operators to the right of the
creation operators, which is the same as subtracting the vacuum expectation value,
: 0102 L= 0102 — <0|0102|0>
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Temporarily neglecting the spin of the electrons, the bosonic version
of Hy follows by defining boson creation and annihilation operators

bgz(%)mﬁ@, (231)

Lip|
or \ /2
b= (— (- 2.32
—p (L|p|) pL( p)u ( )
or \ /2
b, = |—— b (— 2.33
p (L|p|) pR( p)7 ( )
o \ 1/2
b, = (- ! 2.34
p (L|p|) IOL(p)7 ( )
with p > 0, where
[y, bl,] = 276, (2.35)
In terms of these operators the Hamiltonian is mapped to
TV
H= meb;bHT [N+ N7|, (2.36)

k0

i.e. free bosons. Here the last term, corresponding to the zero mode, con-

tains the normal-ordered fermion number operators N, = Y, : cl(k)c,(k) :
(i.e. with the infinite vacuum expectation value subtracted), where r =

R/L. The b-operators now define the bosonic field ¢ and its conjugate

IT by mode expansion,

W o= a2 [y ] (2.37)
LS. 21k] ke RE ] '
o 1 |k| 2 . ikx 9t —ikx
II(x) = %/dk (7) [—zbke +ibe ], (2.38)
with canonical commutation relations
[p(z), H(y)] = id(x — y), (2.39)
[p(x), w(y)] =0, [1I(z), I(y)] = 0. (2.40)

The field II, being conjugate to ¢, can be written as I1 = v;'d;p. In
terms of this free boson field, the Hamiltonian Hj is given by

Hy= [ do % [@p(a) or)” + (Bup(a))]. (2.41)

The boson field ¢ can be separated into a right-moving part ¢ and a
left-moving part ¢,

o(x,t) = ¢(x — vt) + ¢(x + vpt), (2.42)
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with ¢ and ¢ being chiral fields as opposed to ¢ and II. With the complex
notation z = —i(z — vpt), Z = i(x + vpt), which will be used extensively
in Sec. , we have p(z,t) = ¢(2) + ¢(2).

It is now common practice to introduce the so called dual boson field
J(z,t), defined through 0,9 = —II = —vz'd;p, and with commutation
relation

where 6 is the step function. The chiral fields can now be expressed as,

b=3p+i),  F=-0) (2.44)

From the definition of 1 it is clear that the fields have very non-local
relations.

Bosonization formulas

Let us now write down the bosonization formulas for the electron fields:

1 —iVARge(a) gt 1 VI o ()
(1) = eV ATPelt) o (@) = —==nee™~ T\ (2.45
1 . - 1 ) -
¢L0(I) _ T—krez\/47r¢>a(96)7 wTLg(x) _ ﬁgefz\/47rq5g(x)’ (2.46)
2ma 2ma

with spin indexes o =1, ]. Here the Hermitian so called Klein factors 7,
and 7),, obeying the Clifford algebra

{770:770/} = {ﬁaa 7_70’} = 204,07, {7707770’} =0, (2'47)

and hence being Majorana particles, are needed to ensure the correct
anticommutation relations for the fermionic fields. The lattice constant
a enters as a short-distance Cutoffﬂ For spinless fermions, these formulas
can be compactly written in terms of the non-chiral fields as

1

—iy/7[9 (@) ()]
e ) 2.48
ookl (2.48)

d)R/L(m) =

with Klein factor . For spinful fermions, one can introduce the charge
and spin fields

oo = % (ert9).  pa= % (o1 — 1) (2.49)
R (Wr+0y), V5= - (9 —9y) (2.50)

V2 V2

3We will see in Eq. (2.80) that this is equivalent to making the exponentiated
expression normal-ordered.
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in terms of which the bosonization formula compactly can be written as

1 )
ro () = o €~V 2Rlee(@) ~Oe(@)+o(rps (@) =0 (@) (2.51)

with » = 4 for R/L and s = =+ for 1, . With the fields decomposed into
spin and charge parts, it follows that the Hamiltonian separates into a
spin and a charge sector,

H=H,+ H, (2.52)

also in the presence of the interactions. From a detailed analysis it fol-
lows that the independent spin and charge degrees of freedom propagates
with different velocities, and this remarkable fact is known as spin-charge
separation.

Solving the Tomonaga-Luttinger model

For simplicity, we will now restrict ourselves to the spinless case, and
show how to exactly solve the interacting Tomonaga-Luttinger model.
The non-interacting Hamiltonian density is given by

Ho(w) = 5 [(0:9())° + (Do(x))’] (2:53)

in terms of the non-chiral fields ¢ and ¢. The field gradients can be
expressed in terms of the densities as

drplx) = —lor(x) + pu(a)]. (2.54)
O,0(z) = 7 lpnlx) — pu(a)], (2.55)

such that 0,p(z) is the total density and 0,19(x) the electrical current
operator. Then the forward interaction (2.22) is now given by
gr

Hi(@) = & [on@)pr(a) + pr(@)on(a) |

- Q(gfrﬁ [((%90 — 0:0)" + (Outp + &”9)2}

B (2g7:)2 [(axﬁ(x))2 + (aa:@(x))ﬂ : (256>

Comparing to Eq. (2.53]) one sees that the forward interaction is exactly
the same as the Hamiltonian density, thus only changing the Fermi ve-
locity when they are added together. Similarly, the dispersive interaction

(2.20) becomes

Ha(z) = gapr(z)pr(z) = (ZgTd)Q [(0:0(x))* = (Dup(@))*] . (2.57)
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Thus, while the forward interaction only renormalizes the Fermi velocity,
the dispersive term changes the relative weight between the 0,9 and
Op terms in the Hamiltonian. One can incorporate these two effects by
introducing two parameters, the renormalized Fermi velocity v and the
Luttinger parameter K, such that H = Hy + H; + Hy can be written as

=g [ | K@i+ @] 2

with

-] e

Ko [wy

(2.60)
mr + gr + 9d

A rescaling of the fields,

o/VK — o, (2.61)
WK — 0, (2.62)

brings the Hamiltonian back to canonical form

=3 [ do [(0u0)" + @upta))]. (2.63)

while changing the exponents in the bosonization formula to

1 —iy/T |V (x x
¢R/L(x) = \/%776 \f[ﬂ( )/\/?i\/ﬁp( )]’ (264)

2.1.4 Correlation functions

Correlation functions can now readily be obtained since the theory is
quadratic in the bosonic fields. Expectation values are evaluated as

1
©)= [ Dlel [ Dl 0 5t (2.65)
where the imaginary-time action is given by
p i v 9 9
Slp, 9] = — [ dr [ da [%&Jﬁaﬂo — 5((0:9) + (9:0) )] (2.66)
0
which is on quadratic form in Fourier space

Slod) = = S5 [ (g, )i, —n) (267)

v
2

(42900, wn)9 (0, —wn) + %0, 0n)0(~q, ) |-
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Using the relation —v0; = 0., completing the square in the action,
and using the standard rules for Gaussian integration, one obtains

7T5Q1 42 5Wn1 Wn2 L/B
w2, /v + vk?

(" (q1,wn1) @ (g2, Wn2)) = (2.68)

for the boson field, hence giving the correlation function
(o(z,7)¢(0,0)) = ([(0,0)]%)

1 2m
" 278 WZ/dq DTtk (cos(qz +w,T) = 1), (2.69)

The asymptotic of the correlation function at zero temperature is ob-
tained as

(p(@,7)(0,0)) — ([¢(0,0)]%) ~ - (2.70)

™

1 x? 4+ 72
a2

when x,7 > a. The correlator for the dual bosonic field 9 follows in
exactly the same way. The chiral fields have similar chiral correlators

B - (B ~ | 2.71)
BEKEN - BER) ~ | (2.72)

The Dirac fermion correlation function follows from the same proce-
dure. The imaginary-time action corresponding to the Dirac Hamiltonian
(2.14]) is given by

B
S[pt, ) = —/0 dT/dx[wL(ivpax — 0. )R + zbz(—ivpar — aT)dJL],
(2.73)

which allows the correlation functions to be evaluated in standard fash-
ionEL

(@, 7)bry(0,0)) = (k1 (0,0)¢r,1(0,0))

1 1 igr—iw 1 1
= — _ WnT g — | —4m8 — 2.74
Lj q; —iw, F que 2 \VpT Fix ( )

where the last equality follows in the zero-temperature limit. In complex
coordinates, z = —i(x — vpt) = vpT — iz, we can write this as

1 1

(Wr(Wh() ~ oo (2.75)
L) ~ e (2.76)

1See e.g. Ref. [11].
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We are now in a position to calculate the correlation functions for
the interacting electrons in the Tomonaga-Luttinger model . The
bosonization formula is an example of a normal-ordered expo-
nential known as a vertex operator. The multiplication rule for vertex
operators of the form e**?() follows from the Campbell-Baker-Hausdorff
formula ede? = eATBelABl/2 when [A, B] is a constant. For a single
bosonic operator b, and A = ab + o'bf, B = b+ B'bt,

It 13t 1t IRt ’
A .. B. a’b eozbeﬁb eﬁb a’b eﬁb eabeﬁbeaﬁ

e e =e A+B . €<O‘AB|0>.

(2.77)

= e =.€

Since they are just combinations of independent harmonic oscillators, it
follows that Eq. (2.77) also applies to the boson field ¢ and ¢. Hence we

arrive at the important formula

(00(2) giBO() _ it +iB6(=') g~ aBl6(2)6(") (2.78)

where normal-ordering of the vertex operators is implied. From the ex-
pression ([2.71]) for the boson correlator, it follows that
(i09(2) giBO) _ iad () HiB() (; _ yob/Am, (2.79)

It also follows that the normal-ordering is the same as normalizing the
vacuum expectation value of the vertex operator,

sy, €O e e
‘ C T (et T P2 T e2a?(6(@a(0)
gladz)  giad(z)

- e(a?/8m)Ina - qo?/8m’ (280>
Since the bosonization formula (2.48)) has o = v/47 in the exponent, we
see that the prefactor a='/? is simply another way of writing that the
operator is normal-ordered.
We can now obtain the electron correlation function in the Tomonaga-
Luttinger model. First, note that in the non-interacting case (i.e. gy =
ga = 0 = K = 1), the bosonization formula gives

WI{(J?,TWR(O,U» = — (V@@ omivald0.0)+¢(0,0)])

2ma

= L< ei\/ﬂ¢(%7)€—im¢(070)> - L< ei\/ﬂw(m)—ao,o)})
2ma 2ma

_ L e -s002) _ L anle@nen.0) - (s002)]
2mra 2ma
L anls@msoo—s00P)] _ L ~mfwpr—iz)/a)
2ra 2ma
1 1

_1 (2.81)

o2 vpT —ix’
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and similarly (¢} (2, 7)1 (0,0)) = (27) ! (vpr+iz)~'. Hence the bosoniza-
tion formula (2.48)) reproduces the correct correlation functions ([2.74]) for
non-interacting electrons. For interacting spinless fermions, we instead
get

(Wh (2, T)¥r(0,0))

< 6i\/77[19($77)/\/E+X/E<P($,7)] e—z’ﬁ[ﬂ(o,o)/\/?-l—\/?go(o,o)] >

[\
e
IS

: <eiﬁ(\/ﬂrﬁ)ﬂw)eiﬁ(ﬁfﬁ)@(x,f)
mTa
o e—iﬁ(ﬁm—%)¢<o,o>efiﬁ(¢?—¢%)¢3<o,0>>

_ QL ( ei\/?r(\/EJrTl?)¢(x,f)€—iﬁ(\/k+%?)¢(o,0)>
Ta
» <€i\/7r(ﬁ—T})&(x7f)e—iﬁ(ﬁ—¢%)é(0,0)>

1 1 1
21 (o7 — i) VRRUVER/A (o7 i) (VR-1VEOR /A
(2.82)
and similarly for the left-moving fermion,
<wz($v T)wL(()? 0)> =
1 1 1 (2.83)
27 (7 4 ix) VERUVE?/A (yr — ) (VE-VE)?2 /4T

We thus see that the interactions (in fact, only the dispersive) mix the
right- and left-moving bosonic fields, such that a fermion which is right-
moving in the unperturbed theory becomes a mixture of right- and left-
moving fields. For the spinless fermion field we thus have

(Ul (x, 7)¥(0,0)) = (2.84)
1 1 1
21 (vr — iz) VEFUVE)/2 (yr 4 i) VE-1/VE) /4
1 1 1
"o (o7 + i) VRV (57 — i) VR AVRR

The density-density correlator is obtained from

p(x) = Vh(@)r(x) + vl (2)dr(z)
k(@) vp(v)e 0 4 gl (2)ihp(x)e® " (2.85)

B zi [axw(:r)  eVITe@) gmithpe g omiimp(a) pitkpe
s
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which gives

(e 0.0) = 1 | )

A2 | (v +ix)?  (vT —ix)
T

cos(2kp) (—) o (2.86)

a

+

(2ma)?

in the large-distance limit x > a.
In order to get the above correlation functions in real time one needs
to perform the analytic continuation 7 — it.

2.1.5 Backscattering interactions

Even though we now have solved the Tomonaga-Luttinger model, we
must understand the effects of the electron backscattering terms
from the Coulomb interaction in order to get a full understanding of the
spinful Luttinger liquid. On bosonized form we have

Hy,, = gbsL /dx cos [\/&T—Kgos(x)} , (2.87)

272

where ¢, = (¢r — ,)/v/2. With the Hilbert space completely separated
into a charge and a spin sector, known as the spin-charge separation,
the backscattering takes place in the spin sector. The charge sector is
thus completely described by a free boson Hamiltonian, whereas the spin
sector is governed by a Hamiltonian H, = Hy + Hp,. This is known as
the sine-Gordon model, and is solved, in the sense of obtaining the phase
diagram and critical exponents, using the renormalization group}

As seen, the electron-electron backscattering interaction in Eq.
can only occur if the fermions have spin. However, in the presence of im-
purities there can also be single-particle backscattering generated at the
impurity site. Such single-particle backscattering operators, wL(a:)w L(x)
and ¢} ()1 (), will also be described by vertex operators after bosoniza-
tion. The equal-time, equal-position vertex operators e VAT and 9,9
have the same commutation relations as the spin matrices o* and o7,
which is what one expects from the identification @ZJ;@ZJ L=o0", wng R=0"

and ¢hip — YL = 0%,

SFor a pedagogical review, see Ref. [65].
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2.2 Conformal field theory

One of the most striking features of the linearization procedure at low
energies above, resulting in the relativistic Dirac fermions and the free
bosonic field, is that it shows the appearance of conformal symmetry.
This roughly corresponds to translational, rotational and scale invari-
ance, and field theories with these symmetries are known as conformal
field theories. They provide a unified framework for describing univer-
sal low-energy properties of gapless one-dimensional quantum and two-
dimensional classical systems [60]. There are also other applications: For
some topological quantum systems (which will be discussed in Chapter
there is a correspondence between the gapless one-dimensional edge
and the gapped two-dimensional bulk that seems to allow the bulk wave-
functions to be described using a 2D conformal field theory [66]. For
some other special systems there are "conformal quantum critical points”
where a two-dimensional conformal theory represents the ground state
wave function in two spatial dimensions [67]. Boundary conformal field
theory provides a powerful way to understand non-Fermi liquid behavior
in quantum impurity problems [68,/69], as we will see in Section [3.2]

2.2.1 Conformal invariance in two dimensions

In the imaginary-time formalism, a one-dimensional quantum system and
a two-dimensional classical system are both effectively two-dimensional.
When discussing conformal field theory in two dimensions, we do not
need to make a distinction between the two.

Conformal transformations

Let us first define conformal transformations in arbitrary dimensions.
Distances are given through

ds? = g, dz"dz”, (2.88)

with metric g,,,. Under a coordinate transformation x — x’, the metric
transforms covariantly,

, oz Oz
9, (xX') = @wgaﬁ(x). (2.89)

The coordinate transformation is a conformal transformation if it leaves
the metric invariant up to a local scale factor, i.e. if

gl/w(x') = A(x) g (x). (2.90)
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The name comes from the fact that these transformations preserve the
angle between two vectors.

Under an infinitesimal transformation x# — z* + e#(x) the metric
transforms as ¢,, — gu — (0,6, + Oye,). For the transformation to
be conformal, the expression in parenthesis must be proportional to the
metric. This leads to the constraint
2
d
in D dimensions. For D > 2 it can be shown that this constraint on
the infinitesimal transformations only allows translations, dilations, ro-
tations and what is known as "special conformal transformations”. Upon
“exponentiation” the finite versions of these transformations are

Ouer + 0uey = =079, (2.91)

= b+ at translation, (2.92)
P = azh dilatation, (2.93)
ot = MF rotation, (2.94)
't = % ”special conformal transformation”. (2.95)

Hence the group of conformal transformations is finite-dimensional for
D > 2.

For D = 2 dimensions however, Egs. become the Cauchy-
Riemann equations, 0161 = 0Osee and 019 = Ohey. This shows that
the conformal transformations in two dimensions are the analytic func-
tions, hence the conformal group is infinite-dimensional. Let us Introduce
complex coordinates,

z=T—1ix, Z=T-+Iix. (2.96)

Then, under a change of coordinates z — w(z), z = w(z), Eq. (2.89) for
the transformation of the metric becomes

g — (0w/0z)(0w/0z)g, (2.97)
and the Cauchy-Riemann equations are
ow?  ow' ow'! ow?
i R < iy vl (2.98)
for holomorphic functions w(z) and
ow? ow* owt  ow?
EER R = (298)

for antiholomorphic functions w(z), with (z!,2?) the coordinates in the
complex z plane and similarly for w.
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Generators and global conformal transformations

Now, any infinitesimal transformation can be written as w(z) = z+¢(2),
w(Z) = Z+ &(Z). Assuming ¢(z) and £(Z) can be Laurent expanded
around the origin, one arrives at the following infinite set of generators

by = —2"0, b, = —2""10; (2.100)

for the effect on a classical field. They have the commutation relations

[gm EM] = (n - m)ngrn
[Z”’ Zm} = (n— m)gm—f—m ) (2.101)
[6"’ Zm} = 07

known as the loop, or Witt, algebra. It shows that the infinite-dimensional
conformal algebra is decomposed into a direct sum of one generated by
the set of ¢, and the other by the set of /,,.

The algebra has two finite-dimensional subalgebras generated
by {¢_1,0o,¢1} and {Z_l, 0o, 571} respectively. These generate transla-
tion, dilatation, rotation and special conformal transformations. Each
set generates so called projective conformal transformations, also known
as Mobius transformations,

_az—i—b
oz +d’

w(z)

ad —be =1, (2.102)
with a, b, ¢ and d complex numbers.

Two-dimensional conformal field theories

Now we are ready to state what conformal field theory is [60]: Given a set
of local scaling fields A;(z, z), transforming as A; — A\"% A; under scale
transformations and forming a complete set in the sense that they can
generate all states, a conformal field theory is described by the correlation
functions of this set of scaling fields. In particular,

(a) There is a subset of the fields A;(z,z) consisting of primary fields
¢n(z, Z), which transform under any conformal transformation as

o= (2)7(2) e, e

when inside a correlator. Here A, and A, are real non-negative
numbers known as the dimension of the field ¢,(z,z2), and z, =

A, + A, as the scaling dimension and s, = A,, — A,, as the "spin’.



2.2 Conformal field theory 35

(b) A complete set of the scaling fields A; consists of "conformal fami-
lies” or "towers” [¢,]. The tower [¢,] contains the primary field ¢,
and infinitely many secondary, or descendant, fields, with dimensions
AP = A, + k, AP = A, + k, where k,k = 0,1,2,.... Under con-
formal transformations, a secondary field A; is transformed into a
linear combination of other fields in the same tower. Hence, each
conformal tower corresponds to some irreducible representation of
the conformal group.

(c) Correlation functions of any secondary field can be obtained from
the corresponding primary fields, therefore the correlation functions
of the primary fields contain all the information about the conformal
field theory.

(d) The fields which transform as in Eq. under projective confor-
mal transformations are called quasi-primary fields. Hence
every primary field is also quasi-primary, but a secondary field may
or may not be quasi-primary.

(e) Any local field A; can be written as a linear combination of quasi-
primary fields and their derivatives to all orders.

(f) The assumed completeness of the set {A;} of local fields means that
there is an operator algebra, the operator product expansion,

A(2)4,(0) = 3 O (2)Axl0) (2.104)

inside correlators, where ij(z) are c-number functions which should
be single-valued for locality.

(g) The vacuum is invariant under projective conformal transformations.

2.2.2 Correlation functions

The expectation values (¢(x)) will generally vanish unless there is some
spontaneous symmetry breaking. Therefore two-point functions are the
same as correlation functions. The form for the correlation func-
tions of the quasi-primaries under projective conformal transformations
determine their two-point functions up to a non-universal constant. Con-

sider first a scale transformation x — Ax, for which Eq. (1.35]) gives

(01(x1)2(x2)) = A21H22 () (Axy ) o (Ax2)), (2.105)
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and then invariance under translation and rotation which means that
the two-point function can only depend on the distance |x; — x3|. This
constrains the form of the two-point function to

(611 )a(ca)) = 12 (2.106)

o |X]_ — X2’A1+A2 )

Furthermore, invariance under the special conformal transformations con-
strains it even further, such that two quasi-primary fields are only corre-
lated if they have the same dimension

Chralxy — X2|72A1 Ay = Ay,

(P1(x1)P2(x2)) :{ 0 Ay £ A, (2.107)

In complex coordinates

012
(Zl _ 22)2A<51 _ ZQ)QA’

(P1(21, 21)Pa(22, 7)) = (2.108)

when Ay = Ay = A and A; = Ay = A . The coefficient C}5 is in fact
just a normalization parameter, one can always choose a basis such that

Similarly, the three-point function must have the form

(¢1(21, 21) P2 (22, Z2) P3(23, Z3))

o —(A1+A2—A3) —(A2+A3—A1) —(Ai1+Az3—A2)
= Ci23219 %23 213

% 21—2(514-52—53)22—3(524-53—51)21—3(514-53—52). (2'109)
If one normalizes the coefficient in the two-point function to Cj; = d;;,
then the coefficient Ci93 is universal, and equal to the constant part of
the coefficient C’fj in the operator product expansion ([2.104]).

2.2.3 Stress-energy tensor and Virasoro algebra
The stress-energy tensor

The stress-energy tensor T"", also known as the energy-momentum ten-
sor, is the conserved current associated with translational invariance as
given by Noether’s theorem. The effect on the Hamiltonian from a gen-
eral infinitesimal local coordinate transformation z# — z# 4 #(x) can
therefore be written as

1

6H = —5- d®x T 9, (2.110)
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which can be seen as the definition of T#”. Hence the energy-momentum
tensor encapsulates the departure from the fixed-point by non-conformal
transformations. Invariance under rotations implies that T# = T"* is
symmetric, and global scale invariance implies zero trace 7%, = 0.

Now, the effect of this infinitesimal transformation on correlation
functions (¢;...¢,) of primary fields can be obtained perturbatively from
H — H + 0H, giving the so called conformal Ward identity

0(d1(21,21).-On(2n, Zn)) =

_ __271m, dz ()T (2)é1 (21, 1) -G (s Zn)
C
+_271m- dze(2)(T(2)¢1(21, 1) On(2n, Zn)),  (2.111)
C

with T(Z) = TH — T22 — 2iT12, T(Z) = TH — T22 — 2iT12 being the holo-
morphic and antiholomorphic components of the stress-energy tensor.
On local form this can be written as

(T(2)p1(21, Z1) - On(2n, Zn)) = @112)
-2 ((z - Rt - @> (8121, 1) (2, 20)) + reg.,
(F()ba(o0, 20). (s 2) = s
- Z <<z - Bl . ziazf> (61(21, 21)--Ou (20, 20)) + Teg..

where "reg.” means the terms that are regular as the coordinates approach
each other. Hence we have the operator product expansion

A QQS(w,lD) + !

(2 —w)

T(2)p(w,w) ~ Ow®(w, W), (2.114)

zZ—Ww

and similarly for the antiholomorphic part, where ~ means considering
the singular part. Since the holomorphic and antiholomorphic parts es-
sentially decouple we can treat them separately in the following.

The central charge

Egs. (2.112))-(2.113)) show that the stress-energy tensor has scaling di-

mension equal to 2. Hence, since (T'(z)) = 0 by translational invariance,
the correlation function is given by the two-point function

(T()T(w)) = ——=3 (2.115)
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where the coefficient defines the central charge c. It is a universal number
which characterizes the different conformal field theories. In a sense,
it somehow corresponds to the effective number of gapless degrees of
freedom: A free boson or fermion has ¢ = 1, whereas a theory with N
such fields has ¢ = N, and a free Majorana fermion has ¢ = 1/2.
It also gives the proportionality constant for the finite-size scaling of the
free energy and hence encodes the analogue of the Casimir effect. It
enters into the operator product expansion of the stress-energy tensor
with itself

e (1/1)4 T —Qw)ZT(Z> * ﬁ

Comparing to Eq. (2.114]) for a primary field, we see that the stress-
energy tensor is not a primary. Instead, under conformal transformations
it transforms as

T(2)T(w) ~ 0.T(z). (2.116)

ow\> c
T(z) — <§> T'(w) + E{w’z}’ (2.117)
where the Schwarzian derivative is given by
Pw 3 [(Pw)’
=——-55) - 2.11
{w, 2} dw 2 <6Zw> (2.118)

Hence the central charge somehow encodes how much the stress-energy
tensor deviates from being a primary field of dimension 2 (which is what
one expects classically, it therefore describes an anomaly).

The Virasoro algebra

In order to treat quantum systems, one must employ the operator for-
malism where a distinction is made between space and time. A suitable
choice is to use what is known as radial quantization, where the radial
direction is taken as the direction of time. Then equal-time commutators
of operators can be expressed as contour integrals in the complex plane,

Ay, Ag] = jgdwfidz an(2)ag(w), A; = j{dz a(z).  (2.119)

Now, the generator () of conformal transformations, i.e. the charge @)
which gives 0¢(z) = —[Q, ¢(z)] for the transformation of an operator
¢(z) under an infinitesimal coordinate transformation, is given in terms
of the stress-energy tensor as

Q= L ]{dze(z)T(z). (2.120)

271
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If T(z) is mode expanded,

T(z) =) 2"?L,, Ly= % dze(2)T(2), (2.121)

and similarly for £(z), then

Q=> euln, (2.122)

with n integers. Hence the mode operators L, (and L,) of the stress-
energy tensor are the generators of conformal transformations on the
Hilbert space, being the quantum version of Eq. (2.100). They obey the

Virasoro algebra

[LTM Lm] = (n - m)Lm+n + 1_62n<n2 - 1)5n+m,07
(Lo L] = (0 —m) Ly + 1—62n(n2 — Dopmo,  (2.123)
(Lo, L] = 0.

So we have two commuting infinite-dimensional algebras. For the subal-
gebras with n = —1,0, 1, the terms proportional to the central charge ¢
vanish and one recovers the loop algebra for the projective con-
formal transformations.

The representation theory of the Virasoro algebra gives the struc-
ture of the Hilbert space. Given a vacuum |0) which is invariant under
projective conformal transformations, and imposing vanishing vacuum
expectation value of the stress-energy tensor, one has

L,J0) =0, L,0)=0  forn>-1. (2.124)

The Hermitian conjugate of the Virasoro generators are given by LI =
L_,,. With states obtained by acting with the operators on the vacuum,

1A, A) = ¢(0,0)[0), (2.125)
one has
LolA, A) = AJA,A), and L,|A,A) =0 for n > 0 (2.126)

and the state at any z is obtained through ¢(z)|0) = exp[zL 4] |0). States
with higher dimensions can now be obtained from the state |A, A) by
acting with the generators L_,, (m > 0). By the Virasoro algebra,

Lo(L_py Lo )| A, A) = (A+Ey + oot k) (Lo Ly, )| A, A, (2.127)
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These states are the descendants of the state |A, A), hence defining the
descendant fields in the conformal tower of the primary ¢(0,0).

Conformal field theories with a finite number of primary operators,
and hence of conformal tower, are called minimal models. The Kac for-
mula, relating the value of the central charge ¢ to the possible values of
the dimensions A of the operators, then provides a complete classifica-
tion of all unitary (i.e. without negative-norm states) minimal models
with ¢ < 1.

As a last remark, let us note that the quantum Hamltonian can be
expressed in terms of Virasoro generators by

H= 2% (Lo + Lo) (2.128)

as the system size L — oo.

2.2.4 Finite-size effects

It is now an important question to ask what sort of effects it has on
correlation functions to put the system in a finite geometry, by either
imposing periodic boundary conditions in the spatial direction or being at
finite temperature [70,/71]. Since the results so far has been for the infinite
complex plane, these results can actually be extended to finite geometries
rather straight-forwardly by conformal transformations. Consider the
transformation

L
w(z) = P Inz < z=em/rk (2.129)

from the infinite z-plane to the w-cylinder. Using the transformation
properties for the stress-energy tensor, one obtains a non-zero
vacuum expectation value of the stress-energy tensor on the cylinder.
This results in a finite-size correction for the ground-state energy given
by

ey

0F = —— 2.130
=, (2130)

showing that the central charge ¢ serves as the proportionality constant
for the Casimir effect.

From Eq. (2.103) is follows that the effect of the conformal transfor-
mation (2.129)) on the two-point correlation function (2.108)) is

<¢(w1a@1)¢(EUA2>@2)> = . . N
(66_1,:) (%) <((‘93_@:> 1 (2_@;) (021, 21)P(22, 22))

w=w1q w=wsy W=1W2

_ (£ sinh [%(wl _ wg)])2A <£ sinh [%(wl - wg)])m (2.131)

™
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Note that for |w; — wy| < L one recovers the usual correlation function

(2.108)) for the infinite plane. An important relation will follow by taking
the other limit, |w; — wq| > L:

(p(w1,W01) (w2, Wa)) =
2

— (7>A+f exp [—IA(wl —ws) = AW — u@)}
= (2—W>A+A exp {—Q—W(A + A(r — 1) — iQ—W(A —A)(z1 - 1‘2)} )
(2.132)

where the complex coordinates are given by w = vr — iz = —i(x —
vt) and w = vT + ix = i(x + vt). This should be compared to the
spectral decomposition of the correlation function obtained by inserting
a resolution of the identity,

(P(wr, wy)p(wg, Wa)) =
= [{01¢(0,0)[Q)]” exp [(E, — Eq)(11 — 72) — i(Py — Py)(x1 — 32)] ,
Q

(2.133)

where |@) is a complete set of states labelled by their quantum numbers
(), with energy eigenvalues Fg and momentum eigenvalues Fp. Hence
we arrive at the important relations

2T

Eq—Ey = T(A+A), (2.134)
Po—P = %(A—A), (2.135)

relating the dimensions of the operators in the conformal field theory
to the finite-size corrections of the energy and momentum of the states.
It is therefore possible to extract the dimensions, which determine the
correlation functions, from finite-size corrections which are usually much
easier to obtain. In particular, the correlation length &, determining the
exponential decay (¢(x, 7)$(0,0)) ~ exp[—z /€], follows as

L
= 2.136
E= o, (2.136)
where z = A + A is the scaling dimension.
Replacing the finite length L in the conformal transformation (2.129)
with the finite "length” £ in the imaginary time direction, i.e. the inverse



42 Chapter 2 Bosonization and conformal field theory

temperature, one instead obtains the finite-temperature correlation func-
tions. Hence

(p(wr, w1)P(wa, Wa)) = 7

- (g sinh[%(wl - wz)]) - <§ sinh[%(u?l - wz)]) - . (2.137)

at temperature 7' = 1/, where the correlation function is given by

(d(wr, 01)p(we, We)) = Trpd(wy, wr)p(we, we), With p = exp[-LH]/Z
the density matrix.

2.2.5 Boundary conformal field theory

Another important case is systems with a boundary [7274]. This is for
example often the case in quantum impurity problems, where effectively
the system can be described as one-dimensional with a boundary at the
impurity position [68]. Let us therefore consider a conformal field theory
with complex coordinates restricted to the upper half-plane (C*).

A model with a boundary now restricts the conformal transformations
to those that map the boundary onto itself. This implies that the holo-
morphic and antiholomorphic sectors are no longer independent. It also
implies that the boundary conditions must be homogeneous, for example
as the "free” boundary condition where the field vanish at the boundary,
¢lo = 0.

The lack of independence between the holomorphic and antiholo-
morphic sectors makes it possible to introduce a mirror image of the
system on the lower half-plane, by the identification z = z*, where
z,z € CT and therefore 2* € C~. Thus T(z*) = T(2), T(z*) = T(2),
etc.. The conformal Ward identities then show that the correlation func-
tion (p(z1, 21)...¢(2n, Zn)c+, which is a function of zy,..., 2, 21, ..., Z, In
the upper half-plane, is the same as (¢(z1)...0(z,)0(27)d(25))c. This is
analogous to the method of images in electrostatics, since the correlation
functions behave just as if the fields interact with their mirror images
on the other side of the boundary. The theory with holomorphic and
antiholomorphic dependence on the upper half-plane has therefore been
mapped to a theory with only holomorphic dependence on the entire com-
plex plane. In particular, the expectation value of a field in the half-plane
no longer vanish, instead it has correlations with its mirror image,

(6(2,2))cr = (9(2)0(z"))e ~y ™2 (2.138)

where y is the distance from the boundary, see Fig. [2.4]
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—Y+ oz*

Figure 2.4: In the presence of a boundary, here the real axis x = 0,
correlation functions on the upper half-plane are obtained by introducing
mirror images on the other side of the boundary (the shaded lower half-
plane).

One may now wonder what will happen as an operator approaches
the boundary. The operator product expansion with its mirror image
then gives
q@)

*)230—1‘

$(2)9(z") ~ Y

T (22

S0 (7) (2.139)

where © = A is the scaling dimension of the holomorphic field ¢(z) on
the upper half-plane, and the sum is over primary boundary operators ¢y,
with scaling dimensions x;,. They live on the boundary and have corre-
lation functions (¢, (71)ds(2)) = |71 — 72| "***. Boundary operators with
xp < 1 are relevant under the renormalization group, and will therefore
be boundary condition changing operators since they will cause the sys-
tem to flow away from the fixed point when inserted. One can introduce
boundary states, in analogy with the states introduced above, by acting
with such operators on the vacuum. In general, every conformally in-
variant boundary condition (CIBC) can be associated with a boundary
state. If the space and imaginary time directions are interchanged, then
one can formally write the partition function for a strip between two
CIBCs A and B as ZAB = (A|exp[—LH']|| B), where H' is a Hamiltonian
that propagate the system across the distance L in the space direction
between the two boundaries A and B. In the limit where L > [ one
obtains the thermal entropy

gin = O pyy gary - TLT

In ¢4B 2.14
5T +1Ing””, (2.140)
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where

g™ = (A]0)(0]B) (2.141)

is the boundary entropy [75]. Here |0) is the ground state of the space-
time-exchanged Hamiltonian H’'. This part of the thermodynamic en-
tropy therefore depends on the boundary conditions as opposed to the
extensive term, and it encodes the entropy of the boundaries. Interest-
ingly, it does not vanish at zero temperature. Therefore it is referred
to as the ground-state degeneracy, but note that it does not need to be
an integer. In quantum impurity problems a non-integer ground-state
degeneracy encodes non-Fermi liquid properties of the system.

Irrelevant boundary operators however will appear as perturbations
around the conformally invariant fixed point without changing the CIBC,
and they play an important role in quantum impurity problems where
they determine the thermodynamics of the system.

2.2.6 The free boson

Let us end this Section by giving a concrete example of a conformal field
theory. In fact we have already encountered it before: the free boson. It
has a Hamiltonian (2.63)), rewritten as

1= [ do [@up(a)/0)* + @upla))]. (2142

and an action which in complex coordinates and with the usual conven-
tion v = 1 is written as

S = Si/dz/dz 0.p(z,2) 0s0(z, 2). (2.143)
m

The large-distance correlation function (2.70]) in complex coordinates,

(o2 2)(0,0)) = —ﬁln[z/a]—ﬁln /4] (2.144)

shows that the boson field ¢(z, Z) = ¢(2)+@(Z) is not a primary. However
its derivatives 0,¢(z, z) = 0,¢(z) and 0:p(z, Z) = 0:¢(z) have correlation
functions

1 1
0, Ow = ——— 2.145
Op(0u)) = o (2.145)

1 1
0:0(2)0gp(w)) = —————— 2.146
OA(065() = e (2.146)
and operator product expansions with the stress-energy tensor, which is

given by

T(z) = =21 : 0,0(2)0.0(2) : (2.147)
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show that 0,¢(z) and 0;¢(z) are primary fields. The correlator (T'(z)T(w)) =
(1/2)(z —w)~* for the stress-energy tensor shows that the free boson the-
ory has central charge ¢ = 1.

There is in fact an infinite number of primary fields that can be con-
structed from ¢. These are the vertex operators,

Va(z) =: el Va(Z) =: e . (2.148)

familiar from the previous discussion of bosonization. The non-vanishing
operator product expansions are

1

(Z _ w>a2/2ﬂ'

Va(2)V_a(w) = . (2.149)

and similarly for the antiholomorphic part, showing that their dimensions
are given by

Apg=— ANg=—. (2.150)
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The Kondo effect

The Kondo effect is one of the paradigms of strongly correlated phe-
nomena [30]. It is historically associated with the surprising increase in
electrical resistivity p(7') as the temperature T — 0 in normal metals
containing magnetic impurities [76},77]. When T — 0 the usual scatter-
ing mechanisms in Fermi liquids give a resistivity p(T) ~ const. + T?
according to Matthiessen’s rule. The constant term comes from scatter-
ing off non-magnetic impurities and the term quadratic in temperature
from electron-electron scattering |18]. In the presence of magnetic impu-
rities, i.e. localized spins that can scatter the electrons, there is instead

a resistivity minimum at a temperature typically on the order of 10 K,
see the sketch in Fig. 3.1]

Resistivity A
A

Temperature

A
7

Figure 3.1: Sketch of the resistivity minimum in metals with magnetic
impurities, compared to non-magnetic (dashed line).

47
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3.1 The Kondo model

The resistance minimum was explained by Kondo [77], using a simple
model now known as the "Kondo model”. It describes a magnetic s = 1/2
impurity interacting with a single band of conduction electrons:

) » 7,
HKondo - Z E(k’)iﬁga?ﬂga +JS - Z 1/1,%&75%3/5 ) (31)

E7a E?El 9a7/3

where «, 8 =7, | are spin indices, v is the electron annihilation operator,
o is the vector with the Pauli matrices as components and S is the
impurity spin-1/2 magnetic moment localized at the origin.

When combined with the contribution from phonons, this simple
model accurately predicts the existence of a resistance minimum. How-
ever, the calculations showed a breakdown of perturbation theory as the
temperature was further reduced. Acquiring a solution below this break-
down temperature, the "Kondo temperature” Tk, became known as the
"Kondo problem”. In fact, it was the quest to solve this problem that
spurred the development of scaling analysis by Anderson [78] and the
renormalization group by Wilson [55]. The picture that emerged was
that for antiferromagnetic coupling, the magnetic impurity gets screened
at low temperatures by singlet formation with the conduction electrons.
This occurs at a length scale {x ~ vp/Tk, the "Kondo length” (see
Fig. . Hence when T — 0 the impurity effectively becomes non-
magnetic, only contributing a finite residual resistivity. As shown by
Nozieres [79], this low-temperature fixed-point corresponds to a Fermi
liquid. An exact solution of the Kondo model, giving all the thermo-
dynamic properties, was finally obtained independently by Andrei [80]
and Wiegmann [81], using the Bethe AnsatzE]. The simple Kondo model
was also extended to incorporate more realistic situations, such as when
the impurity interacts with several bands of conduction electrons. Hence
Nozieres and Blandin [83] introduced the multichannel Kondo model,
which was shown by Andrei and Destri [84], and independently by Tsve-
lik and Wiegmann [85], in their Bethe Ansatz solutions to exhibit exotic
non-Fermi-liquid behavior. A new approach to Kondo physics based on
conformal field theory was developed by Affleck [86], and independently
by Tsvelik [87], and further refinement by Affleck and Ludwig [88,89)
allowed the technique to give new insights to the non-Fermi-liquid phe-
nomena.

The Kondo lattice model |90}, believed to describe heavy-fermion sys-
tems displaying a rich variety of physical phenomena including quantum

'Reviewed in [82].
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Figure 3.2: The Kondo screening cloud is formed when the conduction
electrons try to screen the impurity spin by forming a singlet. The screen-
ing takes place on the scale of the "Kondo length” {x ~ vp/Tk, where

Tk is given by Eq. (3.4)).

phase transitions and non-Fermi-liquid behavior as well as unconven-
tional superconductivity, still remains unsolved although much progress
has been made. One of the principal physical mechanisms in the Kondo
lattice, the competition between Kondo screening and indirect exchange
between the impurities, is captured already in the two-impurity Kondo
model.

Interest in the Kondo effect then experienced a revival when advance-
ments in nanofabrication enabled its observation in artificially created
quantum dot systems [91], where a tunable Kondo resonance provides
new opportunities for device technology. Recently the Kondo effect has
also attracted attention from the quantum information community, as
the Kondo screening cloud has been recognized as a mechanism that
may generate long-range entanglement between qubits [92,93]. There
also exists a mapping between the spin-anisotropic Kondo model and
the spin-boson model, describing a qubit interacting with a dissipative
environment [94].

An estimate of the Kondo temperature Tk can be obtained using the
renormalization group perturbatively at weak coupling. By successively
integrating out high-energy electrons, thus effectively reducing the band-
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width D, one obtains the RG equation for the coupling constant J

dJ
— =]+ . 3.2
dlogD) T (3:2)
where v is the density of states at the Fermi level. This gives the solution
J,
Jett ° (3.3)

T 1—uldy log(Dy/D)

for the effective coupling Jeg in terms of the bare values of the coupling
Jo and band-width Dy. Thus, for antiferromagnetic coupling (Jy > 0)
the effective coupling diverges as the cutoff is approaching D ~ T, the
Kondo temperature

Ty ~ Doe 7% . (3.4)

This shows the appearance of a new length scale in the problem, the
Kondo length 5 ~ vp/Tk. It is within this length scale that the screen-
ing occurs, hence defining the extent of the "Kondo screening cloud”. The
crossover on this length scale has proven notoriously difficult to detect
experimentally, and the nature of the Kondo screening cloud is hence
perhaps the only remaining open question in what once was "the Kondo
problem”. For a more detailed account, see Refs. [95] and [96].

3.2 The boundary conformal field theory ap-
proach

Conformal field theory techniques have been very successful in the study
of a large number of quantum impurity systems. The approach is based
on the possibility to reduce the problem to one dimension with the im-
purity as a boundary. The low-energy physics can then be described
by one-dimensional non-interacting fermions with the impurity spin hav-
ing disappeared, its only effect being a (possibly non-trivial) conformally
invariant boundary condition and a modified operator content of the re-
sulting boundary conformal field theory. For a thorough review of the
BCFT approach to the Kondo effect, the reader is referred to Ref. [68],
or to the original articles by Affleck [86], and Affleck and Ludwig [88,89).
Let us only give a brief account here.

First, even when the impurity is interacting with bulk conduction
electrons and the Kondo model hence describes a three-dimensional
system, it can always be mapped onto a one-dimensional model. Ex-
panding the electron fields in partial waves

bolr) + ... (3.5)
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it follows that it is only the s-wave (i.e. zero angular momentum) com-
ponent 1y(r) that interacts with the impurity since the interaction in the
Kondo Hamiltonian is a delta function and the s-wave is the only
non-vanishing component at the origin. Thus we are left with only the
radial coordinate and the resulting one-dimensional model

Honao = 3 el (B)ea () + IS - 32 vl ) 2005k (36)

k7a E7E/’a7ﬁ

can then be treated with the bosonization techniques introduced in Chap-
ter 2] First, consider a linearization around the Fermi level

e(k) ~vp(k — kp) (3.7)

and then decomposing the s-wave electron field in left and right movers,
corresponding to in- and outgoing waves,

kp+A )
i ralr) = /k dk eH =Ty () (3.8)

A

This puts the Kondo Hamiltonian on the form

HKondo = ;_i d?“[ 1#2@(7")@'37«1%0[(7") - w;{a(r)iarwl%a(r) }
0

+JS - @z];“(())%m(m . (3.9)

Note that the definition (3.8]) of the left and right movers gives the bound-
ary condition

U1 (0) = ¥r(0). (3.10)

But as Jeg — 0o under renormalization, the impurity and a conduction
electron get so strongly bound into a local singlet that no other conduc-
tion electron can be at the origin, then 1)(0) = 11 (0) +x(0) = 0 so that
the boundary condition is effectively changed to

¥r(0) = —v¥r(0)  when Jog — o0. (3.11)

This is at the core of Noziere’s Fermi-liquid description, the strong-
coupling regime corresponds to a phase shift of the otherwise unaffected
electrons.

A purely chiral theory can be obtained by "folding”, i.e. by extending
to negative values of r by identifying

VRa(r) = Yra(-r), (3.12)
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T
\ 4

Figure 3.3: The "folding” process of the out- and in-going s-wave fields,
represented as right- and left-moving fields Wg(r) and W (r) on the pos-
itive half-line. A chiral theory with only left-moving fields on the entire
real line is obtained by the identification ¥ g(r) = ¢ (—7).

see Fig. [3.3] so that

Hicongo = £ dm/;;a(r)z'aﬂpm(r)+J§.¢;a(0)%m<oy (3.13)

2r J_

Spin-charge separation is obtained by introducing the charge and spin
currents

Jo = ¥L¥a (3.14)
L= ub %, (3.15)

where :: denotes normal ordering. Their commutation relations are
[J(r), J.(r)] = 4mido(r — '), (3.16)
[Je(r), JE(r)] = 0, (3.17)

[J2(r), JP(r")] = 2mie®JS(r)S(r — ') + 7i6®0,5(r — ') . (3.18)

with % the Levi-Civita antisymmetric tensor. This puts the Hamilto-
nian on the spin-charge separated form

TUR J2 I 7TUF

e 72
LI+ T 4 8- T0) (3.19)

HKondo -
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and the Kondo interaction only takes place in the spin sector. However,
due to the boundary condition on the electrons, the two sectors are in
fact not completely separated. To recover the correct free-fermion spec-
trum the states of the separate sectors must be combined according to
particular "gluing conditions”.

The charge current J.(r) has the same commutation relations as the
derivative of the chiral free boson field, d,¢(r),

[0.0(r), 0.0(r")] = 2i0,6(r — 1) (3.20)

so the identification
J.= 0.0 (3.21)

can be made. Thus the charge sector is simply the chiral free boson
conformal field theory, with Hamiltonian

H.= i(azqﬁ)Q ) (322>

for the "charge boson” field ¢ = ¢..

In the spin sector, the Fourier transformed spin current

- 1 [E

n = — dre™ /L J (1) (3.23)
27T L

(where L is the system size) obeys the SU(2); Kac-Moody algebra

[, T] = i€ T,

1
+ Eéab(sm_m (3.24)

which is the SU(2) level £ = 1 case of the general Kac-Moody algebra
(affine Lie algebra)

[ ) = 2T

+ gnaa”dn,_m : (3.25)

Thus the quadratic part of the spin sector Hamiltonian can be put on
the Sugawara form

T — - -
Hy= o7 DA A (3.26)

n=—oo

hence giving the SU(2); Wess-Zumino-Witten (WZW) model. Bosoniza-
tion can no longer be done only in terms of the currents. Non-Abelian
bosonization, where the symmetry is explicitly preserved, expresses the
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spin part of the electron field as a field g that takes its values in the
symmetry group SU(2), so that

W oc gelVroe (3.27)

When including the Kondo interaction

Hs:%Z:f_mﬁ:—kJ%Zg'ﬁ“ (3.28)

n=—oo n=—oo

the above no longer holds. However, the approach is that the fixed points
should correspond to removing the impurity and replacing it with a con-
formally invariant boundary condition (CIBC) on the free theories. The
CIBC for the low-temperature fixed point of the Kondo model, where
the electrons experience a /2 phase shift at the origin, is equivalent to
letting J,, — J,,, with

— — —

TIn(r) = Jo(r) +0(r)S (3.29)
giving .
H, = 3% > T Tn (3.30)
and
(T T = ie™ T, + %naabcsn,_m. (3.31)

Hence the theory is the same, showing that the strong-coupling fixed
point is the same as the weak-coupling fixed point, i.e. as having no
impurity. The effect of having the new spin operator is instead
that, as the impurity has spin s=1/2, the half-integer spin states will
become integer-spin states, and vice versa, thus interchanging these two
conformal towers. Equivalently, the spectrum at the strong-coupling fixed
point is obtained by acting on all states with the spin j=1/2 field in the
free theory. This way of obtaining new conformally invariant boundary
conditions from the free theory is known as "fusion”.

Thermodynamics

The BCF'T formulation allows for a straight-forward calculation of ther-
modynamic properties at the fixed-points once the operator content has
been found [89]. At a fixed point, the singular behavior of thermodynamic
quantities is governed by the leading irrelevant operator in the operator
content, not breaking the symmetries of the fixed-point Hamiltonian.
The presence of the screened impurity will induce local perturbations at
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the boundary, in the form of boundary operators, so that the effective
Hamiltonian becomes

H=Hpp+ A\, (332)

where Hpp is the fixed-point Hamiltonian and ¢ is an irrelevant bound-
ary operator with scaling dimension x;, > 1 localized on the boundary.
The partition function in the finite-temperature geometry on the upper
half-plane C* (with z = 7 +ir, r > 0), is then written as

8/2
7 o BFEN) _ 6—ﬂF(ﬁ,0><eXp ( A /
5/

where F' is the free energy. Then the impurity free energy contributed
by the perturbation, 6 Fj,, (8, A) = 0F (8, A) — Fimp(B,0) is given by

B/2

e~ POFimp(B.0) — <exp </\/ dr ¢b(7))> . (3.34)
82

The conformally invariant boundary conditions imply (¢,) = 0 so that

dr ¢b(7)>> , (3.33)

6/2 B/2
S Fimp(B, ) = an [ dnton)a(n) + 00, (339
-B/2 B/2
From )
(Dp(T1)P6(72)) = |ﬁ (3.36)

sin(5(m — 72))[>*

the leading singular behavior of §Fj,,,(5,A) can be calculated exactly
using partial integration. The impurity specific heat Cj,, is found from

O Fim
Comp = ~T =557 (3.37)
which, in terms of the inverse temperature 3 becomes [89,97]
AZAB2-2m it 1<y < 3/2
Cimp = § A28 og(B/70) if x, = 3/2 (3.38)
NBp! if 2, > 3/2,

in the limit 8 — oo, where A = 2(x;, — 1)?7**~'1(3/2 — 2;,)T'(1/2) /T(2 —
xp), B = w2270 > /3(22 — 3) and 7 is the short-time cutoff.

The impurity specific heat Cj,,,, is related to the thermodynamic im-
purity entropy SZTWZ) via the relation Cj,,, = —f 853;,%/ 0dB. Thus they
describe the same power law, and one has the leading behavior

A2 A B2 if 1<y <3/2
Sim =logg+ 1< Ax?f 7 log B if 2y, = 3/2 (3.39)
\2Bp-! if 2, > 3/2,

as 3 — oo.
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3.3 Non-Fermi liquid fixed points in Kondo
systems

While the usual Kondo model in Eq. has a low-temperature behavior
described by Fermi-liquid theory [79], this will not necessary be the case
when generalizing the model to include several electron bands, more im-
purities, and so on [31]. Below we give the two most prominent examples
of such situations.

3.3.1 The multi-channel Kondo model

Let us consider the generalization of the Kondo model in Sec. [3.1] to the
situation of a single SU(2) spin-s impurity interacting with & degenerate
bands of conduction electrons, the multi-channel Kondo model

— - O_.’a
HMC = Z E(k)w;%mwﬁm + JS ’ Z wl]%az?ﬂwl_f‘lﬁl ) (340)

P - )
ki kK a,B,i

where i = 1,2, ..., k is the additional channel index. For the overscreened
multichannel Kondo model, i.e. when k£ > 2s, the system flows un-
der renormalization for any non-zero Kondo coupling J towards a sta-
ble non-Fermi-liquid fixed point [68]. The model was first solved by
Andrei and Destri [84], and by Tsvelik and Wiegmann [85], using the
Bethe Ansatz. Later the BCFT solution was worked out by Affleck and
Ludwig [88,[89]. At the fixed point there is a Kac-Moody symmetry
U(1) x SU(2)y x SU(k)s, corresponding to the charge, spin and channel
sectors, respectively. The Kondo interaction only involves the spin sector,
and the non-Fermi-liquid fixed point is obtained from the free fermions
by double fusion with the spin-s primary field in the level-k SU(2) WZW
model. The non-trivial boundary condition corresponds to a boundary
entropy given by [75]84]

sin(m(2s+1)/(2+ k))
sin(m/(2 + k))

log g = log (3.41)

The leading irrelevant boundary operator is the singlet T gz_g (a Kac-
Moody descendant, where ¢ is the spin-1 primary field in the spin sector).
This is a Virasoro primary with scaling dimension x, = 14 2(2 + k).
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3.3.2 The two-impurity Kondo model

Adding a second spin-1/2 impurity to the Kondo model gives the two-
impurity Kondo model (TTKM)

Hrixn = Ho + J[5(7)-Si+ 5.(7R) - S5 |+ K S, - S,

(3.42)
where Hy = ZE,a e(E)@bgaw,;a is the kinetic energy and
5.(7) = Zﬁ NGRS (3.43)

where a, f =1, ] are the spin indices [98]. K is the RKKY interaction
strength between the two s=1/2 impurities S, located at T, with i=1,2.
The RKKY interaction is an indirect exchange interaction to second order
in perturbation theory, mediated by the conduction electrons [99-101].
The two important energy scales are K and the (single-impurity) Kondo
temperature 1. The limits K — o0 correspond to Fermi-liquid fixed
points, but for K = K. ~ Tk there is an unstable non-Fermi-liquid fixed
point. The BCFT solution of the two-impurity Kondo model was found
by Affleck, Ludwig and Jones [102]. Applying non-Abelian bosonization,
they represented the fermionic theory as two level-1 Wess-Zumino-Witten
(WZW) models (the two charge sectors; two since there are two impuri-
ties), a level-2 WZW model (the total spin sector) and an Ising model.
The primary fields of the SU(2); WZW models are the identity operator
with spin j=0, and the j=1/2 field (h;)a (where i=1,2 is the "channel”
index and A is an "isospin” index). The SU(2); WZW model has the
primary fields 1 (the identity), go (with j=1/2) and ¢ (with j=1). Their
scaling dimensions are given by = = j(j+1)/(2+ k), where k is the level
of the Kac-Moody algebra. The primary fields of the Ising model are the
identity operator 1, the order parameter o with x=1/16 and the energy
density € with x=1/2. The fermion field then has the representation

Vai = (hi)19a0 - (3.44)

The operator content at the non-Fermi-liquid fixed point is in this rep-
resentation obtained from the free theory by double fusion with the o
operator in the Ising sector. This gives logg = log /2, showing a non-
integer ground-state degeneracy. The irrelevant boundary operators that
can appear as perturbations to the fixed-point Hamiltonian can then be
found by symmetry considerations. The leading irrelevant operator at
the unstable non-Fermi-iquid fixed point is L_q¢, the Virasoro first de-
scendant of the e field, with scaling dimension = 3/2. However, being
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a Virasoro first descendant, L_qe will not give any contribution to ther-
modynamic quantities to any order in perturbation theory. This follows
from the evaluation of integrals of the type [~ dr(L_je) = [ dr0:(e)
which vanish due to the periodicity in the 7 direction. The leading con-
tributions to thermodynamic quantities therefore come from the stress-
energy tensor, precisely as in the single-impurity case. The non-Fermi
liquid behavior thus manifests itself mainly in the residual entropy log g.

3.4 The Kondo effect in a Luttinger liquid

The one-dimensional formulations of the Kondo models considered above
have all been concerned with non-interacting electrons coupled to the
Kondo impurities, which follows from considering the model to origi-
nally describing a three-dimensional system. However, for a truly one-
dimensional system the Fermi-liquid picture of non-interacting quasipar-
ticles breaks down, and gets replaced by collective degrees of freedom
described by the Tomonaga-Luttinger model as we saw in Chapter [2
Now, let these interacting fermions

Hrpp, = %/diﬁ{vF[?ﬁz,a(l')iazwua(iﬁ) —1/12,&(37)2'31?/11%,&(117)]
t Y15 S U@t aalr + @) sal + a)
n

r,s=L,R
o (D)VL.a(2)], (@) sa(@)] } (3.45)
be coupled to a spin-1/2 impurity by the Kondo interaction term
Hy = 0722y, 50) - 5 4
K JT;Rwr,a(m 5~ 1ss(0) S, (3.46)

where in both Eqgs. and there is an implicit summation over
the spin indices «, 8 =71,]. Note the point-splitting on the second line
in Eq. (3.45), where a is the short-distance cutoff (typically the lattice
parameter). For repulsive electron-electron interaction the parameter
g’ is positive. One can now proceed with standard bosonization and
renormalization group analysis [103],/104].

At low temperature the Kondo coupling flows under renormaliza-
tion towards infinity so that the impurity gets completely screened [105].
Thus, at the fixed point logg = 0. In the boundary conformal field the-
ory picture, there are two possible scenarios for this strong-coupling fixed
point: either it describes a local Fermi liquid with an exactly marginal
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boundary operator or an operator with x, > 3/2 as leading boundary
perturbation, or it describes a non-Fermi-liquid strong-coupling fixed
point [97,106]. The non-Fermi-liquid fixed point scenario is the one real-
ized |97,|105], and the leading perturbation then comes from a boundary
operator with z;, = 1(e*’ +1), where 6 is given by tanh 20 = ¢'/(¢' + vr).

3.4.1 The Kondo effect in a helical Luttinger liquid

If one locks the spin of the electrons to their direction of propagation,
such that right-movers only have spin-up and left-movers only have spin-
down,

Hyrr = %/dx{UF[ @Z)h(ﬁ)iamwu(x) —@DLT(x)iawaT(m)}
5 wlh(e +apl(e +api()

s=RT,L|

4 Uy (@) ()], (@)1 () } (3.47)

one obtains the helical Luttinger liquid. This system will be discussed
in Section in connection to its realization as the edge state of a
two-dimensional topological insulator. The Kondo effect in this model,
with Hamiltonian H = Hy; + Hg, where

O—a7ﬁ al

5 Y3(0) - S, (3.48)

Hi=J Y ¢i0)

o,f=RT,L]

was studied early on [107,{108] as a truncated version to gain some insight
to the problem in the standard Luttinger liquid. It was found that the
Kondo effect in this truncated model can be mapped exactly onto that in
a Fermi liquid [107], hence resulting in a fully screened impurity at zero
temperature with the usual Fermi-liquid scaling exponents. Previously
being just a "toy model” model for the full Luttinger liquid, the discovery
of the quantum spin Hall insulator with its helical edge states [109}/110]
has now provided a physical realization of the helical Luttinger liquid
stimulating much interest in the physics of quantum impurities in this
system [111H114].
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Quantum entanglement

Entanglement lies at the very heart of quantum theory [115-118]. It has
been recognized as the crucial resource needed for performing quantum
computing and teleportation, and therefore constitute the foundation of
quantum information science [119]. But it has also entered as an impor-
tant concept in a wide range of other fields spanning from the studies
of black holes [120] to biological systems [121]. In condensed matter
physics, entanglement has been used as a theoretical tool to study zero-
temperature quantum phase transitions and critical phenomena |122/134]
as well as characterizing novel phases of matter [135-H137] and developing
numerical algorithms [138][139]. A particularly important result has been
for one-dimensional critical systems, where conformal field theory yields a
universal prediction for the scaling of the entanglement entropy [126}127].
Much effort has been put into relating entanglement entropy to exper-
imentally measurable quantities [140-144], a task complicated by the
very non-local feature that makes it such a powerful theoretical tool.
For a thorough review on entanglement in many-particle systems, see
Ref. [145].

4.1 Entanglement of quantum states

Two parts of a system are said to be entangled if the state of the system
cannot be written as a direct product of the states of the two parts. That
is, if the Hilbert space H = H 4 ® Hp of the system is divided into a part
called A and the rest which is called B, and the system is in a pure state
| U) in H, then A and B are entangled if

[U) #|Y)a®|o)B (4.1)
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for any states |1 )4 and |¢)p of the parts. When the whole system is
in a mixed state, the parts are instead entangled if the density matrix p
cannot be written as a linear combination of product states,

pEY i pa @y, (4.2)

where p% and py are density matrices pertaining to part A and B, re-
spectively, and p; are probabilitiesE].

4.2 Quantum correlations and entanglement

Let us give a simple, yet profound , example of an entangled state. Sup-
pose we have two spin-1/2 particles that are in a singlet state

1

V2

It is easily seen that one cannot write this as a product state, Eq. (4.1J).
Let us now see what happens if we perform measurements on the par-
ticles. There is equal probability that A points either up or down, and
there is also equal probability that B points either up or down. However,
if the first measurement gives the outcome that spin A pointed up, then
the state has collapsed onto the product state | ¥ ) = |14 ®| | )5
and a subsequent measurement on B will with complete certainty give
the outcome that B points down. On the other hand, had the first mea-
surement given that A pointed down, then the subsequent measurement
would with complete certainty have shown that B pointed up. Thus, even
though we have complete knowledge about the global state of the system,
we cannot predict the outcome of a measurement. However, the measure-
ments show perfect correlations, in that the result of a measurement on
one particle completely decides the outcome of a subsequent measurement
on the other. In the words of Schrédinger [117], entanglement means that
“the best possible knowledge of a whole does not necessarily include the
best possible knowledge of all its parts”, something he "would not call one
but rather the characteristic trait of quantum mechanics, the one that
enforces its entire departure from classical lines of thought”. Adding even
more to this fascinating phenomenon, consider what happens if the two
particles A and B are taken far apart from each other, while they remain
in their common singlet state . Then a measurement on A will in-
stantaneously affect a subsequent measurement on B, even if they are

W)= —=(ITaelbs—11ae]t)s ). (4.3)

1For a review on the theoretical aspects of entanglement, see Ref. [146]
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light-years apart. This clearly violates the locality principle of classical
physics, and the non-local correlations in quantum theory forms what
has been known as the "EPR paradox” [115]. In fact, any local ("hidden
variable”) theory has been shown to impose serious constraints, known
as "Bell inequalities”, on possible measurement outcomes whereas they
can be violated in quantum theory |147]. Later experimental evidence for
the violation of Bell inequalities have provided some of the most striking
confirmations of quantum mechanics [148-150]. However, it is important
not to consider non-local correlations and entanglement to be equivalent.
In fact, there are states that are entangled but do not generate non-
local correlations [151]. Entanglement is a necessary, but not sufficient,
condition for non-locality.

4.3 Entanglement entropy

For a bipartite many-body system in a pure state there is essentially
one unique measure of the entanglement between the two parts, namely
the von Neumann entropy of the reduced density matrix of (either) one
of the parts. For a system in a pure state | V) and with the Hilbert
space partitioned into a direct product H = H 4 ® Hp, the entanglement
between A and B is given by the von Neumann entropy

SA = —TI‘pAIngA, (44)

with S4 = Sp. Here the reduced density matrix p4 of subsystem A is
obtained by tracing out all degrees of freedom of subsystem B from the
density matrix p of the entire system,

pa = Trp p. (4.5)

We can get a clear picture of the meaning of the von Neumann entropy
by performing the Schmidt decomposition of the pure state | ¥ ),

|‘P>:Z%‘|¢i>A®|¢i>B7 (4.6)

1

where «; are non-negative real numbers satisfying >, o7 = 1, and {| ¢; ) 4}
and | ¢; ) g are orthonormal bases for part A and B, respectively. When
taking the partial trace in Eq. to obtain the reduced density matri-
ces p4 and ppg, one gets

pa=>_ ol [Yi)aaltl,  ps=>Y_ ol léi)s s(dil (47

2 (2
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Hence
S, = —Trp,logp, = — Z a?log(a?), (4.8)

with v=A, B. Note that S4 = Sp. Thus the von Neumann entropy
is just the Shannon entropy of the squares of the Schmidt coefficients,
characterizing the spread of the pure state | W) over different (separable)
basis states and thus giving a quantitative measure of the non-separability
of the pure state (4.6). Equivalently, the von Neumann entropy is the
Shannon entropy of the eigenvalues of the reduced density matrix of either
one of the parts, as seen from Eq. , therefore quantifying how mixed
the subsystem has become by tracing out the rest. The "mixedness”,
or disorder, of the subsystem measures how much information about it
that was shared with the rest of the system. The von Neumann entropy
therefore gives the quantitative version of Schrodinger’s [117] observation
that in quantum mechanics complete information about the whole does
not necessarily imply complete knowledge about its parts. More precisely,
the entropy (disorder) of a subsystem can be larger than the entropy of
the total system only when the state is entangled [152).

The von Neumann entropy is a single number that measures the
amount of entanglement in a bipartite system. However, there is often an
interest in a more complete characterization of the entanglement. Such a
characterization is most straight-forwardly based on the eigenvalues \; =
a? of the reduced density matrices, the distribution of which is referred
to as the "entanglement spectrum” [137]. As a way to characterize the
full entanglement spectrum one may extend the definition of the von
Neumann entropy by introducing an additional parameter n, with n a
positive real number, and define the Rényi entropies

1
St = ——logTr . (4.9)

)

with lim,, 1 Sﬁln) = S4. Thus the Rényi entropies encode the moments of
the eigenvalue distribution, via

m _ 1 n

s = 1_nlogzi:)\i. (4.10)

4.3.1 Entanglement entropy from conformal field the-
ory

The entanglement entropy has been found to be a powerful tool for char-

acterizing the scaling behavior of a one-dimensional quantum system
near a critical point [127]. For an infinite system with an interval A
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Figure 4.1: A one-dimensional system with a boundary, divided into a
part A of size r next to the boundary, and the rest of the system in part
B.

of length r the asymptotic behavior of the von Neumann entropy is given
by [120,124-126]

SAwglogg—i—c’l (4.11)

near the critical point. Here ¢ is the central charge of the underlying
conformal field theory. The constant € is an arbitrary cutoff scale, with
cy also being a non-universal number.

For a one-dimensional system with a boundary and at a finite inverse
temperature (3, a subsystem A of size r next to the boundary (see Fig.
will have a von Neumann entropy that scales as [126]132]

SA:Elog {ﬁsinh (Qﬂ)} +logg+c + ..., (4.12)
6 €T 15}

where log g is the universal boundary entropy [75], € is the short-distance

cutoff, and ¢ is a non-universal constant. Here ”...” denotes the correc-

tions to scaling of S4. These are governed by the irrelevant operators (in

the language of the renormalization group) in the boundary conformal

field theory (BCFT), with both bulk and boundary contributions.

Let us briefly review how the scaling of entanglement entropy in
Eq. is calculated within the framework of conformal field theory,
introduced in Chapter [2] For a more complete account the reader is re-
ferred to the extensive review by Cardy and Calabrese [127], or to their
original article [126]. For simplicity, we first concentrate on the case with-
out boundary, and then show how the result is extended to Eq.

Writing the density matrix p = e ?H of the total system as a path
integral with "open ends”, i.e. with boundary conditions specified by
which matrix element that is considered (see Fig. [4.2)), gives

p= [ Dlie} eI, (113)
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Figure 4.2: Left: The density matrix p of the system is a path integral
in imaginary time 7, with "open ends” at 7 = /2 and 7 = —(3/2. The
partition function Z = Trp is obtained by "sewing together” the "open
ends”. Right: The reduced density matrix p4 = Trgp is obtained from p
by only sewing together those parts of the ends that belong to subsystem
B (shown in blue). See also Fig. [4.3

where {¢} is a complete set of fields, L the Euclidean Lagrangian, and
7 =TrePH (4.14)

the partition function. Then the reduced density matrix ps = Trgp is
obtained by "sewing” together the open boundaries at 7 = 3/2 and 7 =
—[3/2, but only along the part of the boundaries that are not in subsystem
A (which here is a single interval of length r), see again Fig. |4.2]

When we then form Tr p'} it corresponds in the path integral picture
to sewing together n copies of p4 in a cyclic fashion so that the previously
open boundaries in subsystem A now connects copy number 7 with copy
number i+ 1 (and copy number n is connected to number 1), see Fig. 4.3]
This is equivalent to evaluating the partition function on an n-sheeted
Riemann surface R,,, and is therefore denoted as

Z
Trpl, = 22 (4.15)

Now, the important point is that instead of having a simple Lagrangian
on a complicated surface, one can rewrite the problem as having a com-
plicated Lagrangian on a simple surface. This will introduce a new type
of fields which turns out to make the problem solvable. Hence we rewrite

Zn, = [ Dlfole, exp [ - /R dydr ol | (16)
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) C
= | |
PA = Trpy = -

Figure 4.3: Left: The reduced density matrix p4 of subsystem A as a path
integral on a cylinder with circumference § in the imaginary time direc-
tion. There is an open cut (shown as a red dashed line) corresponding to
the "open ends” in Fig. [£.2] with boundary conditions corresponding to
cach matrix element (p4);;. Right: The n-sheeted Riemann surface R,
representing Tr p'y, here with n = 3, is formed by "sewing together” the
open cuts in a cyclic fashion corresponding to the matrix multiplication

Zz‘jk(pA)ij(pA)jk(pA)ki'

where L is the local Lagrangian density, as

I, :/C D[{61}...{n}] exp[ —/CdydT (LN, ) + .
+ LUHsHE:T) |- @17)

Here C is the ordinary complex plane w = 7 + iy, and with fCA it is
meant that the integration is to be done with the conditions

¢Z(y70+) = ¢i+1(%0_) ) Yy € A7 1= ]-7 ey T (418)

and the periodicity n 4+ 1 = 1. The Lagrangian density on C is therefore

LY}, o {0u)(y,7) = LUOH (Y. ) + oo + LU (g, 7). (4.19)

There is a global symmetry under cyclic permutations of the n copies.
Thus what has been done is that the path integral is now evaluated on
the ordinary complex plane but with n sets of fields, and when taking a
field ¢; through the branch cut it is transformed into the field ¢;+;. This
is equivalent to having twist fields in the branch points, in such a way
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that they induce a branch cut in between them. Denoting the twist fields
as

o, = O, o:i—i+1 modn, (4.20)

o, = d,1, o'l:i—i—1 modn, (4.21)

the normalized partition function can be written as a two-point function
of the twist fields,

IR,

Zn

The two-point function (®,(0,0)®_,(r,0) )¢ is calculated by consid-

ering the conformal Ward identity. The conformal transformation that
maps the n-sheeted Riemann surface R,, to the complex plane C is given

by
- 1/n
= . 4.2
v (z — ir) (4.23)

The holomorphic part of the stress-energy tensor transforms as

= (3,(0,0)D_,(r,0) e . (4.22)

0 2
T(z) = (a—j) T(w) + 1—62{10,2}, (4.24)
where {w,z} = (w”w’ — 3w")/w? is the Schwartzian derivative, as

discussed in Section [2.2.3] Taking the expectation value of Eq. (4.24)
gives

7“2

(T ), = 5 lw. 2k = (1 =0 ) sy (4:25)
since (T'(w) )c = 0 by translational and rotational invariance. But
(©n(0,0)0 (1, 0)T(2) )c

(©,(0,0)0(r,0) )c
and for the stress-energy tensor 7 of £ this is multiplied with n,

(®,(0,0)D_,(r,0)T™(2) )¢ _ (n? 1) r?
(©,(0,0)®_,,(r,0) )c 24n 22(z —ar)?’

(T(2))m, =

(4.26)

(4.27)
Now, the conformal Ward identity reads

1 0 he
z—wy 0wy (2 —wp)?

n

(B0 (1) ()T (2) ) = <

N 1 0 " he_, 2) X A Dy (w1)P_p (w2) e, (4.28)

z—wyOdws (2 — wy)
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where in fact the scaling dimensioqs of the twist fields ®,, and ®_,, are
equal, he, = he_, = d,, and d,, = d,. Comparing Eqgs. (4.27)) and (4.28)
shows that the twist fields transform as primary fields,

(®,(0,0)P_,(r,0) )¢ = 1 (4.29)
with .
c
Hence

r\ —c(n—1/n)/6
Trp'y = ¢, < - )

€
where € is the short-distance cutoff, inserted for dimensional reasons, and

¢, are constants. Note that ¢; = 1, since the trace of a density matrix is
unity. Now Eq. (??) gives the scaling of the Rényi entropies,

, (4.31)

& 1 r
S = (14— J1og = +¢ 4.32
A 6 + n og € + Cn s ( )
with ¢/, = (1 —n)log ¢,. The scaling of the von Neumann entropy follows
from Sy = lim,,_,; 554”), giving

Sa= Elogi%—c'l, (4.33)
3 €

The calculation is similar when the one-dimensional system at zero

temperature has a boundary. For the system to still be conformally

invariant, the boundary must be associated with a conformally invariant

boundary condition (CIBC). The conformal transformation to be used is

now
2 —ir\ /"
w = ( - ) , (4.34)
Z+ar

which maps the n-sheeted Riemann surface R,,, which now has a bound-
ary, to the unit disc |w| <1 where (T'(w)) = 0 by rotational invariance.

Now Eq. (4.24) gives

(2r)”

G 43

(T'(2) )r, = %{w, 2} = 2_64(1 )

which implies that Trp" ~ (®,(ir) )c+, where CT is the upper complex
half-plane z = 7 + iy, y > 0. Hence

2 —c(n—1/n)/12
r ) , (4.36)

Trpy = En<—
€
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where ¢, is a constant. This leads to the scaling

(n)zi(l l)l 2 4
Sy S\t Jleg—+¢,. (4.37)

The finite-temperature expressions are easily obtained by conformal
transformations. Using that w = > sin(%z) maps the complex plane onto
a cylinder of circumference 3, the finite-temperature two-point function
of the twist operators is given by

(®,(ir) )o+ ~ |§ smh(%r)r%” (4.38)
™ g
so that Eq. (4.37) becomes
n c 1 B ™ ~
s = (1 + ﬁ> log [% sinh (EQT)] + (4.39)

at finite inverse temperature . As 8 — oo this of course reduces to
Eq. (4.37). However, in the limit § < r it follows from Eq. (4.39)) that
the von Neumann entropy S = lim,,_; Sl(f) scales as

2me c 15}

Sa=r+ clog ||+ 4.40

A 6 T+ G los |5 — +c (4.40)

up to terms O(e~*™/#). This is very similar to the expression for the
thermodynamic entropy Si" for a system of size 7 in the same limit

b,

2
S = %Cr + log g + const., (4.41)

also with corrections that decay exponentially in r/f3. Here logg is the
universal boundary entropy |75], which is the only term that depends
on the boundary conditions. It is therefore possible to identify the part
of the constant term in Eq. that depends on the specific bound-
ary condition as the thermodynamic boundary entropy, writing the von
Neumann entropy on the final form

Sa= élog [% sinh (%27’)} +logg+ s, (4.42)

where s’ is a non-universal constant.

4.3.2 Entanglement in quantum impurity systems

Summarizing the results above, the scaling of the entanglement entropy
of a block of size r next to the boundary of a semi-infinite one-dimensional
system described by a BCFT is at zero temperature given by [126,132]

2
S(r)z%log—r+logg+s’+..., (4.43)
€
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Figure 4.4: At a fixed point, the entanglement entropy of a region A of
radius r around the impurity will in the BCFT picture correspond to a
path integral on the upper complex half-plane z = 7 + ir’ with a branch
point at z = 4r and a conformally invariant boundary condition.

where ¢ is the central charge, log ¢ is the boundary entropy [75] encoding
the conformally invariant boundary condition (CIBC), € is the short-
distance cutoff, and s’ is a non-universal constant. Here ”...” denotes
the corrections to scaling of S(r), which are governed by the irrelevant
operators in the BCF'T, with both bulk and boundary contributions.
Here we are interested in the boundary contributions, showing up due to
defects or impurities [153H156].

The Kondo formation of a screening cloud when a quantum impurity
interacts with surrounding itinerant electrons means that the impurity
gets entangled with the electrons. It is therefore important for the under-
standing of the resulting correlated state |157-159], and for possible appli-
cations of the Kondo cloud in quantum information purposes [92}93], to
obtain the spatial distribution of the entanglement in these systems. For
this purpose one may define the impurity entanglement entropy, which
is given as Sy, = S(with impurity) — S(no impurity) and hence is the
contribution to the entanglement entropy of a subsystem coming from
the impurity [158].

As reviewed in Section [3.2] the low-energy physics of a quantum im-
purity system can be described as a BCFT with the effect of the impurity
encoded in the specific CIBC and boundary operator content of the the-
ory [86]. This make it possible to use the BCFT approach to obtain
the large-distance asymptotics of the entanglement entropy of a region
of radius r around the impurity. Note that when the models describe
two- (three-) dimensional quantum impurity systems, the size r of the
block at the boundary will correspond to the radius of a disc (sphere)
centered at the impurity (or the midpoint between the impurities when
they are two), see Fig. . Since the impurity only affects the boundary
condition and operator content of the BCF'T, we see from Eq. that
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the impurity contribution S;,, to the entanglement entropy S(r) is
Simp = log g+ ... (4.44)

Here ”...” is the boundary contribution to the scaling corrections of S(r),
which are governed by those irrelevant boundary operators in the opera-
tor content that do not break the symmetries of the theory. This means
that corrections to scaling of the entanglement entropy from perturbing
boundary operators in conformal field theory provide important informa-
tion about entanglement in quantum impurity problems.



Topological states of matter

In this chapter we discuss different forms of topological states of mat-
ter. A topological phase is characterized by some topological invari-
ant |160-162], i.e. a quantum number that is unaffected by smooth de-
formations of the system. Such topological phases appear in the integer
quantum Hall effect |[163], the fractional quantum Hall effect [37], one-
dimensional antiferromagnets with "Haldane phases” [164}166] and topo-
logical insulators and superconductors [167], as well as two-dimensional
frustrated magnets with spin-liquid states [168,169]. These systems fea-
ture gapless edge states, which are topologically protected from local per-
turbations. The gapped bulk manifests an order which does not break
any symmetry, instead there is a topological order. However, this term is
usually reserved for those globally entangled topological states exhibiting
“anyonic” quasiparticles in the bulk and topology-dependent degenera-
cies insensitive to local perturbations. Examples of such states appear in
the fractional quantum Hall effect and some two-dimensional frustrated
magnets. Topological insulators are also topological states of matter, but
they do not have many of the characteristic properties of topological or-
der. They can be understood from single-electron band theory for the
bulk and there is a unique ground state. The topological protection of
the edge states of topological insulators require time-reversal symmetry
to be unbroken, hence they belong to the class of topological phases
of matter said to possess "symmetry-protected topological order” [170].
This concept also encompass topological states in one-dimensional quan-
tum systems [171], such as the Haldane phase [164//165] in spin chains,
and the AKLT model [166]. The AKLT chain has a gapped bulk ground
states but a degeneracy that depends on boundary conditions, with gap-
less edge states for open boundaries. Another way of realizing this type

73
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of gapless edge states is to have some pairing mechanism for spinless
fermions, in which case there can be gapless edge states of non-local
Majorana fermions [53}/172]. It is important to remember that these one-
dimensional topological phases, just as topological insulators, need some
symmetry to be preserved and therefore are not as robust as phases with
"intrinsic” topological order [170].

With this distinction between topological order and topological in-
sulators, we discuss these two aspects of topology in condensed matter
separately.

5.1 Topological order

Topological order is a concept introduced by Wen [173] to encompass
those new phases, like in the fractional quantum Hall effect, falling out-
side of the standard Landau symmetry-breaking theory [20,33]. Topo-
logically ordered phases instead have a globally entangled structure char-
acterized by some topological quantum numbers [38]. Such states, with
anyonic quasiparticles and topologically protected degeneracies, have at-
tracted much attention due to the potential applications for topological
quantum computing [174].

5.1.1 Anyons and topological quantum computation

Nontrivial quasiparticle statistics is a phenomenon that only occurs in
systems in two spatial dimensions, for very profound reasons [45]. It
is only in two spatial dimensions that it can make a difference how one
takes two particles around each other, in all higher dimensions the world-
lines of this process can always be continuously deformed to the trivial
operation that nothing happened. Thus exchanging particles can only
give a plus or a minus sign to the wave function, meaning that there
are only fermions or bosons. But in two dimensions there is no such
restriction, see Fig. [5.1] hence there can exist particles called "anyons”
that can have any statistics. The anyonic statistics might even be non-
Abelian, meaning that the order in which the particles are exchanged
matters! The existence of anyons that are neither fermions or bosons
is one of the characteristics of a topological phase in two dimensions.
Note that it is not the electrons that can be anyons, since these of course
still are fermions, instead it is the many-particle excitations known as
quasiparticles that can have this peculiar property.

Another characteristic feature of topological order is a ground state
degeneracy that is topology-dependent. To be more precise, in a topologi-
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Figure 5.1: Exchanging identical particles can only give a plus or minus
sign to the wavefunction in three or higher dimensions. In two dimensions
this is no longer true. The left sketch shows one particle being taken
around another particle, which is equivalent of exchanging them twice.
Since the spatial dimensions are only two, there is no way that without
crossing them one can continuously deform the world lines into the trivial
process of doing nothing at all shown in the right sketch. Hence the
statistical phase acquired can be arbitrary.

cal phase of matter the ground state degeneracy will depend on the topol-
ogy of the manifold on which the system is defined. This means that if we
place the system on a torus (i.e. impose periodic boundary conditions),
then the ground-state degeneracy will be different compared to having the
same system defined on the sphere or the infinite plane. There is actually
an underlying connection between this statement about the ground-state
degeneracy and the previously mentioned anyonic quasiparticle statistics,
that follows from the observation that different ground states are con-
nected by the process of creating quasiparticle-hole-pairs, doing some-
thing non-trivial with them, and finally annihilate them [175]176]. If the
quasiparticle was an anyon then the final wave function has picked up a
phase factor, hence there are non-commuting symmetry operators giving
a degeneracy.

The third defining property of a topologically ordered phase is that
it is gapped. This is a very useful property if we would like to use the
non-Abelian anyons for topological quantum computation [174]. Due to
the energy gap, at sufficiently low temperatures the only way to take
the system between the degenerate ground states is to take quasiparti-
cles around each other, "braiding” them. The degenerate ground states
are then encoding the quantum information, i.e. forming the "qubits”,
and the braidings are the unitary operations that make up the quantum
computation.

A number of lattice models have been constructed to study topolog-
ical order and topological quantum phase transitions (see Ref. [39] for a
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review). It was in the context of such a lattice model, the "toric code”,
that Kitaev [176] launched the idea of topological quantum computation.
While topologically ordered fractional quantum Hall states seem intrin-
sically hard to manipulate for doing topological quantum computation,
there have been proposals to realize lattice Hamiltonians giving topolog-
ical order in specially engineered Josephson junction arrays [177] or cold
atoms in optical lattices [178}/179).

Below we will give some simple examples of models that in a clear
way illustrate the features of topological order, the "toric code” being the
most prominent. It is also an extension of this model that provides one
of the exactly solvable models used to study quantum phase transitions
out of topologically ordered phases.

5.1.2 Kitaev’'s toric code model

Let us briefly describe the perhaps simplest model with topological order
that has been constructed, the "toric code”. For a full account the reader
is referred to the original article by Kitaev |[176]. The model is defined
on the square lattice, with a spin-1/2 particle (or, equivalently, a qubit)
on each bond of the lattice. Define the operators

A, =1]sr,  B.=]]5i, (5.1)

i€s S

where ¢ € s denotes the bonds around the vertex labelled by s, and 7 € p
denotes the bonds around the plaquette labelled by p, see Fig. Now,

T'L'i'+'£'i'i'7
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Figure 5.2: The spins in the toric code model reside on the bonds of the
square lattice. The operator Ag in Eq. (5.1 involves the spins (in red)

around the vertex s, whereas the operator B, involves the spins (in blue)
around the plaquette p.
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the Hamiltonian of the model is given by
H=-Y A,-) B, (5.2)
s p

which is easily diagonalized since all the A, and B, operators commute
with each other. Since the eigenvalues of A; and B, are £1, the ground
state | gs) is given by

Aslgs) =1gs), Bylgs)=1lgs), Vsp. (5.3)

In fact, we can write the ground state as

lgs) = gl0), (5.4)

geG

where |0) is the fully spin-polarized state (67 0) = |0), Vi), and G is
the Abelian group of all possible combinations of different A, operators.
An element g € G thus looks like g = A, A,, As, ... Another way of seeing
this is to say that the ground state is a coherent sum of all possible
configurations of closed loops of flipped spins, something Wen [38] has
called a "string net”. From this picture we can intuitively understand
why the ground state becomes degenerate when the system is put on a
torus, or some other higher-genus surface. Then the winding numbers
of the loops around the "punctures” of the surface cannot be changed by
acting with the A, operators, and therefore the ground state must be
degenerate. For example, on a torus there can be a loop winding around
the torus or along the torus, hence the ground-state degeneracy is four-
fold. In general, the ground state degeneracy is 49-fold, where ¢ is the
genus, or number of punctures, of the surface.

To show this more explicitly and at the same time demonstrating the
other defining characteristic of topological order, we now consider the
excitations. This will also demonstrate the connection between the topo-
logical ground-state degeneracy and the anyonic nature of the excitations.
First note that an elementary excitation is created by violating one (and
only one) of the constraints in Eq. . But because of the constraints
[[,As =1 and Hp B, = 1, these "elementary” excitations can only be
created in pairs. In fact, such a double excitation can be written as a
string operator acting on the ground state, where the end-points of the
string corresponds to the elementary excitations. The string operators
are defined as

sit)=]]s;. (5.5)

i€t
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Figure 5.3: Left: A pair of z-type excitations connected by the string
S*(t') given by Eq. (5.6), in red, and a pair of excitations of z-type
connected by the string S*(t) given by Eq. (5.5)), in blue. Right: Taking
an z-type excitation around a z-type excitation along the path ¢ (in
green).

where ¢ is a non-closed path between vertices, and

so () =]]er (5.6)

iet!

where t' is a non-closed path between plaquettes, see Fig. The two
types of double excitations can then be written as | U*(t) ) = S*(¢)| gs)
and | U*(t')) = S*(t')| gs), respectively. Now we will see that when
moving one excitation around another excitation of a different type, the
wave function acquires a minus sign. When moving an excitation of, say,
x-type around an excitation of z-type, the z-string will have to cross
the z-string of the other excitation at some point. Since 67 and 67
anticommute, the wave function has picked up a minus sign. This can
be written as

| Winitiar ) = S*(8)| U* (1) ) , (5.7)

and

| Wpina) = S*(c)S*(B)[ (L))
= =S*()S* ()| Y (")) = —| Yinitiar ) (5.8)

see Fig. Thus the excitations are neither fermions nor bosons, and
therefore anyons. Let us now consider the system put on a torus. We then
see that the process of creating a pair of elementary excitations, taking
one of them around the torus and finally annihilate them corresponds
to creating a closed string that is winded around the torus. Hence we
take the system from one ground state to another that is characterized
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by a different winding number. Another way to see this is to consider
the process of taking one z-string around the torus in one direction and
a z-string around the torus in the other direction, and then taking them
back along the same paths. Defining the string operators

z=1Js:, x=]]o7. (5.9)

i€c iec

where c is a closed loop that winds around the torus in one direction and
c is a closed loop that winds around the torus in the other direction, we
see that the process can be expressed as the operator W = XTZTX 7.
Now the process is actually equivalent to taking the excitation of z-
type around that of z-type, as can be seen by continuously deforming
the paths [175]. As shown above, this implies W = —1, and hence the
anticommutation X7 = —ZX. With two operators that both commute
with the Hamiltonian but not with each other, the ground state must be
degenerate.

Since it costs a non-zero amount of energy to create the excitations,
the system is gapped. Any process that takes the system from one of
the degenerate ground states to another would correspond to moving an
excitation all the way around the torus, hence such a process is exponen-
tially suppressed as the system size is increased. The toric code model
therefore displays the defining features of topological order.

5.1.3 Topological quantum phase transitions

As we have seen, there is no symmetry breaking associated with a topo-
logical order. Hence there is no local order parameter that identifies a
quantum phase transition (QPT) out of a topologically ordered phase.
Studies of such topological quantum phase transitions (TQPTs) have in-
stead borrowed concepts from quantum information theory, such as en-
tanglement |145] and fidelity [180]. They both measure properties of the
ground state as the system undergoes the phase transition. The reason
one might expect them to encode information about TQPTs is that they
in some sense measure global properties of the ground state, and topo-
logical order is a property of the ground state wave function manifested
in certain subleading terms in the entanglement entropy [135,/136].

The Castelnovo-Chamon model

A simple lattice model exhibiting a topological quantum phase transition
based on the toric code has been constructed by Castelnovo and Cha-
mon [181]. Its Hamiltonian describes localized spin-1/2 particles attached
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ret.t,. 1.1, 1.7

Figure 5.4: Mapping between the Castelnovo-Chamon model and the
two-dimensional classical Ising model. The spins of the former reside on
the lattice bonds (filled black circles), and the spins of the latter on the
vertices. Left: o7 = 0,0y, where 7 is the bond between the neighboring
vertices (s,s’). Middle and right: For ¢ and j nearest (next-nearest)
neighbors, the mapping gives (6767) = (0,0.405:0,) = (090.), where
(s',s") are next-nearest (third-nearest) neighbors.

to the bonds of a square lattice and is given by
H=-X) B,—=MY A+ M\) el (5.10)
p s s

where A, = [[,., 67 and B, = Hiep o7 are the star and plaquette opera-
tors of the Kitaev toric code model [176], Eq. (5.2)). The star operator A
acts on the spins around the vertex s, and the plaquette operator B, acts
on the spins on the boundary of the plaquette p. Note that here g is not
an inverse temperature, but a free parameter in the Hamiltonian. The
ground state is, by construction, known exactly. For \y; > 0 the ground
state in the topological sector containing the fully magnetized state |0)

is given by [181]

eB2io; (9)/2

GS(B) =) ——cr 70 (5.11)
geG
with
Z(8) = Zeﬁziﬂf(g)’ (5.12)

geG
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where G is the Abelian group generated by the star operators Ay, and
07(g) is the z component of the spin at site i in the state g|0). When =0
the state in reduces to the topologically ordered ground state of the
toric code model (5.2). When  — oo the ground state becomes
the magnetically ordered state |0). Hence § is the driving parameter in
this model.

There is a one-to-two mapping between the configurations {g} = G
and the configurations {#} = © of the classical 2D Ising model H =
—-J > <o Us0s with 0, = —1 (41) when the corresponding star operator
As is (is not) acting on the site s [181]. Thus o7 = 040y, where i is the
bond between the neighboring vertices (s, s), see Fig. [5.4] This gives

Esin
( Ze 9 652 /sy [ — I ]\?(6)’ (513)
0cO

(GS(B)lo71GS(B)) =
where  is identified as the reduced nearest neighbor coupling J/T =
of the classical 2D Ising model [181]. We also have that

(GS(B)]o7|1GS(B))
(GS(B)671GS(P))

since (0|go¥¢’|0) =0, Vg, ¢’ € G, and similarly for ¢7.

The mapping shows that there is a second-order TQPT at 8. =
(1/2)In(v/2 4 1), which defines the second-order phase transition in the
classical two-dimensional Ising model [50]. At this quantum critical point
the topological entanglement entropy [135,/136] Siopo goes from Siopo = 1
for f < B to Siopo = 0 for B > B, [181], showing that it acts as a
discontinuous non-local order parameter for this TQPT.

(5.14)
(5.15)

The transverse Wen-plaquette model

We finally also mention the transverse Wen-plaquette model, which is
the Wen-plaquette model [182] for spin-1/2 particles on the vertices of a
square lattice with an added magnetic field [183]

H=g> F+hY ol (5.16)

where

Fi = 6760307124401 (5.17)

and g < 0. The boundary conditions are periodic. At h = 0 the ground

state is the topologically ordered ground state of the Wen-plaquette
model [182] and in the limit h — oo the ground state is magnetically
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Figure 5.5: Mapping the transverse Wen-plaquette model (with spins
shown as filled black circles on the vertices of the square lattice) onto
1D transverse Ising chains along the diagonals (shown in red, with spins
at the centers of the plaquettes shown as red open circles). Left: 67 —
7% 7" ;. Right: For two nearest neighbor spins at sites 7,7, we get

Ry e 55— (525

N

1
2

ordered. The model cannot be solved exactly as it stands, but it
can be mapped onto a system of one-dimensional quantum Ising chains
in the following way [183]: Since F} and % have the same commutation
relations as 77 ; o5 a0A T 5 500750 50 (where the 7 operators act
on spin-1/2 particles at the centers of the plaquettes), the Hamiltonian
(5.16) can be mapped onto

H= _hz Z (gl%:,i—&-% + %(zm,i—%%(ii_t,_%) ) (518)

which we recognize as a number of decoupled quantum Ising chains (1.4).
Here, the index a denotes the diagonal chains over the plaquette-centered
sites, and ¢ is the site index on each diagonal chain; cf. Fig The
coupling constant gr = g/h. The mapping is thus written as

\]>

A A ~z
01 i0iargOirg Titds

Q>
= 8
|
\]>

(5.19)

x
+

N\»—-
M\»—‘

From the mapping to quantum Ising chains it follows that the
transverse Wen-plaquette model has a topological quantum phase tran-
sition at g/h = 1 |183], corresponding to the quantum critical point of
the quantum Ising chain in Chapter
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5.2 Topological insulators

Topological insulatorg]| constitute a new class of time-reversal invariant
materials that are ordinary insulators in the bulk but with topologically
protected gapless edge states. They can actually be understood from
ordinary band theory [17], in contrast to systems with topological order.
That is to say, the topological properties of topological insulators do not
arise because of electron correlations but because of topological quantum
numbers arising from the single-particle Bloch wave functions. These
topological quantum numbers are very much like that appearing in the
integer quantum Hall effect [160]. Two-dimensional topological insula-
tors, also known as quantum spin Hall insulators, can in fact be seen as a
time-reversal invariant version of the integer quantum Hall effect. Hence
realizing such a system means that one has the same remarkably robust
properties of integer quantum Hall systems without applying magnetic
fields.

The studies of topological insulators originates from such ideas, with
a model based on graphene proposed by Haldane [188] to obtain the in-
teger quantum Hall effect with zero average magnetic field. This model
was later generalized by Kane and Mele [189,/190], showing that graphene
with sufficiently strong spin-orbit interactions could turn into a quantum
spin Hall insulator characterized by a Zs topological invariant. In prac-
tice however, it turns out that the spin-orbit coupling in graphene is
too weak for this novel phase to be realized. Following its theoretical
prediction by Bernevig, Hughes and Zhang [191], the first experimen-
tal observation of the quantum spin Hall state was instead done with
a HgTe quantum well by Molenkamp’s group in Wirzburg [109]. Si-
multaneous developments [192,|193] led to the prediction [194], and ex-
perimental observation [195], of three-dimensional topological insulators
of bismuth compounds. This development has now lead to the real-
ization of bulk materials with topologically protected transport up to
room temperature [196], as well as the fabrication of topological insula-
tor nanowires [197].

The topological protection of the edge states of topological insulators
means that their metallic states at the boundary are immune to backscat-
tering as long as time-reversal symmetry is unbroken. They therefore
provide a possibility to realize dissipationless electronic transport, and
the spin-filtered characteristics make these systems very interesting for
spintronics applications [198]. Topological insulators in proximity of or-
dinary s-wave superconductors have also been predicted [199] to give
rise to Majorana fermions, thereby providing a possibility of performing

1For extensive reviews, see Refs. [167,184-187].
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Conduction band

Valence band

k

Figure 5.6: The characteristic dispersion of a topological insulator: for
the bulk states there is an energy gap which splits the spectrum into a
valence and a conduction band just as for an ordinary insulator. However
inside the bulk gap there are gapless edge states, with spin coupled to
momentum and protected by time-reversal invariance.

topological quantum computation in solid state systems. The experi-
mental search for such Majorana fermions is currently a topic of intense
activity [200].

5.2.1 Quantum spin Hall insulators

The quantum spin Hall (QSH) insulator is a two-dimensional time-reversal
invariant topological insulator. It is formed in a two-dimensional elec-
tron gas confined in a quantum well, where strong atomic spin-orbit
interaction has created an "inverted” band structure [191]. The gapless
edge states appearing inside the bulk energy gap, as shown in Fig. [5.6]
form a time-reversal connected pair. In the simplest model, right-movers
have spin up and left-movers have spin down. However in real systems
spin is no longer conserved, due to spin-orbit interactions, and the edge
states should really be thought of as time-reversal connected pairs. In
practice however, the spin-conserved model turns out to be adequate for
most purposes and is the one commonly used. In any case, these gap-
less edge modes are topologically protected and provide dissipationless
edge currents. In equilibrium, the electric currents at the edge cancel,
instead there is a net spin current. Hence the name "quantum spin Hall
effect” (although the spin Hall conductivity is only quantized in the case
of conserved spin). Comparing to Fig. it is clear that the quantum
spin Hall insulator can be seen as two time-reversed copies of the inte-
ger quantum Hall effect. The topological protection from backscattering
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Figure 5.7: Sketch of the quantum spin Hall system, a two-dimensional
time-reversal invariant topological insulator The two-dimensional elec-
tron gas, confined in a quantum well, is an insulator in the bulk. How-
ever at the edge there is a pair of time-reversal connected pair of gapless
helical edge modes, where the spin is locked to the momentum. Hence
the quantum spin Hall system can be seen as two time-reversed copies of
the integer quantum Hall effect which is shown in Fig. [5.8]

mechanisms that might destroy the gapless edge states and cause local-
ization come from the existence of a topological invariant, much like for
the integer quantum Hall effect. The QSH insulator is however only
protected against time-reversal invariant perturbations, thereby adding
another distinction in comparison to systems with topological order as
defined previously. Time-reversal invariance therefore provides an effi-
cient way to understand the properties of the QSH state.

5.2.2 Topological band theory and Kramers pairs
Integer quantum Hall states

In order to get some feeling for the topological quantum numbers appear-
ing for time-reversal invariant topological insulators, let us recall how it
is constructed for the integer quantum Hall effect |[160]. There, the quan-
tized Hall conductivity [163]

04y = ne’/h, (5.20)

where €?/h is the conductance quantum, is given in terms of the integer
n. The reason n is restricted to integer values comes from its quantization

through the expression

1
=— [ dk 5.21
n=y [akF (5.21)
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Figure 5.8: Sketch of an integer quantum Hall system. It has a bulk gap
but gapless chiral edge modes, with spin polarized in the direction of the
time-reversal symmetry breaking magnetic field.

where the integral of the Berry flux 7 =iV x> (u,|Vi|un,) is over the
magnetic Brillouin zone, and |u,,(k)) the Bloch wave function in the filled
band m. The number n, known as the Chern number, cannot change if
the Hamiltonian is varied smoothly. Hence n is a topological invariant.

An alternative way of understanding the topological nature of the
quantization is the existence of gapless chiral edge states [201], and the
connection between the bulk band structure and the edge states is known
as the bulk-boundary correspondence [202].

Time-reversal invariance

Since the topological invariant n in Eq. is odd under time reversal,
it will vanish identically for a time-reversal invariant system. Instead,
for the quantum spin Hall insulator there is a Zs topological invariant
[190] distinguishing it from the trivially insulating phase. In order to
understand this Z, classification we need to recall the consequences of
time-reversal invariance on electronic systems.

The time-reversal operation T takes t — —t, and therefore transforms
position, momentum and spin according tor — r, p - —p and S —
—S, respectively. Since these transformations change the sign of the
canonical commutation relations, the quantum-mechanical 7 operator is
antiunitary] By letting t — —t in the Schrodinger equation for a spinless
particle,

L0 - 0 .
i |0(e0) = HlU(0) = =il (., ~0) = B, 1),
(5.22)
and then taking the complex conjugation of this equation, it follows that

2See e.g. Ref. [203] for a textbook account.
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the wave function transforms as

(e, t) = ¥ (r, —t). (5.23)

The time-reversal operator is therefore the complex conjugation operator
K for spinless particles. For a single particle with spin-1/2, one can
factorize 7 = ©K and then determine the operator © from

Or0l=r, OkO'=k, 00607 = —0"*, B0cYO ! =0Y,
(5.24)
since the wave number k = —:V and the Pauli matrix oY acquires minus
signs under complex conjugation. It then follows that for a spin-1/2
particle the time-reversal operator is given by

T =—io' K, (5.25)

from which it follows that 72 = —1. In general, for a system with n
different spin-1/2 particles, 72 = (—1).

We can now state the important Kramers theorem [204] stating that
for a time-reversal invariant system with 72 = —1, each eigenvalue of
the Hamiltonian is at least twofold degenerate and the degeneracy is
necessarily of even order. This is known as Kramers degeneracy, and the
degenerate eigenstates connected by 7 are called Kramers pairs.

It is now possible to understand the Z, classification of 7 invariant
band insulators as a consequence of Kramers theorem. For an odd num-
ber of edge fermions, 72 = —1, and it is not possible to make the gapless
edge states gapped without closing the bulk band gap, see Fig.[5.9} How-
ever for an even number of gapless edge fermions it is possible to do this.
The phase with 72 = 1 is therefore topologically equivalent to an or-
dinary band insulator, since the edge states can be smoothly deformed
away. The Zs topological quantum number can therefore be understood
as encoding whether 72 = £1. In particular, in order to go between
the ordinary band insulator phase and the quantum spin Hall phase the
system must pass through a quantum phase transition

5.2.3 The helical edge liquid

The gapless edge state of the quantum spin Hall insulator consists of a
single spinful fermion, and therefore 72 = —1. As we have seen, this
makes it protected from 7 -invariant perturbations. Also, the spinful

3This type of analysis can be extended, using the generic symmetry classes of the
Hamiltonian [205], to provide a classification of topological phases of matter also in
higher dimensions [206,[207].
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Figure 5.9: Sketch of different edge state dispersions, shown in grey. For
a time-reversal invariant system E(k) = F(—k), and from Kramers the-
orem it follows that when 72 = —1 there must be at least a twofold
degeneracy. Hence there must be an even number of degenerate eigen-
states at time-reversal invariant momenta such as £ = 0. For an odd
number of fermions it is therefore not possible to open up a gap without
breaking Kramers theorem. In particular, smooth changes of the Hamil-
tonian can not change the disperion from (a) to (b) without closing the
bulk gap. However with an even number of fermions this is possible. In
particular, smooth changes of the Hamiltonian can take the dispersion
from (c) to (d) without closing the bulk gap.

edge fermion is helical, with the spin-up component moving to the right
and the spin-down component moving to the left. With this, the low-
energy theory of the edge can now be analyzed with the techniques from
Chapter 2l Linearizing the spectrum around the Fermi points, one now
obtains the helical version of the Dirac Hamiltonian ([2.14)),

Hy = —ivp / da [w;@zwm s iaxwu} . (5.26)

It is now possible to understand the topological protection of the edge
states in a simple way. Under time-reversal, the components of the
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fermion field transform as

T¢RTT_1 = @ZJL@ T¢L¢T_1 = —l/ﬁm (5.27)

Hence, in the QSH phase, weak disorder can not lead to localization since
single-particle backscattering operators

O = Vlhytbry + V] Wp and O = iphyn, — i) Yrr  (5.28)
are odd under time-reversal, i.e. ’TOIEi’z)T’l = —O£i72), and therefore
can not be generated as long as the bulk gap remains.

So far the electron-electron interactions have been neglected. The
topological effects have all been discussed from a non-interacting band
structure picture, and one may wonder whether electron correlations
would give rise to equally exotic new phases as when going from the
integer to the fractional quantum Hall effect [37,/66,208]. The study of
correlation effects in topological insulators is a very active ﬁeldﬂ How-
ever, once the system is in the QSH phase, correlation effects in the
insulating bulk are not expected to affect the behavior of the system.
However, electron-electron interactions on the gapless edge can have a
dramatic influence and it is therefore important to understand the corre-
lation effects on the edge. For the one-dimensional edge of the quantum
spin Hall insulator, we can use the bosonization techniques in Chapter
to incorporate interactions. The electron-electron interactions allowed by
time-reversal symmetry are Umklapp scattering

Hun = gun [ do 0] (00l (o+ o
XwL¢($)wL¢($ + CL) + H.c. (529)

and dispersive and forward scattering

Hi = g1 [ d wly(a)im(e)u] (o) (o) (530)
H = %3 [dvl@e@ile s out o, 630

which are the helical versions of Eqs. (2.20)-(2.22). Here a point splitting
with the lattice constant a has been performed, and s is summed over R 1

, L |. Assuming a band away from half-filling, kr # 7/2, the Umklapp
scattering can be ignored. From Chapter [2] we know that dispersive and

4For a recent review, see Ref. [209)].
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forward scattering do not cause a gap to open, instead the interacting
electrons form the gapless helical Luttinger liquid

v
Hine =5 [ 4o [(00)* + @07, (532)
where the bosonization formula ([2.48)) for spinless fermions was used

eTiVr(0Ee) (5.33)

1
wRT,Li - \/%

since the helical electrons have the spin locked to the momentum. Hence
one arrives at the important conclusion that the gapless edge state is
robust against electron-electron interactions |110,1210].

However, impurities can cause local Umklapp interactions, also known
as correlated two-particle backscattering, in the presence of electron-electron
interactions. This interaction is time-reversal invariant and must there-
fore be considered. The correlated two-particle backscattering interaction
at x =0,

Hyp = Gum e 7"k (0)00k ()L, (0)0ry(a) + Hee.  (5.34)

results after bosonization in the boundary sine-Gordon term

Hyp = 5 (?;)2 cos[v/ 167K (0)] (5.35)

which is well-studied in quantum tunneling problems [211]. With scal-
ing dimension 4K it follows that for electron-electron interactions strong
enough to make K < 1/4, the correlated two-particle backscattering be-
comes relevant and charge transport along the edge is blocked at zero
temperature [110].



Bethe Ansatz and quantum
integrability

In this chapter we will discuss the Bethe Ansatz, a powerful method to
obtain exact solutions for some one-dimensional quantum models not re-
ducible to free theories. These include the antiferromagnetic Heisenberg
model [44], the Bose gas with delta-function interactions [212,213], the
Hubbard model [214] and massive Thirring model [215,1216] (equivalent
to the sine-Gordon model), as well as the Kondo [80,81] and Ander-
son [217] models. Bethe Ansatz solvable models have the special feature
that their many-particle dynamics can be reduced to two-particle dy-
namics. This means that the many-particle scattering matrix can be
factorized into two-particle scattering matrices, and the self-consistency
relation for these is the famous Yang-Baxter equation [218,219]. It lies at
the heart of the algebraic Bethe Ansatz, or quantum inverse scattering
method, which allows correlation functions to be calulated [220]. However
this is a very complicated problem that will not be treated here. Instead
we will consider the coordinate Bethe Ansatz, which is the original Ansatz
for the coordinate wave function first made by Bethe in 1931 [44] for the
Hesenberg antiferromagnet, and which allows us to obtain the exact en-
ergy spectrum and indirect expressions for the corresponding eigenstates.
Together with what is known as the thermodynamic Bethe Ansatz [221],
this gives the full spectrum at any temperature and hence the thermo-
dynamic properties of the system. Asymptotic correlation functions can
be obtained from the finite-size spectrum using conformal field theory.

After introducing the coordinate Bethe Ansatz solutions of the one-
dimensional Bose gas and Hubbard model, the concept of integrability
and its consequences will be discussed. The reduction to two-particle

91
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elastic scattering is intimately connected to the existence of a full set of
local conservation laws for quantum integrable models. In the presence
of such a large number of conserved quantities, the system is highly
constrained and not expected to thermalize. The question what types
of equilibrium ensembles such systems will realize is a subject of much
present research [222], and has implications for many still unsettled issues
regarding the foundations of quantum statistical mechanics.

6.1 The coordinate Bethe Ansatz

The Ansatz made by Bethe, and which now bears his name, consists
of writing the wavefunction 1 of the system as a combination of plane
waves [44]

Y(a1,ay) = Y Ap el Zimmleoon (6.1)
P

where 1 < 29 < ... < xy, and P are the permutations of the numbers
1,2,..., N. The effect of plane-wave scattering is encoded in the two-
particle reducible phase shift

Ap i3 Lach 0APa—Apy) (6.2)

Here po(\g) is the momentum and Ay the "spectral parameters” or "ra-
pidities” of the plane waves. Let us now see how this Ansatz works for a
model which has this crucial property of two-particle reducible scattering.

6.1.1 Solution of the one-dimensional Bose gas

The one-dimensional Bose gas with delta-function interaction is also
known as the Lieb-Liniger model, the quantum nonlinear Schrodinger
model or, in the infinite-repulsion limit, the Tonks-Girardeau gas. Its
spectrum was found by Lieb and Liniger in 1963 [212,213], and the ther-
modynamic properties by Yang and Yang [221]. The model is described
by the Hamiltonian

H= /dx [0,V (2)0, ¥ (2) + ¥ (2) U (2) U (2)¥(z)] (6.3)

with repulsive coupling constant ¢ > 0. The Bose fields ¥ have equal-
time commutation relations
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Since we will only be interested in equal-time properties the time argu-
ment will generally be omitted. We are thus looking for eigenstates

[y = m/d b1 o)V (@) T (an)|0),  (6.6)

to the Hamiltonian with N particles, with W(x)|0) = 0 defining the
vacuum |0) and the wavefunction 1) obeying the Schrédinger equation
H+y = E1. Since the wavefunction is symmetric in the coordinates x;,
it is sufficient to consider the subspace where 1 < x5 < ... < zp, and in
this subspace one has

62
H==) 32 (6.7)
=1 Ox?
HY =By (6.8)
0 3,
(01‘]+1 N 8_:[}]) w‘aﬁ-{—l:ﬂ?]‘ = C¢}$‘j+1:z‘j’ (69)

where the last line is the appropriate boundary condition with the delta-
function potential.
Now make the Bethe Ansatz

Y(1, ay) = Y Ap el Zim Arka (6.10)
P

within this subspace, hence choosing po(A) = A. This forms a complete
and othogonal set of wavefunctions [223]. It can then be checked that for

this Ansatz to satisfy Egs. (6.7)-(6.9), it should be given by

0 0 <N
¢([L’1, [L’N) X H (% — a—mk + C) Z(_l)[P] elzn:1 /\ann’
J

1<k<j<N P
(6.11)

where [P] denotes the parity of the permutation [224]. This leads to a
normalized wavefunction

-1/2
U(zy,..oN) = {N! [Ty =)+ ¢ } (6.12)

k<j

P k<j

which, when lifting the restriction to the subspace ;1 < 25 < ... < xp,
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can be written as

(_i)N(N—l)/Q
U(zy,..oy) = T {H e(x; — :Uk)}

J>k

% ; {(_1)[73] exp [’L% Z E(l'j — $k)9(>\pj — )\pk)]

>k

X exp [2 3 Apnxn] } (6.13)

where the phase shift function 6 is given by

. i+ A—p

O —p) =iln <ic—)\+u) :

Putting the N particles in a box of length L and imposing periodic
boundary conditions will allow us to determine the possible values of the
spectral parameters A. Thus requiring that ¢ (z1,...,2; + L,...,zy) =
(21, ..., ), .., Ty), which means that the the phase e should equal
the phase acquired from scattering with all other particles, leads to the
Bethe equations

(6.14)

N .
N N — M\ + ic
iX; L 7 k .
j :—”— =1,...,N. 6.15

By taking the logarithm, these equations can equivalently be written as

N
LA+ > 00\ —A) =2mn;,  j=1,..,N, (6.16)
k=1
with n; integer when N is odd and half-integer when N is even. The
Bethe equations determine the allowed values of the parameters A. Note
that they must all be different, otherwise the wavefunction (|6.13]) van-
ishes. In order to find the ground state we must now determine the
allowed values of A that minimize the energy of the system.

Acting with the Hamiltonian on the wavefunction , H v = E,
gives the expression for the energy eigenvalues

N
E=Y X\ (6.17)
j=1

Since all n; must be different, it is now clear that the energy F is mini-
mized by choosing the following numbers n; in Eq. (6.16)),

N -1
nj=— (T) +j—-1, j=1,..,N. (6.18)
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This will fill the states up to a certain value of |A|. Thinking about those
Aj that are occupied as particles, and those that are not as holes, we see
that the ground state is formed by filling all states up to the Fermi level
with particles. Hence we have particles with a "Pauli principle” and a
Fermi surface. We have therefore mapped the original repulsive bosonic
problem to a fermionic problem. For infinite delta-function repulsion
between the bosons, the mapping gives free fermions. For finite positive
repulsion of the bosons the fermion system is interacting, and the single-
fermion particles are not the stable excitations. One therefore refers to
them as the "bare” particles with bare dispersion E(\) = A\?, with energy
and momentum becoming "dressed” by the interactions.
Similarly, acting with the momentum operator

P=-iy — (6.19)

on the wavefunction gives Pw = P, with the momentum
N
P=>"\. (6.20)
j=1

Thus, the particles with bare energy /\§ also have a bare momentum
Aj, which can be summarized as saying that the bare particles have a
quadratic dispersion relation.

Higher conservation laws

With the particle number operator N = [ dz Wf(2)¥(z) having eigen-
value N = Z;vzl A, the momentum operator —i3 [ dax Ui (z)d, ¥ (x) +
H.c. having eigenvalue P = Zjvzl )\Jl- and the Hamiltonian |) having

eigenvalue £ = Z;VZI /\3, one may wonder whether this logic also holds
for all the other conserved quantities that appear in this integrable model,
i.e. for all those operators Qk that commute with the Hamiltonian. The
answer is yes, it has indeed been shown that the higher conservation laws

for the Lieb-Liniger model all have the form [220,225]

N
Qr=) M (6.21)
j=1

for their eigenvalues. As an example, the third conserved quantity is
given by the operator [225]

05 — / da [WH ()P0 (2) — (3¢/2)W () U (2)0,0(2)?] . (6.22)
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Dressed energy

Now taking the thermodynamic limit, i.e. letting N — oo and L — oo
while keeping the density N/L = D fixed, the continuum version of the
Bethe equations (6.16|), after differentiation, becomes the linear integral
equation

-5 [ " KO i) = (6.23)

27 J_, T o
at zero temperature, where p;(\) is the particle density of states in mo-
mentum space and the kernel
2c
4 (A= p)*
with the integration at zero temperature constrained to within the Fermi
sphere ¢ < A < ¢. Hence

K1) = /(0 — ) = (6.24)

/q A pi(\) = % ~D. (6.25)

—q
Returning to the expression ((6.17)) for the energy, we now include also
a chemical potential h and write it as

E=> z()) (6.26)

where £9()\;) = A3 — h is the bare energy of the particle. As an integral
this becomes .
o / A\ pr(No(N) (6.27)
—q
which can be rewritten as

q
o / dre()), (6.28)
—q
where the dressed energy () is given by the linear integral equation

- / " dp KO pe(n) = 200, (6.29)

7T-*q

The Fermi points A = £q are determined by the condition
e(+q) =0. (6.30)

The dressed energy ((6.29) is the observable energy of the excitations.
Removing one particle with momentum —q < A\, < ¢ from the ground
state distribution and adding one with momentum |A,| > ¢ will change

the energy by
AE =¢e(Ay) —e(An). (6.31)
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Finite-size corrections and the dressed charge

Let us now investigate the finite-size corrections from low-energy excited
states at zero temperature. Expanding the energy E(q) = Ey + JE as
function of the deviation from the value of ¢ that minimizes the energy

Eq. (6.27]), we obtain

oF 10°F
0F = —0q + = ——(dg)* 6.32
R (6.32)
using the parity symmetry in A. Now, one can show that
OFE
g . 6.33
97 p(a)e(q) (6.33)
This gives Eq. (6.30)), since the ground state minimizes £. Then
Lo
0E = —— 8q)? 6.34
3 9 (P@)(a)) (09) (6.34)
which due to Eq. (6.30) equals
_ L / 2 L 2 2
0E = 5p(9)e'(q) (00)” = Svr2m [p(q)]" (9q) (6.35)

where the Fermi velocity is defined by

1 0Oe
Vp = 27 o1(d) N : (6.36)
A=q

Now we want to express dq in terms of the quantum numbers describing
the different kinds of particle excitations. Let AN denote the change
in the number of particles N, let d denote the number of particles that
jump over the Fermi sea from A\ = —q to A = ¢, and N* the number of
particle-hole excitations at the Fermi points A = +¢. Then the change
in the Fermi surface can be expressed as

_Oq dq
dq = 8D5D + 8dd (6.37)
where 6D = AN/2L. The derivatives are found to be
dq 1
— = 6.38
oD p(q)Z(q) (639
and 5 P
¢ _ 2la) (6.39)

ad — Lp(q)’
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where the dressed charge Z is defined by

Z(\) — % /_q A KO\, 1) Z () = 1. (6.40)

q

Comparing Egs. (6.40) and (6.23) we see that Z(\) = 2mps(\) for the
present model, while for other models there is no such simple relation.
Inserting the above equations into Eq. (6.35)) now gives

OF = %UF

2Nt +2N™ + (% + Z(q)d) ] (6.41)

when also including the particle-hole excitations N7.
The corrections to the momentum are much easier to calculate. Since

N N [or N or
: , o
due to the antisymmetry of §(\), 0P is simply given by

2
6P = 2kpd + - [N* = N™+dAN] | (6.43)

where kp is the Fermi momentum kp = 7N/L.

The finite-size corrections give us the scaling dimensions in the con-
formal field theory describing the low-energy physics, and hence allow us
to obtain the asymptotic behavior of correlation functions. As it turns
out, the low-energy limit of the Lieb-Liniger model is given by the ¢ =1
free boson conformal field theory, which should come as no surprise due
to the analogies with the Luttinger liquid in Chapter 2| cf. Refs. [226/227]

Yang-Yang thermodynamics

Let us also mention the extension to finite temperatures, known as Yang-
Yang thermodynamics or thermodynamic Bethe Ansatz.
In the thermodynamic limit, the entropy is given by [221}22§]

S = L/ dA [pe(A) In py(X) = pp(A) In pp(A) = pr(A) Inpr(A)],  (6.44)
where Lp;(A)d\ is the number of states in the interval [A, A + d)], and
Lp,(A)dA and Lp,(N)dA are the numbers of particles and holes in this
interval, with p,(A) + pr(A) = pi(A). The entropy of Eq. (6.44) follows



6.2 Integrability and the generalized Gibbs ensemble 99

as the logarithm of the number of ways to put Lp,(\)d\ particles into
Lpi(N\)dA states. The partition function then follows as

7 = /D {%] eS—EIT (6.45)

which, by varying the exponent under the constraint of fixed number of
particles and applying the saddle-point approximation, gives the equation

pr(A) _e(d) 1 /°° [ pp(A)]
In - — | duKO, pw)n |1+ . 6.46
PEEYRRE AT S el ) C oY) R
Now write pn(N)/pp(A) as
) _ e (6.47)
Pp(A)
which turns Eq. (6.46]) into
T oo
e(W) + 5~ / dp K (A, ) In(1 4 e==W/T) = g(N). (6.48)

This is the Yang-Yang equation. At zero temperature it reproduces
Eq. (6.29), and it gives the observable energy of the finite-temperature ex-
citations. The function () in Egs. (6.47)-(6.48) is therefore the dressed
energy at finite temperatures.

From Eq. we obtain the distribution function J(\) = p,(A) =
pi(\) for the particles, which is the Fermi function

1

= Ty e
The integral equations for zero-temperature quantities are now straight-
forwardly generalized to finite temperatures by the substitution

/q L] > /oo AN [, (6.50)

It is interesting to note that the validity of the Yang-Yang thermody-
namics recently has been experimentally verified [229].

9(\) (6.49)

6.2 Integrability and the generalized Gibbs en-
semble

Let us now discuss in a more general sense the concept of integrability
and its effects on quantum statistical mechanics. Classically, exact inte-
grability is defined through the presence of as many independent integrals
of motion as there are degrees of freedom. Thus the equations of mo-
tion can be explicitly integrated, preventing the system from ergodically
exploring phase-space and no thermalization will occur.
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6.2.1 Quantum integrability

The notion of quantum integrability is much more subtle than the clas-
sical version. In fact, the precise definition is still a disputed issue
[230-233]. The prevailing working definition nevertheless is that quantum
integrability means the presence of a full set of local conserved charges,
Le. there are as many local independent commuting symmetry operators

Qi
Q:, H) =0, [Q:,Q;]=0, ij=12 . dimH), (651

as the size dim(#H) of the Hilbert space. The requirement of locality
is important, as otherwise any quantum system would fall under the
definition since one can always construct a full set out of the projection
operators Q, = |¥,)(¥,| onto the eigenstates |¥,) of the Hamiltonian.

An alternative definition of quantum integrability is that all scatter-
ing is non-diffractive, meaning that the set of outgoing momenta is the
same as the set of incoming momenta. It connects to the presence of
the conserved charges since they can be constructed from the conserved
momenta, and to the solvability through the Bethe Ansatz. To see this
connection more clearly, and also understand why Bethe Ansatz is ap-
plicable only for one-dimensional quantum systems, let us consider the
following simple argument from Refs. [234],235]:

Consider a one-dimensional system of particles scattering off each
other. If the system has a full set of conserved charges, then these con-
served charges can be used to form generators of momentum-dependent
translations of the wave packets. Hence the world lines of different par-
ticles can be translated independently, separating many-particle colli-
sions into several two-particle collisions, cf. Figs. and [6.2 There-
fore the many-particle S matrix (scattering matrix) is factorizable into

b1

b3

D2

> L

Figure 6.1: The world lines for a three-particle scattering event.
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t t

A \ A /
p1 Y4t
/ b3 \p3

D2 _ D2 R
> >

Figure 6.2: Two different three-particle scattering events that can be seen
as a sequence of two-particle scattering events. Note that if translating
only the particle with e.g. momentum ps is a symmetry operation, then
both these events should have the same S matrix as the event in Fig. [6.1]
Thus the S matrix is factorizable into two-particle scattering matrices
Sy, obeying the Yang-Baxter equation ((6.52]).

two-particle S matrices S;. Evidently this must however lead to self-
consistency relations for the S; matrices, considering the different ways
the same many-particle S matrix can be factorized. This leads to the
celebrated Yang-Baxter equation [218,219,1236],

Sa(p2, p3)S2(p3, p1)S2(p1, p2) = S2(p1, p2)S2(p1, p3)Sa(p2,p3),  (6.52)

which in its different forms lies at the heart of Bethe Ansatz integrabilityf]
and the search for, and classification of, its solutions is a central theme
o the research field [238]. We now also see why Bethe Ansatz is such a
powerful method only for integrable one-dimensional quantum models:
In higher dimensions one could simply avoid any scattering altogether
by translating the world lines. Hence the S matrices are trivial, i.e.
the model is reducible to a free (non-interacting) theory. Only in one
dimension can there be non-trivial theories with a full set of conserved
charges.

6.2.2 The generalized Gibbs ensemble

Just as the notion of quantum integrability is more subtle than its clas-
sical counterpart, so is the process of quantum thermalization [239-242].
For an isolated quantum system the linear equations of motion and the

Note also the interesting connections between the Yang-Baxter equation and uni-
versal topological quantum computation [174,/237).
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discrete spectrum prevents dynamical chaos, hence the mechanisms un-
derlying the relaxation process to some equilibrium distribution are far
less understood. In fact, the quantum version [239,243] of the ergodic
theorem is weaker than its classical counterpart that lays the founda-
tion of classical statistical physics [244]. The quantum version results
in the assumption known as "normal typicality”, which loosely can be
stated as: "for a ’typical’ finite family of commuting macroscopic ob-
servables, every initial wave function ¢y from a micro-canonical energy
shell so evolves that for most times ¢ in the long run, the joint probabil-
ity distribution of these observables obtained from (t) is close to their
micro-canonical distribution” [243]. Given the micro-canonical distribu-
tion for the isolated system, stating that all microscopic states with the
same energy are equally probable, one can write down the entropy from
which the statistical ensemble of the system follows by maximizing this
entropy under the relevant constraints. As is well-known, the density ma-
trix describing a stationary state will be a function of all the conserved
charges [244-246|. In particular, suppose {Qn} is a set of local conserved
charges, i.e. [Q;, I:I] = [QZ, QJ] =0, Vi,j. Then following the prescrip-
tion of maximizing the von Neumann entropy S = —kgTr plog p under
the constraints of the conservation laws imposed by Lagrange multipliers
i, gives

O[Tr () XiQi — kpplog p)] = Tr (D XiQ: — kplog plop) =0
z Z (6.53)

Hence ), )\iQi — kgplog p = 0 and one arrives at the density matrix

1
ZGGE

PGGE = e i PiQi (6.54)

known as the generalized Gibbs ensemble. When the only constraints are
conserved particle number (); = N and energy ()2 = H the prescription
above gives the usual Gibbs ensemble

1

—B(H—pN)
e , 6.55
ZGibbs ( )

ﬁGibbs =

also known as the grand canonical ensemble with § defining the inverse
temperature and p the chemical potential. In the above the constraint
of unity trace of the density matrix, Tr p = 1 results in the normalizing
prefactor Z~1, where Z = Tr exp[— ), 3:Q] is the partition function.
For a generic non-integrable many-particle system, being it classical
or quantum, the only conserved quantities are just particle number and
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total energy (neglecting total momentum and angular momentum). In an
isolated system, i.e. with neither particle nor energy exchange with the
environment, "normal typicality” asserts the stationary density matrix
to be that for the micro-canonical ensemble. When the system is in
contact with an environment allowing energy transfer, it is no longer
isolated (but still closed if there is no particle exchange). The canonical
ensemble p. = Z ! ¢=PH then describes the mean values of observables
O as (O) = Tr O around which they fluctuate. In the thermodynamic
limit one expects these fluctuations to be negligible. The same holds
for the grand canonical ensemble for an open system where both
particles and energy are exchanged with the environment.

Turning to an isolated integrable quantum many-particle systems, it
is clear that the system is in a pure state at all times. However, it might
still be possible to treat open subsystems with the prescription above,
given that it is small enough for the rest of the system to be consid-
ered an effective bath. The whole set of local conservation laws should
then presumably enter into the generalized Gibbs ensemble describing the
subsystem. A protocol for testing such a scenario is a quantum quench,
where the initial state of the system is not an eigenstate of the Hamil-
tonian [247-250]. Such non-equilibrium dynamics of quantum systems is
now a very active area of both theoretical and experimental investigation.

With the recent advancements in the field of cold atoms and quan-
tum optics [251], it is now possible to experimentally realize sufficiently
isolated and well-controlled system so that unitary time-evolution can be
observed for times long enough to examine fundamental questions about
ergodicity and thermalization [252]. With the many integrable quantum
models now being realized in the labg? it has become a subject of in-
tense study to investigate exactly what sets of conserved quantities that
do constrain relaxation and which of them that should enter into an ef-
fective generalized Gibbs ensemble describing local observables in
possible stationary states’|

2See references in Ref. [253].
3For a review, see Ref. [222]. Discussions of recent developments can e.g. be found
in Refs. [254] and [255).
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Introduction to the papers

7.1 Paper I: Scaling of reduced fidelity in TQPTs

In Paper I we study the scaling of reduced fidelity in the topological
quantum phase transitions appearing in the models introduced in Sec-
tion [5.1.3] Before discussing the results, let us introduce the concepts of
fidelity and reduced fidelity.

7.1.1 Fidelity and fidelity susceptibility

Fidelity is a measure from quantum information theory that quantifies
the similarity between two quantum states. It can be used to capture
a quantum phase transition (QPT) by considering the change in the
ground state as the system is driven through the transition. Let us write
the Hamiltonian as

H=Hy+ \H;, (7.1)

where ) is a tunable parameter that takes the system through the QPT.
For two states given by the density matrices p(A) and p()\'), the fidelity
F(p(X), p(X)) is defined as [256]

Flp(N), p(N)) = Tey/ VoM p V) Vo). (7.2)

When the two states are pure, i.e. p(A) = [W(A))(¥(A)], we see that the
fidelity is simply given by the state overlap, F(A, X) = [(T(N)[T(N))].
Since the ground state changes rapidly at a quantum phase transition,
the fidelity F'(A, A+ 0A) between two ground states that differ by a small
change 0\ in the driving parameter should exhibit a sharp drop. This

105
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has been confirmed in a number of case studies of different systems un-
dergoing QPTs [180].

In order to remove the arbitrariness in the choice of d\, one should
instead consider the fidelity susceptibility x r, defined as [257]

—2InF
= i, "3

For pure states, F(A\,X) &~ 1 — xx0A?/2 when 6\ is small, hence the
fidelity susceptibility describes the leading response of the fidelity to
changes in the driving parameter. The fidelity susceptibility is there-
fore a good quantitative measure of how much the ground state changes
as the systems goes through the QPT. In fact, the fidelity susceptibility
shows scaling behavior near QPTs in a number of systems, enabling the
extraction of critical exponents [180].

When the density matrices at A and X' commute, Eq. becomes

F()‘v >‘,) =Try p()‘)p(A/) = Z V 041'0427 (74)

where {a;} and {o}} are the eigenvalues of p(A) and p()\'), respectively.
This gives the fidelity susceptibility in terms of the density matrix eigen-

values as [258] o
Q4
XF = Z iai . (7.5)

Reduced fidelity

The fidelity between the mixed states of a subsystem is called reduced
fidelity [256}259]. Recall that when the Hilbert space of the full system is
partitioned into a direct product H = H 4 ®Hp, where A is the particular
subsystem and B is the rest, the reduced density matrix p4 of subsystem
A is obtained by tracing out all the degrees of freedoms pertaining to B
in the full density matrix p of the entire system,

pa=Trgp. (7.6)

Then the reduced fidelity is simply the fidelity between the re-
duced density matrices p4 at different values of the driving parameter A
in the Hamiltonian (7.1). Reduced fidelity has provided an alternative
in situations where the global fidelity is not a suitable quantity [180],
e.g. one might envisage situations where the global ground state is un-
known. Moreover, as the reduced fidelity is a local quantity it might
have a stronger experimental relevance, being easier to connect to a local
observable.
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Figure 7.1: Single-site fidelity (a), single-site fidelity susceptibility
(b), two-site fidelity (c¢) and two-site fidelity susceptibility (d) of the
Castelnovo-Chamon model plotted using the analytical results in the
thermodynamic limit with 68 = 0.001. The reduced fidelity suscepti-
bilities will diverge according to Eq. when 63 — 0. In (c) and (d)
we plot for both nearest (NN) and next-nearest (NNN) neighbors. From
Paper 1.

Now, with this local nature of the reduced fidelity one may think
that it would be less sensitive to a topological quantum phase transition
(TQPT), at which the system undergoes a global rearrangement of quan-
tum correlations that cannot be captured by any local order parameter.
However, we showed in Paper I that this intuition turns out to be wrong.
Instead, our results for some exactly solvable 2d lattice models suggest
that the reduced fidelity serves as an accurate marker of a topological
quantum phase transition.

7.1.2 Results and discussion

In Paper I we have analytically studied the single-site and two-site re-
duced fidelities in the Castelnovo-Chamon ([5.10) and transverse Wen-
plaquette models, as functions of the driving parameters 5 and h
respectively.



108 Chapter 7 Introduction to the papers

-10

0 x 10 . . . .
~ _o5b ]r (a) Single-site fidelity J
|
w -1f .
_1 .5 L L L L L
0.5 1 1.5 2 25
3 T L] L] L] L]
o} (b) Single-site fidelity ]
Ky I susceptibility
1F ]
0 _10 L A L L
0 10 0.5 1 1.5 2 25
~ _1} (c) Two-site fidelity |
| (nearest neighbors)
w -2 .
_3 L L L L L
0.5 1 1.5 2 2.5
6 T T T T T
4F (d) Two-site fidelity ]
Ky susceptibility
2 (nearest neighbors) .
0 L A L L
0.5 1 1.5 2 25

h/g

Figure 7.2: Single-site fidelity (a), single-site fidelity susceptibility (b),
two-site fidelity (c¢) and (nearest neighbor) two-site fidelity susceptibility
(d) of the transverse Wen-plaquette model in the thermodynamic limit
plotted using the analytical results with a parameter difference 6(h/g) =
1075. Tt is clear that the TQPT at h/g = 1 is marked by drops in
the reduced fidelities. The reduced fidelity susceptibilities will diverge
according to Eq. when d(h/g) — 0. From Paper 1.

For the Castelnovo-Chamon model, it is found that the single-site
reduced fidelity susceptibility xr diverges as

XF ™~ In’ |B - Bc|7 (77>

at f — fe, cf. Fig.[7.1 This should be contrasted to the global ground-
state fidelity susceptibility which diverges as [260)]

X9~ n |8 — B. (7.8)

Hence we have shown that the divergence of the reduced fidelity
susceptibility at criticality is even stronger than that of the global fi-
delity [260] in this model, which comes as a surprise since the reduced
fidelity initially was conceived of as a measure with "reduced orthogonal-
ity” [180].
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For the transverse Wen-plaquette model it is found that the single-site
and two-site reduced fidelities both diverge as

xr ~ In?[g/h — 1] (7.9)

as h — g, cf. Fig.
Our analytical results for these important lattice models rely on exact

mappings of the TQPTs onto ordinary symmetry-breaking phase tran-
sitions. Other lattice models exhibiting TQPTs have also been shown
to be dual to models with classical order (see Refs. [261,1262]), suggest-
ing that our line of approach may be applicable also in these cases, and
that the property that a reduced fidelity can detect a TQPT may per-
haps be rather generic. It is somewhat counterintuitive, considering that
the reduced fidelity is a local probe of the topologically ordered phase
and there exists no local order parameter that describes the transition.
However, related results have previously been published. Specifically, in
Refs. [181] and [263], it was found that the local magnetization in the
Castelnovo-Chamon model and the Kitaev toric code model in a mag-
netic field, while being continuous and non-vanishing across the transition
out of topological order, has a singularity in its first derivative. In fact,
since the singularity in the reduced fidelity susceptibility depends on a
non-analyticity in the local expectation values appearing in the reduced
density matrices, the findings have the same origin. However, reduced
fidelity as a measure does not rely on identifying any particular local ex-
pectation value with non-analytic behavior, and is especially well suited
in situations where only the local reduced density matrix has been found.
Furthermore, the fact that a local quantity such as the reduced fidelity
can detect TQPTs is conceptually satisfying, as physical observables are
local in nature.

7.2 Papers lI-lll: Impurity entanglement en-
tropy from CFT

In Paper II we derive general expressions for the scaling corrections of the
entanglement entropy when perturbing a boundary conformal field theory
with (primary) irrelevant boundary operators. In Paper III these results
are applied to the study of quantum impurity systems, in particular we
discuss the relation to the Kondo screening cloud. By obtaining the finite-
temperature corrections to the von Neumann entropy, we show that the
zero-temperature corrections 0.5;,,(r) to the entanglement entropy have
the same power-law decay as the finite-temperature corrections §SL" (3)

imp

to the thermodynamic entropy when r > 3. This extends the well-known
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connection between these two quantities in the scaling limit to include
also the leading scaling corrections. In particular, it might provide a
direct connection between the exponents governing measurable quantities
like the specific heat to the exponent governing the decay of the Kondo
screening cloud.

The results, which are derived in Appendix [A] can be summarized on
the following form:

A 7,.2*2@5
2 1
r/8—0 SAzglog—r—i—logg—i-c’ + Agor~tlogr
/ 6 € A37‘_1
Sa=-Trpalogpa S
2—2xy
_ 2mc c 15} , Blﬁﬂ
r/B — oo SA—@T‘FIOQ‘Q‘FEIOg[%]‘FC + { g2g7110g5
N——— 3
Sz;h —/_/
~6STh

The von Neumann entropy Sa(r) for a region A of size r next to the
boundary (i.e. the impurity) has the well-known scaling form of Eq.
as r/B — 0. In paper II we show that the scaling corrections that arise
due to an irrelevant boundary operator with scaling dimension x;, to lead-
ing order are given by

Ay 2o when 1 <x, <3/2
0S4~ Ayr~tlogr  when x,=3/2 (7.10)
Agr—! when x> 3/2,

and as 654 ~ (Inr)™® when perturbing with a marginally irrelevant
boundary operator. Here A;, Ay, A3 are non-universal constants. In Pa-
per III we show that the corresponding expression for the corrections to
the von Neumann entropy when r > (8 are given by

B, B2 2 when 1<z, <3/2
Sy ~<{ ByB7tlogB  when 1,=3/2 (7.11)
B; 371 when  x, > 3/2,

to O(B71) in B and O(e~?""/8) in r/3. Comparing to Eq. for the
thermodynamic impurity entropy Sgh in a quantum impurity system in
the same limit, we see that 0S4 ~ S%" for a quantum impurity system
in the double limit » > § and § — oo. The thermodynamic impurity
entropy in turn has the same power-law scaling as the impurity specific
heat . This establishes a connection between entanglement and
thermodynamics [126],264] on the level of scaling corrections.

The decay of the boundary contribution to the entanglement
entropy 0S5p = 054 of the other part B of the system, as its distance r
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from to the boundary increases, tells how the screening cloud decays [157].
We therefore arrive at the conclusion that the asymptotic decay of the
screening cloud with distance follows the same power-law as the impurity
specific heat with inverse temperature.

7.3 Papers IV-V: Kondo effect in helical Lut-
tinger liquids

In Paper IV we study the effect of Rashba spin-orbit coupling on the
Kondo physics in a helical Luttinger liquid at the edge of a two-dimensional
topological insulator, obtaining the Kondo temperature and the linear
conductance. In Paper V these results are generalized to include also
Dresselhaus spin-orbit interaction.

7.3.1 Background

The helical electrons, with spin locked to the direction of propagation,
are schematically shown in Fig. Previous studies, not including spin-
orbit effects, of the Kondo effect in this system have resulted in the
following picture for the effect from Kondo scattering on the conduc-
tance of the system [111]: At low temperatures 7" < Tk, the Kondo
effect has set in and the impurity spin is essentially removed from the
system. The conductance is then governed by two-particle correlated
backscattering generated at the impurity site, with scaling dimension
4K. Hence, for K > 1/4, i.e. weak electron-electron interactions, the
unitary edge conductance G = e*/h is restored as T — 0 with an un-
usual power law G ~ T2(4E-1) distinctive of a helical edge liquid. For
K < 1/4,i.e. strong interactions, the edge liquid freezes into an insulator
at T = 0, whith a power-law G ~ T2(/45=1 from tunneling of fraction-
alized charge. At high temperatures and low frequencies w < T', there is

Figure 7.3: Illustration of the spin-1/2 Kondo impurity in a helical
edge liquid. The right-moving electrons have spin-up and the left-moving
electrons have spin-down. Kondo scattering simultaneously flip the spins
of the impurity and electron.
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T

Tk Tepp

Figure 7.4: Summary of the picture for the temperature dependence
of the conductance of a helical edge liquid with a Kondo impurity, as
it appears in Ref. [111]. Note however that the logarithmic correction
from Kondo scattering vanishes in the dc limit [112]. The effects from
Rashba and Dresselhaus spin-orbit interaction will be to modify both the
Kondo temperature and the high-temperature conductance correction, as
indicated by the arrows.

a logarithmic temperature dependence of the conductance, obtained by
RG improving the linear-response result 6G ~ 75~V This is summa-
rized in Fig. [7.4] However, in the dc limit, w — 0, it was found [112] that
this perturbative analysis yields incorrect results. Instead a rate-equation
approach for the Kondo scattering process results in the conclusion that
the conductance correction vanishes in the dc limit. This can be under-
stood from the following heuristic argument: in the zero-frequency limit
the fact that the impurity spin is flipped at every scattering event means
that for the helical liquid every second electron must come from the right
and every second from the left, hence giving zero net effect.

7.3.2 Results and discussion

It is however important to also study the effects of spin-orbit interactions,
which are expected to play an important role in the semiconductor het-
erostructures where quantum spin Hall experiments are usually carried
out [265]. In addition, a Rashba interaction is controllable by exter-
nal gate voltages, and therefore presents a means to electrically control
transport properties which is important for technological applications in
electronics and spintronics.
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Figure 7.5: The Kondo temperature Tk in a helical Luttinger liquid with
a magnetic impurity with Kondo couplings satisfying J, = J, < J..
The Kondo temperature is plotted in a logarithmic scale as a function
of the Rashba angle 6 for four values of the Dresselhaus angle ¢, the
angles parameterizing the strengths of the spin-orbit interactions, and
as a function of the ordinary Luttinger parameter K,, parameterizing
the strength of the electron-electron interaction. Note that the vanishing
Kondo temperature at 0, ¢ = 7/2 simply reflect the diverging spin-orbit
coupling strength in these limits, and that the model is not expected to
be valid in these limits. In the black (white) shaded area, J,. (J;.) dom-
inates the perturbative RG flow, hence preventing the low-temperature
formation of a Kondo singlet. From Paper V.
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Figure 7.6: The backscattered current 6/ due to a Kondo impurity in
a helical Luttinger liquid, for different values of the Rashba and Dres-
selhaus angles 6 and ¢ (parameterizing the strengths of the spin-orbit
interactions), and the Luttinger parameter Ky. Upper: Current-voltage
characteristics for 61 at fixed temperature T'. Lower: 01 at fixed voltage

and temperature, plotted as a function of the Rashba angle 6. From
Paper V.
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The effect of a Rashba interaction on the helical electrons can be
studied exactly by a spinor rotation [266]. In the new rotated basis, the
theory with Dirac fermions with Rashba interaction becomes a theory
with new Dirac fermions which do not have a Rashba interaction. The
effect is therefore only to rotate the spin quantization axis. However, in
the presence of a Kondo impurity with anisotropic exchange interaction
the price to pay for this simplification is that the Kondo interaction in
the new basis becomes more complicated. Now there will not only be
the S¥o®, SYo¥ and S%0” interactions (where S refers to the impurity
and o to the electron spins), but in the rotated basis also S*o? etc.
will appear. Similarly, the Dresselhaus interaction can be treated with a
spinor rotation around another axis.

The Kondo temperature is now obtained by perturbative RG, where
it is defined as the temperature at which the Kondo couplings start domi-
nating the theory. The RG equations for the generalized Kondo couplings
appearing due to the Rashba interaction were obtained in Paper IVEL and
in Paper V these equations were straight-forwardly generalized to the full
set of flow equations generated by the simultaneous presence of Rashba
and Dresselhaus interaction. The results for Kondo couplings satisfy-
ing J, = J, > J, show a Kondo temperature which for fixed strength of
the electron-electron interaction decreases with increasing Rashba and /or
Dresselhaus interaction strength. The results for J, = J, < J, show a
similar behavior, but here there is a very interesting effect appearing.
For some values of the Luttinger parameter K, and Rashba and Dres-
selhaus strengths, it is not one of the usual Kondo couplings J,, J,.J.
that diverges the fastest. Instead, in the shaded regions in Fig. the
interactions that diverge fastest are non-collinear couplings. Hence the
resulting state the system appears to be flowing towards is not a singlet,
which means that the Kondo singlet formation is obstructed. Within the
limits of the perturbative treatment, it therefore appears as if the Kondo
effect is hampered by a conspiracy of electron-electron and spin-orbit
interactions in some parameter regimes.

Away from these special parameter regimes, the Kondo effect will
work as usual and we can treat the Kondo interaction perturbatively to
obtain the current-voltage characteristics, shown in Fig. [7.6] as well as
linear conductance for both electrical and thermal transport and noise
characteristics. These results all show the appearance of multiple power-
laws for the different kinds of Kondo scatterings that will take place in
the rotated basis, and the dependence of the current correction on the
electric field which controls the Rashba interaction.

IThe details of the perturbative renormalization-group calculations in Paper IV
for the Kondo temperature with a Rashba interaction can be found in Ref. [267].
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7.4 Paper VI: Correlations in one-dimensional
Bose gases

In Paper VI we study possible effects from higher conservation laws on
correlations in the one-dimensional Bose gas. Assuming the state of the
system is described by a generalized Gibbs ensemble (6.54), where the
full set of conserved charges appears, we obtain the finite-size corrections
in energy and momentum at zero temperature and use the conformal
relations and to deduce the asymptotics of correlation
functions. See Section for an introduction to the original model.

At zero temperature the system is in the ground state of the general-
ized Hamiltonian

H=> b0 (7.12)

appearing in the density matrix. Here ); are all the local conserved
charges (6.21)), entering with coefficients b;. It then follows that the bare
dispersion (6.26)) of the single-particle excitations now becomes

o(N) = i DA (7.13)

i.e. some polynomial function, determined by some initial condition on
the conserved charges. The dressed energy will then also be gen-
eralized to some more general function of the bare momenta [26§]. In
particular, at zero temperature there may now be many different Fermi
points with different Fermi velocities. In terms of the excitation quantum
numbers described in Fig. [7.7] the finite-size corrections of ground-state
energy Fjy, and energy £ and momentum P, are found to be on the form

Ey— Ey(L - ) = - ¢;lvj (7.14)
6L -
2w 4 -
E—-E = TZWJ‘HA]' + A7 ] (7.15)
J
2m _
P-—FR = —ZQdeﬂLfZ[A;F_AJ] (7.16)
J J

in the parity symmetric case (g9(A) = £9(—A)), where we obtain

and

2
1 AN,
A¥ = Nf+ 5 (Z(Zl)jkT’f + szjdk> . (7.18)
k k
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>

—q1 —q2 0 q2 q1

Figure 7.7: A generalized dispersion for the dressed particle energy of the
one-dimensional Bose gas with conserved charges added to the Hamilto-
nian, in this example with parity symmetry and four Fermi points at
A = —q1,—q2,q2,q1- The different types of excitations are shown in
the figure; AN; (AN,) particles (holes) added to the Fermi sea [—q1, ¢1]
([~q2-q2]), N particle-hole excitations at Fermi point +¢;, and d; (ds)
particles (holes) backscattered over the Fermi seas.

Here Z;; is the dressed charge matrix, which can be computed through
linear integral equations.

The low-energy physics is therefore described by a sum of conformal
field theories each with central charge ¢; = ¢ = 1, where the dimensions of
the operators are given by Eq. in terms of their quantum numbers,
see Section [2.2.4] Hence correlation functions can be obtained, e.g. the
boson field equal-time correlator

(U (2)TH0)) ~ 27, (7.19)

2
where « is the smallest of the numbers (Z (Z7 jk> /2, and the density-

density equal-time correlation function

(i(2)7(0)) = (§(0))? ~ Az + Ay cos(2qudyr)z™?, (7.20)

2
where 6 the smallest of the numbers 2 (Z i Zk;j>

The findings show that the generalized one-dimensional Bose gas gives
rise to similar correlation effects as in multicomponent Bethe-Ansatz solv-
able models like spin chains with competing interactions and the one-
dimensional Hubbard model. In particular, generalized dispersions with
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many Fermi points may give rise to several different speeds of sound
in the system when also considering the time-evolution governed by the
generalized Hamiltonian.



Discussion

Let us now conclude this thesis by a brief summary and discussion. We
have seen that the development in condensed matter physics during the
past decades has brought about many intriguing new phenomena in quan-
tum many-particle systems, in particular in connection to reduced di-
mensionality. These can often be treated with powerful non-perturbative
field-theory methods. In the introductory chapters we discussed the fol-
lowing topics:

e The Luttinger liquid paradigm for interacting one-dimensional sys-
tems.

e The conformal-field theory approach to one-dimensional critical
phenomena, in particular the Kondo effect and scaling of entan-
glement entropy.

e Topological order in two-dimensional systems.

e The exact Bethe Ansatz solution for the one-dimensional Bose gas.

We then wished to answer some open questions regarding these prob-
lems. The results of these studies were published in Papers I-VI. In
summary, these studies concerned

1. Reduced fidelity and topological quantum phase transitions
Question Even though there is no local order parameter for a topo-
logical quantum phase transition, is it still possible to capture it

by a local fidelity measure?

119
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Result By studying some exactly solvable 2d lattice models, we found
that it actually is possible to use local fidelity measures to capture
topological quantum phase transitions.

2. Scaling corrections in impurity entanglement entropy

Question Is it possible to obtain exact asymptotic expressions for the
scaling corrections of the entanglement entropy from the bound-
ary of a critical one-dimensional systems, and what can this tell
us about the elusive Kondo cloud?

Result We obtained exact asymptotic expressions for the scaling cor-
rections coming from perturbing boundary operators of a one-
dimensional system using boundary conformal field theory. Such
corrections give information about the shape of the Kondo screen-
ing cloud, and we found that the critical exponent for the spatial
decay of the ground-state entanglement entropy is the same as
the exponent for the impurity specific heat.

3. Effects from spin-orbit interactions on the Kondo effect in
helical Luttinger liquids

Question How do spin-orbit interactions influence the Kondo effect
in the helical Luttinger liquid appearing on the edge of a two-
dimensional topological insulator?

Result We found that Rashba and Dresselhaus spin-orbit interac-
tions indeed have an effect, although generally small, on the
transport properties of a helical edge liquid with a Kondo im-
purity. However, in some special parameter regimes the effect
appears to be quite dramatic since there the low-energy behavior
may be different from that of a Kondo singlet. Tuning the sys-
tem in and out of this region with the electric field could perhaps
offer a promising mechanism to control edge transport.

4. Correlations in generalized Gibbs ensemble of a one-dimensional
Bose gas

Question What will be the effect on correlations in a one-dimensional
Bose gas when including all conservation laws?

Result Our Bethe Ansatz results for the generalized Lieb-Liniger
model, describing the generalized Gibbs ensemble of an inter-
acting one-dimensional Bose gas, show that it is possible to ob-
tain similar types of correlation effects as for the one-dimensional
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Hubbard model and spin chains with competing interactions.
This includes the possibility of several different Fermi points.
Hence with additional conservation law in the Hamiltonian there
might be several different velocities appearing in the correlation
functions.

Outlook

Let us end with a brief discussion of current trends and future directions
associated with the topics of this thesis.

Strongly correlated quantum many-particle systems are intrinsically
hard to understand, and continue to spur much development in theoret-
ical physics. Indeed, high-temperature superconductivity still lacks an
explanation [32,269,270], 27 years after its discovery [271], and the quest
to solve the problem will certainly continue to drive much of the field.

General theories for correlated topological phases of matter with in-
teracting electrons are still missing [209272]. New types of such systems,
like "topological Mott insulators” [273,[274], "fractional topological insu-
lators” [275] and "topological Kondo insulators” [276] attract much atten-
tion, and the general relation to the entanglement structure [137,277] is
intriguing. Prospects of creating topological states in cold-atom systems
stimulates much research [278].

The Kondo cloud [95] still evades detection. An interesting issue re-
garding entanglement in quantum impurity problems is the measure of
"negativity”. This measure allows for the entanglement between two dis-
joint parts of a system to be calculated. New CFT methods [279] could
here give exact results for this measure of entanglement between an im-
purity and the surrounding electrons [280], allowing for more information
about the distribution of entanglement than that given by the entropy. A
full understanding of the entanglement generated by Kondo clouds holds
promise for future applications in quantum information science [92,93].

Quantum many-particle systems out of equilibrium continues to be
an intense area of research, with questions regarding the foundations of
quantum statistical mechanics still open [222]. Particularly interesting
cases are the extensions of Bethe Ansatz [281], Luttinger liquid [282,283]
and CFT [284] techniques to non-equilibrium situations. New approaches
to study non-equilibrium quench dynamics in integrable systems based
on the Bethe Ansatz are being developed [285,286] and may shed new
light on quantum equilibration phenomena and the generalized Gibbs
ensemble.

Quantum impurities on edges of topological insulators present chal-
lenging issues, in particular in three dimensions |287,288] where it also
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has relevance for graphene [289]. For quantum spin Hall insulators the
effect from spin-orbit coupling on a Kondo lattice on the edge [113] re-
mains to be investigated. The relevance of Kondo physics to current
attempts [290] to detect Majorana particles in semiconductor wires cou-
pled to a superconductor [200] is still open. Such Majorana bound states
in spin-orbit coupled quantum wires [291], which mimic the helical lig-
uid, could also present an interesting system to study Kondo physics in.
Detection of non-Abelian particles in standard solid-state systems would
present a major advancement towards the dream of performing topologi-
cal quantum computation [174], with the ultimate goal of revolutionizing
information technology [292].

Emergent phenomena in strongly correlated quantum many-particle
systems represents a rapidly evolving field of research. Potential techno-
logical applications, like room-temperature superconductivity and quan-
tum computers, and fundamental theoretical challenges give such systems
a prominent place in science. Due to the intrinsic complexity of the prob-
lem, unexpected new phenomena will most certainly continue to appear.



Scaling corrections in von
Neumann entropy from
irrelevant boundary operators

Let us here show how to obtain the finite-temperature scaling corrections
to the critical Rényi entropies of a semi-infinite one-dimensional sys-
tem which are generated by irrelevant boundary operators, results that
were presented in Paper III. We follow the same procedure as Cardy and
Calabrese in Ref. [293], however when perturbing with a boundary op-
erator the surface integral of the perturbing field in the action will be
replaced by a line integral on the boundary. As we shall see, this will
prevent the appearance of unusual n-dependent corrections. In fact, this
is anticipated since n-dependent exponents only arise from the region
at the branch point, which is located away from the boundary. Never-
theless, there still are results for the boundary case that do not follow
from standard finite-size scaling. We will also extend the analysis to fi-
nite temperature. This will reveal an interesting connection to previous
results for the thermodynamic boundary entropy and specific heat.

Thus, consider a BCFT on the upper half y > 0 of the complex plane
z = T7+iy. At finite inverse temperature 5 = 1/(kgT’) the imaginary-time
coordinate 7 becomes periodic with —5/2 < 7 < /2, and the complex
plane is turned into a cylinder. The BCFT is therefore defined on a semi-
infinite strip in the complex plane, and on the boundary at y = 0 the
boundary coordinate is —(/2 < 7 < (3/2, see Fig. The n-sheeted
Riemann surface R,, is then obtained by sewing together n copies of this
cylinder along 0 < y < r at 7 = 0. To evaluate the correlation functions
on R, for a chiral operator ¢(z) with scaling dimension z;, we need to
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use the transformation property

—xp

0 oen, =T || Ol otwmer, (A1)

N
j=1

where the map z — w from R, to the finite-temperature strip in the
upper half-plane C* is given by
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see Fig. [AT] The inverse transformation is then given by
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This gives (using the Mathematica software)
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Naturally, the mapping (A.2) takes the boundary of R,, to the boundary
of C*. Since w is real on the boundary we see from (A.4)) that |0z/0w| =

is analytic on the boundary, as the only singularity is at

—sin— =1, A5
~sin (A5)
i.e. when z is at the branch point z = ir. In particular, note that the

point |z| — oo gives a divergence in |0z/0w| which only means that
|0z /0w|~™ — 0.
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Figure A.1: The series of conformal transformations that map the Rie-
mann surface R,,, here represented as the upper complex half-plane with
a branch cut (dashed line), to the ordinary upper complex half-plane C*
without the branch cut. The series of transformations z — 2’ — w' — w
make up the conformal transformation z — w in Eq. (A.2).

Now we can use this to study the scaling corrections of SX"”) x (Fgr, —
nF') when adding a boundary perturbation,

S =Scrr + )\/dT qbb(T), (AG)

where ¢ is an irrelevant operator with scaling dimension z; > 1 on the
boundary y = 0.

We will assume the boundary conditions to be such that (¢,(7)) =
0. This is natural if we demand conformal boundary conditions. Then
the first-order correction vanishes. An important exception is when the
perturbing boundary operator is the stress-energy tensor, a case that
was treated in Refs. [157,[158]. Since this operator has a non-vanishing
expectation value on R, it will give rise to a first-order correction to
Sgn), which was found to have the form ~ 37! coth(r/3). We therefore
consider the second-order corrections to Fr, and F, denoted §%Fg, and
0%F respectively. They are given by

22
e, =~ [dr [ emas, (D)
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and \2

#F =% [dn [dn@mame: (438)
respectively, where 71, 75 are boundary coordinates on R,, and 1, = w(7y),
7o = w(74) are boundary coordinates on C*. From Eq. (A.1]), we get
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In order to compare the two integrals in 62Fr, —nd*F it is convenient
to rewrite nd?F on the same form as 0*Fr
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B/2
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where we defined 7 = 71 — 7. Now, with the change of variable u =
tan(w7/8), which means that

T = éarctanu, (A.11)
T
1
dr = p du, (A.12)
Tl +u?
sin = ——— (A.13)

B V1+u?’

the integral becomes

A2 12z, 6/2 a:b 1
no?F = — X (_) / / U™ (a1
B/2 u

The integral diverges when v — 0, and we must introduce a cutoff. In
the original boundary coordinate this cutoff reads |7 — 75| > 79, which in
the new variable becomes u > tan(n7/f). In the low-temperature limit,
which is what we are interested in, this means that u > 77r5/8. Now,

using that
B/2 B/2
n/ dm = /dT1 / d7'1 , (A.15)
~B/2 B/2

=T1
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together with the change of variable

0z

il (A.16)
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we can rewrite Eq. (A.14)) as
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where the cutoff is given by
tan 0
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As 19 — 0, we have
T T
tan(—=|(m1 — ™) = =11 — T A.19
( 5\ ) 5| (A.19)
and the cutoff can be written as
0z
_ - > ’ A.20
|71 — T2 Jw . To ( )
which is the same as
|71 — 75| > 70 (A.21)

We are therefore now able to write §Fg, — ndé*F, i.e. Egs. (A.7) and
(A.g]), as one single integral,

5/2 5/2 1 zbl 1— zb_‘ 2—2xy,

52FR —TL(52F / / 8ww‘rl ow lw=ry w‘rl‘
B/2 B/2 2 sin(5 (11 — 72)[**

(A.22)

with the cutoff given by Eq. (A.20). Using the symmetry of the integral
under exchange of 71 and 75, we can put Eq. (A.22)) on the symmetric
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form

825~ §2Fg, — nd*F
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It follows from Eq. that |dz/dw|' = is analytic everywhere ex-
cept at z =ir. In Ref. [293], where the integrals are surface integrals over
C*, this singularity at the branch point was an important ingredient in
the analysis. But when we now consider a perturbing operator on the
boundary, the only divergence in the integrand in (A.23]) comes when
sin(3(r1 — 72) = 0, i.e. when u = tan(77/8) = 0. Since we re interested

1—:I)b

in the divergent behavior, we expand |g—jj = f(w) around w = 79,

which gives
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+ f/(Tl)f/,<T1)(§ arctanu)® + ] . (A24)

and expanding the integrand around the divergence at u = 0 we get
525«(n A2B3- sz/ 1/ du[(auz‘”” 1opu 2 g )
B/2
X (c(f'(m)*u?+ (e f'(m) [ (1) + d(f'(m))*B) v’ + )}
B/2 o0
~ A3 2”/ 7'1/ du[ac(f’(ﬁ))2 22 } , (A.25)
0

B/2
where a, b, ¢, ... are used to denote constants. From this it follows that the
leading dlvergence of 525 ”) goes as 7'5’ 2% je. the integral 1’ con-

verges when z;, < 3/2. Therefore the regularization v > 77y /(8 ‘w:ﬁ)
is only needed when z, > 3/2, and then
B8/2 )
525(n N2 3= 2”/ d7‘1/ du [ac(f’(Tl))Quz_Qxb + ]
B/2
B/2 32z
~ )\2&3723% / dT1 [(f/( < 70 ) b + i|
-B/2 5 |8w ‘w T
1—xp
o (1217
NPCESE / dm ot (A26)
8/2 | &=

W=T1
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when z, > 3/2, with the divergence instead being logarithmic when
From Eq. (A.4) we see that we can write dz/dw as

B r
0z ;Slnh (F)

\/1 + <h(ﬁ, w) sinh (%))

introducing the functions g(3,w) and h(5, w) which are S-independent in
the low-temperature limit 5 — oo. From this we can analytically extract
the scaling of 5251(4") in the limits 7/ — 0 and /8 — 0.

First, in the zero-temperature quantum mechanical limit /5 — 0,

we see from Eq. (A.27)) that

P e Or/6)), (A.28)
as f — 00. As we do not need to introduce the cutoff in Eq. when
xp < 3/2, the only r-dependence comes from dz/dw o< r. Note that since
the action is dimensionless, we can write A\ ~ 73*~'. Thus when
xp < 3/2 it follows that 5252” ~ (r/79)* % up to terms O((r/B)?) and
O(B71). On the other hand, when z; > 3/2 it follows from Eq.
that

525,1(471) ~ )\2Tg’_2xb7’2_2mb7’2xb_3 ~ (7”/7’0)_1- <A29>

Note that this is of the same form as the first-order correction from the
stress-energy tensor. When z;, = 3/2, Eq. ((A.26)) implies that the integral
diverges logarithmically, and then

5280~ N2p27 20 og (1o /1) ~ (70/7) log(r /7). (A.30)

Summarizing, in the limit when 7/ — 0 and f — oo the leading
corrections to the Rényi entropies are

r?72%  when 1 < x5 < 3/2
5250 ~ { rtlogr when z, = 3/2 (A.31)
rt when z, > 3/2,

up to terms O((r/B)3) and O(571).
It is also possible to extract the behavior in the other limit, when

r/f — oo, but still at low temperature. We then see from Eq. (A.27)

that 5
< —27r/B A.32
5y & BTOET), (A.32)
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up to terms O(S~1). Once again, when z;, < 3/2 the only 7-dependence in
Eq. comes from dz/dw which now is proportional to 5. Therefore
we now get that 525%) ~ (B/19)* %" when z;, < 3/2. From Eq.
it now follows that 525’1(4") ~ (B/71)"" when z;, > 3/2, and 6251(47‘) ~
(10/8)log(5/1). Note that we still consider the low-temperature limit
B — oo, but with r > 3.

In summary, considering the limit /5 — oo and  — oo the leading
corrections to the Rényi entropies are

(B2 whenl < x, < 3/2
5250 ~{ BllogB when z, = 3/2 (A.33)
g1 when x;, > 3/2,

to O(B~1) in B and O(e~2™/8) in r /.
The von Neumann entropy Sa follows from the Rényi entropy Sﬁln)
simply by letting n — 1.
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We study the reduced fidelity between local states of lattice systems exhibiting topological order. By ex-
ploiting mappings to spin models with classical order, we are able to analytically extract the scaling behavior
of the reduced fidelity at the corresponding quantum phase transitions out of the topologically ordered phases.
Our results suggest that the reduced fidelity, albeit being a local measure, generically serves as an accurate

marker of a topological quantum phase transition.
DOI: 10.1103/PhysRevA.79.060301

I. INTRODUCTION

Electron correlations in condensed-matter systems some-
times produce topologically ordered phases where effects
from local perturbations are exponentially suppressed [1].
The most prominent examples are the fifty or so observed
fractional quantum Hall phases, with the topological order
manifested in gapless edge states and excitations with frac-
tional statistics. The fact that the ground-state degeneracy in
phases with non-Abelian statistics cannot be lifted by local
perturbations lies at the heart of current proposals for topo-
logical quantum computation [2].

The insensitivity to local perturbations invalidates the use
of a local order parameter to identify a quantum phase tran-
sition out of a topologically ordered phase. Attempts to build
a theory of topological quantum phase transitions (TQPTs)—
replacing  the  Ginzburg-Landau = symmetry-breaking
paradigm—have instead borrowed concepts from quantum
information theory, in particular those of entanglement en-
tropy [3] and fideliry [4], none of which require the construc-
tion of an order parameter.

Fidelity measures the similarity between two quantum
states and, for pure states, is defined as the modulus of their
overlap. Since the ground state changes rapidly at a quantum
phase transition, one expects that the fidelity between two
ground states that differ by a small change in the driving
parameter should exhibit a sharp drop. This expectation has
been confirmed in a number of case studies [5], including
several TQPTs [4,6,7].

Suppose that one replaces the two ground states in a fi-
delity analysis with two states that also differ slightly in the
driving parameter, but which describe only a local region of
the system of interest. The proper concept that encodes the
similarity between such mixed states is that of the reduced
fidelity, which is the maximum pure-state overlap between
purifications of the mixed states [8]. It has proven useful in
the analysis of a number of ordinary symmetry-breaking
quantum phase transitions [9]. But since the reduced fidelity
is a local property of the system, similar to that of a local
order parameter, one may think that it would be less sensitive
to a TQPT, which involves a global rearrangement of nonlo-
cal quantum correlations [1]. However, this intuition turns
out to be wrong. As we show in this Rapid Communication,
several TQPTs are accurately signaled by a singularity in the
second-order derivative of the reduced fidelity. Moreover, the
singularity can be even stronger than for the (pure-state) glo-
bal fidelity. The fact that a TQPT gets imprinted in a local

1050-2947/2009/79(6)/060301(4)
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quantity may at first seem surprising but, as we shall see, is
parallel to and extends results from earlier studies [10,11].

II. FIDELITY AND FIDELITY SUSCEPTIBILITY

The fidelity F(B,B’) between two states described by the
density matrices p(8) and p(B’) is defined as [8]

[Tar o nr s s o

F(B,B') = TrNNp(B)p(B INA(B).- (1)
When a system is in a pure state, p(8)=|¥(B)NW(B),
F(B,B') becomes just the state overlap [(W(8")|V(B))|.
When the states under consideration describe a subsystem,
they will generally be mixed states, and we call the fidelity
between such states reduced fidelity. In the limit where 8 and
B'=B+ 6B are very close, it is useful to define the fidelity
susceptibility [12]

lim = 2InF
= lim ———
XF o0 OB

consistent with the pure-state expansion F=~ 1 —y-68%/2.

. (2)

III. CASTELNOVO-CHAMON MODEL

The first model we consider was introduced by Castel-
novo and Chamon [10] and is a deformation of the Kitaev
toric code model [13]. The Hamiltonian for N spin-1/2 par-
ticles on the bonds of a square lattice with periodic boundary
conditions is

H=-N\2 B, -\ 2 A+ N> exp(— B fr?), (3)
P s K

ies

where A;=Il; 67 and B,=II;_,G7 are the star and plaquette
operators of the original Kitaev toric code model. The star
operator A, acts on the spins around the vertex s and the
plaquette operator B, acts on the spins on the boundary of
the plaquette p. For Ay ; >0 the ground state in the topologi-
cal sector containing the fully magnetized state |0) is given

by [10]

ol 82 o0
GS(B)) = ’
Osn=2 —75

with Z(B)=2,.;exp[B2,07(g)], where G is the Abelian
group generated by the star operators A; and o(g) is the z

glo) (4)
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FIG. 1. (Color online) Mapping between the Castelnovo-
Chamon model and the 2D Ising model. The spins of the former
reside on the lattice bonds (filled black circles) and the spins of the
latter on the vertices. Left: of= 6,6/, where i is the bond between
the neighboring vertices (s,s’). Middle and right: for i and j nearest
(next-nearest) neighbors, the mapping gives (6;675)=(6,0, 00,
=(6, 0, where (s',s") are next-nearest (third-nearest) neighbors.

component of the spin at site i in the state g|0). When 8=0
the state in Eq. (4) reduces to the topologically ordered
ground state of the toric code model [13]. When B— o the
ground state (4) becomes the magnetically ordered state |0).
At B.=(1/ 2)ln(\2+1) there is a second-order TQPT where
the topological entanglement entropy S,,,, goes from
Siopo=1 for B<p. to S,,,,=0 for B> B, [10]. The global
fidelity susceptibility y close to B, was obtained in Ref. [6]
and found to diverge as

Xr~n|BJ/B-1]. (5)

We here calculate the single-site reduced fidelity between
the ground states of a single spin at two different parameter
values B and B’. To construct the density matrix p; for the
spin at site i we use the expansion

pi= 2 (616Gt (6)

with &?EL and with the expectation values taken with re-
spect to the ground state in Eq. (4). There is a one-to-two
mapping between the configurations {g}=G and the configu-
rations {6} =0 of the classical two-dimensional (2D) Ising
model H=-J 2 16,6, with §;=—1 (+1) when the corre-
sponding star operator A, is (is not) acting on the site s [10].
Thus o§=6,0,,, where i is the bond between the neighboring
vertices (s,s’) (see Fig. 1). This gives (GS(B)|63|GS(B))
:[] /Z(B)]EHEG)GS Oy eXP(BE(x”,s”’)03'”03-’")ZE(ﬁ)/N’ where S
is identified as the reduced nearest-neighbor coupling J/T
= of the Ising model with energy E(B). The two expecta-
tion values (GS(B)|6|GS(B)) and (GS(,8)|6'V|GS([3 ) are
both zero since <0|g0 ‘¢'|0Y=0, Vg,g' € G, and s1m11arly for
o7 It follows that p;=(1/2)diag[1+E(B)/N,1-E(B)/N] in
the 0% eigenbasis. Since the density matrices at dlfferent pa-
rameter values B and B’ commute, the reduced fidelity (1) is

FB.B) =Trp(Bp(B) = Z A/, (7)

where {N\;} ({\/}) are the eigenvalues of p;(B) (p:(B')).
The energy E(B) of the 2D Ising model in the
thermodynamic limit N-—o is given by E(B8)/N
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FIG. 2. (Color online) (a) Single-site fidelity, (b) single-site fi-
delity susceptibility, (c) two-site fidelity, and (d) two-site fidelity
susceptibility of the Castelnovo-Chamon model calculated with a
parameter difference 8=0.001 and with N— . The reduced fidel-
ity susceptibilities will diverge according to Eq. (9) when 58— 0.
In (c) and (d) we plot for both nearest (NN) and next-nearest (NNN)
neighbors.

=—coth(28){1+(2/m)[2 tanh*(28) - 1]K(k)}/2, where K(x)
=[7%d6(1 -« sin? 6)~"" and k=2 sinh(28)/cosh?(28) [14].
This gives us the plot of the single-site fidelity
shown in Fig. 2, where we see that the TQPT
at B.=(1 /2)In(y2+1)~0.44 is marked by a sudden drop in
the fidelity.

The single-site fidelity susceptibility y is

g 8)
Y

for commuting density matrices [15]. Here dg\,
=+ (2N)"'9gE(B)= = (2NB?)~'C(B) with C(B) as the spe-
cific heat of the 2D Ising model. Thus y diverges as

~1n?|B./B- 1| )

at B, which is faster than the global fidelity susceptibility in
Eq. (5). In Fig. 2 we plot the single-site fidelity susceptibility
using Eq. (2), but with finite §8=0.001.

The two-site fidelity can be obtained in a similar way. We
expand the reduced density matrix pj; as

pij= E<&f*&,”& Gy (10)

,uv—O

The only nonzero expectation values in Eq. (10) are
(AO 0) 1, (”‘”O) (679, <0_o~> (6%), and (6;67). Trans-
1at10nal invariance implies that (a' )= <0'Z> so that

ﬁij=z<1+<&i>(a+a>+<aaZ> Gi6h). (1)

The eigenvalues are seen to be Aj,=(1/4)(1£2(57)
+(7307 )) and A3 4=(1/4)(1- (””; ). Now the fidelity can
be calculated using Eq. (7). Here we focus on the cases
where i and j are nearest- and next-nearest neighbors. Then
the mapping to the 2D Ising model gives (J5)=(6,6,,) and
67)=(0y6gm), where i (j) is the bond between the neighbor-
ing vertices (s,s’) ({(s”,s")). When i and j are nearest (next-
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nearest) neighbors, we get (AZ”> (6,0, 010,)=(0, 0.,
where (s’,s”) are next-nearest (thlrd nearest) neighbors on
the square lattice (cf. Fig. 1). As before, (5)=E(B)/N. We
obtain (6, 6) from the equivalence between the 2D Ising
model and the quantum one-dimensional (1D) XY model,

Hyy=—- 2 (0,656, + a 6267, +hés),  (12)
n

where a..=(1= y)/2. This has been shown to give
<9009n n> <”6‘AT >XY|y—l h=(sinh 28)2 (13)
for Ising spins on the same diagonal and
(0 0,1) = cosh*(B")(67%,67 >XY|y—yﬁ hehg
- sinh*(B°)(6,67,, >XY|y—yB h=h g (14)

for Ising spins on the same row (or, by symmetry, column),
where tanh B*=¢7?, yz=(cosh 28" and hg=(1-")"?/
tanh 28 [16]. Known results for the 1D XY model give [17]

G, G, - G,
@rota=| 0T O )
G;—z G;—3 G.—l
G, Gy G 2
(GG mar)xy = (?2 G;l G_;Pr3 , (16)
G. G - G

where

G, = (1/7T)Jﬂd¢(h —cos ¢)cos(r')/ A 4(h)
0

+ (’y/’JT)JWdQ') sin ¢ sin(¢r')/A 4(h)
0

and A 4(h)=[(y sin ¢p)*+(h—cos ¢)*]"% These relations al-
low us to plot the two-site fidelity and also the two-site fi-
delity susceptibility using Eq. (2) (see Fig. 2). Note that the
two-site functions are only slightly different depending on
whether the two sites are nearest neighbors or next-nearest
neighbors. It follows from Eq. (8) that also the two-site yp
has a stronger divergence at criticality than the global fidelity
susceptibility. It is interesting to note the slight asymmetry of
the reduced fidelities around the critical point, seen in Fig. 2,
indicating a somewhat smaller response to changes in the
driving parameter in the topological phase.

IV. TRANSVERSE WEN-PLAQUETTE MODEL

We now turn to the transverse Wen-plaquette model, ob-
tained from the ordinary Wen-plaquette model [ 18] for spin-
1/2 particles on the vertices of a square lattice by adding a
magnetic field 4 [19],

RAPID COMMUNICATIONS
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H=g> F,+hY, 67, (17)
i i

where F =0767,.07, . ﬂ ; +‘ and g <0. The boundary condi-
tions are periodic. At h=0 the ground state is the topologi-
cally ordered ground state of the Wen-plaquette model [18]

and in the limit #— % the ground state is magnetically or-

dered. Since F; ,,a' have the same commutation relations as
Az7+x/2+v/2’ 7% i +‘/2 ; +X/2_y/2 (where the Pauli matrices 7 act
on spin-1/2 particles at the centers of the plaquettes), Hamil-
tonian (17) can be mapped onto independent quantum Ising
chains,

H=-h2 2> (&1 aivint TaiinTainn) (18)

with g;=g/h and where 7 12 and 77_, ,77,,, are the images
of 6767,:67,¢,307,; and &7, respectively [19]. The index a
denotes the diagonal chams over the plaquette-centered sites
and i is the site index on each diagonal chain. Known results
for criticality in the quantum Ising chain imply that the trans-
verse Wen-plaquette model has a TQPT at g/h=1 [19].

We now calculate the reduced fidelity. The mapping onto
the quantum Ising chains immediately gives (d7)
=(71_,271,1,2)- In the &7 basis, Hamiltonian (17) only flips
spins in pairs; therefore, we get (67)=0 and (G3)=0. The
single-site reduced density matrix (6) is therefore given by
Pi=(1/2)(1+(#_,77,1,,)07), which is diagonal in the &7
basis, with eigenvalues N\,=(1/2)(1 *(7_,,7},,,,). The
single-site fidelity is thus given by Eq. (7), and (71,77,
is calculated using Eq. (15) with y=1 and h=g,. The result
reveals that the TQPT is accompanied by a sudden drop in
the single-site fidelity. Now, d,\;,=* 2 Ie AT 10T i)
which diverges logarithmically at the crltlcal point g;=1.
Therefore Eq. (8) implies that at 1/ g=1, yp diverges as

~ In?[g/h - 1| (19)

as in Eq. (9) for the Castelnovo-Chamon model.

We can also calculate the two-site fidelity for two nearest-
neighbor spins at sites i and j. All nontrivial expectation
values in expansion (10) of the reduced density matrix, ex-
cept (67;), (67), and (G;67), will be zero since only these
operators can be constructed from those in Hamiltonian (17).
The mappmg onto the quantum Ising chains gives <O'XU'X>
=(FinTiintinian =7 1127712))>. Thus the two- site
density matrix is given by plj—(1/4)[1 +(TL ]/271+]/2>
X (a7 +a'x)+(<7'l 1272 ?6767], which is diagonal in
the &7 J eigenbasis. The elgenvalues are \j,=(1/4)
X(1 i<%i—l/2%?+l/2>)2 and A3 4=(1/4)[1-((F 1/2T1+1/2>) I
Taking the derivatives of the eigenvalues \; ;34 and insert-
ing them into Eq. (8) shows that also the two-site fidelity
susceptibility diverges as yy~1n?|g/h—1| at h/g=1. Con-
trary to the case of the Castelnovo-Chamon model, y for
one and two spins now diverges slower than the global fidel-
ity susceptibility, which shows the xy~|g/h—1["! diver-
gence of the quantum Ising chain [20].
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V. KITAEV TORIC CODE MODEL
IN A MAGNETIC FIELD

Adding a magnetic field /4 to the Kitaev toric code model
[13] gives the Hamiltonian [11]

H=-\2 B,— N\ 2 A~ 67, (20)

P

where the operators B, and A, are the same as in Eq. (3). In
the limit A\;>\q,h, the ground state |GS) will obey
A,|GS)=|GS), Vs. Then there is a mapping to spin-1/2 op-
erators 7 acting on spins at the centers of the plaquettes,
according to B,—7,, 67— 7,7,. Here i is the site shared by
the two adjacent plaquettes (p,q). This maps Hamiltonian
(20) onto [11]

H==N\2, #5—h 2 7375, (21)
P X0

which is the 2D transverse field Ising model with magnetic
field No/h=h". Now, the mapping tells us that (67)=(7,77)
and the symmetries of Hamiltonian (20) imply (47)=0 and
(65)=0. The single-site reduced density matrix is therefore
given by p;=(1/2)(1+(7,7,)d7), which has the same form
as in the transverse Wen-plaquette model. Since numerical
results have shown a kink in (%; %Z) at the phase transition at
h.=3[11], it follows that the single-site fidelity will have a
drop at this point. Further, the divergence of d;,(7;7;) at the
critical point implies a divergence of the single-site fidelity
susceptibility at /2. Thus, the scenario that emerges is similar
to those for the models above.

VI. DISCUSSION

To summarize, we have analyzed the reduced fidelity at
several lattice system TQPTs and found that it serves as an

RAPID COMMUNICATIONS
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accurate marker of the transitions. In the case of the
Castelnovo-Chamon model [10], the divergence of the re-
duced fidelity susceptibility at criticality can explicitly be
shown to be even stronger than that of the global fidelity [6].
Our analytical results rely on exact mappings of the TQPTs
onto ordinary symmetry-breaking phase transitions. Other
lattice models exhibiting TQPTs have also been shown to be
dual to spin [21] or vertex [22] models with classical order,
suggesting that our line of approach may be applicable also
in these cases, and that the property that a reduced fidelity
can detect a TQPT may in fact be generic. While counterin-
tuitive, considering that the reduced fidelity is a local probe
of the topologically ordered phase, related results have been
reported in previous studies. Specifically, in Refs. [10,11],
the authors found that the local magnetization in the
Castelnovo-Chamon model and the Kitaev toric code model
in a magnetic field, while being continuous and nonvanishing
across the transition out of topological order, has a singular-
ity in its first derivative. The fact that local quantities can
spot a TQPT is conceptually satisfying as any physical ob-
servable is local in nature. Interesting open questions here
are how the concept of reduced fidelity can be applied to
TQPTs in more realistic systems, such as the fractional quan-
tum Hall liquids, and how reduced fidelity susceptibility sin-
gularities depend on different topological and classical or-
ders involved in the transitions.
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1. Introduction

The block entanglement of a quantum system has been found to be a powerful tool for
characterizing the scaling behavior near a quantum critical point [1]. For a system in a
pure state and with the Hilbert space partitioned into a direct product H = Ha ® Hgp
(with A and B the corresponding two parts of the system), the block entanglement is
encoded by the von Neumann entropy Sy = — Tr pa log pa of the reduced density matrix
pa, with Sy = Sg. The most interesting case is in one dimension. For an infinite system
with an interval A of length ¢ the asymptotic behavior of the von Neumann entropy is
given by [2]

l
SAwglogE—i-c’l (1)

near the critical point. Here ¢ is the central charge of the underlying conformal field
theory. The constant € is an arbitrary cutoff scale, with ¢| also being a non-universal
number. As a way to characterize the full entanglement spectrum one may introduce an
additional parameter n, with n a positive real number, and define the Rényi entropies

n 1 T

with lim,,_,; S[(f) = Sa. As expected from finite-size scaling theory, the critical scaling
S~ (¢/6)(1 + n~1)log(¢/€) of the Rényi entropies exhibits O(¢4-2%) corrections [3].
Here x > 2 is the scaling dimension of the leading irrelevant operator (with ‘irrelevant’
being understood in the sense of the renormalization group). As shown in [3], there can
also be unusual n-dependent corrections of O(£~2*/") and O(¢£>~*~*/"), where, in the first
case, r may in fact be less than 2, corresponding to a scaling correction produced by a
relevant operator. These unusual corrections often come with an oscillating prefactor,
which however vanishes when n — 1 in all known cases [4,5]. For a semi-infinite system,
with a conformally invariant boundary condition (CIBC), operators in the bulk may
produce additional unusual scaling corrections £~*/™ to the Rényi entropies, on top of the
ordinary O(£*7*) corrections with 2 > 2 predicted by finite-size scaling [3]. In contrast to
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the case of an infinite system, the oscillating prefactor that multiplies the leading unusual
(—*/"-correction does not vanish in the limit n — 1. This unexpected feature was first
observed in numerical work in [6], and recently derived analytically for the case of the
XX-chain with open boundary conditions [7].

In this paper we inquire about the scaling corrections to the critical Rényi entropies
of a semi-infinite one-dimensional system which are generated by irrelevant boundary
operators. Recall that boundary operators arise in the operator product expansion
(OPE) of a chiral operator with its mirror image across the boundary. More precisely,
given a boundary conformal field theory (BCFT) defined on the complex half-plane
{z =741y | y > 0} with a CIBC at y = 0, the OPE of a chiral operator ¢(r,y)
with its mirror image ¢(7, —y) reads [8, 9]

¢(7—7 y)¢(77 _y) ~ Z W¢j(7—)a y— 0. (3)

Here z, is the scaling dimension of ¢, and ¢; are boundary operators of dimension z;.
Nonzero values of the expansion coefficients Cy ; select those boundary operators which are
consistent with the particular CIBC imposed at y = 0. Knowing the boundary operator
content associated with a system allows for a complete characterization of its boundary
critical behavior, i.e. those terms in the critical scaling of observables contributed by
the presence of the boundary. For a quantum theory, where 7 is a Euclidean time, this
allows for identifying the long-time (a.k.a. low-energy) asymptotic critical behavior of
the system close to the boundary. BCFT has a manifold of applications, spanning from
open-string theory (D branes) [11] to the study of quantum quenches [12]. A particularly
important class of applications is that of a quantum impurity interacting with an electron
liquid, where at low energies the impurity can be traded for a CIBC at the site of the
impurity [10]. The increase of the block entanglement at quantum criticality due to the
presence of the impurity is a universal number (boundary entropy) which characterizes the
type of boundary critical behavior. However, for a finite block there will always be additive
corrections to the boundary entropy coming from irrelevant bulk and boundary operators.
These corrections are expected to reveal features about quantum impurity phenomena
which are otherwise difficult to access, the extent and character of the enigmatic ‘screening
cloud’ being a case in point [13].

2. Scaling corrections from bulk operators: a brief review

Consider a one-dimensional system with a boundary at y = 0 that is described by a
BCFT. Let subsystem A be the region 0 < y < ¢ and B the rest of the system, y > /.
As shown by Calabrese and Cardy [1,2], Tr p’ (which enters the definition of the Rényi
entropies in equation (2)) can be viewed as a path integral Zz, on an n-sheeted Riemann
surface R,, with a boundary, and with proper normalization. Then

_ 1 g __ P g _up 4
s = tg 2 -~ L (g ), (@)
where ' = —371 log Z is the free energy, F'r, = —f3 'log Zr, and f is the inverse

temperature. For an unperturbed BCFT, Zz, /Z"™ can be calculated as a one-point

doi:10.1088/1742-5468 /2011 /02/P02008 3



Corrections to scaling in entanglement entropy from boundary perturbations

function on the half-plane C* of a twist field ®,, inserted at the branch point z = il [2]

Z’Rn ' 20 —c(n—1/n)/12
T = @0)e- = (%) , 5)
where € is the short-distance cutoff. This leads to
" c 1 20
Si)—ﬁ(1+5)log?+s’4+c’n, (6)

where s = log g# is the boundary entropy and ¢/, are non-universal constants [2, 14]. The
well-known result for the critical block entanglement on a semi-infinite line,

20
SA:glog?+sA+c', (7)

is obtained simply by letting n — 17 in equation (6).

The corrections to this scaling behavior from irrelevant bulk operators were recently
studied by Cardy and Calabrese [3]. Such a perturbation with a bulk operator ®(z) having
a scaling dimension = > 2 gives an action

S = Scrr + >\/d2Z P(z), ()

where A is a coupling constant. The corrections to the free energies are given by the
perturbation series

Fr, = =Y S / &z / Loy (@(21) - 2(en))msr (9)

N=1

n n

over the Riemann surface R,,, and

e (V)Y
F=F""-3, NI /

N=1

dQUJl"'/(C+ dsz<(I)(’LU1) '-'(I)(’LUN)>C+, (10)

over the ordinary complex half-plane C*. When the boundary conditions are such that
(®(w))c+ # 0 they found that the first-order correction to Fr, — nF' is of the form ¢*7%.
However, for n > x/(xz — 2) they also found the appearance of the unusual n-dependent
correction £~%/™  that comes from the singularity at the branch point. For an infinite
system without a boundary, the corrections take the forms ¢4=2* and ¢—2*/",

3. Scaling corrections from irrelevant boundary operators

We now wish to study the case when the perturbations come from irrelevant operators
on the boundary. In doing so, we can follow the same procedure as Cardy and Calabrese
in [3]. However, when perturbing with a boundary operator the surface integral of the
perturbing field in the action (8) will be replaced by a line integral on the boundary. As
we shall see, this will prevent the appearance of unusual n-dependent corrections. In fact,
this is anticipated since n-dependent exponents only arise from the region at the branch
point, which is located away from the boundary. Nevertheless, there are still results for
the boundary case that do not follow from standard finite-size scaling analysis.
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Thus, consider a BCF'T on the upper half y > 0 of the complex plane z = 7 + iy, so
that 7 is the boundary coordinate at y = 0. The n-sheeted Riemann surface R,, is then
obtained by sewing together n copies of this half-plane along 0 < y < £ at 7 = 0. To
evaluate the correlation functions on R, for a chiral operator ¢(z) with scaling dimension
Ty, we need to use the transformation property

N

(@(21) -+ (2n))R, = H

J=1

—xp

d_z
dw

(@(wr) - d(wn))e+, (11)

where the map z — w from R,, to the upper half-plane C* is given by

 (z—-10)/(z i)Y+ 1
R (12)

This gives

A (=) D)
dw (1+w?)[((w—1)/(w+1))» —1)>

(13)

Naturally, the mapping (12) takes the boundary of R,, to the boundary of C*. Since w is
real on the boundary we see from (13) that |dz/dw| *" is analytic on the boundary, as the
only singularity is at w = i, i.e. when z is at the branch point z = i/. In particular,
note that the point |z| — oo gives a divergence in |dz/dw| which only means that
|dz/dw|~*» — 0.

Now we can use this to study the scaling corrections of SXZ) x (Fr, —nF) when
adding a boundary perturbation,

S = Scrr + )\/dT on(T1), (14)

where ¢y, is an irrelevant operator with scaling dimension x, > 1 on the boundary y = 0.

We will assume the boundary conditions to be such that (¢, (7)) = 0. This is natural
if we demand conformal boundary conditions. Then the first-order correction vanishes.
An important exception is when the perturbing boundary operator is the stress-energy
tensor, a case that was treated in [15]. Since this operator has a non-vanishing expectation
value on R, it will give rise to a first-order correction to Si"), which was found to have
the form ¢~!. We therefore consider the second-order corrections to Fr, and F, denoted
6?Fr and 6F respectively. They are given by

)\2
PP, =5 / ar! / dr (o (7)) du(71)) . (15)
and

2 = _>\—2 T T T T —+
52 — Qﬁ/d 1/d 60 (T )b (7)) (16)
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respectively, where 7/, 7} are boundary coordinates on R,, and 7, = w(7]), 72 = w(7}) are
boundary coordinates on C*. From equation (11), we get

5Fr, = - / ar [an || jw (O onulm)er
5 fan fan| & o[ j—w el (17)

We can now use the fact that 52F7z" — n52F only depends on the ratio £/e, where € is the
short-distance cutoff of the theory, to extract its ¢-dependence. Since the action (14) is
dimensionless, the coupling constant A goes as A ~ ¢~ Thus A\? ~ €?*»=2_ and since
dz/dw o< £ the integral in equation (17) includes an overall factor of (¢/¢)*2*>. However,
there can also appear powers of /e coming from the need to regularize divergences in the
integrals.

In order to compare the two integrals in §?Fg, — nd?F it is convenient to rewrite
nd*F in the same form as §°Fx, :

nd*F = —A—zn/dﬁ/da;
25 |7'1 — 7'2|2xb

- ——n/dﬁ/ djm — —— |2xb

l 2xy
= d
2B " ony
Rewriting this as an integral over the boundary of R,,, one gets
22 RS
PF=—[dr
" 25 ) =2z,
\? dz el =2
d 18
2B ™ dw wer, 1 — 2T (18)
and then going back to writing this as a double integral over 71 and 75 gives
d 2—2:Db 1
no*F = ——/dﬁ/ dry o (19)
|71 —72|>€/|(d2/dw)w=r, | dw w=r1 |71 — T
As € — 0, we have
[(dz/dw)y=r|lmi — | Z €& |1 — 13| Z €, (20)
so that 02Fr, — nd?F can be written as a single integral
A2 dz/dw|. " |dz/dw]._ b —|dz/dw 22
SO YO oy A P . e L7 e LT
|7'1 — 7—2|2$b
A2 (|dz/dw|, "> — |dz/dw],,_ xb)
=— [d d =T el 21
4/8 / 7_1/ T2 |7_1 _ 7’2|2$b ) ( )

with the cutoff |(dz/dw)y=r,||71 — 72| > €. It follows from equation (13) that |dz/dw|'~*®
is analytic everywhere except at w = =+i. In [3], where the integrals are over C*, this
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singularity at the branch point was an important ingredient in the analysis. But when we
now consider a perturbing operator on the boundary, the only divergence in the integrand
in (21) comes when 7 = 75. Expanding |dz/dw|'™* = f(w) around w = 75 gives

§2Fr. —nd*F = ﬁ /dT1 /d@ (f(m)(m — 7)) 4+ (1/2) f (1) (11 — 12)2 + -+ )°

|7'1 — 7'2|2wb
/dTl/dTg |T1 —7'2|2_2wb
+ () () (1 — 7)1 — w272 4 -], (22)

From this it follows that the leading divergence of the double integral in (21) goes as
€372 i.e. it converges when x, < 3/2. Then no regularization is needed, and the only
¢-dependence comes from dz/dw o £. Thus, when z}, < 3/2

§°Fg, —nd*F ~ ((/e)*7*™, (23)
and consequently the leading corrections 5251(%") to the Rényi entropies are of the form

528\ o 22, (24)
On the other hand, when z}, > 3/2, the cutoff in the integral (21) must be kept, so that

0% Fr, —nd*F ~ (/)7 (L/e)*™ 7% = ({/e) ", (25)

and then 625" ~ ¢~ for all 7, > 3/2. Note that this is of the same form as the first-order
correction from the stress-energy tensor.

When z, = 3/2, it follows from equation (22) that the integral (21) diverges
logarithmically, hence

5255 ~ 1 log . (26)

4. Scaling corrections from marginal boundary operators

When perturbing with a marginal boundary operator one cannot simply put z, = 1
in equation (21) and conclude that the second-order corrections to scaling of the Rényi
entropies vanish, since |dz/dw| diverges when |z| — oco. However, it can be checked that
there is no need to regularize the integral because of this. We therefore conclude that the
second-order corrections will be /-independent when x;, = 1.

Instead of going to the higher-order integrals in the perturbation series of Fr, — nF
to find the leading /-dependence of the corrections we will make use of the g-theorem [16],
analogously to how Cardy and Calabrese [3] use the c-theorem in the marginal bulk case.

The boundary entropy s of equation (6) is governed by the ‘gradient formula’ of
Friedan and Konechny [17] which in our case takes the simple form

0s4
= _B(\ 2
where [ is the renormalization group beta function given by [18]
dA
—B(\) = 7= (1 — )\ — A2+ O(N?). (28)
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In the marginally irrelevant case, i.e. with 2, = 1 and A\/b > 0, this gives

ﬁ% = —mbA\* + O(N\?), (29)

with the asymptotic large-¢ solution given by

1

Al) ~ ————.
(O ~ e (t/9) (30)
Now, as equation (27) becomes 951 /0N = —7bA? + O(A3) when z1, = 1, we have
A b3 4 A 1
= t. — A"+ O(\%) ~1 — . 31
§omconst- T A~ los g = e (0e) (31

Thus the leading correction to the Rényi entropies goes as (log ¢) 3.

5. Conclusions

The result that the leading second-order corrections to the Rényi entropies Si") are of the
form ¢2~2*» when perturbing with an irrelevant boundary operator with scaling dimension
xp < 3/2 holds regardless of the value of n. This is the result anticipated from standard
finite-size scaling, but for x;, > 3/2 there is a deviation from this form. When x, > 3/2
the leading corrections will be of the same form as those from the stress-energy tensor, i.e.
(=1, When x,, = 3/2 there is also a multiplicative logarithmic contribution to the leading
correction which then goes as £~!logf. A marginally irrelevant boundary perturbation
gives a correction ~(log £)~3. Thus there are no unusual n-dependent corrections to scaling
of the Rényi entropies from boundary operators, as opposed to bulk perturbations where
unusual corrections to scaling can occur. These unusual corrections originate from the
part of the surface integral where the bulk operator approaches the branch point created
by the Riemann surface construction [3]. However, when the perturbing field is on the
boundary it never comes close to this singularity:.

In [15] it was found that the first-order correction from the stress-energy tensor on
the boundary is ~¢~!. It should be noted that this operator is generically present, and
gives a correction to the entanglement entropy of the same form as that from a boundary
operator with scaling dimension xy, > 3/2.

We also note that the leading corrections of the form ¢*72%*» from a boundary
perturbation are similar to what one can get when perturbing with a bulk operator in the
presence of a boundary. In [3] it was found that this can give corrections of the form £2~%,
where x is the bulk scaling dimension, but also unusual corrections which can dominate.
This is therefore a very different situation compared to having the perturbing field on the
boundary.
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The entanglement entropy in Kondo impurity systems is studied analytically using conformal field theory. From
the impurity contribution to the scaling corrections of the entanglement entropy we extract information about
the screening cloud profile for general non-Fermi-liquid fixed points. By also considering the finite-temperature
corrections to scaling of the von Neumann entropy we point out a direct connection between the long-distance
screening cloud profile and thermodynamic observables such as the specific heat.
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Introduction. Entanglement—nonseparability of states—
lies at the very heart of quantum theory. It has been recognized
as the crucial resource needed for performing quantum
computing and teleportation, but has also entered as an
important concept in a wide range of fields spanning from
black holes to biological systems.' Entanglement entropy, a
measure of the entanglement between two parts of a quantum
many-body system, has been used as a theoretical tool to study
quantum phase transitions as well as characterizing topological
phases of matter’ and developing numerical algorithms.® A
particularly important result has been for one-dimensional
(1D) critical systems, where conformal field theory yields
a universal prediction for the scaling of the entanglement
entropy.*> When such a system has a boundary, it provides
a framework for the description of universal features of
quantum impurity systems.® Important information can be
obtained by studying the subleading corrections to the scaling
of the entanglement entropy,’ suggesting a new perspective on
the long-standing problem of the evasive “Kondo screening
cloud.”®

Regarding the question of measuring entanglement entropy
experimentally, it needs to be related to observable quantities.
Recent attempts have focused on the connection between
entanglement and fluctuations.”'® In particular, for critical
one-dimensional systems with boundaries there is not only the
same logarithmic scaling, but also the corrections to scaling
of the entanglement entropy and those of the particle (or spin)
fluctuations show interesting similarities.'”

In this Rapid Communication, we employ boundary con-
formal field theory (BCFT) to give a unified picture of
the entanglement entropy in quantum impurity problems. In
particular, we unveil another type of connection between
zero-temperature entanglement and fluctuations, this time
finite-temperature thermodynamic fluctuations (in the form of
the impurity specific heat), at the level of scaling corrections.
As we shall argue below, this provides an experimental inroad
to the study of Kondo screening clouds. The same framework
allows us to extend the Fermi-liquid analysis of Sgrensen
et al® of the long-distance behavior of the entanglement
entropy generated by a Kondo impurity to the whole range
of non-Fermi-liquid fixed points in the large family of Kondo
systems.

For the Fermi-liquid case, there is an intuitive picture
relating the impurity contribution to the entanglement en-
tropy and the form of the Kondo screening cloud.® In a
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valence-bond basis, the screening cloud can be thought of
as the distribution of singlet bonds between the impurity and
conduction electrons; hence the valence bond entanglement
entropy'! provides the connection. Now, there is no such
intuitive picture for the non-Fermi-liquid case of the more
complex Kondo systems, but the analogy provides a rationale
for regarding the impurity entanglement entropy as a good
description of the screening cloud profile even when the
(partial) screening is carried out by the highly nontrivial objects
that make up the non-Fermi-liquid ground state. Importantly,
our BCFT result which establishes an exact relation between
the impurity contributions to the entanglement and the specific
heat in terms of scaling corrections of the von Neumann
entropy then shows that there is a direct connection between
the long-distance behavior of the screening cloud and an
experimental observable.

von Neumann entropy from BCFT. Entanglement entropy
in a zero-temperature bipartite system is encoded in the von
Neumann entropy. For a critical 1D semi-infinite bipartite sys-
tem at inverse temperature 8, the scaling of the von Neumann
entropy S(r) = —Trp(r)In p(r) of the reduced density matrix
p(r) for an interval of length r at the boundary of the system
is given by*!?

S(r):%ln [%Sinh<%>:|+lng+c/+-"- 1)

Here c is the central charge, In g is the boundary entropy,' € is
a short-distance cutoff, and ¢’ is a nonuniversal constant. This
relates the logarithmic scaling in r of the zero-temperature
entanglement entropy to the scaling of the extensive thermo-
dynamic entropy when /8 — oo. We will now see that there
is a somewhat similar relation also for the scaling corrections
of S(r), denoted by “---” in Eq. (1). These corrections are
governed by the irrelevant operators (in the language of the
renormalization group) in the BCFT that describes the critical
properties of the system, and will have both bulk and boundary
contributions. For quantum impurity systems, the fixed-point
properties can be described by a BCFT where the impurity has
been reduced to a specific boundary condition and boundary
operator content.'* Therefore, we see from Eq. (1) that the
impurity contribution Simp(r) to the von Neumann entropy
S(r)is

Simp(r) =Ing+---. 2)
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Now - --” is the boundary contribution to the scaling correc-
tions of S(r), which is governed by the irrelevant boundary
operators {¢} in the theory.

The von Neumann entropy is calculated as S(r) =
lim,,_, ;(1 — n)~'In Trp"(r). When perturbing the BCFT with
an irrelevant boundary operator, H = Hpcpr + A ¢, the lead-
ing correction to S(r) is generically of second order in the
scaling field A and can be written as

22 B2 B2 ( T
stzf d‘L’] d‘L’2 |

dw

1—xp dz |1—x1, 2
w=rt| dw lw=1,

3

. 2xp "
g g |EsinlE(n — o)l

Here |dz/dw| comes from the mapping z — w that takes
the n-sheeted Riemann surface R, in the finite-temperature
geometry (representing Trp") to the finite-temperature strip
fw=rt+4+iy| —p/2 <t < /2,y = 0}inthe complex upper
half plane C*. The cutoff in the integral is given by
|T1 — 72| 2 €/|dz/dw|y=r,. Equation (3), where x, is the
scaling dimension of ¢, follows from the analysis in Ref. 15,
generalized to finite temperature.

In the limit /8 — 0, we get |dz/dw| o r+O((r/B)>).
This gives, as expected from the zero-temperature result in
Ref. 15, that S, = In g + 8 Simp, where 6Siy,p is found from
Eq. (3) as

P27 i 1 < xp < 3/2,
3 Simp ~ r~nr if x, =3/2, @
rl if x, >3/2,

up to terms O((r/B)). A marginally irrelevant perturbation
generates a leading correction ~ (In £)~3, while an exactly
marginal perturbation describes new fixed points and hence
changes Si,, by a constant. The corrections in Eq. (4) are
all second order in A; the only operator which gives a
nonvanishing first-order correction is the stress-energy tensor
which gives a correction® ~ r~1

It is also possible to extract the behavior in the limitr/8 —
oo (still at low temperature, i.e., large 8, but taking r > ). We
then get that |dz/dw| o< 8 + O(B~"), up to terms O(e~2""/#),
Changing the integration variable to u = tan(w|t; — 12|/8)
and expanding the integrand in Eq. (3) in a power series at the
divergence at u = 0 gives

B/2 oo
&me%*%/ dn/ dul fi(rpu® ™
-B/2 0

+ [ fo(m) + BAEDWTH + -1, o)

where f;(t;) are regular functions. When x;, > 3/2, we must
use the short-time cutoff, which in the u variable becomes u >
me/(Bldz/dw|y=r,) ~ €/B>. Then the leading B dependence
goes as SSimp ~ B>~ g4=6 — g=1 when x;, > 3/2, and
3 Simp ~ B> 1In B =p""In B when x, = 3/2. When 1 <
xp < 3/2, we see from Eq. (5) that the integral (3) converges.
Hence the leading 8 dependence comes from the prefactor
B2 arising from |dz/dw| o B. Summarizing, in the limit
r/B — oo we get Sipp = In g + 8 Sip, with

B2 if 1 <x, <3/2,
8Simp ~ {3 B 'In B if x, =3/2, (6)
B! if x, > 3/2,

to O(B8~")in B and O(e™""/#)inr/B.
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The results in Eq. (6) bear a close resemblance to the
well-known expressions for the impurity specific heat Cjp, at
criticality.'®!” In fact, as Cimp is related to the thermodynamic
impurity entropy Sih via the relation Cimp = —B 081 /98,
they describe the same power law, and one has the leading
behavior

AT i 1 < x, < 3/2,
S =Ing+ {22487 'n B if x, =3/2, (7
A BT f x> 3)2,

as B — oo, where Ay, A,, and A; are constants. Thus
the von Neumann and thermodynamic impurity entropies
have the same form on their leading scaling corrections
in the limit /8 — oo at low temperature. However, the
amplitudes of these scaling corrections are different, as the
von Neumann entropy acquires an additional amplitude factor
from the mapping from the Riemann surface, not present in
the thermodynamic entropy.

Impurity entanglement entropy in Kondo systems. At
zero temperature the von Neumann entropy measures the
entanglement between the two parts of the bipartite system,
and the impurity part Sj,p(r) in Eq. (2) is then referred
to as the impurity entanglement entropy.® We can therefore
use the zero-temperature results in Eq. (4) to predict the
impurity entanglement entropy in various Kondo impurity
models. They all share the common feature that the only
significant zero-temperature length scale is the Kondo length
&k ~ v/ Tk, the characteristic length scale at which screening
is supposed to occur (here v is the Fermi velocity and Tk the
Kondo temperature). In particular, the distance dependence
of Simp can only come through r/€k. Note that when the
models describe two- (three-) dimensional systems the size
r of the block at the boundary will correspond to the radius
of a disk (sphere) centered at the impurity (or the midpoint
between the impurities when they are two). Thus the impu-
rity entanglement entropy measures the impurity-generated
entanglement between the part of the system within radius r
(including the impurity) and the rest of the system. It appears
as a natural measure of the shape of this screening cloud
since it captures the spatial distribution of the entanglement
from the impurity. Compared to other ways of probing Kondo
screening with entanglement, '® the impurity entanglement en-
tropy has the advantage of allowing analytical results based on
BCFT.

The BCFT approach,'* where the model is reduced to one
spatial dimension with the impurity as a special boundary
condition, is only valid in the limit r > £x. Hence we expect
the BCFT prediction for Sy, at zero temperature to describe
the long-distance decay of the Kondo screening cloud. By
our exact analysis above, the leading r dependence of Siy,
in Eq. (4) has the same form as the leading 8 dependence
of Cimp, so the long-distance zero-temperature profile of the
screening cloud is encoded by the impurity specific heat. The
relation to the impurity entanglement entropy is less direct
for the impurity susceptibility, which is governed by the same
irrelevant boundary operator but through coupling to the bulk
spin operator.'® We now illustrate our result for a large class
of Kondo impurity systems.
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The Kondo model. The original Kondo model describes a
band of conduction electrons interacting with a single magnetic
s = 1/2 impurity at the origin:

5B
- to ~ - o /2 Ga -
Hg =E Y ekyy] %+JS~ﬂ§ Tj 1#* O350 @)
a=1] o, p=T,

At the low-temperature Kondo screening fixed point, In g = 0,
and the leading irrelevant boundary operator is the stress-
energy tensor 7. As found in Ref. 8, adding the boundary per-
turbation 6 H = —(£x /2) T (0) to the fixed-point Hamiltonian
Hgcrr gives Simp(r) = w&g /(12r) for r > &k, in agreement
with DMRG results and consistent with a valence-bond
picture.

Breaking particle-hole symmetry introduces the exactly
marginal charge current operator as a perturbation at the fixed
point, only giving a constant shift of Sin,(r).

The two-impurity Kondo model. Adding a second spin-1/2
impurity to the Kondo model gives the two-impurity Kondo
model (TIKM),

Hrikm = Z 6(/;)1//;%2& + T 5.7 - Sy
ka=1,}
+5(F) - S 1+ K Si - Ss, ©)

where 5.(F) = (1/2) Za,ﬁ Y (#)5 s (F). The BCFT solu-
tion of the model was found in Ref. 19. In short, the model
features an unstable fixed point at K = K, ~ Tx, where
the system undergoes a quantum phase transition. At this
fixed point In g = In~/2, and the leading irrelevant boundary
operator allowed by symmetry to appear as a perturbation
is L_;e, the Virasoro first descendant of the ¢ field, with
scaling dimension x; = 3/2. However, being a Virasoro first
descendant, L_;e will not give any contribution to the entan-
glement entropy or any finite-temperature properties fo any
order in perturbation theory. This follows from the evaluation
of integrals of the type [°° dt(L_je)r, = [ dtd.(€)r,
which vanish due to the periodicity of the boundary of the
n-sheeted Riemann surface R,. The leading correction to
the impurity entanglement entropy therefore comes from the
stress-energy tensor T, precisely as in the single-impurity case.
Thus, adding T as a boundary perturbation to the fixed-point
Hamiltonian Hgcfr,

H = Hycrr + av/Ex L_1€(0) — bExT(0), (10)

with @ and b dimensionless constants, gives the impurity
entanglement entropy in the limit » >> &g as

Simp(r) = In /2 + wh £k /(61) . (1n

Breaking the SU(2) spin-rotational symmetry or the par-
ity symmetry introduces a boundary operator with scaling
dimension'® x, = 3/2. Particle-hole symmetry breaking can
be either relevant or exactly marginal. Simultaneously break-
ing the particle-hole and parity symmetries adds another
xp = 3/2 boundary operator.>

The multichannel Kondo model. The Hamiltonian is ob-
tained by adding a channel index i = 1,2,...,k to the electrons
in Eq. (8), so that the spin-s impurity interacts with k
degenerate bands of conduction electrons. When k > 2s, the
system is governed by an overscreened non-Fermi-liquid
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fixed point, corresponding to a boundary entropy?! Ing =
In{sin[7 (2s 4+ 1)/(2 + k)]/ sin[ /(2 4+ k)]}. The leading ir-
relevant boundary operator has scaling dimension'® x, =
1+42/(2 + k), in agreement with the original Bethe ansatz
solution.”! Thus, when k = 2 the distance-dependent part of
Simp(r) falls off as ~ (§x/r)In(r/ék). For arbitrary k > 2,

where 1 < x; < 3/2, one gets

Simp(r) = In g + A (r/Ex )~/ (12)

for r > &g, with A a constant. We see that the more channels
that are added, the more long-range entanglement appears to be
generated from the screening of the impurity by the composite
soliton-like objects formed in the non-Fermi liquid.?! The
screening cloud falls off with an anomalous power law, a result
rather similar to the one obtained by Barzykin and Affleck??
when defining it as the form of the equal-time spin-spin
correlator.

Channel asymmetry is a relevant perturbation,® whereas
particle-hole symmetry breaking is exactly marginal.'® The
effect of spin-rotational symmetry breaking depends on s and
k;?* however for the special cases where the perturbation is
irrelevant the only difference is a change in the constant A in
Eq. (12).

Generalizing the multichannel Kondo model by extending
the spin symmetry group from SU(2) to SU(N) gives the
multichannel SU(N) Kondo model.** The leading irrelevant
operator at the overscreened non-Fermi-liquid fixed point now
has scaling dimension x, = 1 + N /(N + k). Hence Sy, (r) =
In g + A(r/&g) 2N/ N+R) for r >> £k, with A a constant and
In g depending on the particular representation of SU(N).

The two-impurity, two-channel Kondo model features a con-
tinuous family of non-Fermi-liquid fixed points,?> allowing for
scaling-correction terms in Siyp(r) from boundary operators
with scaling dimensions ranging all the way from x, = 1 to
infinity.

The final case we consider is a Kondo impurity in a
Luttinger liquid. At zero temperature Ing = 0, but the
leading perturbation typically has 1 < x, < 3/2 (Ref. 17) and
Eq. (4) then predicts that Siynp(r) ~ r?=2%.

Discussion. We have provided a unified picture for the
impurity entanglement entropy Sy, for the large class of
Kondo models in terms of the scaling corrections arising from
the boundary operators of the corresponding BCFT, valid for
r > &x. Whenr/B — oo the scaling part of the von Neumann
entropy approaches the thermodynamic entropy,* and it has
been argued that this is expected on general grounds.® Our
analysis shows that this reasoning can also be applied to the
scaling corrections, but only in the following precise sense:
The impurity von Neumann entropy and thermodynamic
entropy have the same leading power-law dependence of
at low temperatures, however with different amplitudes. This
connects the exponents for the temperature scaling of the im-
purity specific heat with those for the large-distance scaling of
the zero-temperature impurity entanglement entropy, through
the von Neumann entropy.

The result suggests that the long-distance profile of a zero-
temperature Kondo screening cloud can be read off from the
impurity specific heat at low temperature, an experimentally
accessible observable. For the original single-impurity Kondo
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model, Simp(r) was indeed found?® to follow the same power
law as the impurity specific heat Cinp(8), showing that this
also holds for the first-order correction from the stress-energy
tensor. This is also what we see when considering the
BCFT predictions for a number of more complex Kondo
impurity models, thereby demonstrating the close connection
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between Kondo screening, entanglement, and thermodynamics
in quantum impurity systems.
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Magnetic impurities affect the transport properties of the helical edge states of quantum spin Hall insulators by
causing single-electron backscattering. We study such a system in the presence of a Rashba spin-orbit interaction
induced by an external electric field, showing that this can be used to control the Kondo temperature, as well as

the correction to the conductance due to the impurity. Surprisingly, for a strongly anisotropic electron-impurity

spin exchange, Kondo screening may get obstructed by the presence of a noncollinear spin interaction mediated
by the Rashba coupling. This challenges the expectation that the Kondo effect is stable against time-reversal

invariant perturbations.

DOI: 10.1103/PhysRevB.86.161103

Introduction. The discovery that HgTe quantum wells
support a quantum spin Hall (QSH) state! has set off an
avalanche of studies addressing the properties of this novel
phase of matter.” A key issue has been to determine the
conditions for stability of the current-carrying states at the edge
of the sample as this is the feature that most directly impacts
prospects for future applications in electronics and spintronics.
In the simplest picture of a QSH system the edge states are
helical, with counterpropagating electrons carrying opposite
spins. By time-reversal invariance electron transport then
becomes ballistic, provided that the electron-electron (e-¢)
interaction is sufficiently well screened so that higher-order
scattering processes do not come into play.>*

The picture gets an added twist when including effects from
magnetic impurities, contributed by dopant ions or electrons
trapped by potential inhomogeneities. Since an edge electron
can backscatter from an impurity via spin exchange, time-
reversal invariance no longer protects the helical states from
mixing. In addition, correlated two-electron’ and inelastic
single-electron processes®’ must now also be accounted for.
As a result, at high temperatures T electron scattering off the
impurity leads to a In(7T') correction® of the conductance at
low frequencies w, which, however, vanishes® in the dc limit
w — 0. At low T, for weak e-e interactions, the quantized
edge conductance Gy = e*/hisrestoredas T — 0 with power
laws distinctive of a helical edge liquid. For strong interactions
the edge liquid freezes into an insulator at 7 =0, with
thermally induced transport via tunneling of fractionalized
charge excitations through the impurity.®

A more complete description of edge transport in a QSH
system must include also the presence of a Rashba spin-orbit
interaction. This interaction, which can be tuned by an external
gate voltage, is a built-in feature of a quantum well.'” In
fact, HgTe quantum wells exhibit some of the largest known
Rashba couplings of any semiconductor heterostructures.'! As
a consequence, spin is no longer conserved, contrary to what is
assumed in the minimal model of a QSH system.12 However,
since the Rashba interaction preserves time-reversal invari-
ance, Kramers’ theorem guarantees that the edge states are
still connected via a time-reversal transformation (“Kramers
pair”)."® Provided that the Rashba interaction is spatially
uniform and the e-e interaction is not too strong, this ensures
the robustness of the helical edge liquid.'*

1098-0121/2012/86(16)/161103(5)
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What is the physics with both Kondo and Rashba inter-
actions present? In this Rapid Communication we address
this question with a renormalization group (RG) analysis
as well as a linear-response and rate-equation approach.
Specifically, we predict that the Kondo temperature Tx—
which sets the scale below which the electrons screen the
impurity—can be controlled by varying the strength of the
Rashba interaction. Surprisingly, for a strongly anisotropic
Kondo exchange, a noncollinear spin interaction mediated by
the Rashba coupling becomes relevant (in the sense of RG)
and competes with the Kondo screening. This challenges the
expectation that the Kondo effect is stable against time-reversal
invariant perturbations.'> Moreover, we show that the impurity
contribution to the dc conductance at temperatures 7 > Tk
can be switched on and off by adjusting the Rashba coupling.
With the Rashba coupling being tunable by a gate voltage, this
suggests an inroad to control charge transport at the edge of a
QSH device.

Model. To model the edge electrons, we introduce the
two-spinors W7 = (y;,v,), where ¥, () annihilates a
right-moving (left-moving) electron with spin up (spin down)
along the growth direction of the quantum well. Neglecting
e-e¢ interactions, the edge Hamiltonian can then be written as

H = vp/dx Wi [—io?9, W (x)

—|—a/dx Ui [—io? 9, ¥ (x)

+ W), 0" S* + Jy,07SY + Jo S 1w (0), (1)

with vp the Fermi velocity parametrizing the linear kinetic
energy. The second term encodes the Rashba interaction of
strength «, with the third term being an antiferromagnetic
Kondo interaction between electrons (with Pauli matrices
o',i = x,y,z) and a spin-1/2 magnetic impurity (with Pauli
matrices S',i = x,y,z) at x = 0. The spin-orbit induced mag-
netic anisotropy for an impurity at a quantum well interface'®
implies that!” J, = J; # J.. Unless otherwise stated, we use
h=kg=1.

The Rashba term in Eq. (1) can be absorbed into the
kinetic term by a spinor rotation'® W' = ¢~¢"¢/2y By rotating
also the impurity spin, §' = e "5"/28¢/5°9/2 one obtains
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H = H{ + Hy, with

H) = va/dx W 0)[—io? 8,19 (x), 2

Hy = W (O)[J.0"S* + Jjo”'$* + Jlo¥'§¥
+ Je(0?' 57 + o7 $Y)W(0), )

where J)’, =J, cos? 6 + J,sin? 6, J =1, cos? 6 + Jy sin? @,
and Jg = (J, — J;)cos 0 sin6. The Rashba rotation angle 6
is determined through cos @ = vg /vy, sinf = o /vy, and v, =
Vv% + . Note that the spin in the rotated basis is quantized
along the 7’ direction which forms an angle 6 with the z axis.
Also note that the Kondo interaction in this basis not only
becomes spin nonconserving, but also picks up a noncollinear
term for J, # J..

Including e-e interactions, and assuming a band filling
incommensurate with the lattice,? time-reversal invariance
constrains the possible scattering channels in the rotated basis
to dispersive (~g,) and forward (~g ) scattering, in addition
to correlated two-particle backscattering3*4 (~gvs) and inelas-
tic single-particle backscattering®”'* (~g.) at the impurity
site. Adding the corresponding interaction terms to H; and
Hj, in (2) and (3), and employing standard bosonization,” the
full Hamiltonian for the edge liquid can now be expressed as
a free boson model, (1)/2)fd)c[((’)x(p)2 + (3,)?], with three
local terms added at x = O:

A B C
Hy = —cos(V4n K¢p) + — sin(vV4r K ¢) + —9, 9,
K K VK

“
; _ 8bs
H = o)’ cos(v 16 K ), )
H, = —5 . (520) cos(v/4mK ) : . ©6)

272 /K

Here ¢ is a nonchiral Bose field with ¢ its dual, vd, 9 = 9,¢
with v = [(v + g7/7)* — (ga/7)* 1'%, K =[(mva + &7 —
84)/(mvy + g¢ + ga)1V/?, and k ~ vp/D is the edge state
penetration depth acting as short-distance cutoff with D the
bandwidth, and : ---: denotes normal ordering. In H1’< we
have defined A = J, S* /7, B = (J/S* + JpS7)/m,and C =
(JZ/SZ’ + JgSY") /7. The presence of H!, requires breaking of
the U(1) spin symmetry, as brought about by the Rashba
interaction.

Kondo temperature. The bosonized theory is tailor made for
a perturbative RG analysis, allowing us to determine the tem-
perature scale below which the edge electrons couple strongly
to the impurity. We first note that the backscattering term in
(5) is that of the well-known boundary-sine Gordon model.
For K < 2/3 it dominates over the inelastic backscattering in
(6), and turns relevant for K < 1/4 with a weak to strong-
coupling crossover at a temperature®' T, A Dgés/ (=45 As
a consequence, the enhancement of backscattering as 7 — 0
results in a zero-temperature insulating state when K < 1/4.
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Turning to the Rashba-rotated Kondo interaction Hy in
Eq. (4), we obtain for its one-loop RG equations

g =0 —K)J, + UK(f;fz/ — Je1JE2).
oJ, = —K)J]+vKJJ, &J =vKL.J, ()
OJgr = (1 — K)Jg —vK T Jgy, 8Jg = —vK J gy,

with the “tilde” indicating that the couplings depend on the
renormalization length [, and where v = 1/(;rv). The two
terms proportional to Jg in Eq. (4) flow individually under RG,
with the corresponding renormalized coupling constants here
denoted Jg, and Jg,. In deriving Eqgs. (7) we have used that
higher-order contributions involving an intermediate process
governed by H,  or H,, are suppressed, since these transfer
spin or energy incompatible with Hj. In a recent work,*
Kondo scattering without Rashba interaction was studied,
and different physics in the regime vJ, > 2K was found,
not accessible perturbatively in vJ,. Since its realization in
an HgTe quantum well requires anomalously weak screen-
ing of the e-e interaction we do not consider this regime
here.

The role of the Rashba rotation in Egs. (7) is both to
determine the bare values fy”z(l =0) = J; , and to introduce

the noncollinear couplings J £1,52. To explore the outcome, we
first examine the case of a strongly screened e-¢ interaction,
K =~ 1. For this case, the first-order terms of Eq. (7) can be
neglected and Jg1 = Jgo = Jg, since their scaling equations
will be identical. In this limit, J quickly flows to zero. We take
the Kondo temperature Tk to be the value of T = D exp(—I),
where one of the couplings in Eq. (7) first grows past 1/(vK),
making the renormalized Hj in Eq. (4) dominate the free
theory. For K = 1 we then see that

1 arcsinh(¢) )
vy ¢ ’

where ¢ = /(J./J,)? — 1 is an anisotropy parameter.® Here

the 6 dependence lies predominantly in v. Note that Kondo
temperatures modified by spin-orbit couplings, as in (8), or by
spin-dependent hopping, have been proposed recently also for
ordinary conduction electrons.?=2

In the opposite limit of a strong e-e interaction, the second-
order terms of the scaling equations can be neglected, as long as
1 — K > JvK,forall J = J,J/,Jgi. The scaling equations
in this limit reduce to 8;J = (1 — K)J, with solutions J =
Je'=Fl 'With] = In(D/T), one can now use the J/ = 1/(vK)
criterion to find the Kondo temperature

Tx ~ D(JpmaxvK)=50, ©)

Ty ~ Dexp(— 3

where Jna = max[Jy,J), JE].

In Fig. 1 we exhibit Tk for both “easy-plane” and “easy-
axis” Kondo interaction. To isolate the effect of the Rashba
interaction from that of the e-e interaction we choose to
plot Tx as a function of 8 and Kj, with Ky = K(6=0)
the ordinary Luttinger parameter. For |Jg| > |Ji|,|J;|, the

noncollinear term ~¢ % in Eq. (3) dominates the RG flow
for values of K in the shaded “dome” (the size of which is set
by the ratio J,/J, ). As this term disfavors a spin singlet,
Kondo screening will be obstructed in the corresponding
interval of Rashba couplings.”® This runs contrary to the
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FIG. 1. (Color online) The Kondo temperature Tk as a function of
the Rashba angle 6 and the ordinary Luttinger parameter K. The Tk
scale is logarithmic and red and blue colors indicate high and low Tk,
respectively. Top: J, = J, > J. (here, J,/ap = J./ap = 10 meV);
bottom: J, = J, < J; (here, J,/ap = 5 meV and J,/ay = 50 meV).
In the shaded area, Jz; dominates the perturbative RG flow, hence
obstructing singlet formation.

expectation that a spin-orbit interaction does not impair the
Kondo effect.'>?® However, this expectation is rooted in a
noninteracting quasiparticle picture which breaks down in
one dimension. Instead a Luttinger liquid is formed, with
strongly correlated electron scattering.? As suggested by our
RG analysis, when this scattering gets enhanced with lower
values of K, it boosts the effect of the noncollinear spin
interaction that works against the Kondo screening.

Conductance at low temperatures. Away from the “dome”
in Fig. 1, the Rashba-rotated Kondo interaction easily sustains
a Kondo temperature Tx below which the impurity gets
screened. When K > 1/4 and two-particle backscattering is
RG irrelevant, there is no correction §G to the conductance
at zero temperature: As explained by Maciejko et al.,} the
topological nature of the QSH state implies a “healing” of
the edge after the impurity has been effectively removed
by the Kondo screening. For finite 7 < Tk, the leading
correction 8G is generated by either H/ or H,, whatever op-
erator has the lowest scaling dimension: For 1/4 < K <2/3
(K > 2/3) H|(H.) dominates, with® §Gp, ~ (T /Tx )2
[6Gic ~ (T /Tk)**?]. Thus, in the noninteracting limit K ~
1, the presence of a Rashba interaction is revealed by a T*
scaling of the conductance, rather than the expected 7°° scaling
as in the minimal model with U(1) spin symmetry.® The
picture changes dramatically for K < 1/4. Now H, turns RG
relevant, with gps entering a strong-coupling regime below
the crossover temperature Tps, implying zero conductance
at T = 0. At finite T < Ty, instanton processes restore its
finite value, with® G ~ (T'/ T, )?"/4K=D_ To leading order this
regime is blind to the Rashba interaction.

Conductance and currents at high temperatures. When
T > max(Tx, Tps), scattering from H}, as well as from H; and
H;, remains weak, and transport properties can be obtained
perturbatively. We here focus on the correction G to the
conductance due to Hy, noting that the contributions from
H; and H;, decouple and are insensitive to the strength of the
Rashba interaction.
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The current operator [ takes the form [ = (e/2)0;
(cos OWTo? W — sin@W oY W') in the rotated basis. After
the unitary transformation U = ¢/V™#O5"  which removes
the J/ term when A = J//m v+/K , the bosonized part 8T of the
current operator due to Hy is

i = ¢ oA VTAVE=iNg i 4 AeiVITKY g2
2K — J

iJ 4
— X §infh: 9PV . ST | +He., (10
VK :|

where Ay = (1/2)(J, £ Jy)cosO, Ag = (Jg/2)cos 6. Using
the Kubo formula to calculate the conductance correction
5G(w) at a frequency o in the limit J?> < w « T, with
J? = J2,J% Jz, we then find to O(J?)

xVy
o2 o2
8G = —— D F - [ADP - —udZsin’0, (1)

j=—1
which, in this limit, is independent of w. Here A;(T) =
Aj - (2nT/D)VK=i*2’~1 Theconstant F; = F(2v/K — ji)
with F(x) = [['(x?/4)1?/[4m (hv)>T'(x2/2)], while u = (1 +
22/2) sin(r A2 /4)/(whv/K)?. At zero Rashba coupling, 6 =
0, Eq. (11) reproduces the finding in Refs. 8 and 9. By
replacing the bare couplings with renormalized ones, the result
in Eq. (11) can be RG improved to numerically obtain 6 G to all
orders in perturbation theory in a leading-log approximation.
At 6 = 0 this gives G ~ In(T), in agreement with Ref. 8.

As stressed in Ref. 9, the use of the Kubo formula rests on
a perturbation expansion (in our case assuming that J2 < w)
which breaks down as w — 0. To study the scaling of §G in
the dc limit we will instead fall back on a semiclassical rate
equation approximation where we assign classical probabili-
ties to the states. The details of this calculation are provided in
the Supplemental Material,>® and we here only give the main
results. In the dc limit, i.e., w < J* <« T, the conductance
correction becomes

e2cos? 0
6G = —

43/0)’6 + (v + V(;)(V()E + 370E) + J7OEV()E1|
2T ’

Yo+ vo + 7y
with Yo ~ (Jy + JPTAVEADT=1 i (g — J1)2

Tz(‘/?“/z)z",yoE ~ JET* =1 and §f ~ J2T, where, for
brevity, we have omitted various K-dependent prefactors.
Note that with J, = J,, the vanishing §G becomes nonzero
when turning on the Rashba interaction by an electric field.
This suggests a means to manipulate the edge current by
varying the bias of an external gate.

To explore this possibility we have calculated the §7-V
characteristics, exploiting that in the rotated basis Hy can
be treated as a tunneling Hamiltonian®' and the part of 81
corresponding to this tunneling current is then obtained as in
Ref. 32. When J? <« w < T,eV we find

+1
81 ~—e Y Im{B(K;+ieV'/2nT.K;—ieV'/2nT)
j=—1
x C;(T/D)* i~ sin[n(K; — ieV'/2nT)]/ cos(n K ;)}

12)
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FIG. 2. (Color online) The RG-improved current correction (12)
at T = 30 mK as a function of applied voltage, for different values
of Ky and 6. The dashed lines represent 6 ~ (.27, corresponding to
lie = 107'% eV m. Other parameters are defined in the text. The QSH
edge current G,V is plotted as a reference.

for 81 =1 — GoV, with K; = (VK — jr/2)%, B the beta
function, and V' = V cos6. Here Cyj = c (J, £ Jy’)2 and
Cy= colé, with ¢y o constants depending on K, A, and 6.
In Fig. 2 we plot this for parameter values given below.
Experimental realization. Given our result in Eq. (12), is
the Rashba dependence of §/ large enough to be seen in an
experiment? As a case study, let us consider an Mn?* ion
implanted close to the edge of an HgTe quantum well.?
Mn”* has spin S = 5/2, but, due to the large and positive
single-ion anisotropy o«(S%) at the quantum well interface,
the higher spin components freeze out in the sub-Kelvin
range, leaving behind a spin-1/2 doublet.'® Moreover, the
single-ion anisotropy implies that the Kondo interaction with
this effective spin-1/2 impurity is anisotropic, with J, =
Jy, = 3J, = 3J;, where J; is the isotropic bulk spin-exchange
coupling.!” Its value can be assessed from the sp-d exchange
integrals for the bulk conduction electrons®* in Hg; _,Mn, Te.
Close to the I' point of the Brillouin zone these integrals
produce an antiferromagnetic exchange, J; > 0. With the
Mn?* ion located within the penetration depth « from the edge,
arough estimate yields an expected value of J; /ap & 10 meV,
with a the lattice constant. Turning to the Rashba coupling «,
gate controls have been demonstrated®® in the laboratory with
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R for an HgTe quantum well device running from 5 x 107!
to 1 x 107!% eV m as the bias of a top gate is varied from
2 to —2 V. As for the value of the interaction parameter K
in an HgTe quantum well, estimates®!436-3 range between
0.5 and 1, and depend on the geometry and composition of
the heterostructure. Collecting the numbers, and putting'-°
ap ~ 0.5nm, vy &~ 5.0 x 10° m/s, and D ~ 300 meV, we can
use Eq. (12) to numerically plot the §7-V characteristics for
different values*® of « and Ky, choosing 7 = 30 mK (>Tx)
(see Fig. 2). As revealed by the graphs, the Rashba dependence
of 81 is appreciable, and should allow for an experimental
test.*!

Concluding remarks. We have studied the combined effect
of a Kondo and a Rashba interaction at the edge of a quantum
spin Hall system. The interplay between an anisotropic
Kondo exchange and the Rashba interaction is found to
result in a noncollinear electron-impurity spin interaction. A
perturbative RG analysis indicates that this interaction may
block the Kondo effect when the electron-electron interaction
is weakly screened. We conjecture that this surprising result—
challenging a time-honored expectation that the Kondo effect
is blind to time-reversal invariant perturbations'>—is due to
the breakdown of single-particle physics in one dimension.
It remains a challenge to unravel the microscopic scenario
behind this intriguing phenomenon. In the second part of our
work we derived expressions showing how charge transport
at the edge is influenced by the simultaneous presence of a
magnetic impurity and a Rashba interaction. A case study
suggests that the predicted current-voltage characteristics
should indeed be accessible in an experiment. Most interest-
ingly, its manifest dependence on the gate-controllable Rashba
coupling breaks a path for charge control in a helical electron
system.

Acknowledgments. 1t is a pleasure to thank S. Eggert, D.
Grundler, C.-Y. Hou, G. L. Japaridze, P. Laurell, T. Ojanen,
and D. Schuricht for valuable discussions. This research was
supported by the Swedish Research Council (Grant No. 621-
2011-3942) and by STINT (Grant No. IG2011-2028).

'M. Konig et al., Science 318, 766 (2007).

2For a review, see X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83,
1057 (2011).

3C.Wu,B.A. Bernevig, and S. C. Zhang, Phys. Rev. Lett. 96, 106401
(2006).

4C. Xu and J. E. Moore, Phys. Rev. B 73, 045322 (2006).

5D. Meidan and Y. Oreg, Phys. Rev. B 72, 121312(R) (2005).

oT. L. Schmidt, S. Rachel, F. von Oppen, and L. I. Glazman, Phys.
Rev. Lett. 108, 156402 (2012).

"N. Lezmy et al., Phys. Rev. B 85, 235304 (2012).

87. Maciejko, C. Liu, Y. Oreg, X. L. Qi, C. Wu, and S. C. Zhang,
Phys. Rev. Lett. 102, 256803 (2009).

Y. Tanaka, A. Furusaki, and K. A. Matveev, Phys. Rev. Lett. 106,
236402 (2011).

R, Winkler, Spin-Orbit Interaction Effects in Two-Dimensional
Electron and Hole Systems (Springer, Berlin, 2003).

TH. Buhmann, J. Appl. Phys. 109, 102409 (2011).

12B. A. Bernevig et al., Science 314, 1757 (2006).

BC. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 226801
(2005).

4A. Strom, H. Johannesson, and G. I. Japaridze, Phys. Rev. Lett. 104,
256804 (2010).

15Y. Meir and N. S. Wingreen, Phys. Rev. B 50, 4947 (1994).

160, Ujsaghy and A. Zawadowski, Phys. Rev. B 57, 11598
(1998).

7R. Zitko, R. Peters, and T. Pruschke, Phys. Rev. B 78, 224404
(2008).

18], 1. Viyrynen and T. Ojanen, Phys. Rev. Lett. 106, 076803 (2011).

19]. C. Budich, F. Dolcini, P. Recher, and B. Trauzettel, Phys. Rev.
Lett. 108, 086602 (2012).

20T, Giamarchi, Quantum Physics in One Dimension (Oxford Uni-
versity Press, Oxford, UK, 2003).

2IC. L. Kane and M. P. A. Fisher, Phys. Rev. B 46, 15233 (1992).

22J, Maciejko, Phys. Rev. B 85, 245108 (2012).

M. Pletyukhov and D. Schuricht, Phys. Rev. B 84, 041309(R)
011).

161103-4



ELECTRICAL CONTROL OF THE KONDO EFFECT IN A ...

24X .-Y. Feng and F.-C. Zhang, J. Phys.: Condens. Matter 23, 105602
(2011).

3R, Zitko and J. Bon¢a, Phys. Rev. B 84, 193411 (2011).

26M. Zarea, S. E. Ulloa, and N. Sandler, Phys. Rev. Lett. 108, 046601
(2012).

2L, Tsaev, D. F. Agterberg, and I. Vekhter, Phys. Rev. B 85, 081107
(2012).

28The position of the “dome” in Fig. 1 is determined by the condition
that the magnitude |Jg,| of the scale-dependent amplitude of the
noncollinear term ~o % outgrows AR |J~)’,|, and |J~Z’| under RG.
Note that when 6 > /4, this does not happen since now J; =
J, cos? @ + J, sin? @ will be large for large J,, making | /| dominate
the RG flow. )

29]. Malecki, J. Stat. Phys. 129, 741 (2007).

%See Supplemental Material at http:/link.aps.org/supplemental/
10.1103/PhysRevB.86.161103 for a detailed account of the rate-
equation calculations.

3G. Mahan, Many-Particle Physics (Kluwer Academic/Plenum,
New York, 2000).

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 86, 161103(R) (2012)

32X .-G. Wen, Phys. Rev. B 44, 5708 (1991).

338, Datta et al., Superlattices Microstruct. 1, 327 (1985).

3J. K. Furdyna, J. Appl. Phys. 64, R29 (1988).

33]. Hinz et al., Semicond. Sci. Technol. 21, 501 (2006).

36C. Y. Hou, E. A. Kim, and C. Chamon, Phys. Rev. Lett. 102, 076602
(2009).

3A. Strom and H. Johannesson, Phys. Rev. Lett. 102, 096806
(2009).

®J, C. Y. Teo and C. L. Kane, Phys. Rev. B 79, 235321
(2009).

¥A. L. Efros and B. L. Shklovskii, Electronic Properties of Doped
Semiconductors (Springer, Heidelberg, 1989).

“Since H « in Eq. (3) is RG relevant (marginally relevant) for K <
1(K = 1), the condition §1 < GV for perturbation theory to be
valid restrains K to values close to unity in the chosen voltage
interval.

“INote that a test requires the concurrent tunability of a back gate, so
as to keep the electron density fixed (Ref. 42).

4D. Grundler, Phys. Rev. Lett. 84, 6074 (2000).

161103-5






Supplemental material for
”Electrical control of the Kondo effect in a helical edge liquid”

Erik Eriksson,! Anders Strém,' Girish Sharma,? and Henrik Johannesson'

! Department of Physics, University of Gothenburg, SE 412 96 Gothenburg, Sweden
2Centre de Physique Théorique, Ecole Polytechnique, 91128 Palaiseau Cedex, France

In this supplementary material we derive the conductance correction 6G(w) as a function of the frequency w, using
a semiclassical rate equation approximation in the spirit of Tanaka et al. [9]. However, our case is more involved since
the Rashba interaction mixes left- and right-moving electrons, with the components of the Rashba-rotated spinor
U = e~ /2 heing superpositions of left and right movers. Since the physical current is defined in terms of left
(source) and right (drain), this prevents it from being expressed directly in terms of classical probabilities assigned
to the states in the rotated basis. We will therefore only consider the diagonal part (e/2)d; (cos 8 ¥'To* W) of the
current operator I = (e/2) 8y (cos  ¥'To* W' —sin § U'io¥" W) in the rotated basis. As indicated by the linear response
calculations leading to Eq. (11), one expects this to be sufficient to capture the scaling behavior since the set of scaling
dimensions is unaffected this truncation. A voltage V = Vye ! now adds a term Hy = (eV/2) [ dz (1/41/4 — w1¢¢)
to the Hamiltonian, which after the Rashba rotation no longer is diagonal. To make it possible to treat the bias
semiclassically, we retain only its diagonal part (eV/2)cos6 [ da T’ to7' W', as we did for I. This truncation allows us
to assign the bias V' = V cos 6 between spin-up (1') and spin-down ({') states in the rotated basis. The analysis can
now be patterned upon that in Ref. 9, with the construction of a rate equation for the impurity spin,

0Pl = (4 +v- + 3Pl — (v— + 7 + 38 P, (S.1)

with PTZ',) |+ the probability of the impurity spin being in the 1 or |/ state, where P%, + Pf, = 1. The solution is

—_

) € ’707’7(/) —iwt
PL=—-4—= . — Ve cos 6. S.2
YT 2T 2yt +AE) —iw (52)

The ~y-parameters encode the various voltage-dependent spin-flip rates implied by Hj in Eq. (3),
0TSt 5 qy, oFSE - Vs oF5" 5 AE o7 5t 550

Here v+ = YA+, vy = vAs,7E = yFAL, with AL = (1 £ (eV/2T) cosb) for eV < T, where the rates vo, 7§, &
and 7§ are determined below.

The operator ¥'To+ U’ has a probability cos*(6/2) of transforming a left-moving electron into a right-moving elec-
tron, and a probability sin®(6/2) of transforming a right-mover into a left-mover, and vice versa for ¥fg= ¥ . Since
cos?(0/2) — sin(/2) = cos ), the truncated current from left to right is given by

61 = —e (W4 Py =+ Pl + 7 P}y — v_P}, + v /2 — 47 /2) cos 0. (S.3)

Combining Eqgs. (S.2) and (S.3) gives for the conductance, §G(w) = §I/(Voe™'?),

2 / E . / : / E ~FE 0x ~F
8 2 2
5G(w) = ——— cos? 9{((% + 70 + 70w + 18970 +/1 (79; 1) (0 +30°) + 129070 ] (S.4)
2T 2(v0 +7 + %) tw
In the dc limit, i.e. w < J? < T, we then obtain
2 2 0r4 / / E | s FE ~E_ FE
5G(w — 0) = — %8 [ vwﬁ(vﬁ%)(/% jLE% )+7%0% } (S.5)
2T Yo+ +%

The rates 79, 7} and 7§ are now determined by considering the regime vo,7),7¢ 3¢ < w < T, where Eq. (S.4) gives
o2

57 (70 + 9 + Vf) cos? 6. (S.6)

IG(w>v) =

This is to be compared with the linear-response result in Eq. (11), bearing in mind that Eq. (11) was obtained
without any semiclassical approximations. The linear-response result §G one would have obtained within such an



approximation consists of replacing Ay = (1/2)(J, £ Jy) cosd = (1/2)(J, + J;)) cos 0 + (Jg/2)sin 0 in Eq. (11) with
only the (1/2)(J, +J,) cos part and removing the constant y term, so that only the parts with cos 6 are kept, giving

2 . 2
2 0T 2(VK—jA/2)? =2 0T 2K —2
¢ F<) _ < %Ecosa F<) ST

Jo + 5y
et

0G = — 5

cosf o) h o)

Comparing Egs. (S.6) and (S.7) immediately gives yo ~ (J, + JZ’J)ZTz(‘/?’A/Z)Z*I, Y ~ (Jy — JZ’J)QTQ(\/KJFA/Q)Q*I,
and & ~ JET?K-L,

Obtaining 7 requires some additional work, since the terms 0?5~ and 0%’ St in H 1oy Eq. (3), do not backscatter
electrons. Hence the rate 5& does not enter the linear-response conductance result in Eq. (11). To make progress
one may introduce an auxiliary field coupling to the impurity instead of the electrons. A suitable choice is to apply a
magnetic field h = hge™'“? to the impurity spin and obtain the spin-flip rates when h — 0 using linear response. The

equilibrium probabilities for the impurity spin are then
ei;th/ 2T

wh/2T —ph/2T?
e +e

P/?/’\L/ = (S'S)

and the spin-flip rates induced by Hj now correspond to
0TSt 5 qs, oFST =4, oS - 7E, ¥ §E - 7B
with v+ = yoA+,7. = A+, 7 = AF AL, where we now have Ay = (1 & (zh/2T)) in the limit uh < T. Since the

ballistic conduction electrons are in equilibrium with the leads, the rate equation for the impurity spin can be written
as

. 1 - - wh .
0P = 5[—7_ g+ = —FE AR ] = ﬁ(’YOJr’YéJr’YéE). (S.9)
This gives the "spin-flip susceptibility”, x = 9(0;P},)/d(uh),
X = ! ( 0+’70+’Yo) (S.10)
2T

The rate ¢ can now be extracted from a linear response calculation similar to the previous one. The operator 9,5 Zl,
given by 8,5% = (ih)~! [S*, H}|, becomes

, i Jo+3J)
9,5% = iiz (” y) GVE-jNe0) g7 _ %‘LE - : 9,9(0)e MO L T 4 pe. (S.11)

hZﬂﬁj:i 2 2 7K

Calculating the "spin-flip susceptibility” x using the Kubo formula, y(w) = (hw)~! [~ dt e*( [(@S’Z,)T(t), 8,55’2,(0)] )
in the regime 79,75, 7% & < w < T, we get

1
XZﬁZ

Jj=%

Ty + 4 2F onT\2VE-ND 2 77 S 19

— | i\ Tale | (S.12)

with g = (14 A\?/2) bin(ﬂ)\2/4)/(ﬂ'ﬁ1}\/>) as in Eq. (11). Comparing Egs. (S.10) and (S.12) we once again see that

o ~ (Jo + J’)QTQ(‘F M1 and 4§ ~ (J, — J’)2T2(‘F+’\/Q) ~1, and now we can also conclude that 3 ~ J2T
Thus we have obtained all rates appearing in the the conductance 0G(w) in Eq. (S.4).
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Erratum: Electrical control of the Kondo effect in a helical edge liquid
[Phys. Rev. B 86, 161103(R) (2012)]

Erik Eriksson, Anders Strom, Girish Sharma, and Henrik Johannesson
(Received 30 January 2013; published 4 February 2013)

DOI: 10.1103/PhysRevB.87.079902 PACS number(s): 71.10.Pm, 72.10.Fk, 85.75.—d, 99.10.Cd

In our recent Rapid Communication, Fig. 2 was erroneously plotted due to an incorrect expression for the current operator.
The correct figure is given below.
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FIG. 2. (Color online) The RG-improved current correction (12) at 7 = 30 mK as a function of applied voltage, for different values of
Ko and 6. The dashed lines represent § ~ 0.27, corresponding to fia = 107! eV m. Other parameters are defined in the text. The QSH edge
current GV is plotted as a reference.

The corrected expression for the current operator I, appearing on lines 1 and 2 from the top, second column, page 3, should
read [ = (e/2) o, (Wie? W), Asa consequence, Eqs. (10)—(12) are replaced by

) — [ S AeVTVERe gl A, e’“”’W’SZ] +Hc, (10)

2K | A

j==*
where Ay = (1/2)(J; & J}) and Ay = Jg/2,
62 H f ; 2
0G =—— Y ASFQVK — ja@rT /DKM, (11)
j=—
and
+1
81 ~ —e Z Im{B(K; +ieV/2xT,K; —ieV/2rnT)C;(T/D)**/" sin[n(K; —ieV /27 T)]/ cos(m K ;)}, (12)
j=—1

respectively. Also, the multiplicative factor cos? @ in the expression for the conductance correction G, line 31 from the top,
second column, page 3, should be removed. The related equations (S2)—(S6) in the Supplemental Material should be changed
accordingly, removing the factors of cos 6 and cos? 6.

We also take the opportunity to point out that the sentences beginning “The presence of...” on line 33, page 2, and “Thus, in
the noninteracting limit...” on line 21, page 3, should be removed. (For a discussion of the microscopic origin of the correlated
two-particle and inelastic single-particle backscattering terms, see Refs. 1 and 2.)

None of the corrections change our conclusions in the published Rapid Communication.

We thank F. Crépin and P. Recher for drawing our attention to the erroneous expression for the current operator.

'F. Crépin, J. C. Budich, F. Dolcini, P. Recher, and B. Trauzettel, 2T. L. Schmidt, S. Rachel, F. von Oppen, and L. I. Glazman, Phys.
Phys. Rev. B 86, 121106(R) (2012). Rev. Lett. 108, 156402 (2012).

1098-0121/2013/87(7)/079902(1) 079902-1 ©2013 American Physical Society
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Spin-orbit interactions in a helical Luttinger liquid with a Kondo impurity

Erik Eriksson
Department of Physics, University of Gothenburg, SE-412 96 Gothenburg, Sweden

The combined effect of Rashba and Dresselhaus spin-orbit interactions on the physics of a helical
Luttinger liquid coupled to a Kondo impurity is studied. A Rashba coupling can potentially destroy
the Kondo singlet formation in certain parameter regimes [Phys. Rev. B 86, 161103(R) (2012)].
This effect is here shown to vanish for sufficiently strong Dresselhaus interaction. The transport
properties of the system are investigated by calculating electrical conductance, current and current

fluctuations, and thermal conductance.

PACS numbers: 71.10.Pm, 72.10.Fk, 85.75.-d

I. INTRODUCTION

Topological insulators constitute a new phase of mat-
ter, with preserved time-reversal invariance and a bulk
energy gap that is accompanied by topologically pro-
tected gapless states on the boundary.!™ These boundary
states are helical, forming an odd number of Kramers’
pairs where electron spin is coupled to the direction of
propagation. On the edge of a two-dimensional (quan-
tum spin Hall) topological insulator,?? or in a topologi-
cal insulator nanowire,5® such helical states will in the
presence of electron-electron interactions give rise to the
new class of gapless one-dimensional correlated electron
liquid known as the helical Luttinger liquid.®'°

This one-dimensional electron system 1is distinct
from standard spinless, spinful and chiral Luttinger
liquids,'''!?2 and from the 7"spiral Luttinger liquids”
formed by a spin-orbit coupled quantum wire'® in a mag-
netic field,*1® due to its time-reversal invariance with a
single Kramers’ pair. This property makes the helical
liquid stable against weak disorder since it forbids single-
electron backscattering from spinless impurities,! and al-
though electron-electron interaction may cause impurity-
induced correlated two-electron backscattering, the gap-
less helical liquid is still left intact provided the screen-
ing is not very weak.”'% However, time-reversal invari-
ance does not protect the helical liquid against the ef-
fects from magnetic impurities, occurring due to dopant
ions or trapped bulk electrons caused by potential in-
homogeneities, allowing electrons to backscatter via spin
exchange.

Magnetic impurities in conventional Luttinger lig-
uids are well-studied.'® Single-electron backscattering
from non-magnetic impurities is a relevant perturbation
causing perfect reflection for repulsive electron-electron
interaction.!” The Kondo scattering off magnetic im-
purities leads to a low-energy behavior governed by a
strong-coupling fixed point where the impurity is com-
pletely screened by the electrons, approached with the
anomalous exponents of a non-Fermi liquid*®2° and re-
sulting in vanishing zero-temperature conductance. In-
stead considering a helical Luttinger liquid, studied early
on as a truncated model for a standard Luttinger lig-
uid, there is only backward Kondo scattering and the

Kondo effect was shown to map exactly onto that in a
Fermi liquid.?' This yields the typical scaling behavior
for the Kondo effect of ordinary conduction electrons.??
Hence, for the helical Luttinger liquid with antiferromag-
netic Kondo coupling there is a low-temperature strong-
coupling fixed point, where the local magnetic moment
(stabilized against charge fluctuations by the electron
correlations?3) is screened by the electrons effectively
leaving behind a spinless impurity.??42?® The edge of
a two-dimensional topological insulator merely bypasses
this Kondo singlet, thus restoring unitary conductance
G = Gy = e?/h at zero temperature.?* Transport prop-
erties in the vicinity of this strong-coupling fixed point
then follow power-laws governed by the correlated two-
electron backscattering, whereas at high temperatures
the Kondo scattering results in a logarithmic tempera-
ture correction in the linear conductance,?* which how-
ever vanishes in the dc limit.2%

In addition to the atomic spin-orbit coupling that
lies behind the very existence of the quantum spin Hall
state,? with the idealized helical edge states with right
(left) movers with spin up (down), there will also be ad-
ditional spin-orbit couplings which make spin no longer
conserved.?” As long as the bulk gap remains, preserved
time-reversal invariance ensures the robustness of the he-
lical liquid.™® However, an important question is how
the Kondo physics of magnetic impurities is affected by
the additional spin-orbit interactions in the helical lig-
uid. For a quantum well with structure inversion asym-
metry (SIA), i.e. an asymmetry in the confining poten-
tial along the direction perpendicular to the well, there
will be a Rashba spin-orbit interaction.?8732 This inter-
action can be controlled by an external gate voltage, a
scenario explored in Ref. 40. When the crystal structure
lacks inversion symmetry, i.e. in the case of bulk inversion
asymmetry (BIA), there will also be the Dresselhaus spin-
orbit interaction.??:3%:33 Including this type of interaction
hence adds a crucial piece to a fuller understanding of
the effects of spin-orbit interactions in these systems. In
fact, both HgTe and InAs have the inversion asymmetric
zincblende crystal structure, thereby displaying the Dres-
selhaus interaction. HgTe/CdTe quantum wells, the first
quantum spin Hall insulator experimentally observed,?
is known for its large Rashba coupling®* and one here



expects the Dresselhaus coupling to be much smaller in
comparison.?® For InAs/GaSb quantum wells, where he-
lical edge states also have been demonstrated,36:37 the
Dresselhaus interaction is sizeable3®3? and realistic pre-
dictions for spin-orbit effects must take it into account.

It is therefore the aim of this paper to revisit the prob-
lem of a Kondo impurity in a helical Luttinger liquid with
spin-orbit interaction. The results announced in Ref. 40
are extended to include both Rashba and Dresselhaus
interactions, showing that the obstruction of Kondo sin-
glet formation in certain parameter regimes persists but
will vanish for sufficiently strong Dresselhaus interaction.
The linear conductance far above the Kondo temperature
is obtained, also in the low-frequency limit where a rate-
equation approach must be employed.2® Furthermore,
current-voltage and noise characteristics of the backscat-
tered current are calculated, as well as the expression for
the thermal conductance, showing how the electric-field
adjustable Rashba interaction offers a mechanism to con-
trol transport properties.

II. MODEL

The low-energy dynamics of the helical electrons, ne-
glecting interactions, is described by the one-dimensional
Dirac Hamiltonian

Ho = vp / da U (2) [—io*0,) U (x) (1)

where vp is the Fermi velocity, and the two-component
spinor ¥ = (ﬂ’Ta"/JL)T- Here 94 (1;) annihilates an elec-
tron with spin up (down) in the z direction, the growth
direction of the quantum well. Unless stated otherwise,
the units are such that A = kg = 1 and the lattice con-
stant a = 1.

Rashba and Dresselhaus spin-orbit interactions, of
strength o and 3 respectively, to leading order add the

terms28,29,32,33
Hp = a / dz U (2) [-io0,] U (2) 2)
Hp = B/dz Ul (2) [~i0%0,] ¥(z) (3)

to the Hamiltonian. The Kondo interaction, describ-
ing the antiferromagnetic exchange coupling between the
electrons and a spin-1/2 magnetic impurity located at
x = 0, is given by

Hg = ¥1(0) [J,0°S" 4+ J,0¥SY + J,0*S*] ¥(0), (4)

where o' (S%), i = x,y, 2, are the electron Pauli matrices
(impurity spin operators). At a quantum well interface,
spin-orbit induced magnetic anisotropy for an impurity
would result in*4% J, = J, # J,.

The effect of a Rashba interaction (2) on the helical
states (1) was studied in Ref. 43, and that analysis can

now be adapted to also include the Dresselhaus coupling
(3). Since Hy + Hr + Hp is given by

/dac Ul(2) [~i (vpo® + ao? 4 Bo®) 0, ¥(x),  (5)

it follows that a rotation ¥ — U/ = eio’¢/2¢—ic"0/2
diagonalizes Hy + Hr + Hp — HY, with

H) = vap / dz V'(z) [—io?0,] ¥'(x), (6)

where vo3 = \/v% + a? + (32, and the rotation angles are
determined by

sinf = a/y/vi +a?, (7)

sing = B/4/v% + a2+ B2 (8)

Thus the spectrum of Hy + Hgr + Hp is linear, and the
components 1, and 1" of the spinor ¥ are left- and
right movers. It is therefore possible to treat the effects
of the spin-orbit interactions (2)-(3) exactly by working
in the rotated basis.

The Kondo interaction (4) is now analyzed in the ro-
tated basis. In order to have the impurity and elec-
tron spins quantized along the same axis, rotate S —
8’ = 18"¢/2¢71570/2661570/2=i5"¢/2  Then the Kondo
Hamiltonian becomes

Hi = U'N0) [ J.o"S"™ + J,0vS"Y + J.o* S
+ Ty S + Jyyo¥ S + Jp0” S (9)
+J.507S"" + Jy.0¥S"F + J,,0%S" ] ¥(0),
where the coupling constants are given by

J. = Jycos’ o+ Jy sin? @sin? ¢ + J. cos? fsin? ¢,

x
J} = Jycos® 0 + J.sin’ 0,

J. = J,sin? ¢ + J, sin? 0 cos® ¢ + J, cos® f cos? ¢,

Joy = Jyz = (J» — Jy) cos@sinfsin ¢,

Jor = Jow = (Jo — Jy sin?@ — J, cos” ) cos ¢ sin ¢,

Jyz = Juy = (Jy — J) cos0sin 6 cos ¢.

The next step is to include the electron-electron inter-

actions allowed by time-reversal symmetry. Assuming a

band away from half-filling, kr # 7/2, Umklapp scatter-
ing

H = gum/dac e’“k”wi(m’)wﬁ(w—ka)

xp" ()" (x + a) + H.c. (10)

can be ignored.” Here a point splitting with the lattice
constant has been performed. Dispersive and forward
scattering are given by

HYy = g4 / do 'f (@) () (@) (@), (11)
1y = G Y [ sl avie o
(12)



and at the impurity site there will in addition be corre-
lated two-particle backscattering? 1044

Hj, = gopt (00 (a)¥’ (0 (a) + H.e.  (13)

and inelastic single-particle backscattering®®—47

H, = gie (w1000 0) - ¢ 000 (0))
x¢'[(a)y’ (a) + H.c. (14)

Employing standard bosonization methods''1? the in-
teracting Hamiltonian Hg+ Hjj + H forms a helical Lut-
tinger liquid

Hy = g/dx [(awy + (63519)2] , (15)

where the electron operators 1 = (27k)~1/2e =1V (0%¢)
are represented in terms of non-chiral Bose fields ¢(z)
and J(x), with [p(x),0,V(y)] = ind(x —y). Here k ~
vr/D is the edge state penetration depth acting as short-
distance cutoff with D the bandwidth. The velocity v=
[(Vap+gy/m)%—(ga/m)*]*/?, and the Luttinger parameter
K = [(mva+9; — 94)/(7va+gs + ga)]*/?. The correlated
two-particle and inelastic single-particle backscattering
terms in Egs. (13)-(14) are now expressed as

Hj, = (ff:)Q cos[V 161K p(0)] (16)
’ Gie 3 2 .
H; = N [070(0)] cos[VATKp(0)] :  (17)

where : ... : denotes normal ordering. The Kondo inter-
action (9) is represented as

Hi, = %COS[\/ A K o(0)]+ %sin[\/ 47K (0)]
c

+ﬁ8ﬂ9(0) (18)

where the operators A, B and C are defined as
A J;SII +JwySly+szS/Za
B = Jy. S+ J,8Y 4 J,.8", (19)
C = J..587"+ J,,8" + J.S".

III. KONDO TEMPERATURE

The low-temperature behavior of the model can now
be determined through a perturbative renormalization-
group analysis. First, from Egs. (16) and (17) it is
seen that the correlated two-particle and inelastic single-
particle backscattering operators have scaling dimensions
4K and K + 2, respectively. Hence, for Luttinger pa-
rameter K < 2/3, the two-particle backscattering is the
dominating of the two. For K < 1/4 it turns rele-
vant, with a crossover from weak to strong coupling at a

temperature?*48 Ty, ~ Dg%z/)(l_uﬂ.

Let us now derive the renormalization-group equations
for the Kondo couplings in Eq. (9). The local partition
function at the impurity site corresponding to the Hamil-
tonian Hp;;; + HY is written as a functional integral

[l e
ol e {- o [aw lelle@) - seletrl

with the imaginary time action Sk for the Kondo terms
given by

Z

Skle(r)] = / Car {%COS[VALTK@(T)]

0
+£Sin[\/m<p(7)] + %@@(T)}

(20)

and the impurity operators A, B and C given by Eq. (19).
The analysis will be perturbative in the Kondo couplings,
with Splp] = Slp] — Sk[¢] the unperturbed action. Al-
though the J. coupling may be treated exactly in the case
of zero spin-orbit couplings,?® the additional coupling
terms introduced in the Hamiltonian (9) by the spinor
rotation precludes this line of attack. Since the exact
analysis in J, yields different physics only for J/(7wv) >
2(K++vK), where the Kondo effect disappears,?’ for rea-
sonable strength of the electron-electron interaction the
perturbative treatment of J? is sufficient for the purposes
here.

The procedure? is standard Wilsonian RG, where the
field ¢ is divided into a slow and a fast part, o(1) =
o) + p7(r), with

1 A ‘
ps(T) = — dw e p(w), 21
=5/, ( (1)
1 —iwT
pf(r) = dw e o(w). (22)

2m AJb<|w|<A

An effective action S,[ps] is then found for the slow field
by integrating out the fast components,

Rescaling the high-energy cutoff A = v/k with the pa-
rameter b, so that A/b is the new cutoff, gives the new
rescaled effective action and allows extraction of the RG
flow equations.

A linked cluster expansion to second order in the
Kondo couplings,

Sslps] = Solws] + (Sklel) s
_% ((Skle®); — (SkleD)F),  (24)
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FIG. 1: The Kondo temperature Tk as a function of the Rashba angle 6 and the ordinary Luttinger parameter Ky, for four
different values of the Dresselhaus angle ¢. Note that the temperature scale is logarithmic, and that the vanishing Kondo
temperature at 6, ¢ = /2 simply reflect the diverging spin-orbit coupling strength in these limits. Left column: J, = J, > J.
(here with J,/a = J./a = 10 meV). Right column: J, = J, < J. (here with J,/a = 5 meV and J./a = 50 meV). In the
black (white) shaded area, Jy. (J;.) dominates the perturbative RG flow, hence preventing the low-temperature formation of

a Kondo singlet.

gives the rescaled effective action?:°0

Sle] = Sole] +
—|—/d’l’ { pi—K [%COS[WW(TH

-I—%sin[\/ Ar K ()]

[A, B]

n (b2 _ b272K) T - o(7) (25)

— (b - bl_K) z% cos[Vadr K p(1)]

[4,C]

RUT

+ (b= b ) i sin[VarK (7)) |,

where only the most relevant operators are kept.
Among the less relevant operators that are neglected
is the correlated two-particle backscattering operator
cos[V16mKp(r)]. It is hence generated during the RG
flow, which is expected in the presence of electron-
electron interactions.**°! In order to determine the
Kondo temperature of the strong-coupling crossover, only

the Kondo scattering which is the most relevant process
needs to be considered.
The commutators of the impurity operators (19) are

A B] = 2[(Joy L~ Juudoy)S”
+(J;Jzy - Ja:szx)Sz:|’

[B,C] = 2i|(J)J. — Jy2doy)S®
H(Jyad oy — JJ20) S,

[A4,0] = 2i [(JTyJ; — Judy)S”
F(Jpadw — JLTL)SY (28)
(g — Jaydaa) 7).

Collecting the terms in Eq. (25), using Eqgs. (26)-(28),



FIG. 2: The "phase diagram”, showing which Kondo coupling
constant that dominates the low-temperature behavior when
Jr = Jy < J. [here with the same parameter values as for
the right column in Fig. (1)]. Dark and light blue (J;, and Jj,,
respectively) means the formation of a singlet between the
electrons and impurity below the Kondo temperature. Red
and orange (Jy. and J.., respectively) denotes the "dome”
within which the singlet formation is obstructed since instead
the Jy,0¥S’* or J,.0"S’* interactions will dominate.

the RG equations for the Kondo couplings become

OJ, = (1-K)J, +vK (J?;J; — Jszzy) ,

3&]& = (1- K)J?; +vK (JLJ, — Jeades),

0L = v (JLT} ~ Tuydye). (29
Odwy = (1= K)Jpy +vK (Jyo oy — Jodys)
OrJys = (1—- K)Jyw +vK (szjzy - J;Jwy) ;
O = (1= K) e+ VK (JyaTuy — T )
0w = VK (Juydye — Jies)

Ovdy- (1= K)Jy, + vK (JoyJow — J0d2y)

0rd 2y vK (Jpodys — J0dy2)

in terms of the "renormalization length” ¢ = Inb, and
where v = 1/(mv) is the density of states. Note that
although the RG flows are different, the bare values of
the coupling constants, given by Eq. (9) where J,, (¢ =
0) = Jyz (¢ = 0) etc., are not all independent.

The RG equations (29) are now solved numerically. As
the temperature T’ = D/b = D e~* is reduced, the Kondo
temperature Tk is reached when one of the Kondo cou-
plings in Eq. (9) becomes of the same order of magnitude
as the energy scale of the unperturbed Hamiltonian (6),
i.e. vop. Fig. 1 shows Tk as a function of the three in-
dependent parameters, the Rashba angle 6, the Dressel-
haus angle ¢, and the the ordinary Luttinger parameter
Ky=K(=0,¢6=0),

Ko= |- (30)

where g = gf = gq refers to the original basis. The plots
show a Kondo temperature that for given Ky and Dres-
selhaus angle ¢ depends on the Rashba angle, which is
controllable via an electric field. For “easy-plane” and
isotropic Kondo coupling (J;, J, > J, and J, = J, = J;,
respectively, which lead to very similar plots) the system
flows towards the Kondo fixed point with divergent J, or
J{/ couplings resulting in a singlet between the impurity
and electrons. However, for "easy-axis” Kondo coupling
(Jz, Jy < J.), there are parameter regions where instead
the couplings J,.0¥S”* or J,,0"S’* dominate the RG
flow, preventing singlet formation. These regions are in-
dicated in Fig. 1, but note that their precise sizes depend
on the numerical values of J,,J,, and J.. In Fig. (2) they
are shown for all values of ¢, 8 and Ky, indicating that
the "dome” is not completely symmetric under rotation
in the xy-plane.

IV. LINEAR CONDUCTANCE
A. Strong-coupling limit at zero temperature

The low-temperature limit of the conductance is gov-
erned by the RG flows of the Kondo (18), correlated two-
particle (16) and inelastic single particle (17) backscat-
tering terms in the Hamiltonian. The inelastic single-
particle backscattering term H, has scaling dimension
2 + K, and is hence irrelevant in the sense of RG, con-
tributing a term 6Gye ~ T?T2K to the conductance.*®46
The correlated two-particle backscattering term Hép has
scaling dimension 4K and is an irrelevant perturbation
when K > 1/4, in which case it contributes a term
8Gap ~ T®E=2 to the conductance.’* For K < 1/4,
the term Hép turns relevant, hence opening up a gap
at the energy scale of 15, leading to zero conductance

of the system at T = 0 which is approached as®* G ~
T2(1/4K=1)

Since the Kondo backscattering is a relevant
(marginally relevant) perturbation for K < 1 (K =
1), the transport properties of the system in the zero-
temperature limit when 1/4 < K < 1 depend on what
type of Kondo fixed point is reached. Outside the domes
of dominating Jy,0¥S’* or J,,o%S’* interactions, the
impurity is locked into a Kondo singlet below the en-
ergy scale of the Kondo temperature Tx. For a he-
lical edge liquid of a two-dimensional topological insu-
lator, this means that the Kondo impurity effectively
disappears from the problem, with no contribution to
the zero-temperature conductance,?* whereas a quantum
wire would effectively be cut into two halves resulting
in an insulating state. Inside the dome, where Kondo
screening is obstructed resulting in a non-vanishing ef-
fective spin, the diverging scattering strength suggests
the destruction of the gapless state below Tk .



B. Linear response at weak coupling
1. The ac conductance

For temperatures T' > T, T5,, the system is in a weak-
coupling regime where the Kondo couplings J and the
two-particle backscattering coupling go, remain small pa-
rameters. This allows a perturbative calculation of the
linear conductance. Since the components v/ and
of the spinor W’ in the rotated basis are left- and right
movers, the current operator [ is given by

I={(e/2)8, (V>0 (31)

Hence the part 61 of the current operator that is
due to the Kondo scattering Hj is given by 01 =
e/(i2h)[¥"Ta*W’ H}.]. Tt is here possible to conveniently
consider the effects of the J, coupling constant in Eq. (9)
to all orders in perturbation theory by performing the
unitary transformation U(HYy; ; +Hy )UT, with®?

U = o057 (32)

which cancels the J. term in H}- against one that is gen-

erated in Hj;,, provided one chooses A = J./muvVK.
This transforms the Kondo Hamiltonian HY; to

2Tk 2

'I _ ,/
x y
< 2

/ !
e = [(Jﬁ ‘]’y>eix/¥<2ﬁk)w5/+

+ Z.Jacy ;‘ Jyx) eiﬁ(2ﬁ+A)¢S/7

J, z ']xz i/
+<Z Y ;_ ) el 471'K<p5/z:| (33)

idoy 4+ J 1 .
Y et A c 0, 0e” VT L gt L Hee.
< 2 ) VK

in terms of the spin raising and lowering operators S’ + =
S'* £45’Y. The current correction operator 41 then takes
the form

2TK 2

+ (Jalc - Jg/; + Z-Jzy + Jyw) ei\/E(Q\/f+)\)apS/—
2 2

(Sj _ ie l(J;+J;>elﬁ(2ﬁA)wsl+

.J z sz ]
+<Z A ) NVIRegs | LHe  (34)

2

Note that both Hj and 81 are local at z = 0, and for
brevity only the time arguments of the fields are spec-
ified. The Kubo formula for the conductance, G(w) =
(1/hw) f;° dte™!([IT(t), 1(0)]), now gives the linear con-
ductance correction 6G = G — G due to the Kondo scat-
tering. To second order in the Kondo couplings (except

for J., which is treated exactly), the unperturbed retarded
Green’s functions!!

([eiQ\/stO(t)’e—iQ\/KM(O)DO — <;’Z> 2 sin(7K;)
t\ —2K;
x (sinh %) (35)
contribute three terms in G

2\ 2e? |42 <7TT>2Kj

B (27k)2 \ D

0Gw) = —

J=1

x'(K)l/oodt it S PPS
sin(wK;)— —_— .
iw Jo (sinh Tt )2K;
where Ay = (Jy+J;)/2, Az = (J3—Jy) 2+ (Juy+Tya) /2,
A3 = (’LJyZ + Jzz)/Qa KLQ = K:F = (\/F:F )\/2)2 and
K3 = K. Asin Refs. 24 and 26, the standard integrals are
calculated by changing integration variable to x = nTt/h
and then to u = tanh z, giving in the limit w < T

1 oo

iw 0

efiwt -1

(sinh 770 2K,

o1l 00 e*i(hw/ﬂ'T):v -1
7T iw J (sinh x)2K;

AN x
<7TT> /0 (sinh )25
AN
= <7TT> /0 du w25 (1 — u?)% " arctanhu, (37)

which is evaluated to give

2

B ) [D(K))? [ 27T\ !
0G(w) =~ D || (rh)2uk T(2K,) ( D ) '

(38)
Hence §G(w) is w-independent in the limit J? < w < T,
where J denotes the set of Kondo couplings. Rewriting
Eq. (38) gives the final expression for the conductance
correction from the Kondo scattering when J? < w < T

e? 1
G = = )
JL+ TN [D(K_)? (20T 2K 72
2 rex_) \'D
2 _
I L AR 8 1\ LS8 S N
2 2 T(2K,) \ D
L |y + T P D(K))? (22T \*5 72 (39)
2 T(2K) \ D '

2. The dc limit

It is important to keep in mind that Eq. (39) for the
conductance correction was derived perturbatively in the



Kondo couplings J. Hence when w < J? the above type
of analysis is no longer valid, as noted in Ref. 26 where
instead a rate equation was set up for the impurity spin.
In Ref. 40 this rate-equation approach was extended to
incorporate the additional scattering types present when
a Rashba interaction is added. Since a Dresselhaus inter-
action merely changes the different rates for the scatter-
ing events in these rate equations, the calculations in the
supplemental material of Ref. 40 are easily modified to
include also Dresselhaus interaction. For completeness,
let us nevertheless carry them out explicitly also here.

Denoting the rates for the scattering events encoded in
the Hamiltonian (9) with v+ for oFS'F, v for ot S'*E,
74 for 0F5’% and 4 for 0% S'F, the rate equation for the
impurity spin becomes

Py = (v +7 +35)P- = (= + 7% +75) Py, (40)

with Py the probability of the impurity spin being in the
+ or — state, and the probabilities obeying Py + P = 1.
When adding a voltage bias V = Ve~ ™! between the
left- and right-moving electrons, encoded by the term
eV

Hy =

dz o0’ (41)
2

in the Hamiltonian, the voltage-dependent rates are given
by T+ = FYOAi/-Yit = 76Ai; ’Yi = "YOZAi7 with Ai =
1+eV/2T for eV < T. The current correction from the
impurity scattering can now be written as

6l = —e(yyP- =y P-4+~ Py —y Py
+73/2 =7 /2). (42)
Substituting the solution of Eq. (40) into Eq. (42),

one finds the linear conductance correction 6G(w) =

81/ (Voe™ ) to be
2
—57
+i2(v0 +70) (%6 +35) + 27075 ]
x[2(0 + 76 + 74) +w]71. (43)

0G(w) = Yo + 70 + 76)w + 187070

In the dc limit, i.e. when w < J? < T, this becomes

0G(w — 0) =
3 ﬁ[47076+(70+76)(75HS)HS%} (44)
2T Yo+Y0+6

The remaining task is to determine the rates 7o, 7(, ¥
and 4§. In the high-frequency regime one can compare
Eq. (43), which gives 6G(w > v) = —(e2/2T)(v0 + vy +
~¢), with the linear-response result in Eq. (39). This
gives

2 2(VEK—-)/2)%—1
Yo ~ (Jo+J))*(T/D)* /2)
. .
A~ 1o = Ty i( ey + Ty ) [P(T/ DY
75 ~ |ZJyz + JIZ|2(T/D)2K_1 (45)

In order to obtain the rate 4§ of impurity spin-flips not
accompanied by electron backscattering, one needs to do
an analogous linear-response analysis for a field that in-
stead couples to the impurity.*? Such a calculation yields

% ~ lidey + Tl T/D (46)
coming from the last term in Eq. (33).

V. BACKSCATTERED CURRENT

A. I-V characteristics

A finite time-independent bias voltage V =V} is con-
veniently treated in a picture where the voltage term (41)
in the Hamiltonian is replaced by a time dependence in
the electron fields, ¢/, — e~*vt/hy/  Tn this picture

1 ) .
H' = — |A ieVt/h i/T(2VEK =\ o oi+
x(®) 27K 1e ¢ S
+As eiEVt/heiﬁ(z\/?+>\)¢S/—
+As eith/hei\/mws/z (47)
1 )
+Ay oA AR Ul I ¢ )
VrK
and
si(t) = % ALtV GVTRVE-Ng gt
1 Ay eieVt/heiVTVE+Ne 61— (48)
+A;5 cieVt/h iVarKe gz L He.

where Ay = (J;+J,)/2, A = (J,—J;) [2+i(Juy+Tye) /2
and Az = (iJy, + Jz2)/2 as before, and Ay = (iJ,y +
Joz)/2.

The non-equilibrium expectation value of the current
operator is given by

(51(0)) = 5 S (e {81 e Sy (ag)

where Tk is the time ordering operator on the Keldysh
contour K, and t* is time ¢ either on the upper (+) or
lower (—) branch of K, see e.g. Ref. 53. To lowest order
in the Kondo couplings, the most relevant terms are

~ (& . ’
OI0) =~ 3, [ dre Ve
8mK =K
% ( |A1‘2<TK{ei\/47rK,<p(t”)efi./47rK,ga(t’) + HC}>
A2y fe VTR VTR e (50)

(5+57)

+|A3‘2<TK{ei\/47rK<p(t”)e—i\/47rK<p(t’) + H.C.}><S/ZS/Z>:| )
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FIG. 3: The backscattered current I due to the Kondo impurity, for different values of the Rashba and Dresselhaus angles
0 and ¢ (parameterizing the strengths of the spin-orbit interactions), and the Luttinger parameter Ko. Left: Current-voltage
characteristics for 61 at fixed temperature T'. Right: 67 at fixed voltage and temperature, plotted as a function of the Rashba
angle 0. The coupling constants have been RG improved at the fixed temperature. With typical parameter values as discussed
in the text, voltages on the order of 1 mV at temperatures in the mK regime will give current corrections 6/ on the order of a

nA.

The integrals on the Keldysh contour are found®? to re-

sult in
3 2K, —1
- e eV 27T J
I = ———  sinh | — E A2 2=
(01(t)) am2on o <2T> 141 < D >
T (K; + ieV/2xT) |?

j=1
I(2K;)

: (51)

where T' is the gamma function. This could equivalently
be written in terms of the Euler beta function B as

e < 27T\ 2!
61 = ——— > Im |47 [ =+
27r2vnzlm{| sl (D)

xB(K; +ieV/2rT, K; — ieV/2nT)
" sin[n(K; —ieV/2nT)] }
cos(mK;)

(52)

which is on the form of the result presented in Ref. 40,
derived using the tunneling formalism.5*5% Note the dif-
ference in sign of the prefactors. Since the backscattering
current 6 = I — Iy, where I is the current in the ab-
sence of the impurity, it is negative. The current correc-
tions due to correlated two-particle, and inelastic single-
particle, backscattering can be found in Ref. 46.

In Fig. 3 the backscattered current I, given by
Eq. (51), is plotted for different strengths of the Rashba
and Dresselhaus interactions and Luttinger parameters
Ky. As an illustration, possible parameter values can
be collected from Ref. 40 for the case of an Mn2* ion
implanted in the helical edge liquid of a HgTe quan-
tum well.5¢ For this material,® vp ~ 5.0 x 10° m/s,
the lattice constant®” a ~~ 0.5 nm, and the bandwidth?
D =~ 300 meV. Estimates for the value of the Lut-
tinger parameter K for the electron-electron interaction

strength vary between?+%%61 0.5 and 1, depending on
the geometry and composition of the specific semicon-
ductor heterostructure. The Kondo coupling constants
are taken to be J, = J, = 3J, = 3Jr, where a rough
estimate yields** 4252 J; /a on the order of 10 meV. For
HgTe quantum wells, values of the Rashba coupling ha
are typically in the range between® 5 x 107! eVm to
1x1071% ¢Vm, i.e. the value of the Rashba rotation angle
is roughly in the interval 0.14 < 6 < 0.27 for typical sam-
ples and voltages. For this particular heterostructure, the
Dresselhaus interaction strength is typically negligible
compared to the Rashba,3® but note there are other ma-
terials with helical edge states where Dresselhaus is com-
parable in magnitude or even stronger than the Rashba
interaction.?®3% With these parameter values, a voltage
bias in the mV regime at a temperature around 1 mK
typically yields a current §I on the order of 1 nA, i.e. a
correction of roughly one percent to Iy = GoV.

B. Current fluctuations

From the above results it is an easy task to extract
the noise in the current correction §I. In terms of the
symmetric combination of the noise correlators

S(t—t') = (SI(t)SI(t)) + (6I(t")s1(t))
—2(81(¢) (51 (1)), (53)
which in the Keldysh formalism takes the form
Sit—t) = > (Tx {cﬁ(t”)éf(t””) e~ Jx dt’H%«<t/>}>
n==+
—2(61(t)), (54)

the noise spectrum S(w) follows as the Fourier trans-
form S(w) = [%_dse™* S(s); for a review see Ref. 53.



To lowest order in the Kondo couplings, Eq. (54)
reduces to a current-current correlator, S(t — t') =

Dot (T {SI(tMSI(t'~")})—2(61(t)), which is evaluated
precisely as Eq. (50). This yields the zero-frequency noise

e? eV < 27T\ 2!

Jj=1

T (K; + ieV/2nT) |°
T2K,) (59
ie. Sw = 0) = 2e|(8I(t))|coth(eV/2T).  Since

coth(eV/2T) =~ 1 for the temperature and voltages used
in Fig. 3, this gives a Fano factor S(w = 0)/(2¢|(61)]) ~ 1
for the current 61 due to H};. The noise in the current
corrections due to correlated two-particle, and inelastic
single-particle, backscattering can be found in Ref. 46.
In total, the combined backscattering current due to
Hje + Hj, + Hj, has an enhanced Fano factor (between
1 and 2), due to the larger effective charge e* = 2e ap-
pearing in the two-particle backscattering noise.%*

VI. THERMAL TRANSPORT

Let us also consider the thermal conductance of the
system for temperatures T > Tx. In terms of left-
and right-moving fields ¢ r = (¥ £ ¢)/2, such that
Hypy, = (hw/2) [dz[(0:¢r)* + (0:61)%] = Hifpy +
HE, ., the backscattered thermal current §lg is given
by the operator®®

HQ = /dfﬂat(H}fLL_H}}LL)/Z (56)
)
=5 dz [: 0,0 0,9 (x), Hy(0)],

which gives

hvvm K
e

5lg = — Dpip 01 (57)

TV

2WVK

where H and 61 are given by Eqs. (33) and (34),
and Ay = (iJyy + J.z)/2. The first term in Eq. (57)
has its analog in Refs. 65 and 26, but the second
term is new and is a result of the spin-orbit inter-
action. The correction 0K to the (zero-frequency)
linear thermal conductance due to the Kondo im-
purity is obtained from the Kubo formula, K =
lim,, o (1/hwT) f3° dt e*([6I}(t),01(0)]), where the

two terms in 6fQ add separately to §/C. Now, the contri-
bution from the first term in Eq. (57) follows from Ref. 65.
The contribution from the second term follows by noting
the close resemblance between that operator, with scal-
ing dimension 2 + A\2/4, and the inelastic single-particle

+Ay <: D20 e"IVTAY L g1t 4 H.c.) ,

backscattering term in Eq. (17), with scaling dimension
2 + K. This makes it possible to perturbatively evalu-
ate the contribution from the second term in Eq. (57)
using known results from Ref. 46, valid at frequencies
w > J2. Tt follows from those results that this operator
contributes a term ~ (kgT/D)*’/2+1 to K. In compar-
ison, this contribution is subleading as kpT < D, and
the thermal conductance correction is hence given by the
contribution from the first term in Eq. (57), which gives

the usual formula,26:6
K w?RedG(w)
8ekp sinh®(hw/2kpT)

for the zero-frequency thermal conductance correction.
The same observation as in Ref. 26 therefore applies,
namely that J/C is determined by the electrical conduc-
tance correction dG(w) within a frequency range 0 < w <
2kpT/h, and that even when §G vanishes in the dc limit
this is not necessarily true for JXC.

VII. DISCUSSION

The interplay between a magnetic impurity and spin-
orbit interaction in a helical Luttinger liquid has been
studied. Using a transformation*® that effectively re-
moves the spin-orbit interactions among the electrons, at
the price of introducing additional coupling terms to the
impurity, the results are non-perturbative in the spin-
orbit couplings. The effect described in Ref. 40, that
a Rashba spin-orbit interaction appears to prevent the
Kondo singlet formation in certain parameter regimes, is
found to persist also with a Dresselhaus spin-orbit inter-
action. The perturbative RG analysis therefore suggests
that a time-reversal invariant perturbation can destroy
the Kondo effect in one dimension, in stark contrast to
the case for ordinary metals where the Kondo effect is
robust, %067 and such perturbations only shift the Kondo
temperature 68772

In the other parameter regimes, the Kondo effect will
set in. Since the Rashba interaction can be controlled
by an external gate voltage, this offers a mechanism to
electrically control the Kondo effect and therefore the
transport properties of the edge at low temperatures.*?
At higher temperatures the Rashba dependence of the
Kondo scattering permits a way to electrically control the
small current corrections. For in-plane symmetric Kondo
couplings J, = J, # J., and negligible Dresselhaus in-
teraction, Eq. (44) reveals a vanishing dc linear conduc-
tance correction which can be made non-zero by tuning
the gate voltage. With non-zero Dresselhaus interaction
strength, the linear conductance correction however re-
mains non-zero also in the dc limit even without Rashba
interaction.

Unfortunately, there is no exactly solvable Toulouse
limit as in the absence of spin-orbit interactions.?® This
rules out an exact analysis of the low-frequency behavior



at some special value for the interaction strengths, and
has its root in the new operators generated by the spin-
orbit interaction bringing several different scaling dimen-
sions into the problem. The different exponents show up
in the temperature dependence of conductances, and in
the temperature and voltage dependence of the current
correction due to the Kondo impurity.

The spin-orbit interactions hence introduce new types
of scattering mechanisms compared to those for the orig-
inal helical liquid with a Kondo impurity, adding yet an-
other piece to the different types of correlations appearing
in topological insulator materials,” including the effects
on Kondo screening,”?426 transport properties?426:65
and current noise correlations.”7 There is also the pos-
sibility of exotic multi-channel Kondo physics, like the
two-channel effect appearing with a quantum dot be-
tween two helical edges”®77 where the effects of a Rashba
coupling were studied very recently.”® Interesting exten-
sions include the case of many impurities™ forming a
Kondo lattice?® on a helical edge, where the effects of
spin-orbit interactions remain unexplored.
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Abstract

We consider a generalized Lieb—Liniger model, describing a one-dimensional
Bose gas with all its conservation laws appearing in the density matrix. This
will be the case for the generalized Gibbs ensemble, or when the conserved
charges are added to the Hamiltonian. The finite-size corrections are calculated
for the energy spectrum. Large-distance asymptotics of correlation functions
are then determined using methods from conformal field theory.

PACS numbers: 02.30.1k, 05.30.Jp

1. Introduction

There has recently been much interest in so-called generalized Gibbs ensembles (GGEs),
where the density matrix of a system is given by

pace = Zggg e P, M)

generalizing the usual Gibbs ensemble for generic (non-integrable) systems where only the
Hamiltonian and a particle number operator appear in the exponent. Instead, for an integrable
system, {Qn} is the complete set of local conserved charges, with {8,} the generalized
inverse temperatures (Lagrange multipliers) and Zggg = Tre~ 2 #Cr the generalized partition
function [1]. For such quantum ensembles, the expectation values of observables are obtained
as

(0)cee = Tr pace0, ()

whereas the time evolution is governed by the usual Schrodinger Hamiltonian.

Recent experimental advances with quantum non-equilibrium dynamics of cold atoms
[2], where the GGE was proposed [3] to describe local large-time behavior, have spurred a
great interest in the possible equilibrium ensembles for integrable systems (see e.g. [4—6] and
references therein, and in particular [7-10] for treatments of the one-dimensional Bose gas).

1751-8113/13/235002+09$33.00 © 2013 IOP Publishing Ltd  Printed in the UK & the USA 1
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But effects from higher conservation laws in integrable systems were also studied longer ago
in the context of competing interactions in spin chains [11, 12].

Itis therefore a timely question to now ask in general what sort of effects one can anticipate
when incorporating higher conservation laws into the density matrix for an integrable model.
In this paper, we study finite-size effects and obtain conformal dimensions for the one-
dimensional Bose gas (Lieb—Liniger model), when governed by a density matrix of the form
(1). In particular, using the exact Bethe Ansatz solution we calculate the finite-size corrections
for the energy and momentum. Comparing this to the expressions given by conformal field
theory, we are able to obtain the large-distance asymptotics of correlation functions.

2. Lieb-Liniger model

The Lieb-Liniger model describes a one-dimensional Bose gas with point-like interaction
through the Hamiltonian

H= f dx[, ¥ ()3, W (x) + ¥ (VT ()W (X)W (x)], 3)

with the coupling constant ¢ > 0 and Bose fields ¥ with equal-time commutation relations
[W(x), ¥T(y)] = 8(x —y) and [W(x), ¥(y)] = [¥'(x), ¥T(y)] = 0. The model is solved
through the Bethe Ansatz [13-15], yielding eigenstates [{};}) given in terms of rapidities A;
satisfying the Bethe equations

N

. Aj— A +ic
elle:_H—)LJ Ak —, j=1,...,N, )
k=t M T A TIC

for a system of N particles in a box of length L with periodic boundary conditions. The Bethe

equations (4) can equivalently be written as
N
LA+ 00— ) =2mn;, j=1.....N, 5)
k=1
with n; integer when N odd and half-integer when N even and 6 (1) = iln[(ic + 1) /(ic — 1)].
For the non-zero wavefunction, n; # n; when j # k.
The conserved charges Qn have eigenvalues Q, given by

N
On =) M, (6)
j=1

the three lowest being particle number N = Qp, momentum P = Q,; and energy £ = Q.
Explicit expressions for some of the higher conserved charges 0, can be found in [16]. Now,
let us consider a generalized Hamiltonian Hg where all the conserved charges 0, have been
added to the Lieb—Liniger Hamiltonian (3),

Ho=H+) b0, (7)
n#2
with coefficients b,. Extremizing the entropy gives a density matrix of the form (1),
po =25 e P, ®)

with 8 = 1/T the inverse temperature and Zg the generalized partition function. Hence, we
can analyze both the situations of a system described by a generalized Gibbs ensemble (1) as
well as a system where the Schrodinger Hamiltonian itself is given by Hg in equation (7).

2
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The eigenvalues E({A;}) of the generalized Hamiltonian Hg are given by

N
E(0) =) eo(r)), ©)
Jj=1
where the bare one-particle energy €y (A) is given by the polynomial function
o0
so(M) = ) bul", (10)
n=0
with b, = 1 and by = —h the chemical potential. It was shown in [17] that the generalized
Yang-Yang thermodynamic Bethe Ansatz equation becomes
1 oo
e(L) + h du K (&, ) In(1 4+ e P40y = gy(1), (11)
T —00

and that a solution exists provided that gy (A) is bounded from below and lim; _, 1+ €0(A) =
~+o00. The kernel K (A, w) is given by

KA ) =0'( = p) =2¢/( + (b — n)?), (12)
and the equilibrium particle distribution function p (1) by
1 1 [
o =000 (5 + 57 [ aukoLwp). (13)
2r 2w J_o
with the Fermi weight
P(h) = T30 (14)
This can also be written as p(A) = (1) p, (1), where
1 [ 1
pr(A) — 2—/ du 9 (WK®, we(n) = 5= 15)
T J o 2
is the density of states. Similarly, the so-called dressed charge Z(A) is defined by
1 o0
Z(x) — 2—/ du 9 (WK QR wZp) =1, (16)
T J-co

reflecting that for the Lieb—Liniger model Z(X) = 27 p,(X).

3. Finite-size corrections at zero temperature

3.1. Energy

Let us now investigate the finite-size corrections to the generalized energy (9), focusing on
the zero-temperature limit. Then the set of numbers 7; in equation (5) that minimizes the
generalized energy (9) is such that all A; with e(X;) < 0 are occupied and the rest empty of
particles. In the thermodynamic limit, this gives Fermi points qft wherever s(qft) =0, witha
filled Fermi sea i for g; < A < ¢;. The ground-state energy in the thermodynamic limit can
then be written as

00 qF
Ey = L/ dr p(A)eo(A) = LZ/, dx o (A)eo(R), (17)

with finite-size corrections coming from the replacement of the sum in equation (9) with an
integral. These are obtained using the Euler—Maclaurin formula in complete analogy with the
usual case [18, 19], yielding for the leading corrections

qf -
E0=L2ff i pi (Vo) = T 3], (18)
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where i is the Ferml sea index and v = = the right/left index. Here, v is the Fermi velocity
at the Fermi point q[ , given by
I 1 ae

L (19)
27 pi(g;) DX

A:qf

Now we investigate the finite-size corrections of low-energy excited states, using the
techniques found in [20-25]. First, we expand the energy E ({q?t}) = Ey + SE to second order
around the ground-state energy Ej in equation (18),

EY ., 1 I’E D
e T (E)u L E ()
i i i

i,jsv,v’

with 8qli the change in Fermi momentum qi with respect to the ground state. Now,

OE dpr(A)
o = = £Lo:(¢; )e0(q; )+LZ / da fqi eo(V) = £Lpi(g)e(qr), (21
where ¢ is the dressed energy (11). Slnce the ground state minimizes E, one has
e(g;) =0. (22)
Then, equation (20) becomes
L d
OE =2 ) vbgidq) —— 3 [o:(a})e(ai)] (23)
i,j,v,v
which is given by
SE = va )€ (a))(8a))" = 7L 1! |[e(a}) )] (24)

lV

Now, we will express (Sqi in terms of the quantum numbers AN; and AD;, defined as the
changes in

q;
N; = L/ d pi (), (25)

a7 00
DizL(/ —/+ )dupt(u), (26)
o Mg

compared to the ground state. Then,

dqF dgF
Sqt = AN; = AD 27
4 Z o, ANt Z @7
The Jacobian is found from
N, a;
ot = FLolar) [&j * / du g(ulqii)] (28)
i q;

aDj + % * +
—L =Lp(q) |8 + / —/ dug(nlg) | (29)
dq; oo Jqf

where the function g(k|qf) is defined through

+ 1 4: + 1 +
e0g) — 5o 3 [ duK G wtula) = %5 K(k.aF). (30)
kY%
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Equation (30) is equivalent to g(A|qii) =[dp,(A)/ 8qii] /01 (qii). For the general case, we need
to consider the vectors
N

.
i | = | 31)
n= D1 ’ pP= 9
so that we can write
Am =L Myp(p)sp;, M L om (32)
n; = ijPt\Pj)OPj, ij = >
— VP Y L)) dp;
with dn;/dp; given by equations (28)—(29), and hence obtain o, (qii)éqfE from
1 _
Pi(p)dpi =7 3 (M )ijAn;. (33)
j

Inserting this into equation (24), and including the numbers N, and N;r of particle-hole
excitations at g; and ¢, respectively, gives the general expression
2
T _
SE == [l | 2V + | Do g iang | |- (34)

i,v J

This expression is simplified when the model has parity symmetry, e.g. around A = 0 so
that only even powers of A appear in equation (10) and hence gy(A) = &9(—A\). If this is the

case, we can consider the new pairs of Fermi points q]# =3q;(q1 > g2 > --- > 0), witha
sea j of either particles or holes between them and Fermi velocities |vii| = v;. Now, define
4qj
Nj=L / du pi (1), (35)

—4j

qj o
Dj=L(/ —/ )dup,(m, (36)
),

i.e. AN; being the number of particles/holes added to Fermi sea j of particles/holes, and
d; = AD;/2 the number jumping from g; to —q;. Let us now write

31\71 i qi

ogF = Lman? [aij — (=1 f dp g(mqj)} = +Lpi(9))2Z;, @7
J —qi

aD; [ o

agF = Lp@)2 [5,»,- — (=1 ( / — / ) dp g(ulqj)} = Lp(q,)2Yy, (38)
J - i

with g(k|q?t) given by equation (30). By expressing the matrix elements of Z as Z;; =

8ij + [, dugij(w), with gij (1) = (=1)/""g(ulg)), one finds Z;; = &;(q;), where &(1) is
the dressed charge matrix defined through

1 o0
JORED |t w80 = 3 (39)

so that here, the kernel matrix elementis K;; (A, u) = K(A, ) when —q; < u < g;, otherwise
zero. Now, from

4 & (M
Zij—5ij=/ da Sij(4)
—00 aCIi

—qi
-y / . Lgi(h) — gu (=) Zey. (40)
k —00

A=qi



J. Phys. A: Math. Theor. 46 (2013) 235002 E Eriksson and V Korepin

it follows that

o oo 1 1
Yij =8 + (f —[ )dugij(u) =8 — Y [Zi—8ul Z V=2 )i (41)
_ [ -

o0

Hence, Y = (Z")~!. Putting this into equations (27) and (24) finally gives

BE_—Z [AT +A7] (42)

where
2
AN,
A¥ (Z(Z ) et iZijdk) : 43)
k

Obviously, when the bare single-particle dispersion in equation (10) is given by
go(A) = A2, there is just a single Fermi sea, between A = —q and A = ¢, and equations
(42) and (43) reduce to those for the usual Lieb-Liniger model,

SE = X o[A* + A AT =N* 42 LIAN L 20 ’ (44)
= — = — _— .

L ’ 22 M
3.2. Momentum

Since the momentum P =), A; = 2Tﬂ >, n;, as is easily seen from equation (5), it is trivially
obtained as

— N +d; AN |, (45)

P=rt Y [BaN—kdi+ 2 (v

f9r the excited states, where P is the ground-state momentum. In theNthermodynamic limit,
P, = (q +¢;)/2and k; = g/ — q; . In the case of parity symmetry, P; = 0 and k; = 2g;.

4. Conformal dimensions and correlation functions

It is now clear that the finite-size corrections in equations (18), (42) and (45) can be written in
the form

T
Ey— Eo(L — 00) = —azcjwjuh.o.c. (46)
J
21 + .
E—Ey= - Z |v_,-|[Aj + Aj] + h.o.c. (47)
J
- 2 _
P—P=> [P ANj—kjdj]+TZ[A;’—AJ#—h.O.C. (48)
j J

where h.o.c. denotes higher-order corrections. This tells us that the low-energy physics is
given by a sum of conformal field theories [26, 27], where Af are the scaling dimensions of
the scaling operators of the theories and ¢; = 1 the central charges. We will now use this to
obtain the large-distance asymptotics of the equal-time correlation functions [21]. The field
correlation function

(W)W (0)) = Tr p¥(x)¥(0), (49)
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for which the total number of added particles is AN = ) i (ANzj_1 — AN,;) = 1, should then
have the asymptotic form

(W (0) ~ S A(Qy) e Tt 2 A4, (50)
Qu

where Qy = {{AN;}, {d,}, {Nf} | AN = 1} is the set of quantum numbers for the excitations,
and A(Qy) the amplitudes. The leading term is given by

(W)W (0) ~x7°, (51)

with « the smallest sum of scaling dimensions 2 ) j(Aj + AJT) given the constraint AN =1,
i.e. « is the smallest of the numbers (> j(Z’l) jk)2 /2. Similarly, density—density correlators
are obtained with AN = 0, '

(@)j(0)) = (0N ~ Y A(Qq) e Tk x 2 XA +A) (52)
Qu

where j(x) = ¥ (x)¥(x) and Qy = {{AN;}, {d;}, {Nji} | AN = 0}. The leading terms are
(j()j(0)) — (j(0))* ~ Ax7% + A; cos(dikyx)x ™, (53)

where the first term comes from the processes with d; = 0 and one single number Nki equal
to one, and the second term is from the two processes with the d;, = +£1 giving smallest 6, i.e.
with 6 the smallest of the numbers 2(}_ ; Zy j)z.

Importantly, the finite-temperature correlation functions for mixed states are obtained by
the standard conformal mapping z(w) = e**"*/¥ in the complex plane z = x — iv;t, so that in
the formulas above

}ZA% .

X7 o (T /vy)/ sinh[x Tx/v;] (54)

5. Discussion

We have obtained the finite-size corrections for the energy and momentum of a one-dimensional
Bose gas with delta-function interaction (Lieb—Liniger model) when additional conservation
laws are present in the density matrix, or the conserved charges are added to the Hamiltonian.
The results show that the low-energy physics is described by a sum of conformal field theories
each with central charge ¢ = 1, where each may have its own specific speed of sound. The
picture is most clear when the bare dispersion is parity symmetric. In this case, we derived the
asymptotic behavior of the correlation functions using standard arguments.

The finite-temperature mapping (54) provides a possible connection to present studies of
quantum non-equilibrium dynamics. In the standard setup, an isolated system in a pure state
is time evolved by, but not an eigenstate of, the usual Schrodinger Hamiltonian. The density
matrix of a subsystem will however be in a mixed state, presumably approaching the form (1)
with a finite effective temperature. It remains to be seen whether the new types of correlation
effects in the generalized model studied here may appear in such systems.

It is interesting to note that the generalized one-dimensional Bose gas with a dispersion
relation with many Fermi points for the bare particles gives similar types of finite-size effects
as in well-studied examples of multicomponent (a.k.a. nested) Bethe Ansatz solvable models
[29], such as integrable quantum spin chains [11, 12, 28, 30-34] and the one-dimensional
Hubbard model [24, 35], even though the one-dimensional Bose gas only contains a single
species of particles.
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