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I. INTRODUCTION

Omne ignotum pro magnifico.
Tacito

Recent progress in fabrication of nanostructured quantum wires has shown that it is possible to realize quasi-one-
dimensional condensed matter systems hosting a few, and even just one, conducting channel, thus effectively behaving
as “truly one-dimensional” conductors. This motivated the rise of a great attention, theorical as well as experimental,
towards one-dimensional systems. Experimentally, the creation of one-dimensional systems is challenging but realiz-
able. Molecular or atomic layer epitaxy (the deposition of a crystalline overlayer on a crystalline substrate) is one
promising and consolidated approach to build one-dimensional quantum wires. For example, the growth of AlAs-
AlGaAs-AlAs on vicinal (110) GaAs substrates®, a defect free Fe layers obtained on As-saturated GaAs surfaces? and
growth of Au-assisted and self-assisted InAs nanowires with diameters of 10 nm?3. The most used material are Si and
Ge from group IV, InAs, GaAs and GaN from group III-V and CdSe or ZnO from group II-VI. Alternatively, theoret-
ical predictions can be, and have been, tested®® on macromolecules with tubular structure like single walled carbon
nanotubes®. It is also possible to fabricate atomically precise nanostructures like 1D Co atomic chains deposited on
the stepped surface of Pt(997)° or atomic Au chains deposited on Si step edges”®.

There are two main reasons that have led to increased attention in one-dimensional systems: the exotic effects that
occur with a decrease in the number of dimensions (integer and fractional quantum Hall effect, spin-charge separation,
breaking down of Fermi liquid approach, Majorana fermions at the boundaries) and the possible technological and
engineering applications that the control of nanoscopic systems would allow (NASA spent $11 million in 2005 to
produce a one-meter long prototype quantum wire able to conduct electricity 10 times faster than copper at just
a sixth of the weight and the chemistry Nobel prize Richard Smalley saw quantum wire as “a divine solution to
humanity’s electricial power transmission problem”). After single quantum wires were built, the next natural step is
to extend the results of electronic engineering to the quantum world. That is, to design and reproduce the quantum
analogue of more complex structures like logic gates, beam splitters, switches, bridges and others. In real life, a circuit
is not only composed by a single perfect wire: it contains junctions and impurities, points where an electron have
to “choose what to do”. Thus, in order to be effective for real systems, a formalism must provide a tool to treat
barriers in a single wire, junctions between two, or more, wires (see Figure [1], panel d) and in general other possible
component useful for the realization of a quantum circuit.

Teoretically, a large class of electronic systems in spatial dimensions higher than one is well described within Landau
Fermi liquid theory which is capable of successfully accounting for the main effects of electronic interaction® 2. In
Landau’s Fermi liquid theory, adding the interaction among electrons and/or between electrons and external potentials
(such as the lattice potential of ions in a metal, for instance) on top of a Fermi gas does modify the whole picture
of the Fermionic system only quantitatively, not qualitatively. Indeed, the basic assumption is that, close to the
Fermi surface, low-energy elementary ”quasiparticle” excitations of the interacting electron liquid are in one-to-one
correspondence with particle- and hole-excitations in the noninteracting Fermi gas. This corresponds to a nonzero
overlap between the quasiparticle wave function in the Fermi liquid and the electron/hole wave function in the
noninteracting Fermi gas, which is reflected by a coefficient Zr of the quasiparticle peak at the Fermi surface in the
spectral density of states that is finite though, in general, < 1 (Zr = 1 corresponds to the noninteracting limit). The
”adiabatic deformability” of quasiparticles to electrons and/or holes by smoothly switching off the interaction allows,
for instance, to address transport in a Fermi liquid in a similar way to what is done using scattering approach in a
noninteracting Fermi gas, etc.'3. At variance with what happens in spatial dimensions higher than 1, in purely one-
dimensional interacting electronic systems the effects of the interaction are much more dramatic that what happens in
Landau’s theory'4. Any attempt to encode the effects of the interaction in a simple finite parameter renormalization
of the quasiparticles and of the quasihole does ultimately fail, due to the fact that the formulas for the renormalized
quantities would blow up at the Fermi level, thus invalidating the whole procedure leading to Landau Fermi liquid
theory. Landau’s Fermi liquid theory is grounded on the possibility of obtaining reliable results by perturbatively
treating the electronic interaction'?'%. This is strictly related to the small rate of multi-particle inelastic processes,
in which, due to the interaction, an electron/hole emits electron-hole pairs. While this is typically the case in systems
with spatial dimension d higher than one, in one-dimensional systems, the proliferation of particle-hole pair emission
at low energies leads to a diverging corresponding rate, which makes the quasiparticle peak disappear (Zrp = 0).
As a result, the interaction cannot be dealt with perturbatively and one has rather to resort to nonperturbative
techniques, allowing for summing over infinite sets of diagrams'®'® Formally, interacting electrons in one dimension
are commonly treated within Tomonaga-Luttinger liquid (TLL)-approach!®2°. TLL formalism provides a general
description of low-energy physics of a one-dimensional interacting electronic system in terms of collective bosonic
excitations (charge- and/or spin-plasmons). Electronic operators are realized as nonlinear vertex operators of the
bosonic fields?"?2. Tomonaga was able to encode the excitations of a one-dimensional Fermi gas into the excitations
of free Bosons. Resorting to Bosonic coordinates, one sees the magic that the Bosonic Hamiltonian corresponding to
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FIG. 1. a) InAs quantum wires grown on the InAs (111)B surface from 40 nm diameter Au colloids dispersed from solution
[picture from: ”Electron transport in indium arsenide nanowires”, Shadi A. Dayeh]; b) TEM image of a single-walled nanotube
[picture from: ”Cobalt-catalysed growth of carbon nanotubes with single-atomic-layer walls”, Bethune et al.]; ¢) STM topog-
raphy showing 1D atomic chains of Co grown by step decoration on Pt(997) [picture from: ” Atomic Chains at Surfaces”, J. E.
Ortega and F. J. Himpsel]; d) carbon nanotube film with X- and Y-junctions [picture from: ”Flexible high-performance carbon
nanotube integrated circuits”, Dong-ming Sun, et al.]

free Fermions and the one corresponding to interacting Fermions take the same form. They are both quadratic in the
particle density operator. As for what concerns transport properties, the most striking prediction of the TLL-approach
is possibly the power-law dependence of the conductance on the low-energy reference scale (”infrared cutoff”), which
is typically identified with the (Boltzmann constant times the) temperature, or with the (Fermi velocity times the)
inverse system length (”finite-size gap”) in a dc transport measurement, or with eV, with V' being an applied voltage,
in a nonequilibrium experiment. While TLL-formalism poses no particular constraints on the strength of the “bulk”
interaction within the quantum wires, it suffers of limitations, when used to describe transport across impurities in
an interacting quantum wire, or conduction properties at a junction of quantum wires. Within TLL-framework, a
junction of quantum wires is mapped onto a model of K-one dimensional TLLs (one per each wire), interacting with
each other by means of a “boundary interaction” localized at x = 0. Dealing with such a class of boundary problems
requires pertinently setting the boundary conditions on the plasmon fields at x = 0. While in some very special cases
the boundary conditions can be written as simple linear relations between the plasmon fields, in general they cannot.
When it is possible the linear relation is expressed in terms of a “current splitting matrix” (M-matrix). This is a
consequence of the nonlinearity of the relations between bosonic and fermionic fields: even linear conditions among
the fermionic fields are traded for highly nonlinear conditions in the bosonic fields. As a consequence, except at the
fixed points of the boundary phase diagram, where the boundary conditions are “conformal”, that is, linear in the
bosonic fields, the boundary interaction can only be dealt with perturbatively, with respect to the closest conformal
fixed point?324. Other information can be obtained only making educated guesses from the global topology of the
fixed-point manifold of the phase diagram. Using the Bosonic approach junctions of 2 and 3 wires have beed analysed
under particular symmetries in the bulk or at the junction?®3!. Recently, the bosonization approach in combination
with zero-temperature numerics has successfully been employed to compute the junction conductance by relating it
to the asymptotic behavior of certain static correlation functions. Correspondingly, the length scale over which the
asymptotic behavior emerges has been worked out, as well®>33. Also, numerical calculations of the finite-temperature
junction conductance can be performed by using quantum Monte Carlo approach®? or, likely, by implementing some
pertinently adapted version of the finite-temperature density matrix renormalization group approach to quantum spin
chains3®-36,

Alternatively, one may not be required to give up using fermionic coordinates, by employing a systematic renormal-
ization group (RG) procedure to treat the effects of the bulk interaction on the scattering amplitudes at the junction.
Among the various possible ways of implementing RG for junctions of interacting QWs, the two most effective (and
widely used) ones are certainly the poor man’s fermionic renormalization group (FRG)-approach, based upon a sys-
tematic summation of the leading-log divergences of the S-matrix elements at the Fermi momentum and typically
yielding equations that can be analytically treated3” 4% and the functional renormalization group (fRG)-approach,



based on the functional renormalization group method, leading to a set of coupled differential equations for the vertex
part that, typically, can only be numerically treated*!~>°. Both approaches are expected to apply only for a sufficiently
weak electronic interaction in the quantum wires and, in this sense, they are less general than the TLL-approach,
which applies even for a strong bulk interaction. Nevertheless, at variance with the TLL-approach, a RG-approach
based on the use of fermionic coordinates leads to equations for the S-matrix elements valid at any scale and, thus,
it allows for recovering the full scaling of the conductance, all the way down to the infrared cutoff.

Besides the remarkable merit of providing analytically tractable RG-flow equations, the FRG-approach, when
applied to interacting spinful electrons, also accounts for the backscattering bulk interaction, which is usually neglected
in the TLL-framework3”-3®. Moreover, it can be readily generalized to describe junctions involving superconducting
contacts, at the price of doubling the set of degrees of freedom, to treat particle- and hole-excitations on the same
footing®'. The fermionic RG-approaches suffer, however, of the limitation on the bulk interaction, which must be
weak, in order for the technique to be reliably applicable. Futhermore, they are not able to describe many-particle
scattering processes (that can be instead defined through a M-matrix) even going beyond the leading log correction
in perturbation theory®?-°4.

The search for observable predictions regarding the junction of quantum wires has so far been focused on two
main physical quantity: the charge transport properties of the system, expressed in terms of the conductance tensor,
and described through different techniques like the Landauer-Buttiker formalism, the Kubo formula or the Green’s
function method, or the or measurements of the local density of states (LDOS) of the bulk electrons close to the
junction, directly measurable with a scanning tunneling microscope (STM). Both these quantities are related to the
S or M matrices, so the knowledge of such matrices, that is the knowledge of the boundary conditions, gives direct
access to these and other physical properties of the system (like the power dissipation, or the measurements of the
occupation of pairs of Majorana zero modes).

Starting from these observations, the thesis is organized as follows:

e in Chapter II we provide an effective tool able to generalize in a systematic way the implementation of the
boundary conditions, discussing the theoretical and applicative interest. Such a tool, able to manage and tame
the mare magnum of possible boundary conditions of a system involving one dimensional quantum wires, would
be the trait d’union between the classical electronic engineering, which led to the patent and to the manufacture
of all the know electronic devices, and the quantum mechanichs that, for what concerns this area of application,
it is still terra incognita in many of its aspects;

e in Chapter III making a combined use of bosonization and fermionization techniques, we build nonlocal trans-
formations between dual fermion operators, describing junctions of strongly interacting spinful one-dimensional
quantum wires. Our approach allows for trading strongly interacting (in the original coordinates) fermionic
Hamiltonians for weakly interacting (in the dual coordinates) ones. It enables us to generalize to the strongly
interacting regime the FRG-approach to weakly interacting junctions. As a result, on one hand, we are able to
pertinently complement the information about the phase diagram of the junction obtained within bosonization
approach; on the other hand, we map out the full crossover of the conductance tensors between any two fixed
points in the phase diagram connected by a renormalization group trajectory®®;

e in Chapter IV we investigate more exotic setups, studying the local density of states (LDOS) in systems of
Luttinger-liquid nanowires connected to a mesoscopic superconducting island with finite charging energy, in
which Majorana bound states give rise to different types of topological Kondo effects®®. Kondo effect emerges
usually due to the coupling of bulk electrons with a quantum spin with degenerate energy levels. Similarly,
topological Kondo is achieved when the nonlocal quantum spin is build in terms of K > 3 Majorana fermions at
the interface between the Luttinger-liquid nanowires and the mesoscopic superconductor. We show that electron
interactions enhance the low-energy LDOS in the leads close to the island, with unusual exponents due to Kondo
physics that can be probed in tunneling experiments®”;

e in Chapter V we provide the main conclusions of this thesis and outline some further perspective of our
investigation.



FIG. 2. Sketch of the system: K quantum wires of length ¢ join together at x = 0

II. RENORMALIZATION GROUP APPROACHES TO JUNCTIONS
OF INTERACTING QUANTUM WIRES

What is not possible is not to choose.
Jean-Paul Sartre

Within Luttinger Liquid framework an impurity corresponds to a nonintegrable boundary interaction term®® which,
in general, can be dealt with only perturbatively, using, as paradigmatic reference, the case in which the impurity
strength is so high to effectively break the wire into two (”disconnected” quantum wire), or is so weak that the
wire may be regarded as ”almost homogeneous”, or in general a more complex situation that can be expressed as a
linear relation between bosonic fields that preserve the right commutation rules (”conformal” boundary condition).
In Fermionic coordinates, instead, the amplitudes corresponding to the possible single-electron scattering processes at
an impurity are encoded within the scattering matrix S, which is typically K x K (for a normal junction or 2K x 2K
for a superconducting junction), K being the number of independent single-electron channels. If, at a first stage,
one neglects the interaction, then the S matrix exactly encodes all the scattering processes, no matter on how strong
is the interaction centre (the junction). Introducing the interaction one then finds that, within perturbation theory,
the amplitude of each single-particle scattering process diverges, as the corresponding energy gets close to the Fermi
energy. Keeping these divergence under control in a systematic way is possible, by resorting to the renormalization
group (RG) approach, in which divergences are traded for an effective dependence of the physical amplitudes on
a dimensionful energy scale (which can be the level spacing, or kg7, T being the temperature, or fiw, where w is
the frequency associated to an ac measurement, etc.). Such a dependence propagates onto the physical quantities,
calculated starting from the single-particle amplitudes, and thus takes physical effects which can be detected, for
instance, in an equilibrium dc transport measurement. As a result, the Fermionic approach can be, for a large class
of impurity problems, as effective as the Bosonic one.

II.1. Model

In this section we outline the main properties of the physical systems we mean to study. As sketched in Fig. [2], we
will consider systems made by an arbitrary number of one dimensional quantum wires of length ¢, coupled together
at a point called ”junction”. We will assume that all the wires are single-channel and spinless (treating each channel
within a single wires, including the spin, individually). The generic system is described by an Hamiltonian of the form

K
H:ZHBJ'JFHJJFHI (2.1)

j=1
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FIG. 3. a) Parabolic dispersion relation for a 1d quantum wire; b) linearized dispersion relation around the left and right Fermi
points and with a bandwidth cutoff; ¢)linearized dispersion relation without a bandwidth cutoff (Luttinger model)

Here, Hp ; is the bulk Hamiltonian for the j-th wire. Each wire is characterized by a spatial coordinate going from
0, near the junction, to ¢ (with £ — 400), far from the junction. For a system of free fermions in one dimension the
dispersion relation for Hamiltonian is usually parabolic and the Fermi surface of the noninteracting model consists of
two disconnected Fermi points, +kx (see Fig. [3], panel a), such that etk represent a wave going from 0 to
¢, that is an “outgoing” or “right Fermi point” fermion and we will use the index R to denote it, while e~ *(kr+k)z
represent a wave going from ¢ to 0, that is an “ingoing” or “left Fermi point” fermion and we will use the index L to
denote it.

As it was suggested by Tomonaga, in the Luttinger Liquid context, the divergences at the Fermi level are a low-
energy feature and, thus, one may take care of them by keeping only low-energy, long-wavelength excitations nearby
the Fermi energy, that is, by linearizing the single-particle spectrum and neglecting states further away from the two
Fermi point. For this reason, we introduce the “high-k cutoff”, called “bandwidth cutoff”, such that |k| < A and the
dispersion relation €(p) may be regarded as linear, about the Fermi points, for |p — kr| < A and for |p + kp| < A,
respectively (see Fig. [3], panel b). Thus, as a consequence of linearization, we introduce two sets of fermionic
operators describing electrons with momentum near the “left” and “right” Fermi points so that we can write the
fermionic field as

p(x) = e_ikp-'-"mw/;ﬂ- (z) + €+ikF‘jwa7j (z) (2.2)

where we have defined the chiral fields
1 ikx
VR, (x) = 7i > e ap; (k)
k
1 i
Y, (z) = 7i > e *rag (k) (2.3)
k

that, by definition, vary slowly on the length scale k;l and may be regarded as independent Fermionic fields, obeying
the anticommutation relations:

{¥a@),vh)} = dapd(a—y) (2.4)

{Ya (@), vs (@)} = {0k @), vh @)} =0 (2:5)

In terms of these fields the bulk Hamiltonian has the form



K 4
iy ==Y vy [ do {0, (@) 0, (0) — 0], (@) 0.y (@) (2.0
0

Jj=1

with dispersion relation €;.; = v;k For a mathematically more rigorous treatment’ we have to introduce some high
energy non-physical states extending the relation dispersion from —oo to +oo in both right and left branches (see
Fig. [3], panel ¢). Doing so, that is removing the bandwidth cutoff, it is necessary to introduce another cutoff to
avoid unphysical divergences. This is realized introducing a “transfer cutoff” in the interaction Hamiltonian. The
differences in the use of the bandwidth or transfer cutoff are deeply discussed in Refs. [16, 59, and 60].

H is the junction Hamiltonian; it contains all the boundary operators that describe the physical processes involving
the electrons at the point x = 0. Typically, the most relevant terms are bilinear or quartic in the fermionic operators.
They may preserve or not charge and spin (for example in presence of a superconducting junction) and may involve
other operators like majorana edge states or quantum dots. The form of the junction Hamiltonian depends strongly
by the system taken into analysis so, for the moment, we will not give to it a specific form.

Hj is the interaction Hamiltonian. Requiring the conservation of the number of electrons in each wire, it has the
form of a density-density interaction and contains intra-wire and inter-wire terms. Its generic form is

K K
H, = %Z Z jj dzdyp;(x) Vi (@ — y)ps () (2.7)

i=15=1

where Vj j/(x — y) is a real, symmetric under wire indices exchange and parity-symmetric short range potential and
pi(x) = w; (x)¥;(x). The fact that V; j» (z) has a finite range, A, limits the momentum transfer to a stripe of half-width
Dy ~ 1/X about the Fermi momentum, this act as our transfer cutoff.

From the Hamiltonian, H, we can recover the Hamiltonian for spinful wires or multichannel wires with an appro-
priate wire indices replacement. For example, the Hamiltonian for K spin—% wires is recovered from the Hamiltonian
for 2K spinless wires through the replacement

j even — 4,1
jodd— 3, (2.8)

In this case Eq. [2.6] and Eq. [2.7] assume the form

K 4
o= =i 3 oy [ do (i, o @)0tm50(0) = 0], @001, (0) ) (29)
i=1 <
and

K K L
1
H; = 3 Z Z Z/O dz dy pj,o(x)V 0,0/ (T = Y)pjr,0r (y) (2.10)

j=1j4'=1 oo’

respectively. Finally, even if it is not true in general (like for example for a spin-orbit coupled quantum wire in a
magnetic field®!), in the following, to simplify the notation, we will assume that the Fermi momentum is the same for
all the wires specifying, where needed, the main effects of this simplification.

I1.2. Scattering matrix

In the non interacting case, if the only relevant operators within the junction Hamiltonian are the operators bilinear
in the fermionic fields, the full dynamics of the scattering problem is encoded by the K x K scattering matrix S (eg),
defined so that S (e) acts on the incoming-wave amplitudes, giving back the outgoing-wave amplitudes. For a normal
junction of K wires for example:

K

ar; (k) =Y Sji (ex)arj (k) (2.11)

i1

Jj'=1



or in matrix form

: S11 (€x) - S1,K (ex) :
ar,; (k) | = : : ar,j (k) (2.12)
: Sk (ex) - Sk i (€k) :

The element on the diagonal, S, ; (€x) = r;,, represent the reflection coefficient within wire ¢, while the off-diagonal
terms, S; ; (ex) =t; ;, correspond to the transmission coefficient between different wires. The modulus squared of these
coeflicients correspond to the probability amplitude for that process. From probability current continuity equation,
one readily sees that S () is a unitary matrix, that is

S () St () = ST (e) S (er) = 1

This constrain correspond to the quantum analogous of the Kirchhoff law and strongly restricts the number of
independent element of the S-matrix. A K x K complex matrix depends from a total of 2K? real parameters; the
unitary requirement, that can also be written as

K K
> SiSp=> SwiSk; =0y, 1<ij<K (2.13)
k=1 k=1

impose some constraints on them. These equations are redundant, as it can be easily seen observing that an exchange of
1 and j leaves the conditions unaffected. This means that the only independent constrains are given by 1 <1i < j < K,
or:

S |S3l=1 1<i=j<K o1
ZszlsikS;‘k:O 1<i<j<K .

The first line is real and put K constrains, the second line contains (K — 1)+ (K —2)4+---4+2+ 1=K (K —-1)/2
complex independent equation, that correspond to K (K — 1) constrains. This means that a unitary matrix has only
2K? - K~ K (K — 1) = K? real independent parameters. In a physical contest, these parameters are somehow related
to the coefficients that appear in the junction Hamiltonian, H; and not all of them are important or truly independent.
Indeed, there are two main reasons that further reduce the number of free parameters: possible symmetries of the
system (time reversal, particle-hole, Z,,, D,,, ...) and the fact that physical quantities, being real, depend on the
amplitudes and not on the phases of the S-matrix coefficients (so for example an overall phases in the S-matrix has
no real physical meaning). There are different ways to parametrize a matrix in terms of the independent parameters.
We can write a generic 2 x 2 S-matrix (S € U (2))

g — {7‘1,1 1,2 } (2.15)

to1 To2

as

_ i | cos Gew} sin 96“{’2
S (97 ¢a ©1, @2) =€ |: —ginfe" 2 cosfe Pt (216)
or, putting @12 = 1 £ 19, as
. ity 0 50  sinf 112 0
_ e le ) cos sin e )
S (97 (ba 1/)137/}2) =€ |: 0 67“&1 :| |: —<inf cosb :| |: 0 €,Zw2 (217)

Another useful parametrization is given in terms of the Pauli matrices o;, i = 1,2,3
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di.3 0i1 — 165 2

0i1+1i02 —di3 (2.18)

g; =

and Euler angles 6;, i =1,2,3, as

S (6,01,02,05) = ¢'es0173c50271 5 0a0 (2.19)

Let us note that for ¢ = 0 we obtain the subgroup SU (3).
For a generic 3 x 3 S-matrix (S € U (3))

ri1 ti2 ti3
S=|ta1 122 fl23 (2.20)
t31 t32 133

a possible useful parametrizations is

1 0 0 e’ 00
S({gpi}?zl K) =|oew 0 |K| 0 e 0 (2.21)
0 0 el 0 0 eivs

where K, in the Kobayashi-Maskawa parametrization, depends on four free parameters and can be written as

cos 0 —sin 64 cos 03 — sin 64 sin 05
K ({9,'}?:1 , 5) = | sin@; cosfy cos By cos by cos bz — sin by sin 9361'6 cos 0 cos 64 sin 03 + sin 05 cos 9361_5 (2.22)
sin @ sinfs cos 6y sin O cos @3 — cos Oy sin @€ cos Oy sin O, sin O5 — cos O cos O5etd

or, in the Chau-Keung parametrization, as

1 0 0 cos¥y 0 sinvee % cosdz sinds 0
K ({19,»}?:1 ,5) = |0 cost sinth o 1 0 —sints costz 0 (2.23)
0 —sin®y costy —sindse® 0 costy 0 0 1

2

Another useful parametrization®? is given in terms of the Gell-Mann matrices );, i = 1,...,8, and the generalized

Euler angles v;, 1 =1,...,9, as

S (6, {nkly ) = ePUes v gerave (2.24)
where

U ({wz}f:;),) _ e%)\sllise%/\zﬂne%)\sws (225)
and

T ({wi}§:6) D VRPE PYSTINE PRI (2.26)

The sets (13,14, %5) and (vg,17,1s) play the roles of Euler angles for two different SU (2) groups. The angles
(11,14, 17) take the name of latitudes and they range in [0, 7], while the angles (¢2, ¥3, 15, 1, 1s) are called azimuthal
coordinates.

Increasing the order of the matrix makes the parametrization harder (see for example Ref. [63] for the parametriza-
tion of a 4 X 4 unitary matrix). However, for a generic S-matrix of order K some recursive algorithms can be in hand.
Any Sk € U (K) can be written in the form
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1 0
Sk = Bk - (0 Sk > (2.27)

where By € U (K) is an unitary matrix uniquely defined by its first column that is a vector of the unit sphere S2£~1
of the Hilbert space C¥

SR = {z e CF,|z| =1} (2.28)

and Skg_1 € U (K —1). Iterating the relation, Sk can be written as the product of K unitary matrices

S =Bk -By_, - B! (2.29)

where

I 0
BY = ( 6( an> (2.30)

Such a parametrization always exists. It is easy to check that the number of parameters is preserved, because it is
given be 1 +3+--- +2K — 1 = K2

What we have said until now can be extended to the case of superconducting junctions, that is systems that allow
physical processes at the boundary that do not preserve charge (the easiest examples are the normal-superconductor
junction®' and the normal-"topological superconductor” junction:64). In this case a description in terms of S-matrix
can still be used but with some minor adjustments. First of all the dimension of the S-matrix must be doubled, to
take into account both the particle and hole channels on the same footing. That is

K
ang () = 3 [S55 (en) argr (k) + S50 () al ()] (2.31)
J'=1
and
K
ah, (- Z[ (ex)a.gr (k) + S"1 (eq) al . (=) (2.32)

The diagonal elements, S (ex) = r})
terms, 5777 (ex) = 1,
form, SZ i (ex) = r;“l, represent the Andreev reflection coefficient within wire ¢, while the terms, SZ i er) = 4 s
correspond to the crossed Andreev reflection coefficient between different wires. They transform an incoming electron
into an outgoing hole. The S-matrix elements Sﬁ f (ex) and S} ’jh (ex) play the same role of S77 (ex) and SZ i (ex) but
for an incoming hole. All these 2K x 2K coefficients are not independent. Indeed, the unitary condition, ST, is true

also for the superconducting case. Furthermore, making the complex conjugate of Eq.[2.32] and replacing k with —k,
we derive the particle-hole symmetry constraint

still represent the reflection coefficients within wire 4, while the off-diagonal

'Ll7

correspond to the transmission coefficients between different wires. The new elements on the

Spt (en) = it (en)
S (en) = SO () (2.33)

These are all the general statement on the S-matrix that can be derived without giving a specific form to the
junction Hamiltonian H ;. Knowing the S-matrix, its symmetries and how its coefficients are related to the physical
parameters (like the chemical potential, backscattering amplitude and so on) is fundamental to describe the behaviour
of the system. Following the fermionic approaches3”3? the S-matrix remains the major player also in presence of a
weak bulk interaction, as long as it is confined to a finite region L so that it is possible to define asymptotic scattering
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states. Indeed, as we will show in the next section through a Green’s functions approach, the effect of the interaction
can be absorbed within a renormalization of the scattering matrix coefficients. That is, the S-matrix of the non
interacting system is replaced by a new, scale dependent, S-matrix, where the role of the scale, A, can be played for
example by the temperature, the length of the system, the energy or the applied voltage. The equations that give
the form of the renormalized S-matrix coefficients as a function of the scale variable are called renormalization group
(RG) equations. They depend on the interaction potential present in Hy, and on the S-matrix itself (in particular on
the bare value of the S-matrix, that is the matrix in the non interacting regime). They can be written as

dSm- (Gk, A)

ama P8 (e M)V (A) (2.34)

The small number of S-matrices for which all the RG equations are zero are scale invariant and the interaction does
not modify the behaviour of the system. For this reason, they are called fixed points (FP). Each of them define a class,
within the space of all possible K x K (or 2K x 2K) matrices, to which all other non FP S-matrices move towards
during the renormalization procedure driven by Egs. [2.34]. All the S-matrices, obtained by the same Hamiltonian,
that collapse on the same FS at the end of the RG trajectory, and therefore belong to the same class, share the
same low energy, low temperature, large length behaviour in presence of interaction. Furthermore, playing with the
interaction potential it is possible to stabilize one particular FP and force the system to work as we want. Later
we will give some example of possible and interesting FPs showing their importance. The parametrization of the
S-matrix given above, plays now a relevant role. Indeed, it allows us to exchange the RG equations for the coefficients
into equation for the K2 real parameter that parametrize the matrix. Furthermore, under particular circumstances,
the RG equations for these parameters can be traded for equations for the physical parameters contained in H ;.

11.2.1.  Current splitting matriz

Until now we have described all actors and stages involved in the S-matrix description of junctions of one dimensional
quantum wires. The last step consist in the definition of the “current splitting matrix” M®, whose elements are given
by

2
ij =[S, (2.35)

M?® has two important properties: first, its elements are real and positive, second, it satisfy the constrains

DM =) MF =1 (2.36)
i J

This condition is the classical Kirchhoff law for the currents. Indeed, starting from the S-matrix it is easy to check
that the “current splitting matrix” defined above relates the incoming and outgoing currents, Ir(y);. If the S-matrix
energy dependence can be disregarded, Eq.[2.11] can be also be written as

Vr,; (0) = Sj5:¢L,5 (0) (2.37)

that implies

Ip; x <7/1}Lz,ﬂ/)R,i> = Z |Si,j|2 <1/)ijL>j> x ZM?JILJ' (2.38)
i J

Furthermore, in the DC limit, the Landauer-Buttiker theory relates the conductance tensor G ;, that is a physical
well defined and measurable quantity, with the S-matrix, and then the M-matrix, through (see Appendix [IL.§]
Gij o iy — M (2.39)

So, a control on the current splitting matrix implies a control on the transport properties of the system under analysis.
To better understand the mathematical properties of M, it is helpful to define the following sets of matrices:
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we call a matrix “doubly stochastic” if all its element are real and positive and the sum over the element of a row
or a column is one. That is, if it belongs to the set

K K
Datoe (K) = Mgur: Mi; €RT A DY M=) M;;=1 (2.40)
i=1 j=1

Furthermore, we call a matrix “unistochastic” if it is doubly stochastic and its elements can be written as the modulus
squared of the elements of an unitary matrix. That is if it belongs to the set

K K
Ustoe (K) = { Mkxkx: M;; € RT A ZMi,j = ZMW =1 A M;;= |Si,j|2 N SelU(K) (2.41)

i=1 j=1

It is true that Usor (K) C Dstoe (K) but not the vice versa.

This two sets of matrices are present in a great number of fields in physics involving transition probabilities, like
particle physics, foundation of quantum theory, quantum information, computation theory, quantum mechanics on
graphs%%9 and condensed matter physics?3?470, For this reason a great interest has risen around the mathematical
properties of these matrices sets and their relation with Birkhoff’s Polytope, van der Waerden matrix and Hadamard
matrix’b72. Of particular importance is the Birkhoff-von Neumann theorem™ that states that a matrix is doubly
stochastic if and only if it is a convex combination of permutation matrices

Mgxr =D, a;P;
Mg sk € Dstoc (K) <= a; >0, >, a;=1 (2.42)
Pi S Perm

where the permutation set is defined as

K K
Pepm (K) = Pgxrc: Pij€{0,1} A Y Piyj=>» Pij=1 (2.43)

i=1 =1

that is, all the elements of each row or column are zero except one that is equal to 1. Let us note en passant that the
intersection between the unistochastic set and the orthogonal group O (K) is the permutation group

Ustoc (K) ﬂ O (K) = Perm (K) (244)

The importance of this statement will be clear later, for now let us underline that within P, (K) there are some
elements such that their corresponding unitary matrix satisfy the FP condition 3 ({S; ; (ex, A)}, Vi ; (A)) = 0 like, for
example

SN<(1)(1)>SD((1)(1)) (2.45)

that respectively describe a junction of two wires that are totally decoupled or fully connected; playing with the
interaction potential we can force the system to collapse on one of these FP. That is, they act as a “quantum”
ON/OFF switch. For a three wire junction we have the following interesting FPs

100 010 001
Sv=(010],8 =[001],S+=[100],

001 100 010

100 001 010
Svv=[001],5,={010], Sy, 100 (2.46)

010 100 001
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FIG. 4. Examples of fixed points for two- and three-wire junctions. Panel a) and b) correspond to the matrices Sy and Sp of
Eq. [2.45]. We have respectively a fully disconnected junction or a perfect wire. Panels from c) to f) refer to Eq. [2.46] and
represent in order three fully disconnected wires (Sn), one disconnected wire with perfect transmission between the other two
(Sn;), counterclockwise and clockwise perfect transmission of current (S, +)

The first represent three disconnected wires; the second and the third correspond to a system in which the current
coming from wire 7 is totally transmitted to the next of previous wire, while the last three matrices correspond to a
system in which one wire is decoupled and the other two are fully connected. They are the quantum counterpart of
the electronic component that in engineering go under the name of circulators and switches (a pictorial interpretation
of these matrices is given in Fig. [4]). These are only a small example of possible realizable systems. Changing the
number of involved wires, other interesting behaviours that can be described through the splitting matrix formalism,
and that have a relevant physical and engineering role if reproduced experimentally, emerges. For examples, the
“magic tee” and the “rat-race coupler” described by a scattering matrix of the form

0 01 —1 0 10 -1
1 0 01 1 —1i 1 01 0
Smagimftee - E 1 10 0 Sratfrace - E 0 10 1 (247)
-1 10 0 -1 01 0
or the symmetrical and asymmetrical couplers (with a? + 3% = 1)

0 «a if 0 0 o B O
| o« 0 0 ip | a 0 0 -
0 i a O 0 —Ba 0

or more complicated systems that involves an higher number of wires like the one in Refs. [74-76].

Through the fermionic approaches, that are based on imposing boundary conditions via the S-matrix, it is possible
to perform a systematic study of physical systems whose current splitting matrix belongs to the set of unistochastic
matrices Usioe (K). Within this set, we can focus on some particular matrices, some of them belonging to the
permutation group Pe,, (K), that are very interesting from a physical and applicative point of view. Furthermore,
we know that this is only a subset of a more wide set including splitting matrix, like the ones belonging to Do (K),
with even more interesting properties. To do this other approaches must be implemented, like the one that we will
discuss in the next sections.
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For a junction where Andreev-like processes are allowed at the boundary, the dc conductance is proportional to

e,e|2 e,h
Gijocdij — |S7[+ S5

)2 (2.49)

If we assume that the junction is superconductive, that is all the boundary processes are mediated by the supercon-
ductor so that no direct coupling between normal wires are allowed, for energies under the superconducting gap no
normal processes are present, Si ’f = 0, and the dc conductance reduces to

2
e,h
Gij x 0ij + |5;7 (2.50)
This suggest us to define a current splitting matrix, belonging to the set —Uszoe (K), of the form
A e,h 2
M, = —|5¢] ‘ (2.51)

It follows that there is a duality between the normal and purely superconducting junction”” and that the full analysis
done for the normal case can be extended to the superconducting case only changing a sign in front of each splitting
matrix. The general case, when normal and Andreev-like processes are both non zero it is much more complicate as
the corresponding splitting matrix does not belong to any known set.

I1.3. G-ology model and renormalization group equations for bulk and boundary parameters

In this section we analyse the effect of a density-density interaction Hamiltonian on the bulk and boundary properties
of the system. Starting from Eq. [2.7] and making advantage of the decomposition of the fermionic fields Eq. [2.2],
one obtains

pji(x) =] (2)1; (x)
= ¢;7R¢j,R + %T»,L%‘,L + ¢;7R¢j,L€72isz + w;,L%‘,R@M” (2.52)

the interaction can be decomposed in a sum of nine different contributions involving left and right chiral fields, which
can be listed as

R'R'RR R'L'RR L'L'RR
R'R'RL R'L'RL L'L'RL
RIR'LL RLILL L'LTLL

The Feynman diagrams corresponding to each contribution are shown in Fig. [5] and the corresponding processed
in momentum space in Fig. [6].

Following the standard g-ology notation we classify the different types of interaction as follows. We have a forward
scattering term that involves particles with the same chirality and preserve it. The associated momentum transfer is
small and, in the limit of short range interaction, the corresponding interaction Hamiltonian has the form

L
1
Hy =5 > Y guiy / da sk (@) ¥y (2) = 0k (@) g () - (2:53)
X=L,R j,j' 0
with g4.5,5 = Vj ;- (0). The normal ordering : : excludes the unphysical interaction of a particle with itself. The

main effect of this interaction term is just to renormalize the Fermi velocity and the chemical potential by a finite,
non-diverging, amount while it has no effect of the renormalization of the scattering matrix and gives only a sub
leading contribution to the renormalization of the other interaction constants (as we will show in next sections). For
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FIG. 5. Scattering processes and g-ology notation of the interaction terms in H;n:. Solid and dashed lines represent rightgoing
and leftgoing particles, wavy line represent the interaction.

From top-left to bottom-right: forward and backward scattering that preserve chiralities, monochirality forward scattering,
Umklapp scattering and two examples of non conserving chiralities processes.

ol N od N o Nou /L
\\”’“‘/ N7 OR 7N

g 3 g 3 gS:J-i‘ g5ii-i'

FIG. 6. Scattering processes depicted in Fig. [5] represented in the momentum-energy plane

this reasons it can be neglected, from the point of view of the RG analysis. Another forward scattering term that
preserves the chiralities but involves particles with opposite chirality is given by

L

Hy, = g2 /dﬂﬁ Yk (@) YR, () 5P (@) b (@) : (2.54)
3,3’ 0

Again the transfer momentum is small and g2, =~ V; ;- (0). Next, the backward scattering term that involves
particles with opposite chiralities and a momentum transfer of the order of 2kp is given by

L

Hy ==Y g1 / dr P () Yryr (@) 2] L (2)dy (2) (2.55)

4.3’ 0

with g1, = V; ;s (2kr). For an long range interaction the backward scattering can be neglected compared to the
forward term, g1, < ga5,57, while for a short range interaction they have the same order of magnitude. In the limit
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of point-like interaction, in agreement with the Pauli principle, they have exactly the same values such that the two
contribution, at least in the same wire, cancel each other, g1.;; — g2.;,; = 0. It is worth to note that, if two wires
have different Fermi momentum, kr; # kp j, then the inter-wire backward scattering should contain an additional
multiplicative fast oscillating factor of the form exp [2i (kg ; — kF ;) ] and can be ignored®! as the density operator
vary slowly on the scale of k;;l so that the whole argument averages to zero, after integration. Another backward
scattering term in the interaction Hamiltonian is given by the Umpklapp process that involves two particles near the
same Fermi point that reverse the chiralities after the interaction

L

Z > s / do k(@) g (2) =k (@) P o (2)  eFhibee (2.56)

X L,R j,j3'

(plus sign is for X = L and minus sign for X = R). This process has a transfer momentum of 4kr and its contribution
is important only at half filling where 4kr is equal to a reciprocal lattice vector and momentum conservation can
be fulfilled. Assuming this is not the case, we will neglect it. Finally, the terms that expect the change of only one
chirality, labeled gs.; j/, can be readily neglect, as the argument of the integral is proportional to the rapidly oscillating
function exp (2ikrz) and average to zero after integration. Accordingly, the RG analysis performed in the rest of this
thesis will be based upon an interaction Hamiltonian involving only Eq. [2.54] and Eq. [2.55]. In presence of only
intra-wire interaction the coupling constants are written as

Ixiji" = 05,5 9iA

to remove the redundant wire labels. In the spinful case (Eq. [2.8]), the notation

9.1, Vit (2kr) = Vj 11 (2kp)

9.2, Vj+(0) = Vj14(0)

gin Vi1 (2kp) = Vj14(2kp)

91,2 L= J,N(O) Vj.41(0) (2.57)

is conventionally introduced, to highlight the spin dependence of the interaction on the spin of the involved fermions.

II.4. Renormalization group equations for the conductance tensor and the single particle scattering matrix

One of the main questions about systems of quantum wires is about their transport behaviour. In the following
section we study how junctions of quantum wires conduct electricity. In particular, we are interested in the low-energy,
low-temperature, long-distance limit. In this limit indeed, different junctions with different structures and interaction
show the same behavior, that is belong to the same universality class and share the same linear conductance. In this
section we compute the dc-conductance for a junction of K quantum wires resorting to the Matsubara imaginary-time
formalism, depicted in Appendix [I1.6]. In this section the computation is restricted to a normal junction in presence
of forward scattering only but a straight application of the approach allows to extend the result for a superconducting
junction with backward scattering. Up to second order in the interaction, we may list the following contributions to
the D-tensor, defined in Appendix [IL.8]. In the absence of interaction, we obtain

D(Io)jj (z,2'5iQ)

) e 0 g ) o 1A g
G Lo (@@ iw + 1) G s gy (@ 2300) = G gy o (827510 + 800) G g iy g ) (@ 75 i0)

0 . ) , : 0 .
+G( )’J (R])(x,:c;szer )G(R; (.5 (& s zw)JrG(RJ (o) (@ T iw + iy )G( ) (g (@ T3iw)} (2.58)
The first-order correction to the D-kernel due to the interaction is given by

Dl -,(x x'57)

S g / ar / a7 (T Wy )b (2 7) - — 5 0 (0 7)o (7)1

w,u’=1
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X [y (2, 000m (@, 0) s = 9] (@, 0)ry(2',0) ] ¥ (@7 Wora(e 7)) (@ 7 Ypw (@, 7)) (2:59)
At variance, the second-order contribution is given by
D{Q)’j’j,(x,x" 7)

K B
= 5 E E Gu,u' Gs,s’ / dxlde/ dTldT2
0

=1s,s'=1
X (T-[: 1/113](90 TR (2,7) = ] (@, m)n (@, 7) [ bk (@, 000 (2, 0) s = 1 ] (2, 0)¢b o (27, 0) ]
X T/JR7U(»’U1,71)¢R,u(Z‘1,T1) : w27u/(x1,7'1)¢L,u’(xlaTl) F 1#;[3,5(362772)1/11%75(962772) i ¢L,Sr($2’7’2)¢L7s'(332,7'2)(2~60)

Let us, now, start to systematically compute the various corrections making use of the Green’s function of Appendix

[I1.7]. For the unperturbed result, in the zero temperature limit (see Eq. [2.200] in Appendix [I1.8]), we obtain the
standard result

62 €,e
Gjgr = 5= {—0iar + 155512} (2.61)

where the scattering matrix is evaluated at the Fermi level.
For the First-order corrections, let us set X, X’ = L, R. A straightforward application of Wick’s theorem yields
(denoting, for simplicity, (z,7) with w, (2/,0) with w’, (z",7") with w")

(Tr 2 gl @) (w) sk s (w)x () 3 0 (@ )R (@) 3 0] (0 ) () )
= G 100 @ WG iy (0 0GR 1y (0 0G5y (0 w0)

=GR @GR 1y (@ )G ) g (0w )CR (0 0)
=GR 0GR gy (0 )G gy (W )GR ) ()

=GRy 0 0GR . x0y (0 0GR gy (00 )Gy y (0w

) L Al0) / ©) .
+ GR (@ 0GR 0y (W 0GR 1y (@ WG ey (w00

0 Gl ’ (0) (0)
= G (a0 G Loy 0y @ 0GR o (050 )Gy x

)
)
=GR 2y @G (W W NGR 0y (W WNCR, (W)
0 )
+ G Ry (00 VG iy 0y (W 0GR o (0w )GER)M);(X’J’)(w )

(2.62)

As a result, in Fourier space one obtains

D(Il);ju (z, ' i€2n) e’v’ Z Guu! Z X+X, 1 Z/ day

u,u’=1 X, X'=L,R w,w’
G(O (@, 2 iw + i€, )G( ) (@', z )G’(O) (21, 21; 0w )G 9 (21,5 iw)
X,5)i(X7,5") (X7,37)5(Rou) LW (Rups(L,un) W1 215 (Lu); (X)L

0 . . 0 . 0 . 0 )
+G§X)j) X', ,)(w,x’;zw+an)GEX)/’j,);(Lyu,)(x’,xl;zw)GEL)wu,);(Ryu)(ml,;Ul;zw’)GElg’u);(XJ)(xl,x;zw)

o o ©) L O) ro
+ CR (R (B T )R ) 1y @121 89V oy 0 g0y (@1, 7 3 80)GR oy, (Xj>(“” T3 1w — i)
0) 0 o 0 4 . .
+ G (@ TG ) 01y (@12 3 89)C(R0 o 1y (21380 = )G gy (@1, 2300 — i)
0 . . 0 4 .
=GRy (2:13100)G ER)vn ey (@1 238 = I0)GR o1 (@ ’xl?“")G(L)vu'»(X',j’)(xl’x i+ i)

i (0) ' q (0) "o s :
—|—G(X7]) (Lu)(x z1; zw) (Lu, (Ru)(xl,xl,zw’)G(Ru) (X,,j,)(xl,x,zw)G(X,j)(Xj)(x x;iw — i)

’ ’ . 0 . .
—|—G<X’j) L) (x, xl,zw) Lu, (x, ,)(xl,ac jiw )G(X),j);(R,u)(x , 13w’ — i )GERu (X’j)(acl,x;zw—zﬂn)

0) . 0 . . 0 / . 0 . .
— ngd) (Lo )(x, 1] zw)GEL)7u,);(X7j)(x1, T 0w — lQ")GEX)’,j’);(R,u) (z ,x1; zw')G&%u);(X,’j,)(xl, z'iw’ + an)}2.63)
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FIG. 7. First order corrections to the conductance loop: a) one loop correction; b) vertex correction

Diagrammatically, in Eq. [2.63] we can identify two different set of conductance correction terms: the one loop
correction and the verted correction, both depicted in Fig. [7]. Now, after back-rotating to real frequencies by
substituting €2,, with €2 + in, it is easy to verify that, upon pertinently closing the various integration paths in the
e-space, all the terms at the fourth, fifth, seventh and eighth row of Eq. [2.63] are equal to zero. Therefore, we obtain

. o1 L
Dl asing = Y g Y 0 LY [
o 0

wu/ =1 X,X'=L,R
0 . , 0 . 0 . 0 .

x {GE i (@ @510 + Q)G o (@ 21510 G o (@i )G (@)
0 ) ; 0 ) 0 . 0 .
GEX)J V(X7 )(x, 2w + an)GE)g,’j,);(L’u,)(x' 1] zw)GEL)’u,);(R’u)(acl, 1] zw’)GéR)’u);(x’j)(xl, T;iw)

0 . 0 . r 0 o )

+ GEX),] )i(Row) (x,xl;ZW)GER{U);(L’“/)(IM$1;ZW )G’(L)u,) X, .,)(xl,:zr ;zw)GE)g,J,);(X’j)(x , T lw — 1€)y,)

0 . 0 . 0 ’o. 0 ’ . .
+ G2 @ 015G a1 01380V Gy 60, (018 50 G x5y (@500 = ZQH)}

It is fundamental to observe that all the vertex correction disappeared while the remaining contributions are readily
identified to be given by

i1
D(Il);j’j,(x,x';iﬂn):—62112 Z (—1)X+X Z/ dry

X,X'=L,R w,w’

) i+ i (1) B
{G(X’” (o gy (@ 251w+ i00)0G 3 4y x ) (@ w5 i0)

(1) i (0) o :
+ 6G(X,j);(X/,j/)(x’ xl’ Zw)G(X’,j');(X,j) (-T s Ly lwW — ZQH)} (264)
with G ;2, (X0 )(x’,x;iw) being the first-order one-loop corrections to one of the two Green’s functions of the

conductance loop. The absence of vertex corrections is true also in presence of a forward scattering interaction and
in presence of anomalous contractions. Furthermore, following Ref. [78], we assume that vertex corrections give zero
contribution up to the second order. It follows that, instead to compute the laborious dc conductance correction we
can focus on the perturbative treatment of the Green’s functions only as we will do in the next section.

11.4.1. First order correction to the Green’s functions and renormalization group equations for the scattering matrix

In the following, using the Matsubara imaginary time technique we will compute the first order correction to the
fermions propagators and then to the scattering matrix coefficients in presence of interaction. We will do it in the
Matsubara formalism for a junction that, at the boundary, allows for any possible single particle normal and Andreev-
like processes. Through this approach we will show how to reproduce and extend, to the case of energy dependent
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scattering matrix and in presence of any kind of inter-wire and intra-wire interaction the RG equation of Refs. [37
and 39] for a normal junction; furthermore we will extend the results of Ref. [51] for the NS junction to the case of K
wires allowing for spin-flip and p-wave Andreev processes at the boundary. Another advantage of the formalism we
will develop in the following is the possibility to go beyond the leading log approximation including, in the correction
of the scattering matrix, diagrams of higher order in the interaction parameters. Indeed, a comparison between the
FRG technique and the bosonic approach®! highlights how the first order correction to the S-matrix is insufficient
to gather all the features of systems that involves interaction with Majorana’s fermion at the boundary. Have an
handleable tool able to include sub-leading correction within the RG equation could be crucial for the application of
the fermionic approach of such kind of systems.

Let us take an interaction Hamiltonian of the form of Eq. [2.54] plus Eq. [2.55]. To take them both into account at
the same time the smart approach is to forget for the moment about the wire and interaction indices and add them
only at the end of the computation through the unique substitutions

g— Z 92;a,a’

a,a’
T —T,]
=g
R,Il — R,J?l, a
Loxy — L,x1,d (2.65)

for the forward scattering and

g - = Z gl;a,a’

a,a’
T =T, ]
=5
R, 21 —» R, 21,a
Lt zy — LT, z1,d
R,y — R,x1,d
L.z — L,x1,a (2.66)

for the backscattering term. The starting point is to compute the first order of the Dyson’s series for the normal
Green’s function

L
5G1%% (x,7,2") +g/dx1 /dT1 TL/JR (x,7) : ”QZJ}L{ (x1,7) YR (z1,71) = 1”; (z1,71) YL (T1,71) : ZZJE (x',0)>(2.67)
0

and for the anomalous Green’s function
L B8
5F1({1[), (z, 7, »Tl) = +g/dx1 /dT1 <TT1/1R (z,7): l/fja (x1,71) YR (21,71) = w} (w1, 7)Y (21,71) s YL (x/,0)>(2.68)
0 0

making use of the Wick’s theorem (a detailed computation can be found in Appendix [I1.9]). Discarding all the
trivially zero contractions, in Fourier space, we have the following first order contributions for the normal Green’s
function

5Ggi (z,2',iw)

Q\la

oit a3l
0)

+G5$§z (2,21, iw) G%L (1, 21,9W") G(l?z (21,2, iw)
—&—Gg% (x, 21, iw) G(LOI)% (21,71, iW") Ggg% (1,2, iw)

—&—Gggz (x, 21, iw) FI(%OL) (21, 21,iw) Z:"I(%OL) (21,2, iw)
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+F1(~20L) (2, 21,1W) F}(%OL) (21,71, iw") Gggz (z1,2,iw)
—F](%OL) (2, 21,1W) G%JI)J (w1, 21,iw) NI(%OL) (21,2, iw)] (2.69)

and for the anomalous Green’s function

L
SFY) (2,2 iw) ~ —1—% /dml Z[
J "
—|—GS;?I)% (z, 21, iw) FI(%OL) (21, 21,9W") G(LOIZ (', 21, —iw)
—I—Ggg% (2,21, iw) Gg)z)z (1, 21,9W") Fl(g (21,2, iw)
~Gig) (2,31, iw) Fiy) G (@ 21, —iw)

z,x1,iw) Gy (21,21, W) G(LOI)2 (2,21, —iw)] (2.70)

Substituting the full form of the Green’s functions through Eq. [2.187], a comparison with the the zeroth order normal
and anomalous Green’s functions

e+ik:(x+a:')

1 +i%(w+m/)
/ deS " gee (¢)

270 (e —iw)

~] =

GV, (z,a',iwn) =

%@ (w) 8% (iw) e~ i% (eta') (2.71)

and

+zk(z+w/)
(0) poy_Lge eh
Fpp (w2 iw,) = ; ; (o — i) SO (er)
L i)
27rv/ ‘ (e —iw) 5 (e)
%@ (W) 8" (iw) e~ % (=+2") (2.72)

give us the first order correction to the S¢ and S®" coefficients. Upon restoring the wire indices, for the forward
interaction, Eq. [2.54], through the replacement in Eq. [2.65] and for the backscattering term, Eq. [2.55], with the
replacement in Eq. [2.66] and adding up the two contributions we can write the first order correction in the matrix
form

dS (w, A)

T = S @A) FT (A A) S (@A) + F (A A) (2.73)

where A = D/Dy and the scattering matrix is written in the block form

[ 59¢(w,A) S (w, A)
S(w,A) - = ( Sh,e (w7A) Sh’h (wvA) )

_ See(w,A)  Seh (w,A)
= (Se,h* (—w,A) geex (—w,A) ) (2.74)

and where we defined a ”Friedel” matrix3® of the form
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{ Fo¢(w,A) FeP (w,A)
F(w,A):= (Fh,e (w, A) Fhih (w, A) )
_ Fee(w,A)  F" (w,A)
= (Fe,h* (—W,A) Fre-ex (—OJ,A) ) (275)

with F¢ and F*", K x K matrices whose elements are given by

1 e,e
Fii(w, ) = 2@ [_92;.j,j'3573?/ (@, A) + Y 915.a05.50S26 (w, A)
e,h . 1 e,h e,h
@)= 505 [gz;j,j,sj’j, (@, A) = gr ;55" (w,A)} (2.76)

The current form of the RG equation for the S matrix breaks the particle-hole symmetry of Eq. [2.33]. To preserve
the particle-hole symmetry explicitly we have to modify the equation as

M = -5 (w,A) 1 [FT (A,A) + FT (=A, A)} S (w,A) + 1 [F(AA) + F (A A)] (2.77)
dln A 2 2
This is equivalent to subtracting from the original quartic Hamiltonian a cutoff-dependent chemical potential term”.
Eq. [2.77] applies well to a large class of systems, including the resonant tunneling®® and normal-superconducting
junction®'. In these cases the intrinsic energy dependence of the scattering matrix play a crucial role in the com-
prehension of the physical properties of the system in presence of interaction. Instead, in presence of a structureless
impurity3” 39 the scattering matrix is assumed to be an analytic function, slowly varying on the scale of the Fermi
energy. Therefore, it is possible to neglect the intrinsic energy dependence of the scattering matrix and the RG

equation reduces to

ds(A)
TR FT(A)S(A) + F(A) (2.78)

This simple and elegant equation give us some interesting information on the behavior of the scattering matrix under
the change of scale. First of all we see that

I dS(A)ST(A)
dlnA dln A
T
=S LY+ iy S W
=—S(A)ST(A)F(A)ST(A)+S(A)FT(A) +
—S (M) FT(A)S(A)ST(A)+ F(A)ST(A)
=0 (2.79)

and then that S remains unitary under the RG flow. Indeed, let us call dS the variation of S under an infinitesimal
change of scale. Then

(S +dS) (ST +dST) = ST+ 5dST + dssST
~I+d(SST)
~ 1 (2.80)

Finally, we can easily find the fixed points, corresponding to values of S which do not change under RG flow. Indeed,
to do so, S must set to zero the right-hand term of Eq. [2.78], which implies the condition

S(A)FT(A)=F(A)ST(A) (2.81)
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For K = 2 and K = 3, examples of scattering matrices that satisfy the FP conditions are the ones in Eq. [2.45] and
Eq. [2.46] or for example the matrix

_1 2 2
3 3

Su = § —zé %1 (2.82)
3 3 ~3

that correspond to a system with maximum transparency allowed by unitarity and compatible with time reversal
symmetry. We will discuss it in details in the next Chapter. An important limit of Eq. [2.78] is the case of a junction
of spinless wires without inter-wire interaction; the F' matrix is given by

1

Figr = 1 (95,2 — 95.1) Sj,505,5 (2.83)

Another interesting limit is the junction of spin—% wires, in absence of inter-wire interaction, such that

1
Fljo) 57,01 = 00,0 (952, = 9511 = 95,1,1) 55,3055 (2.84)
valid under the assumption that spin is preserved by the boundary Hamiltonian. Yet, an important remark to make,
before concluding this section, is that, typically, the RG trajectories do not flow all the way down to D/Dy = 0, but
must be cut off at a physically relevant scale D,. As the temperature T = 0, D, typically is the lowest energy scale
available for an excitation of the system. For instance, in a finite-size system of length L, one clearly gets D, ~ vp/L.
At finite temperature T', provided vp/L < kgT (kp being Boltzmann’s constant), it is natural to stop the RG flow
at Dy ~ kgT, to take into account the smearing of the Fermi surface over an energy width ~ kgT.

It is possible to give a graphical interpretation of the first order correction of the scattering matrix in terms of Feynman
diagrams in space-frequency domain. The building blocks to assemble any physical process are the normal and
anomalous Green’s functions in Appendix [IL.7]. In particular we recognize the normal Green’s functions G g j).(r,j)
and G(r j),(r,5) that represent the propagation of a left or right going electron or hole inside a given wire j. In Fig.
[8], panel a), they are pictorially represented as a straight line approaching or leaving the junction. For a left going
particle the line is dotted, while for a right going particle it is continuous; for an hole we will use the same convention
but with the direction of the arrow reversed. In addition we have the normal and anomalous Green’s functions
G(R.,j)i(rL,j)s Flrj)r.j) and F(g )1, that involve a reflection or transmission by the junction of a particle or of
an hole. These processes are shown in Fig. [8], panel b), where the scattering matrix dependence is highlighted.
Combining these blocks with the interaction processes of Fig. [5] it is easy to give a pictorial representation of each
line of Egs. [2.69,2.70]. In Fig. [9] for example the first three lines of Eq. [2.69] are depicted for both forward and
backward scattering. The scattering matrix dependence of these processes can be easily compared with the first three
lines of Eqs. [2.214,2.215]. The space-frequency representation can be easily used for the higher order corrections to
give a real space interpretation of the physical processes.

I11.4.2.  One-loop correction to the bulk interacting constants

It is well known'659:60 that the interaction strengths 915,52 and ga.; ;o are not constant and change in the course of
renormalization. For this reason the RG equations for the S-matrix must be supplemented with the RG equations
for g1.5,;+ and ga,; ;-. The starting point to compute these RG equations is the interaction Hamiltonian of Eq. [2.54]
and Eq. [2.55]; the first order processes contained in it (remembering that the four fermions fields are not exactly
evaluated at the same point x [2.7]) are shown in Fig. [5]. Now, we will compute all the 1-loop processes that contain
a right/outgoing (w1, p1) and left/ingoing (w2, p2) fermion in the initial state and a right/outgoing (ws, ps) and
left /ingoing (w4, ps) fermion in the final state. All the processes are shown in Fig. [10] where: a continuous line
represents a right/outgoing chirality field, a dashed line a left/ingoing chirality field, a wavy line a g, j» or g1,/
interaction. To proceed, we have, first of all, to compute the free Green’s function at imaginary time for right and
left movers, in momentum-frequency domain. Through a Fourier transformation of Eqs. [2.187] we obtain

dj,4'

: (2.85)
VED + W

G(R,j)(Rr.j1 (s iw) = —

Similarly, for left movers:
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FIG. 8. Real space representation of the normal and anomalous Green’s functions involving a) one chirality (G(g,;y;(r,;)s
G(r.jy:(1.j))s b) two chiralities (G (r,jy:(z.s)s Fir.j»y:(.5) and F(rjyr;) ). First two diagrams of panel a) correspond to the
propagation of a right or left Fermi point particle while the last two diagrams correspond to the propagation of a right or left
Fermi points hole. Panel b) represent normal or Andreev reflection/transmission of a particle or of an hole at the junction.

, 0j.5"
Grgsr.gn(priw) = =B (2.86)
It is useful to note that:
G(rj)s(rgn (priw) = =G sy, 1,51 (Piw) (2.87)

Let us start from the Cooper pair channel a)

. dQ [ do , S
M) = (92;193")2/* 5 CR(R) (@ I0)G(L,jr); (1,5 (~Q + p, —iQ) + iw)

2m 2m
=—(92-jj')2/@ @1 L
ha 21 ) 27mvpQ+iQ vp(—Q +p) —i(—Q+w)
s [ 52 [ 1-
~ 2r | 27 Q—ivpQ (Q—w)+ivp(Q — p)

(where w = wy + wa, p = p1 + p2). Integrating in d with the residues method, the two poles Q1 = +ivpQ and
Qo = —iwp(Q — p) + w have to be on different sides of the real axis to have a non zero integral. For p > 0 (for p < 0
the result is the same) such request is satisfied for @ < 0 and p < @ < A/2, where we have introduced the transfer
cut-off A
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FIG. 9. Examples of first order contributions in real space to the RG equations of the scattering coefficient S;.j

FIG. 10. One-loop processes that give a logarithmic contribution to the correction of the interaction constants. First three
diagrams from first row contribute to the renormalization of g, ; ;7 while last diagram of first row and second row contributes
to the renormalization of gy,; ;. Diagrams a), c), d) and e) are the Cooper pair channel while diagrams b), f), g) and h) are
the zero sound channel.

@ _ (9255)° /A/2 dQ — /0 aQ !
33’ 2m » —A/2 2ivpQ — itvpp — w

(92~j j’)2 U%AQ
~~ D 1 2.88
4opm M2 + vip? + ( )
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For the zero sound channel b)
®) dQ ~ .
I, = (92,50)° %G(RJ) r) (@ I0)G (1,511, (Q + P, i + iw)

1
~ (o24) / /QMFQHQ vr(Q +p) —i(Q+®)

1 1
~ (g27) / 21 Q—ivpQ  (Q+®)+ wwp(Q+p)
2
o (o2)" [ vRA (2.89)
dvpT w2+va

(with © = w1 — w4, p = p1 — pa). For the channel c¢), making use of Eq. [2.87], we have

c dq .
11, = (g15.57)° / G(L,ﬁ;(L,j)(QaZQ) (R")i(R.3) (=@ + P, =i +iw)
2 2
dQ . N
= (g13.5)° U o G(RJ (7.3 (@ NG (L jyi(L.5) (=@ + p, =i + iw)
(91:5,5)° U%AQ
R oA | 2.90
dvpm . w? + v2p? ( )

Channel d) it is the same as Hgaj), except for the different interaction strengths

dQ) . . .
H§ )j (925,57 91:4,57 / /gG(RJ);(RJ)(QyZQ)G(L,J");(L,J")(*Q + p, =i + iw)
(92:5,4'9135.5") vpA?
~ 925,591 | 2.91
dvpm e vEp? (2.91)

For channel e) we note that is the same as H;CJ)., except for the interaction strengths

¢ Q . .
Hé’?j:(gl%ﬂ%j’g%j’)/QW G(Ly) L)@, i )G (R jry(rj1) (—Q + p, —i€) + iw)

e 2 A2
~ (915,57 92:5.5") In UFA (2.92)
dvpm w? + v p?

The zero sound channel f) is an interesting one; the fermionic loop inside bring a minus sign and we have K of this
diagrams (one for each wire index inside the loop). It is similar to Hgbj), and gives

dQ [ d _ o
Zﬂm 291“”9“' : /Z/EGW,J‘”);(RJ”)(Q’lQ)G(L,f’);(L,f’)(Q—p,zﬂ—w)

(Z'”gl;','”gl;'/,"’) 2 A2
o T T T m{ vl } (2.93)

dvpm w2 + v4p?

Channel g) and h) are similar to Hy}, without the minus sign and the sum over the wires

dQ [ dQ . .
e = (92;1',]‘91;]‘,]")/%/% (R)i(R.1) (@ I)G (L )52, (Q — P, i — i)

~ _(92.39155) |
- - 22
dopm w2 +vip

(2.94)
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and

N dQ [ do _ I
) = (gl;j,j/gz;j',j/)/ﬁ 5 G(R3:(R) (Q )G (L, jry;(1,57) (@ — P, 162 — ic0)

oGy g2g) | [ vEA
dvpm w2 + v%p?

(2.95)

At this point, the sum of diagrams a), b) and ¢) form a new vertex Hf},, while diagrams d), e), f), g) and h) form a

1
new vertex HE, )j
,

(2 _ (2) (a) (b) (c)
A =gy T 5 + 15 + 115 5
2 2 2
—gpi i+ (92:5.5')" 1, vpEA? T (924.7) I vpA? 4 i)™ vpA?
R dvpm w? + v%p? dvpm w2 + v4p? dvpTm w? + v%p?
(92, j’)2 @ + vip? (91,5 j’)2 v A2
= —go.i i 222 1 A 1 2.96
9254 + dvpm ol o vEp? + dvpm S vEp? (2.96)

)

1 d e f h
1) = g+ 0+l > ) 4ol ol
E

dopm w? + v p? dopm

:—g(l)+(92;3‘,3"91;;‘,3"+91;j,j'92;j,j’>1n[ vpA? } (Zj”gl;j’j”gl;j"j”_92?j’jgl;j’j'_gl?“'g“”j') { vipA? }
7'

UpT w? + vip?

o N (92:.5'91:5.57) n v2 A2 N (Zj” 91:5,57 9155757 — 92:5,59135.,5" —91;j,j'92;j',j') I vEA?
A 4dvpm

w2 + vEp?
In the renormalization group philosophy we ask the 1-loop corrected new vertex function to be cutoff independent
This is realized letting g1,; ;7 and go.; ;- to be energy dependent. That is, are valid the following differential equations:

99255 _ 9 (@)  1® .
T = 3[\ Hj,j/ +H],j/ +H]7]/:|
_ _ 2 2
_ 292550 992550 @* + vip* Lt 9 (9155)" vEA? (915,41)" 2
dvpm  OA w? + vip? dvpm OA w? + vip? dvpm A

(2.98)

99155 _ 0 | 4@ () (f) (9) (h)
aA - aiA H]/7]+HJ/J+ZH]/,] +H]/7] +HJ’,J
=

_ 1 0(gegggsg) [ vEA (92:,5°91:5.5') 2
2UpT OA w? + vip? QUpT A

n 1 9 (ij 915,57 91357,57 — 92:3.59155,3" gl;j,j’92;j/,j’) 1 v%A?
n
qupm oA

o2 + v%ﬁZ
n (Zj” 915,57 915,57 — 92;5,591:5.5" — gl;j,j’QQ;j’,j’> 2 (2 99)
41}F7T A ’

At the second order in the interaction strengths these equations reduce to

2
799255, (91557)
oA upm

w2 + v%p?

(2.97)
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FIG. 11. Additional one-loop processes to the correction of the interaction constants. Diagrams i), 1), m), n) involve an
Umpklapp interaction and are only relevant at half filling. Diagrams o), p) are the not logarithmically divergent third channel
diagrams.

A1 2 (92555 9133.57) + (Zj” 91:3.5° I1:3'5" — 9255.391,5" gl;j,j'gmjzj')
oA 21)]771’

(2.100)

Integrating from a given value Dy such that g1 ;- (Do) = V; ;s (2kr) and g¢2.;. 5 (Do) =V} (0), to the energy scale
E, we obtain the running coupling constants of the systems. Egs. [2.100] are valid only if we assume not to be
at half filling. Indeed, at half filling the Upklapp interaction term Eq. [2.56] cannot be discarded and contributes
logarithmically to the renormalization of forward and backward scattering with the six zero sound diagrams i), 1), m),
n) of Fig. [11], all of them proportional to (93;j’j/)2. Diagrams o) and p) of Fig. [11], called the third channel, are
instead proportional to ga.j jrg2:;,;» and should always be taken into account due to the presence of the interaction
term Eq. [2.53]. Luckily, it is easy to check that they give a non logarithmic correction and do not modify the RG
equations for g1,; ;- and ga.; ;-. In the particular cases of spinless electrons without inter-wire interaction the equations
computed above reduces to

0g; 1
L —(gj1)°

oA 2V
dg; 1
A akl = %(gj,lf (2.101)

From Eq. [2.101] follows that the linear combination (g;2 — g;,1), that appears also in Eq. [2.83] is scale invariant. It
is not the case of spin-é electrons, where the RG equations for the coupling constants reduce to

A% = %(gj,u\f

Aa‘(g% = %(9:}14)2

A% N ﬁ (952" + (971.)°]

Aagéif - ﬁmu 952,10 = g2 + 901 2102

11.4.8. Second order correction and sub leading contributions to the renormalization group equation for the scattering matriz

Solving the RG equation is equivalent in summing over an infinite class of diagrams in perturbation theory’®30

(@)

proportional to (g n j,) (ln D%)) . In the following we will show how the Matsubara formalism described in the last sec-
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3.3
with m > n emerging starting from the second order correction. Being an example we will only consider forward
scattering and assume that no Andreev-like processes are allowed at the boundary. For the second order of the Dyson’s
series we have

tions can be used to go beyond the leading-log correction including the sub leading terms of the form (g(i).,) (ln Do)

L B L B
5G§2 (z,7,2") —|—g22/dx1 /dﬁ/dxg/drg T g (x,7) : ¢E (x1,71) YR (x1,71) == wz (x1,71) YL (x1,71) :
0 0 0 0
Ok (w2, 72) U (2, 72) 5 ] (22, 72) Y (22,72) + 0] (,0)) (2:103)
Using Wick’s theorem, in space-frequency representation we have the following contributions
, L L
5Gg% (x,2',iw) g—z / dxy /da:g
0 0 wi,w2

[~Gh (@, 21,i0) G (01,27 iw) G (w1, 0, iw1) G, (w3, 0, iw2) G} (o, @1, iwn)
—Ggg;% (z,21,iw) Gggi (1,2, iw) G(Lz (21, 2, iw1) GSR% (z2,21,1w1) G(LOI)DL (22, X2, iws)

GggR (z,21,iw) Gfﬁ (21,2, iw) Gggz)% (21,2, iwr) G%}J (22, T2, iws) Gszoz (2,1, iwr)
+G§g1)% (x,21,iw) G(Loz (1,2, iw) Ggﬂ& (21,22, iwr) Gg%z (x2, 21, iw1) G(L(% (22, T2, iws)
+G§g1);€ (,21,iw) ngz (2o, 2, iw) GS%Z (1,21, 1w1) G(LL (21,22, iw) G(LO])% (22, 2, iws)
—Ggl)% (z, 21, iw) Ggg% (2o, iw) Ggﬂ)% (21,22, tw — iwy + iws) Gg)z (1, x2,1w1) G(LOL) (z2, 21, 1ws)
+G$g;{ (z, 1, iw) Gggi (w2, iw) Gg& (21, x2,iw — iw + iws) G(LOI)% (1,22, iw1) Gg)z (z2, 21, 1ws)
+Gigp (@, @1,10) G (22,2 iw) G}, (1, w1, i) G (31,3, i) G (s, 1?2’1'4*12)
—|—Ggg1)% (z, 21, iw) G(Loz (22,2’ iw) Ggﬂ)% (21,29, iw — iwy + iws) G(Loz (z1,22,iw1) G (mg, x1,iws)
—Gg})% (x,21,iw) G(l?z (w2, 2, iw) Ggﬂ& (21,22, iw — iwy + iws) G(LO})% (x1,22,iw1) G (m x1,iws)
—|—ng (2,21, iw) Ggg% (1,2, iw) G(L})% (21,22, iwr) Ggg% (22, 2, iws) G(LOI)% (29,1, zwl)
—l—ng (2,21, iw) GS;?% (1,2, iw) G(Lg (1,22, 1w1) G%R (z2,21,1w1) G(LOI){ (2, x2,iws)
—Gggi (z,z1,iw) G(Log (21,2, iw) Glgl)?/ (z1,29,iw1) G (xg, T, iws) G(LOI)?/ (2,21, 1w
~GRy (0, 21,1w) GY) (1,2 iw) G (1, @2, iw1) G (v, 21, i01) G (Izﬂﬂzﬂw )
—|—G§g}4 (z,z1,iw) Gggz (29,2 iw) ngz)% (21,29, iw — iw1 + iws) G(Loz (z1,29,iw1) G (arg, X1, iws)
—I—Gg;?z (x,21,iw) Gggz (o, 2, iw) ngz (21,22, iw) G(LO})% (1,21, 1w1) G(LOI)% (2, 22, zwg)
_ng (2,21, iw) Ggg% (o, 2, iw) G;& (21, X2, iw — iwy + iws) Gg)})% (21,22, iwr) Gg)}% (22, 21, iws)
+G§gz (2,21, iw) G(Log (2o, 2, iw) Ggw):a (21,29, iw) G(Loz):a (21,21, 1w1) Ggg% (22, 2, iws)

Gggz (z,z1,iw) G(Log (2o, 2, iw) Glgl)% (21, T2, tw — iwy + iws) G(Log (1,22, 1w1) Gggl)i (z2, 21, 1ws)
+G§gi (z,1,iw) G(Log (22,2, iw) G! i (21,22, iw — iwy + iws) G(L])% (21,22, 1w1) GSRR (z2,21,iw2)]  (2.104)

To each of this term correspond a real space diagrams like the ones depicted in Fig. [9] for the first order correction. We

can identify leading-log terms, proportional to g2 In (DQ , corresponding to an iteration of the first order diagrams

and that have already been taken into consideration at each order during the RG procedure. Furthermore we have
non logarithmic contributions, that are small compared to the logarithmic divergent terms and finally sub leading

terms proportional to g2 In ( Do ) that are the ones we are searching for. A comparison with Eq. [2.71] give us the

second order correction to the scattering matrix. The energy dependent case is computed in Appendix [I1.9] while for
the energy independent case, in presence of forward scattering only, the correction reduces to
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055jr ™ {22 D | 933955555 — > 95900 SjarSa i Saw = Y GiarGaarSajr Sj.ar S

a,a’ a,a’

_Zgaagaa’sja’sa]’saa’ +2zzgaagbb’5]a’sb]’5ab’5 ’Sbb’

a,a’ a,a’ bb'

+Zzgaagbb’5 a/Sa]/Sba/Sbb/ a,b’ Zgaa/gaj’s a’Saa/Sa]

a,a’ b,b’ a,a’
1 6D N o
+ 167202 6 + ; gj,a/ga,j/SjJ’Sa,a/ Sa,a’ - ; ; Ga,a’ b,b’ Sj,a’sb,j/ Sa,b’ Sb,a’Sa,b’ (2105)

(we have omitted the redundant electron/hole indices in the scattering matrix coefficients). In absence of inter-wire
interaction (that is g4,¢' = gu0q,a’), We have

5Sj,j/ ~

167202 D +05,5919555.57 Z‘Sjj’gygasjasaj/saa 9195555 5.5 S

- ZgagaS] aSa j/Sa a + 2 Zgagbsj aSb ,J'Pa bSa aSb b
a,b

+ ) 9a95Si.050,5 55,0050 = 9579.5 55,5y 1 Sir it

a,b
1 * *
167202 D +g791’SJ,7’S Sjrg — Zgagb577a5’b7j’sa7bsb,a ab (2.106)
a,b

If we assume the same interaction in all the wires (that is g, = g), we are left with

(2) 792 6D * * *
0855 ® Tor2gz D (039S — Z% 75j.a5a,5'Sa.a = 55,755,355 5 — Si.irSjr S

- Z SiaSai Sha+2Y 850580 b aShs + Y SiaSaShaSs Sy
a,b a,b

g* 0D
167202 D

;0S5 1 Sir i — Z S;.aSb.57Sa6S5.0S0 (2.107)
a,b

It is easy to check that the second order correction to the scattering matrix reduces to zero in the following cases

2 —wire SN : S]J‘ = 1, Sj,j+1 =0
2 —wire SD : Sj,j = 0, Sj,j-‘rl =1
3—wireSny: Sj;=1, S +1 =0
3 —wireS,+ :S;; =0, Sjr1 =1, Sjj+1 =0

S

1 2
Sj,j:l:l = g

3 —wireSy : (2.108)

-3
that are the fixed point for two and three wires obtained through the first order correction but new non trivial and
non universal fixed points depending from the interaction constants can emerge adding up first and second order
contributions.
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II.5. Luttinger liquid approach and splitting matrix implementation of the boundary conditions

In general, the effect of electron-electron interaction is threated using bosonization method. Bosonization is a
mathematical procedure allowing for mapping a system of interacting Fermions in 1 4+ 1 dimensions into a massless
free Boson theory [see for example Ref. [13]]. In this section we introduce the procedure for a system of K spinless
and Spin—% wires. The bulk Hamiltonian of Eq. [II.1] can be rewritten in bosonic coordinates introducing K bosonic
fields @, (z) described by the quadratic Hamiltonian

1 K
HBoso - %Z

Jj=1

da [1 (012; (2))* + vy (9,5 () (2.100)

O\(\

together with the corresponding dual fields ©; (z) related to the ®-fields by the relation

th)j (I) = ’Ujax‘l)j (.Z‘) (2110)

and satisfying the commutation relation

(@ () 0,0 (y)] = 2mid (z —y) 0 (2.111)

such that the bosonic Hamiltonian can also be written as

s
j=1

% ¢
1
= > v /dx a 3, () + (0,9 () (2.112)
0
The relation between the fermionic and the bosonic fields is given by

Yr/L,j (T) = 77R/L7jeiq>R/L,j(I) (2.113)

with the chiral bosonic fields defined as

Pri; = Pj+0; (2.114)

and ng,r,; real fermion Klein factors that ensure the right anticommutation relation between the fermionic operators
in different wires. The total current and density operators

Jj=Jrj—JLj=v; [ Vh @) YRy ()= ¥) (@) Yr (2) 2}
p=pntpL= [0k, @) brs (@) + 5w, (2)ve (@) ] (2.115)

can be expressed in terms of the bosonic chiral fields as

Jryr,j = Fv; (1/2m) 0, PRy 5 (%)
pr/L; =+ (1/27) 0 PRy1,; (2) (2.116)
In presence of an interaction given by Eqs. [2.53, 2.54, 2.55], with only inter-wire terms, that is gg.; j» = 0;;gk;j,

expressing the chiral fermionic fields in terms of the bosonic ones, we can observe that the term proportional to gs;;
has the form

L

94;j5
Hy,5 = Z : /dx PR PL)}

X=L,R 0
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L
= Y 2 [0, @) + 0.0, )] (2.117)
0

and a comparison with the bulk Hamiltonian tell us that the only effect produced by it is a finite renormalization of
the Fermi velocity

v =, + % (2.118)

The other two interaction terms instead mix the left and right sector as

Hy,1g9, = (92;j - gl;j)/dprPL
0

472

L
=2 0) [0 0,00, ) 0200, () (2119)
0

Luckily, the full Hamiltonian is still quadratic in the bosonic © and ® fields and it is given by

7r
j=1 J

1 & i 2, 1 2
2—211] O/dx {g] (0,; (x))” + 7 (0.0, (z)) } (2.120)

with the definitions

91,5 — 92;5
ujgj = vj (1—J J)

2mv;
Uj 9155 — 925
— = [ 1+ === 2.121
gj UJ( * 2mv; ) ( )

where g; = 1 represent the non interacting case. Now it is easy to check that, in terms of the rescaled fields

0;(r) = —0;(2) (2.122)

the non interacting Hamiltonian and the interacting one have the same form. At this point it is useful to define a
new set of chiral fields

Dpip; =0, £0; (2.123)

that are related to the non interacting chiral fields by the Bogoliubov transformation

1 - 5
Pr; = NG {(1 +9;) Prj + (1 —gj) ‘I’L,j}
1 ~ .
;= N {(1 +9;) P+ (1—g)) ‘I)R,j} (2.124)

and satisfying

[(iR/L’i(x, t), i’R/L,j (2, t)] = tinsg(z — 2')d;; (2.125)
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The same procedure defined above for a spinless system can be extended in presence of spin—f electrons. A junction

of K Spin—% wires is described introducing 2K bosonic fields. The doubled number of fields, compared to the spinless
case, is needed to take into account that each wire has now two channels (1 and | channel). Accordingly with the
spinless case, we label the bosonic fields as ®; , (x) and the dual fields as ©; , (x). In analogy with Eqgs. [2.114, 2.116]
we introduce the chiral spin-dependent currents and densities

JR/Ljo = F0; (1/27) 0o PRy1 .0 (7)
PR/Ljo = F (1/27) 0uPR/L 50 () (2.126)

However, it is more appropriate to work in terms of total (charge) current and density and spin current and density,
defined as

JR/Lje(s) = JR/Li4 £ IR/LGA
PR/L.j.c(s) = PR/L.jjt T PR/L.j.1 (2.127)

These quantities suggest to define the bosonic fields

1
Pr/Ljec= NG (®r/Ljr+ Pr/Ljy) = ®je £ O
1
Pr/L,js = NG (®r/Ljr — Pr/Ljy) = js £ O (2.128)

These linear combinations of the spin-dependent bosonic fields describe charge and spin plasmons respectively. In
absence of interactions they are valid fundamental excitations like the original spin-1, spin-| excitations (the same is
true for any new excitation obtained through a canonical rotation of the spin-dependent bosonic fields). However, in
presence of an intra-wire interaction, they correctly describe the spin-charge separation effect®!. Indeed, due to the
inter-channel interaction terms that allows electrons with different spin to interact each other inside each wire, they
represent the correct degrees of freedom to use to map the interacting fermions Hamiltonian into an Hamiltonian for
free bosons. Following Eq. [2.113], it is a straightforward to write the relation between fermionic and bosonic fields
as

VR0, (T) =NR,0; o5[®).ctOj.ct0(P),5+0;.:)]

VL0 () = N g j03 e Oseto(®1.0050) (2.129)

Making use of these rules the bulk Hamiltonian for free fermions is mapped into a sum of two contribution. A term
that rule over the charge sector

1t & ) )
Hope = 1 /0 dx ; L(at@c,j) + (0, @) ] (2.130)
and a term that describe the spin sector
1 f o En
Hopis = /O dz ; [U(atq>s7j)2 + v(axcbw)?] (2.131)

All the previous transformations lead to contributions to the system Hamiltonian that are quadratic in the bosonic
fields. The interaction Hamiltonian shares this property, once one has set to zero the all the terms o< g;,1,1, in which
case, on rewriting Hy in Eq. [2.10] in terms of the bosonic fields, one obtains Hy = Hin,1 + Hint 2, with

Mgy = 3 02 [0 (00,000 - 010,001 + (150 + (0u30)7)

2
= 167
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K L
Hin =y 22 / dz {(9:0;,c(2))* + (8:0;,5(2))? — (9:0,5(2))? — (0:®j,c(x))*} (2.132)
0

L~ 1672
Jj=1

On adding the terms in Egs. [2.132] to the noninteracting Hamiltonian for the charge sector (Eq. [2.130]) plus the
one for the spin sector (Eq. [2.131]), one eventually obtains a bosonic Hamiltonian H that is still quadratic, although
with pertinently renormalized coefficients, given by

1 & L 1
T Y [ o {00507+ 00,07
Jj=1

i= Gje
1 & L 1

b S [ ar {on0.8.@7 + 0,050 (2139
0 i=1 0 9j,s

with

95,1, — 5,2, — 95,2,

UjcGje =0 |1+

4mv |
Y _ [y i~ 9520 — 952 ]
Gj.c L 4mv |
L 9Ll — 9520t g2 ]
Uj sGj,s = U _]- + e ]
. [ . — 0 + g 7
Ys _ |1 = 921l ~ 9520 9521 (2.134)
9j.s L 4o
When g;,1,1 # 0, one can employ the identities
Vb (@Vm5(2) = €100 +052)
U} o (@)1 5(w) — e P (2 =00s (2] (2.135)
to express the total additional contribution to Hiny, Hint,3, as
L K
Hing3 ~ / dz > W; cos[20; ()] (2.136)
0 =
with W; o< gj1,1. To lowest order, the renormalization group equation for W is
aw; { 2 }
=2——|W; 2.137
dr Gj.s J ( )

which tells us that the nonlinear interaction term oc g; 1,1 is irrelevant as long as g; s < 1 and, accordingly, even if
g;,1,1 has not been fine-tuned to 0.

Until now, we focused on the bulk, not considering the presence of the junction. This implies that we are working
with double degree of freedom, keeping both ®; and ©; fields, in the spinless case, or both ®; .,y and ©; .(4) fields,
in the spinful case. To remove the redundant degree of freedom we have to impose the boundary conditions at = = 0.
The standard approach, Refs. [23 and 29|, consists in implementing the boundary conditions in terms of a splitting
matrix that connect incoming and outgoing currents at the junction. In the spinless case it corresponds to set

Jri = My Jr 5 (2.138)

Making use of Eq. [2.116] we can switch this relation with a relation that connect incoming and outgoing field through
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QR =M;;®L; +C; (2.139)
In the following, we will discard the constant vector 8 as it play no role into the physical quantities like the conduc-

tance, the tunnel density of states or the correlation functions. This boundary condition can also be written for the
Bogoliobov transformed chiral fields

‘i’R,i = Mij(i)L,j +C; (2.140)

Assuming the same interaction in each wire, the matrices M and M are related by

- (1+gM-(1-g)I
M= gi—(—gM (2.141)

Let us note that if M is an involutory matrix, M? = I, then

o (1+gM-(1-g)
(1+9)I—-(1-gM
(14 ¢)M— (1 - g)MM
(1+9)I—-(1-gM
(1+9)I-(1-gM
(I+gl-(1-gM
=M (2.142)

In order for the incoming and outgoing fields to satisfy the right bosonic commutation relations, the splitting matrix
must be real and belong to the orthogonal set

O (K) = {MKXK : ZMijki = (Sj)i AN ZMjkMik = (5jﬂ'} (2.143)
k k

and, for a normal junction, must satisfy the current conservation law, ). .J; = 0, that forces the splitting matrix to
satisfy the following constraint

> M =1 (2.144)
j

that correspond to require that the splitting matrix belongs to the generalized doubly stochastic set, D7 (K) where
the condition M;; € R* is relaxed. Likewise, for a perfect superconducting junction, where the total electron density,

>; pi = 0, must be zero at the junction, the current conservation constraint is replaced by

> My =1 (2.145)
J

It follows that, in the case of a superconducting junction, the splitting matrices that satisfy orthogonality and zero
density at the boundary are simply related to the normal case by

MY = —M;, MS™ = —M, (2.146)

A comparison with the scattering matrix approach described before, show us that the intersection between the
boundary condition that can be studied through the bosonization approach (M € O (K)NDY (K)) and the boundary

stoc

condition treated with the fermionic approach (M® € Uy, (K)) is given by the permutation set P.,., (K) that contains
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the only fixed points that can be studied simultaneously by fermionic and abelian bosonization approach. For K = 2
the only matrices that satisfy the orthogonal and current conservation constrain are given by

M1:<(1)?), M2:<(1)(1)> (2.147)

They are the same obtained through the fermionic renormalization group approach and represent a disconnected or
fully healed wire. For K = 3, it is possible to show that orthogonality and current conservation implies that the
splitting matrix rows and columns are given by a cyclic permutation of three real number between —1/3 and 1 such
that their sum and the sum of their squares is one. For a three wire junction we have two classes of splitting matrices,
that satisfy such constraints, and both can be parametrized by a single parameter §. We have:

abc bac
Miy=[cab]|, Mo=|achb (2.148)
b ca cba
where:
a=[1+2cosb] /3 (2.149)
b= [1 — cosh + \/§smo} /3 (2.150)
c= [1 — cosf — \/gsmﬁ} /3 (2.151)
In terms of the Bogoliubov transformed matrices:
i abey
M, = ;é ab |, My=DM, (2.152)
b ¢a
due to the fact that M3 = I and where:
362 -1+ (3g%2+1 0
g 39 =1+ (0" + Deost] (2.153)
3[14 g% + (g% — 1)cost)]
=~ 21— cosb 3gsind
i [ cosf) +/3gsin } (2.154)
31+ g%+ (g% — 1)cosb)]
2|1 — cosf — v/3gsinb
o= 2[1 cosh — V3gsind] (2.155)
31+ 9%+ (92 — 1)cosb)]
The M class (det[M;] = 1) represent the Zz symmetric fixed points, while the My class (det[My] = —1) breaks the

Z3 symmetry. The M; subclass with b = ¢ preserve the time reversal symmetry. For given values of 6 we recover the
permutation matrix depicted in Fig. [4], in particular

2 4
M; (6 = 0) = My, M, (05) =M,-, M (9”) =M, +,

3
47 27
M, (6 =0) =My,, My (6 = 3) = Mpy,, My ( = 3) = My, (2.156)

An interesting splitting matrix, not belonging to the permutation set, is obtained from the M class for § = 7. It
correspond to

3
My @=m)=[ 2 -1 % (2.157)
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and its coefficients can not be expressed as the modulus square of the coefficients of an unitary matrix. For this reason,
the properties of this boundary condition, that is associated with the presence of multi particle Andreev-like boundary
interactions at the junction?®?, can not be studied within the standard FRG formalism. However, in the next Chapter
we will develop an approach that, making use of both fermionic and bosonic coordinates, will allow to describe this
boundary condition in terms of appropriate fermionic degrees of freedom. On the other side the unistochastic matrix

M = (2.158)

OO O =
OO O
OO O

obtained from Eq. [2.82], is not orthogonal and represent an example of fixed point that can be studied with the FRG
approach but is not accessible by abelian bosonization.

For K > 3, it is not straightaway to parametrize the splitting matrices set in terms of a finite amount of parameters
such that the orthogonal and current (or charge) conservation low is ensured. However it can be done performing an
appropriate change of basis. For K = 3, starting from the chiral bosonic fields, let us define the center of mass and
relative fields through the change of basis

- 11 1 - .
Pr/L0 @ 7% 73 Pr/pa _{ ®r/La
Pr/y | = ? —17 02 PriLe | =B Pr/r2 (2.159)
Pr/r11 7% G T Pr/L3 Pr/L3
that means

- 11 1 N .

Pr/La VB V2B Pr/Lo . Pr/L0

Pr/p2 | = ? V2 7(% Pripr | =B Pr/L1 (2.160)

Pr/L3 s 0 - Qr/r,11 PR/ 11

The boundary conditions for the rotated basis is given by the transformation

@’R,o o ‘i’L,o ~ @’L,o
Prs | = BMB” brr | =R| @p; (2.161)
Or 11 Srrr Srrr

The splitting matrix for the interacting rotated basis is then given by

1 0 0
g% —14+(14g%)cos0 2gsinf _ 1 0 \
0 1+g%+(g%—1)cosf 15i-g2+((]g2—%)0039 = (O R ) M class
- . 0 — 2gsinf g9°—14+(14+g~)cosb 1,222
R = BMBT — 14+9g2+(g%2—1)cosd 1+g2+(g2—1)cosh (2]_62)
1 0 0
1 0 ~
0 1(cosd — /3sind) L1(V/3cosh + sind) = ( 0 R ) My class
0 3(v3cosf + sinf) —i(cosf — \/3sind) 2202
that reduces to
1
o0 10
0 cosf —sinf | = M class
0 —sinf cosl 0 Rizez
R = BMB? = ) 0 0 (2.163)
1 0
0 3(cost —V/3sinf) 3(v/3cosd + sinf) | = ( 0R ) M class
0 1(v3cost + sinf) —3(cost —\/3sinb) 2202
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for the non interacting case. The first line and column simply reflect the fact that current is conserved (Neumann
boundary condition on ®g, Dirichlet boundary condition on ©q that is pinned). The superconducting junction
splitting matrices are instead simply given again by minus these matrices (Neumann boundary condition on Oy,
Dirichlet boundary condition on ®g that is pinned).The 2 x 2 submatrices R are rotation matrices for the M; class
(Rl_yQ;EQ = waz =1, det[RLng] = 1) and improper rotation matrices for the M class (Rggmg = RQ’%Q =1,

det[Rggwg] = —1). It is easy to check that this connection between splitting matrices of order K and the proper and
improper rotations of order K — 1

M = B"RB

is true at any order and give us an easy way to parametrize the splitting matrices provided a parametrization for the
rotation matrices. A similar procedure is applied for a junction of spinful wires. Assuming that both total spin and
charge are conserved at each scattering event at the junction, the boundary conditions ca be separately imposed to
charge and spin bosonic fields. This is realized introducing two splitting matrices M)

DPRisc(s) = Me(s)ii i PL.jic(s) T Cie(s) (2.164)
The condition ), Me(s);i,5 = Zj M(s);i,; = 1 becomes a conservation low for the charge and spin currents. Until now
we have described how to implement boundary conditions within the abelian bosonization approach. The next step
to build the flow diagrams of a physical system consist in the stability analysis of each boundary condition. This can
be performed through the delayed evaluation of boundary condition (DEBC), developed by Ref. [82] and applied to
junctions of two and three quantum wires in Refs. [29 and 30]. The basic idea behind the DEBC method is to delay
the choice of the boundary condition until after we write the operators corresponding to the (multi)particle tunneling
processes at the junction. The stable boundary condition is then imposed on the bosonic fields a posteriori, taking
into account the scaling dimensions of the tunneling operators given the different choices of boundary conditions. In
the next Chapter we will give an example of the method applying it to a junction of three spinful wires.

I1.6. Appendix A: Matsubara imaginary-time Green’s function technique

The properties of quantum mechanical systems are described by expectation values that, in general, can be written
in terms of Green’s functions. The method of Green’s function is particularly effective for problem solved through
perturbation theory, like the one we will treat in the following. A retarded Green’s function, in terms of which physical
quantities can be expressed, has the form

Gf{a,B (IL', t; xlv t,) =10 (t - t/) <[A (:L‘, t) ’ B (x/’ t/)]i> (2165)

where the anti-commutator, [, ], = {, }, is for fermions and the commutator, [, | _ = [, ], is for bosons operators.
The operator are expressed in the Heisenberg representation as

Az, t) = et A (z) e HE (2.166)

The average (- --) represent a thermal and quantum average given by
)= 23 nl|m) e (2167
Z 4 '
where |n) and E, is a set of eigenstates and eigenvalues of the Hamiltonian, 8 = 1/KgT and
7 — Z e PEn (2.168)

is the partition function. When the interaction Hamiltonian is time independent, the Green’s function is invariant
under time translation and then it does not depend on ¢ and t' separately but only be their difference ¢t — ¢/; in
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this case is useful to move back and forth the space-time domain and the space-frequency domain through a Fourier
transformation

+oo
1 . /
GE (w2, t—t) = > / dwe (1=t )Gﬁ’B (z,2",w)
—oo
+oo
G (2.2 w) = / dt— )= )GE (@, a b — 1) (2.169)

In order to simplify th computation it is convenient to make advantage of the Matsubara imaginary time formalism.
We define the imaginary-time Matsubara Green’s function as
Gap(z,m52',7") = (T A(z,7),B (2, 7)) (2.170)

where T is the imaginary-time ordering operator

A(x,7),B (2,7 T>17

T.A(z,7),B (', 7') =
(@,7), B, 7) {$A(x,7),B(x’,T') T<T

(with minus sign for fermions and plus sign for bosons) and 7 and 7’ real quantities € [0, 3]. In this formalism the
time evolution is described by

Az, 7)=eHA(x)e ™
Al (z,7) = AT () e™™H (2.171)

Like the retarded real-time Green’s function, the Matsubara Green’s function, for a time independent Hamiltonian,
depends only by the time difference
Gap(z, 752", 7")=Gap(z,2',7—7) (2.172)

Furthermore it satisfy the anti-periodic (for fermions) or periodic (for bosons) condition of the form

Gap(z, 2,7 —7)=FGap (z,2,7 -7 +B) (2.173)

This property ensure us that the Matsubara Green’s function has period 28 and can be Fourier expanded on the
interval [, 5]

1 : /
GA,B (a:,a?/, T — T/) = 5 Z 6_7/9"'(7—_7- )GA,B (:Eaxlvign)
ﬁ nez
+8

1 / d(r -7 e )Ga g (2,27 — 7)) (2.174)

GA,B (1’,1'/,2‘(2”) = 9
-8B

with €, = nm/B. Due to the (anti)-periodic condition we can write

0 B

1 , , . ,

Gap(z,2,iQ,) = 3 /dwem”(T_T )GA7B (v, 2,7 —7') + /dweZQ"(T_T )GA)B (v, 2", 7 —1")
-8B 0
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= [+ (_12) + 1] /dweiQ”(T_T,)GA,B (z, 2,7 —7)

where we used e~*¥# = (—~1)". For fermions and bosons respectively only odd and even values of n give non zero
contribution to the Fourier series, so we can write the Fourier expansion as

1 . /
Gap(z, 2, 7—1")= 5 Z eiwn (=7 )GA,B (x, 2,82,

B
Gap(z, 2 iw,) / T—1) “""(T_Tl)GA,B (x, 2’7 — 1) (2.175)
0

where we have defined the so called Matsubara frequencies

(2.176)

2"7“ bosons

{(2";1” fermions

Wy, =

It is worth to note that, in the zero temperature limit, 3 — oo, the discrete Matsubara frequencies become continuous.
The key ingredient of the Matsubara imaginary-time formalism is that it is possible to relate the retarded Green’s

functions and the Matsubara Green’s functions through the analytic continuation procedure that consist in the

replacing iw, — w + in. Indeed, in the space-frequency domain, resorting to the Lehmann representation, we can

write (respectively for fermions and bosons)

n|Aln') (0'[Bln)  _sm, —BE,
GAB(IQS an - Zzn an+E —E (6 7(:!:)6 )

Aln'y(n'|B|n) , _ _
Gh § (] BE. _ BB 2.177
Ap (@ w) == o1 E, —En'"i‘“?(e (F)e ) (2.177)
from which it directly follows

G g (2,2, w) = —iGap (z,2,iw, = w + in) (2.178)

I1.7. Appendix B: Normal and anomalous Green’s functions

To compute the Green’s function correction, the starting point are the left and right going fields of Eq. [2.3] that
in the Schroedinger representation are

qu)] \/»Z ’7 1lmc
Yr; (@ \/Z 1 (k) etk (2.179)

with the right and left going modes related to each other through the scattering matrix S of Eq. [2.31]

K
ar.; ( Z [Se % (ex) arj (k) + Sj]h, (ex) aTL,j, (—k;)] (2.180)

Annihilation and creating operators satisfy



(al, (k) vy (K)) = 8550k f (er)
<aL,j (k)al (k’)> = 08;,j: 0k [1 — f (ex)] = 6,7 Ok f (—€)

where f (k) is the fermi distribution function. Propagating at imaginary time 7, we obtain

and

ij z, T \/ZaRJ zkw—ekr

wL y 93 7_ \[ Z ar, j 72k176k‘r
wR] x, 7_ \[ Z a’R] 7ka+ek‘r
,(/}L y x, 7_ Z aL j +ik1‘+ek7’
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(2.181)

(2.182)

(2.183)

for the complex conjugate fields., with e, = vk. From Eqs. (2.180, 2.181) we can compute the following expectation
values involving different chiralities

(abs Ry any () =37 (ab ; (k) [ S5 () as () + 857 ()l ()]

(ab s (0) [S5 () ary ()] ) = 575 (1) B f ()
(amy () al, (K)) = D7 ([S55 () ars )+ 5 (@) al (=Bl (k)

([S55 () argr ()] al ;o (K)) = 575 (ex) G [1 = £ ()]
(aboy W ang () = 30 ([S55" (@) al s (B) + S5I™ (en) as (=k)| an g (K) )

<[5;,}€,* (ex) al, (k)} ar,j (k/)> = 5557 (er) O f (er)
(as.s (k) al; (K)) = > (ans () [S557 (eh) ab, (W) + S5 () ans (1))

7

<am [ k’>}>=S§a’} (k) B [1 =  (c)]
(an,; (k) ar; <k’>>=2<[5;f<ek>am<> + S50 () al ()] azy ()

([S53 (er)al g (=R) @ gr (K)) = S5 (k) bn, s f (—ex)
<aTL,j (k) aJ}r{,j’ (k‘/)> = Z <a2,j (k) [Sj;i* (€%) a}yi (k') + S;}Z* (€)) ar; (—k")}>

<éLj (k) [ () an (<R)] ) = S5 (=€) b f ()
<a;z,j (k) aTL,jf (k,)> = Z < [S;-)’f* (ex) ay, ! i (k) + S5 (e k) QL. (—kz)] aTL,j/ (k’)>

%



42

([Sch @) an.g ()] af 0 (K)) = SE0" () B i [1— £ (~ex) (2.184)

that will help us to compute the single particle Green’s functions. Let us not that, due the presence of Andree-
like processes a the boundary, we have to compute not only the ordinary Green’s function involving a creation and
annihilation operator but also anomalous Green’s functions that describe the annihilation or creation of two particles.
In particular we have to compute

O(r—1) <¢X7j (z,7) w;,,j, (x',T')> —-0(r'—1) <¢;(/7j’ (', 7") ¥x (3377')>
O (7 =) e, (7)1 (7)) = O/ =) Gy (&7 o (2.7)
O(r—1) <1/J;(7j (x,7) d);{,J/ (x',T')> -0(r'—1) <7/’;</,j/ (@', 7) 77[’;(,3' (1777')>(2'185)

Gx jyx g (@, 72", 7)

Fix jyixe g (@, 72", 7")

Fix jyxe g (@752, 7")

In the Matsubara frequency-real space representation, using Eq. [2.175] (that holds also for the anomalous Green’s
functions), and

[e(mn_ew N 1} (L= flal=-1 (2.186)
we have
) 1 efik(a:fm')
G(ij)?(LJ’) (xvxlvlwn) = 1 Z (e —iw )6j,j’
k n
) 1 e+ik(l—»L/)
G(R.j)i(R.5") (2,2 iwy,) = 7 Z (o —iw )JM,
k n
. 1 e_ik(m‘”/) .
G(L,j);(R,j’) (J?,J?/,’Lwn) = 7 Z (ﬁk —iw )S]e/,:e] (6 )
k n
etk
Gryr.gn (@2 siwn) = 7 D (e — ) 30" ()
k n
F(ij)§(Laj') (xaxlaiwn) - O
Firj)(rgn (T, iw,) = 0
) 1 e~ ik(zta’) ol
Fwyrgn (@2 iwn) = 7> o oy i ()
k n
. 1 e+ik(w+$,) ok
Flrywan (@a'sion) = 33 o—os S5 (@)
k n
F(LJ);(LJ’) (2,2 iw,) =0
F(R,j)i(R,j') (J?,Jfl,iwn) =0
- ) 1 e+ik(a:+a:') i
Fepmin (', dun) = 1 Z (er + iwn) i\ (—€k)
k
n . 1 e_ik(x""”l) o B
Fingy(wg (oo ion) = =7 3 (e i) o (k) (2.187)
k. n

These are the normal and anomalous Green’s functions in the space-frequency space used in the main text.
To simplify the notation we define the following quantities

W(La.j%(L’j,) (.T, x/? k) - 5j7j/€_ik(x_xl)
P(R,5);(R,5") (;L', x/’ k) _ 5j,j’€+ik(17x )
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P(L.5);(R.5") (‘Ta .Z‘/, k) = SJG/Z* (Ek) eiik(m+m )

PR L) (T2 k) = 855 (e) e (a+27) (2.188)

II.8. Appendix C: Linear response theory approach to the conductance tensor

In this appendix, we review the linear response theory approach to the derivation of the conductance tensor for a
junction of quantum wires. Let W; be the j-th wire connected to the junction (j =1,...,K). In order to implement
linear response theory, we imagine to connect W; to a reservoir R;, which can either be characterized by the same
parameters as the wire to which it is connected, or not (a typical situation corresponds to W, being an interacting
one-dimensional quantum wire, described as a single Luttinger liquid, connected to a Fermi liquid reservoir®?). For the
sake of simplicity, we assume that the parameters characterizing both the wires and the reservoirs are all independent
of j. In order to induce a current flow across the junction, we assume that each reservoir is characterized by an
equilibrium distribution with chemical potential p; = eV}. This induces electric fields {&£;(¢)} distributed in the
various branches of the junction, which we account for by introducing a set of uniform vector potentials A;(t), one
for each wire, such that &;(t) = —9,.4,(t). Letting J;(z) be the current operator for particles in wire-j and letting
each wire to be of length ¢, we may define the ”source” Hamiltonian Hgource(t), describing the coupling to the applied
electric fields, given by

K 0
Haourslt) = 3 [ 2y (0)7,(0) (2.159)
j=1

Let us, now, denote with Jj,7(x,t), Hsource;1(t) the operators taken in the interaction representation with respect to
the Hamiltonian without the source term. Within linear response theory, the current evaluated at point z of wire-j
is therefore given by

K o L
Ii(z,t) =i Z/ dt'/ de'Dj o (z, t; 2! t") A () (2.190)
jlfl —00 §

with
D jr(x, ;2" t) = 0(t — t')([ ;1 (1), Jyrr (2, )]) (2.191)

Equation [2.190] does generically apply to any situation, whether the wires are interacting, or not, and whether one
uses a fermionic, or a bosonic representation for the Hamiltonian of the junction. An important remark, however, is
that, in any case, the current must be consistently probed outside of the region across which the electric fields are
applied, that is, in Eq. [2.190] one has always to assume that 2 > ¢. Another important formula is the Fourier-space
counterpart of Eq. [2.190], that is

Ii(z,w) = —% j/il /; dz'Dj i (z, 2" w)Ej (w) (2.192)
with
Ii(z,w) = /dtemfj(x,t)
Ei(w) = /dtei“’té'j/(t)
Djj(z,2";w) = /dtempj,j’(%t;x'ao) (2.193)
For a normal wire, the current operator in branch j is given by

Jj = ev {; U @)r (@) : = 0 (@), () ;} (2.194)

An important observation to make at this point is that, on connecting the wires to the reservoirs, we basically assume
a continuity condition for the current operator at the interface. From the microscopical point of view, this appears
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to be the "macroscopic” counterpart of the "smooth” crossover in the interaction strength in real space discussed in
the microscopic lattice model considered in Ref. [41]. It would be also interesting to work out a macroscopic field-
theoretical Hamiltonian describing a ”sharp” interface in the microscopic model, but this goes beyond of the scope
of this work. As specified above, in the following we assume current continuity at the interface, that is, a smooth
crossover in the bulk interaction strength.

11.8.1.  Conductance tensor in the non interacting case

In this section we compute the conductance tensor for a junction of quantum wires in absence of interaction. In
this case, the D-tensor, using imaginary time formalism, is given by

D(IO);j,j’ (x, 2519,

e*v? (0) . . (0) . (0) . . (0) .
~ B D AGW . @230 1) G 1,5 (03100 = Gy gy (00510 + )G oy 5y (3 00)
(0) . ; (0) .: (0) ‘s : (0) . q
+ Gy rgn (@ 2w + an)G(RJ,);(LJ)(Js', z;iw) + G g ). 1.1 (T 5w + ZQH)G(LJ,);(RJ)(x’, T;iw)} (2.195)

Making use of the Green’s function of Appendix [IL.7], for the unperturbed result on summing over w, we obtain

Digy.j.0 (25 10)

_e?? [fle1)f(—e2) — fle2) f(—€1)]
772 Z iy, — €1 + €2

Pxgyxgn (@@ sk e g (@ o k) (2.196)
k1 ks X, X'=L,R

with the ¢ functions defined in Eqs. [4.38]. Therefore, returning to real times with the analytic continuation, we have
Dg)u}j’ (,2";Q)
e*v? [f(e1)f(—e€2) — f(e2) f(—€1)]
DR Z Z

Q+in—e1+ €

P,y x50 (@, ' k1) x s x ) (& w3 k2)
k1 ks X, X'=L.R

¢ /deld@ S [f(e1)f(—€2) — f(ea) f(—e1)]

- —l— :
Q+in—e€ +e

€1 €9
472 P(X,5)5(X7,5") (x,x’; ;) P(X7,5):(X,5) (m’,x; Z)2.197)
X,X'=L,R
We are always assuming = > /. Also, it easy to check that all the contributions from poles of the Fermi functions

cancel with each other. Therefore, on pertinently closing the integration path in de;, we eventually obtain

e? e+ €
DSy (2’5 Q) = “or /dﬁ[f(e‘F D) f(—e) = fle)f(—e— Q)]{@(R,j);(R,g‘/) (%fﬂ/; ) P(R,j"):(R.j) (ffl,w; ;)

v
~ P(R)(L,5") (x, a'; : —; Q) P(L.5");(R.5) (x',ﬂc; ;)} (2.198)

As Q — 0, one obtains
Dg));j’j,(m,x’;ﬂ) — ; /d€¢{_5j7j/ + |S;7’je,(e)|2} (2.199)

4 cosh? (%)
Therefore, the dc conductance tensor is given by

ol; e? I}
Gij = 5o = o5 | de———7—Ad;5 = S75.()*} (2.200)
oVy 2w 4 cosh? (%) 7
Eq. [2.192] remains valid also in the spinful case. The only difference is that the current and D-tensor assume an
explicit spin dependence. The T' — 0 limit dc-conductance tensor, assuming no spin-flip processes are allowed at the
junction, becomes
an’g 62 e.e (2
G(j,a’);(j’,a’) = 8‘/}/70 == 50701% {_|S],j’| + 63’3/} (2201)




45

It is then useful to introduce the charge- and the spin-conductance tensors G., G5, respectively defined as

Gey) = ZGW) Gron o Gaan = D00 Glioyiren (2.202)

which, from Eq. [2.201], implies

e
ey = Guian = — (IS5 17 + 0550} (2.203)

When a weak bulk interaction is added to the junction Hamiltonian we still use Eq. [2.200] in the spinless case and
Eq. [2.203] for the charge- and the spin-conductance tensors by just replacing the "bare” S-matrix elements with the
running ones, S; ;/(A) as discussed in Sec. [I1.4].

I1.9. Appendix D: First and second order scattering matrix corrections

11.9.1.  First order correction

Let us start computing the first order of the Dyson’s series for the normal Green’s function

L B
5G5212 (x,7,2") = +g/dx1 /dﬁ <TT¢R (x,7): 1”3 (x1,7) YR (21, 71) = ¢z (x1,71) YL (x1,71) : wTL (J;’,O)¢;2.204)
0

Using Wick’s theorem and considering that, due to the normal ordering within each chiral density operator,

Gg?)x (24, Ti, 24, 7;) = 0. We have

L B

0G%), (x,7,2') =+9/d$1/dﬁ[
0 0
+GO) (2,70, m) Gy, (w1, 71,00, 71) G (1,7, 0, 0)
+GW) (2, 7,21,7) GL (21,71, 21,7) G, (21,71, 2",0)
+GY), (@, w1,m) Fly) (w0, 7, 0,m) Bl (21,71, 27,0
+F) (z,m,21,m) Fly) (21, 71,20,71) G, (21,71, 2',0)
—FS) (z,7,21,m) G (21,71, 21,71) FS) (21,71, 2',0))] (2:205)

L
5G§R1% (z, 2 iw) ~ +%/dx1 [
0

+GRR (@, 21,iw) G (gcl, z1,iw') G (LO% (1,2, iw)
+GRL (x,21,iw) G (LI);i (1, 71,iw") G 5;?% (1,2, iw)
(0) 7 (2,21, iw) F(L) (21, 21,iw) ~1(%0L) (21,2, iw)
+F1(%OL) (z,71,iw) ~1(-z (w1, 21,1w") G (i(xl,x',iw)
—Fi) (w,a1,iw) G, (21,21, iw') Figp (21,2, iw)] (2.206)

Substituting the full form of the Green’s functions
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5G$A%ﬂm@%+6@%3,Zﬁm§:/II¢A

e+i%(x7m1) 6+i2%zl e 7726—3(:6171')
+ - p ’
(61 —iw) (&g —iw’) (2)
e+L%(Qf+x1) —i22 21
LT e (o) T

(61 —iw)

e+i%(az+zl) e+i2‘—2z1 *75673(:61+I,)
e,e

(61 —iw)
eti T (atz) e—i2% oti B (z1t+a’)
(61 —iw)

+i <t (z+z1) +i22 2y —i%3 (z14a")
PERE) o e £

e, hx € .

and remembering that

x>z >{x;} >0 (2.208)

let us compute each contribution. We obtain

(5ng (2, 2", w) ~ 5 36 (et+a’ Z/d:}:l

O (W) 59 (iw') 25 (=)
10 (—w') 8¢ (iw) S (iw') §°¢ (iw) €2+ (')
—i0 (W) 5%¢ (iw) SN (iw") S&M (—iw) e 25 (w
—i0 (W) §" (iw) S (=iw!) S (iw) e T (+4)
O (W) S9N (iw) 8¢ (iw') S (—iw) e 27 (wHe’)) (2.209)

+w)

If we make the comparison with the zeroth order Green’s function

1 e+ik(m+x’)
G(O) ) n) = 7
R,L (I’ T, 1w ) 1 - (Ek — zw)

1 etis(a+a’) e
%/de (e —iw) 57 ()

%@ (w) S (iw) e % (#12) (2.210)

gee (Ek)

integrating in dz; exchanging the sum over w’ with an integral and letting the integral going from —D to 0 we obtain

€,e g
05° (iw) =~ 2 @m0
0

oL (w+w)71

/deee —iw’) [6 i
)

(w+w')
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0 [62%( w+w)—1}
“p
0 e~ 2% (w—') _
0 o2 (w=e') _
+é du' SE (iw) S (i) S (iw) | (—w) 1}
0 [*%(w w')_1}
B / o’ S (iw) S&¢ (—iw') SEM* (—iw) Py ] (2.211)
“p

Let us analyse term by term the behaviour of the last equation under a change of the cut-off using the Leibniz rule

0
6D/dw1F(w1):F(—D)5D (2.212)
-D

The first order correction to S€°€ is

ce(i N 9 0D
05 (iw) ~ 2(2m)v D
[ =S¢ (iD)

+8%¢ (iw) S (—iD) S9° (iw)
— 8 (iw) S (iD) S (—iw)
—5%" (jw) §&"* (—iD) S%° (iw)
+8¢" (iw) §¢¢ (iD) S¢M* (—iw)] (2.213)

Let us restoring the wire indices, for the forward interaction, Eq. [2.54], through the replacement in Eq. [2.65] that
means

1 4D
2(2m)v D
[ 92JJ’S , (iD)
+ 3 0w STG (iw) ST (—iD) SO, (iw)

a,a’

—ZggaafS (iw) Sgar " (iD) 8% h*(—zw)

a,a’

65575 (iw) =

7292(1(1/5 )SZ:Z/* ( ZD)S (zw)
+Zgzaa,s (iw) SC&, (iD) SOb* (—iw)] (2.214)
while for the backscattering term, Eq. [2.55], we have to make the replacement in Eq. [2.66] that means

L oD
2(2m)v D

— 915,005,556 (iD)

0555 (iw) =~
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+3 " Griaw S5 (iw) See* (—iD) S5 (iw)

a,a’

- Zgl sa,al J a’ ’LLU) SZ;fLa (ZD) SZ:?/* (—iW)

a,a’

_z:gl;a,a/s_;7 ZUJ) SZ Z’* (_ZD) See ( )

a,a’
+3 Griaa S5 (iw) S5, (iD) SO (—iw)] (2.215)

a,a’

Adding the two contributions we have the full first order correction to the normal elements of the scattering matrix.
We are at half of the work; now, we have to repeat the full procedure for the anomalous Green’s function, in order to
obtain the RG equation for the Andreev scattering matrix elements.

For the first order of the Dyson’s series, for the anomalous Green’s function, we have

L
SR (a.7.a') =+ [ doy / dry (Trn (2,7) : O (o0, m) b (21, 7m) 5 6] (o1, m) s (o1, m0) < o (@',0)J2.216)
0

Using Wick’s theorem

dTl[

5
T2
&=
—

E
R

8
\_:

I

+

Q
—

&

8

=

O\Q

+GSh (w71, m) Figp (21,11, 20,m1) G (27, 0,21, 71)
—‘rng(l',T,ml,Tl)G(l?I)%(x ,T1,21,71) F 1(;{ (x1,71,7,0)
—GQ) (x, 7,20, 70) gy (21,71, 21,71) G (L (@', 0,21,71)
+F1(~20L) (x,7,21,7T1) }% (z1,71,21,71) F L(xl,ﬁ,x 0)
+FO) (2,7, 20,7) G (21,71, 21,71) GO (27,0, 21, 71)] (2.217)

UJ/
—|—GS§I)2 (x, 21, iw) FI(%OL) (21, 21,9W") G(LO]% (', 21, —iw)
—I—Gggz (w,21,1w) Gg)z)z (21, 21,9W") FI(%(E (21,2, iw)
—Gggz (x, 21, 1w) F ©) (!

Ty, 21, iw’) G(LO])% (2,21, —iw)] (2.218)

2
BES

Substituting the full form of the Green’s functions

L 3
SFY (z, 2 iw z+¢/dm / de;
RL( ) ﬂ(271’)3’l}3 / 1; g [

e e i
eJrz,—Ul(wfa:l) e«HZ,—;"wl e (z 711)

Se,h
- (61 —iw) (€3 —iw') (2) (€3 + iw)
+i<l (z421) —i2%2 4, +i<3 (w1+2")
e e v e
ge-e ge.ex Se,h
R P R G Ul pryes Yy por s e )
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+i L (z4x1) 6+i2%z1

+E L Tgeh(ey) 5 (e3) SE¢* (e3)] (2.219)

(62 — iw’)

Let us compute contribution by contribution. We are left with

5F1(%1L) (2,2, w) ~ +F — % (a+e’ Z/dml

W) SO (iw') €2 Hwe)

") 8¢ (iw) 8¢ (iw') SN (iw) 2% (-wte)
w') S¢ (iw) §&" (iw') Se (—iw) %(WW’)
W) SN (iw) SN (—iw') SN (i) e~ 25 (w+e)
W) SN (iw) SO (i) S (—iw) e~ 27 ()] (2.220)

8

e

The comparison with the zeroth order Green’s function

1 +'Lk(w+x )
1

eh6
zk: ek—zw)s (k)

1/dee+v(x_+x)ge7h ()

FI(S)L (2,2 iwy,) =

2mv (e —iw)
%@ (w) SN (iw) e~ % (# ") (2.221)
brings us to
eh (; ~ g
OS5 (iw) ~ *3 (2m)v
0 , e2 = (w+w ) _ 1:|
0 |:e2%(7w+w') o 1:|
- / dw' S° (iw) S (iw') geh (iw) =)

-D
0 [6—2%(w—w/) _ 1:|
+ / dw'§%¢ (iw) S&" (—iw’) S©°* (—iw)
-D
0 |:6—2%(w—w/) _ 1:|
+ / da SO (i) SO (i) S (i)
—D
0 [672%(w7u}') o 1:|
- / dw' 8¢ (iw) 8¢ (—iw') 8¢ (—iw)

—D

] (2.222)

Let us analyse term by term the behaviour of the last equation under a change of the cut-off applying the variation
rule
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C,h ZW g 52
95 () ~ 5t
[ +8¢h (iD)

(
+8%€ (iw) S (—iD) S" (iw)
—5%¢ (iw) SN (iD) §4°* (—iw)
—S5h (iw) S&M* (—iD) §&h ( jw)
+8%h (iw) §¢ (iD) S¢¢* (—iw)] (2.223)

Let us restoring the wire indices, for the forward interaction, Eq. [2.54], making the replacement in Eq. [2.65], we
have

e,h 1 62
0855 W)~ 3550
[ +92, J/S ( )
+Zg2 aa S5 (i) Soe (—iD) SgP (iw)

—Zggaa/S (iw) SEh (iD) 85’57 (—iw)

a,a’

—Zgua/ D (iw) ST (—iD) SET (iw)

+Z 20,0 S50 (iw) 825, (iD) S5 (—iw))] (2.224)

a,a’

while for the backscattering term, Eq. [2.55], with the replacement in Eq. [2.66], we have

_ L b
2(2m)v D

[+g1,]’JS . (iD)
+Zglaa/ < (iw) Seo (—iD) 55", (iw)

eh (. ~
655 (iw) ~ —

- Zgl S50 (iw) 8" (iD) ST (—iw)

- Z Jraa S5 (iw) SO (—iD) G, (iw)
+ Gl SSE (iw) S5°, (D) SECT (—iw)] (2.225)
a,a’

Adding the two contributions we have the full first order correction to the Andreev elements of the scattering matrix.
At this point putting together Eqs. [2.214,2.215,2.224,2.225] and back-rotating to real frequencies we obtain the first
order correction used in the main text.

11.9.2.  Second order correction

In this section we will compute one by one all the second order contributions the scattering matrix for a normal
junction. Starting from the second order of the Dyson’s series we have

B
ng (x,7,2") %/ /dT /dxg/dTQ <TT@[JR (x,7) : ’t/)}; (z1,71)Yg (x1,71) = ’(/Jz (x1,7) YL (21, 71) :
0

0
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L (22, 72) YR (02, 72) = Y] (w2, 72) Yr (22, 72) 1) ($/,0)> (2.226)

that using the Wick’s theorem and ignoring for the moment that, due to the normal ordering within each chiral
density operator, Gg?)x (i, Ty, 1) =0

0
Gg:(c)I)J (z,7,2,0) 521),—{ (z,7,21,71) Gg} (z,7,21,71) Gg-‘(z)l)-‘z (z,7,29,T2) G (x T, T2, Ta)
Ggg%(l‘l,Tl,.’L‘ 0) Ggg;{(xlyTlathl) Ggg%(xl,ﬁ,xl, 1) GRR(J)l,Tl,IQ,Tg) %L(xl,Tl,.’Eg,Tg)
G(Log (z1,71,2,0) Gg)l)%(x JT1,T1,T1) ngz(:zz T1,T1,T1) G(Logz(m ,T1,T2,72) G (Lz (x1,71, T2, T2) (2.227)
GgL (29, 72,2',0) G (fEQ,’TQ,{El,’Tl) Gg)z (x2, 72,21, 71) GR (z2, T2, 2, T2) Gg,)i (x2, T2, T2, T2)
Gg)L(acg,Tg,x 0) GO (x2,T2,21,71) Gg)g(xg,rg,wl,n) Gg)R(l‘Q,TQ,Z‘Q,TQ) Gg)z (T2, T2, T2, T2) | o cred

we have 5! = 120 terms within the determinant whence we have to remove the disconnected diagrams. This means
that we can remove all the 4! terms contained in

Ggl)%<x1,7-17x177-1) ng (xlaThxlaTl) Ggg;%(xl77—l7x277-2) Ggg% (xlaT17x2aT2)

G() 0 G(LO})z(l” T1,%1,T1) G(Loi(x ,T1,%1,T1) G(LO})%(% \T1, L2, T2) G(Loﬁ(x ,T1, L2, T2) 2998
rr (z,7,2",0) (0) () (0) (0) (2.228)
Grp (@2, m2,21,71) Gy (w2, 72,21, 71) Grp (T2, 72,22, 72) G (T2,72,22,72)
G(LO1)~3($2,727$1,71) G(LO,%(36277'2,3U177’1) G(z?z)%($2>7'2795277'2> G(LO,-Z(HU27T2,JJ27T2)

because it is easy to see that they are completely disconnected. So we are left with 4 x 4! = 96 terms, some of them
still corresponding to disconnected diagrams. Let us expand the determinant

0 Gggj)% (.Z',T,.’I,‘l,Tl) Gggl)/ (x?TamlaTl) GS%OI)% (33 T, 1‘2,7'2) Gg}, (l‘,T,J}Q,Tg)
G&%L(Illevx 0) Gy (x1,m,21,71) G (x1,71,21,71) ng)z(xl»mﬂfzﬁz) GO (21,71, 22,72)
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At this point let us note that if we rename the dummy index (x1,71) = (22, 72), first and third line are the same at
less than an even number of exchanges of rows or columns and the same happens for the second and fourth line. So
that we are left with only 48 terms. The determinant is now
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connected

(2.230)

connected

Using now that contraction at the same position with the same chiral indices are zero and removing disconnected
diagrams, we are left with
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/dffz/de Trpr (z,7) 1/’} (x1,71) YR (21,71) = ZZJE (1, 7)) %L (21,71)
0
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_Ggg% (.’1?,7',.1‘1,7’1) Gg)z ($2,7'2,$ 0) ngl)% (.’1?1,7'1,.%‘2,7'2) G(LL (-’151,7'1,.%'2,7'2> G&%R (x2’7'2,q;177-1)

+G§§% (z,7,21,71) G(Log (22,79,2",0) Gg?% (z1,71,72,72) G(LOI)% (1,71, %2, 72) G%R (29,72, 21,71) (2.231)

for a total of 20 terms. In Fourier space and integrating into the time variables to remove three over five w; sums, we
obtain
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_ng (2,21, iw) Gg)]z (21,2, iw) G%JL (21,29, 4w G%R (z2, 21, iw1) G iR (332, $2, iws)
+G§§2 (z, 21, iw) Ggg% (2,2 iw) G (95 , Ta, tw — iwr + iws) G(Li (21,22, 1w1) G (xz, T1,iws)
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As done for the first order we have to compute each contribution. We have
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Now we can note that first and second line are equal and opposite, 11th line is zero, fourth and 12th lines are equal
and opposite, 18th and 14th are equal and opposite. Comparing with Eq. [2.71] we are left with
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w1 w2

Integrating in dz; and dxs, introducing the wire indices for the forward scattering, exchanging the sum over w; with
an integral and letting the integral going from —D to 0 we have that
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1 { 1 (e%(%l—o—wz—w) — e%(w1+w2)> _ —1 (e%(z*’l‘*'“’?_“’) — 1):|
(w1 +w2) (w1 —w) 2wy 4+ we — w)
0 0
+ / dwr / dw2© (W — w1 +w2) Sjar (1w) O j1Sapr (iw — dwr + iw2) Sy o/ (iw1) Sp.a
“D “D

1 1 (c¥taarwne) _ M=) _ o G )
(w1 —w) [(w1 — w2) (2w —wa —w)

At this point we apply the generalized Leibniz rule

0 0 0 0
(SD / dwl / dng (wl,wg) = / dwlF (wl, —D) oD + / dCUQF (—D,WQ) 0D (2235)
-D -D -D -D

term by term. Let us start from 1st+8th lines, after some manipulations we obtain

933950 ¢ i O [ (2L _
015t + Ogen = 16202 S; i (3D) ) [El ( ey In (w) +1In(D) (2.236)

Using the Puiseux series of Ei(z)

Z’ﬂ

Ei(z) =v+Inlz[+ ) (2.237)
n=1

n-n!

where v &~ 0,57721... is the Euler-Mascheroni constant, we are left with

95,5 935.5" . 6D
4+ =~ s (1D + ... 2.2
515t 68th ].671'2’1)2 SJJ (Z ) [ry ] D ( 38)

where ... stands for non sub leading corrections. Next terms is

Za,a’ 95,5'9a,a’

167202 oD

52nd =

O . . * .

. Sjﬂ’ (_Zwl) Sa,j’ (_lwl) Sa,a’ (_ZD) 2L (2w, —D) _ ,2E(w4w:) _ 2L (w1 —D)

[ dwy e € e +1
(w4 wi) (w1 — D)

0
Sj a’ (ZD) Sa 5’ (ZD) S* (iUJQ) 2L 2L 2L
, , a,a 2L (wy—2D) _ —2:D 2L (wy—D)
/ duws D (ws D) [e e e + 1}] (2.239)

It can not be further simplified without an explicit form for the scattering matrix. Instead, forgetting about the
energy dependence of the scattering matrix we can solve the integrals to obtain

Z 1 94,5 9a,a’ % 0D
Sond = —“%Tsj,a/sa,j/ vt o (2.240)
Next one is
Z 1 95,0’ Ya,a’
Sopg = =22 2~ §D
grd 167202
0 . . * .
[/ dwl Savj/ (ZCU) Sj,a/ (-ZUJl) Sa,a/ (_ZD) |: 1 (6%(0.11*[)) _ ef%D> _ 1 (6%(w1*D) _ 1):|
D (w+w) (w1 — D)

-D
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0

Sa J’ (Zw) Sj a’ (ZD) S ar (iw2) 1 2L 2L 1 2L
_ ’ ’ e,a = (o (we—w) _ ZF(w2—D) Y _ ¥ (w2—=D) _
/ o (we — w) [D (e ¢ ) (wa — D) (e 1)]] (2.241)

In the energy independent case it reduces to

> a,a 9j.aJaa . 2L 6D
03rd ~ _Wsa7j'sj7a'sa,a' |:’}/ +1In (U) =+ :l — (2.242)

Proceeding, we have

0
,al7.a . 1 1 2L _ 2L
Sarh = MQ(SD[—}— / dwy S; 1 (iw) [( <€ L (w,—D) _ 1) B }]
“D

167202 (wp — D) | (w1 — D) v
>0 9j,a95a ., 0D
~ 7W8j‘7j/ (zw) f + (2243)
and
Z 9j,a9j,a
= 70‘ 2 2 D
O5th = G220
0
1 1 2L 2L
2 [ dwnO(—wi —w+ D)8, (i (7<w1*D>—1>——
| é 10 (=1 =+ D) S5 i) s | oy (¢ )
Z 9j,a9j,a . 0D
=~ Wsj’j/ (ZW) 6 + (2244)
The following term is
Za o’ 95,0’ Ya,a’
dpth = ———2———0D
6th 167202
0
Sa,jr (iw) Sj e (tw —iwr +1D) SE , (iw1)
[— / dwl ’
(w1 — D)
-D
[1 (¥ _ o-n)) _ 1 GEE 1)}
(w1 —w) (2w; — D)
0
Sa’j/ (’L(JJ) Sjya/ (iw + 1D — io.)g) SZ af (—ZD)
+ / dCUQ :
(w2 — D)
-D
]. 2L 2L 1 2L
2 (2L (—2D+ws) _ T(7D+WZ)> L ( 2L (_2D+ws) _ 1) 2,94
[D (e ¢ (2D —wy) \° } (2:245)
Forgetting about the energy dependence of the scattering matrix and solving the integrals
Za o’ 9,0’ Ja,a’ * 6D
(56th == WSQJ/S]'@/SG’G/ [] 6 (2246)

We observe no linear contribution in In D. Then we have

Za,a’ 9j,a’'9a,a’

167202 oD

O7en =
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0
[+ / dOJQSa’j/ (ZW) Sj,a’ (zw + iD + ibLJQ) S;,a’ (—ZD)
—D

1 1 2L 2L 1 2L
AL (2(—2D—ws) _ —TD> o ( 2L (_2D—wy) _ 1)] 2.947
e e e .
D {(D+w2)( (2D + wa) ] ( )
that in the energy independent case reduces to
Za a' 95,0’ Ya,a’ oD
Oppp = —————"—8, /8; St i [.] —= 2.24
Tth 1671'2’1]2 S, »J S]» Sa,a [ ] D ( 8)
Again, no linear contribution in In D. The successive is
Za a’ 95,0’ 9a,j’
doth, = ——————"-6D
oth 167202
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(OJ1 - D) (wl - D) ( )

Forgetting about the energy dependence of the scattering matrix and solving the integral

2,0 90’ Ja i’

Sgen, = +2
oth =+ 167202

1
;5752 arSuar [2 + } oD (2.250)

Next

Za,a’ Zb,b/ Ya,a’ Ib,b’

167202 oD
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(@2—-D)D g ¢ e A (2:251)

with no energy dependence it is

Ea a’ Zb b’ ga,a'gb7b’ * * 2L 6D
d10th = + 167202 Sjya/Sa,j/Sbya,Sb’b/Sa’b, |:’}/ +1In (1}) + :| ) (2.252)
Next one is
Z 1 9a,a’ 9Ya,a’
5 ~ a,a ) 5D
11th 1671'2'[)2

0 . . * .
[+/dw Sjar (iw) Sa,jr (iw) Sy 4 (iwz)
? (w2 — D)




[11) (G%WQ—D) _ e%wz—w)) + ﬁ (e%(“’r“’) - 1)}]

Forgetting about the energy dependence of the scattering matrix and solving the integral

Z r Ja,a’ Ja,a’ 6D
) :_%S,G,Sa L 9%, L=
11th 167T2'l)2 Js »J Ma,a [’Y+ ] D
Likewise
Eaa'gaa’gaa
d12¢n & T D
SJ a’ (Zw) ( ) aa’( Z‘D) 2L
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| ; ()]
/ i) a3 (1) 53, (i)
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+/do.)2 JD
g

[(ng—D) (¥l —emP) - (wfl_ ) G _1)]]

that can be reduced to

E 1 9a,a’Ga,a’ oD
1) = 2= " " G S, SF ., ] —
12th 167'('2’()2 7, 1 P a,a [’y + } D
Next one is
E 1 9a,a’ Ya,a’
5 ~ a,a s 5D
13th 1671'21)2
/ " S ar (iw) Sq i (iw )S;,a, (iw2)
- (D +w)

that implies
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) == S S S In | — | —
13th 167202 Js 1" M a,a |:7+ Il( ) ) + :| D

The following is
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Sjar (iw) Sq i (iw) Sy o (tws)
Ouaen > [+ / dion = (w; - D)

1 2L 2L 1 2L
- (we—w) _ Z(we— D)) ( 2 (w2—w) _ 1)
{D ( ¢ (we — w) ¢ }

such that
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5 =
14th 1671202

) 5D
Sjva’Sa,j’ a,a’ [’7 + ] 3
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(2.253)

(2.254)

(2.255)

(2.256)

(2.257)

(2.258)

(2.259)

(2.260)
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The sixteenth is

Za,a’ Zbﬁ’ Ya,a’ 9b,b’

0 ~ 0D
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Forgetting about the energy dependence it becomes
Za a’ be/ ga,a/gb,b/ % " 5D
615th =2 ]_67:('2’02 Sj,a’Sb,j’ a,b'Sa7a’Sb,b’ [’}/ —+ ] 6 (2261)
Next is
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T 27 5D
/ 1
[— / dwaS; o (iw) S j7 (iw) Sq.pr (iw +iD + iws) Sg"a, (=iD) S;b, (iwa) 5] (2.262)
-D
and
Za a’ Zb v Ya,a’ 9b b’ . N 0D
516th = 167721)2 Sj,a’Sb,j’ a7b/Sb,alSa,bl [_1 + } 6 (2263)
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such that
Za a’ ga7a,ga7jl * 6D
617th = _Wsj,a’sa,a’sa,j' ['7 =+ ...] 6 (2265)

We have then

0
. 2aYa.j'Ya.i’ S;,4 (iw) 1 2L (_p_w)\ 2L
518thNW5D[/dw2 ( )(1—6 )-7 ]
D
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>4 Ya.j'Jaj 0D 2LD
N lonzer D W) 1 - = (2.266)
and
Sroun ~v a9t 5, /d H (iw) {1 (D) 1) 4 QL}
167202 v
Z gCL,j YGa N 5D . 2LD
N lenzee p o (W) | = (2.267)
Finally
Za a’ ga,a,ga, '’
52Oth = W(SD
0
[— / dw1Sj,ar (1w) Sqj (iw —dwy +iD) Sy ./ (iwr)
“p

1 1 2L 2L 1 2L
L (2w —D) _ T(wl—D)) _ ( 2L (2w;-D) _ 1)
(w1 — D) {(wl ) (e ¢ (2w; — D) \°

+ / oS (i) Sayr (it + iD — itws) %oy (—iD)
“p

1 1 2L (_ w 2L (_ w 1 2L (_ w
((JJQ__D){D (ev( 2D+ws) _ 5 (=D+ 2))_m(ev( 2D+ 2)_1)]] (2.268)

that in the energy independent case gives no linear contribution in In D

Za a’ ga,a’ga,j’ * 5D
Oo0n = =z 5 S SaSaw ] 3y (2.269)
like
Za a’ Ya,a’Ga J’
1) R e Ly Y D)
21th 167202
0
[-l— / dw© (w + D+ WQ) Sj,a/ (zw) Sa’j/ (iw +1iD + iWQ) Sz,a’ (—ZD)
-D
1 [ 1 (e%%( 2D-w2) _ —LD) ot (e%%( 2D—wz) _ )]] (2.270)
D (D+WQ) (2D+w2)
that is indeed
Z 1 Ga,a’' Ga,j " oD
So1en = ‘“{Tvzjsj, SagrSawr 1] 5 (2.271)

Adding together all the term computed above in both the energy dependent and independent cases gives the second
order correction of the scattering matrix used in the main text.
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III. DUAL FERMIONIC VARIABLES AND RENORMALIZATION
GROUP APPROACH TO JUNCTIONS OF STRONGLY INTERACT-
ING QUANTUM WIRES

Quite a three pipe problem.
Arthur Conan Doyle

In this Chapter, to overcome all the limitation of the fermionic and bosonic approaches we study a junction of
spinful interacting QWs by making a combined use of bosonization and fermionization, that is, we go back and forth
from fermionic to bosonic coordinates, and vice versa, to build ”dual-fermion” representations of the junction in
strongly interacting regimes. In resorting from a bosonic to a fermionic problem, our approach is reminiscent of the
refermionization scheme used in Ref. [84] to discuss the large-distance behavior of the classical sine-Gordon model at
the commensurate-incommensurate phase transition. Specifically, in Ref. [84] the refermionization allows for singling
out at criticality the low-energy two-fermion excitations from the one-fermion ones and to prove that the latter ones
keep gapped along the phase transitions and do not contribute to the large-distance scaling of the correlations. At
variance, in our case it is the second of a two-step process, that ends up again into a fermionic ”dual fermionic” model
for the strongly-interacting system. The guideline to construct the appropriate novel fermionic degrees of freedom is
to eventually rewrite the relevant boundary interactions as bilinear functionals of the fermionic fields. Specifically,
moving from the original fermionic coordinates to the TLL-bosonic description of the junction, we are able to warp
from the weakly interacting regime to different strongly interacting regimes. Therefore, at appropriate values of the
interaction-dependent Luttinger parameters, we move back from the bosonic- to pertinent dual-fermionic coordinates,
chosen so that the relevant boundary interactions are bilinear functionals of the fermionic fields. Our mapping between
dual coordinates is actually preliminary to the implementation of the RG-approach.

The RG-approach formulated in fermionic coordinates, such as FRG, suffers of the limitation that it requires that
relevant scattering processes at the junction are fully encoded in terms of a single-particle S-matrix. While this is
certainly the case at weak bulk interaction, a strong attractive interaction in either charge-, or spin-channel (or in
both) is known to stabilize phases (RG attractive fixed points) at which two-particle scattering is the most relevant
process at the junction®® 2%, Just because of the way it is formulated, the FRG-approach fails to describe many-
particle scattering processes, even after improvements of the technique that allow to circumvent the constraint of
having a small bulk interaction®?®*. Resorting to the appropriate dual-fermion basis allows us to describe within
the FRG-approach also fixed points stabilized by many-particle scattering processes, as well as fixed points whose
properties have not been mapped out within the TLL-framework in terms of a rotation matrix such as, for instance,
the mysterious-fixed point in the three-wire junction of spinless quantum wires studied in Ref. [29] and its counterpart
in the junction of spinful quantum wires. Moreover, in computing the conductance tensor along the RG-trajectories
connecting fixed points of the phase diagram, we show how our approach, while being consistent with the TLL-
approach in the range of parameters where both of them apply, on the other hand allows for complementing the
results of Refs. [25-27, and 30] about the two-wire and the three-wire junction, with a number of additional results
about the topology of their phase diagram and their conductance properties.

III.1. Dual Fermionic variables and renormalization group approach to the calculation of the conductance
at a junction of two spinful interacting quantum wires

To introduce and check the validity of our approach, in this section we discuss a junction of two interacting spinful
quantum wires. This appears to be quite an appropriate place to test our technique: indeed, the two-wire junction
has widely been studied in the past, both within the bosonization approach?® 27, and by means of standard RG
techniques for a weak bulk interaction3”4°. The two-wire junction of spinful quantum wires is described by the
(K = 2) Hamiltonian H = Hp + H; of Eqs. [2.9, 2.10]

For a weak bulk interaction, the most relevant contribution to Hp is given by a linear combination of the operators
Bj.j1),0,(x,v)(0), defined as

B iy .ox.xn (0) = ¥k (001 jr.0(0) (3.1)

with X, X’ = L, R. Assuming equivalence between the two wires and a spin-symmetric and spin-conserving boundary
interaction, Hp can be generically written as
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Hp = Z Z {l7x,x'B(1,2),0,(x,x7)(0) + h.c.] + Z px,x' B j),ex,x(0)} (3.2)
X,X'=L.R o j=1.2

In addition to the contributions reported in Eq. [3.2], terms that are quadratic (or of higher order) in the B’s can in
principle arise along RG-procedure, even if they are not present in the ”bare” Hamiltonian. For instance, the simplest

higher-order boundary interaction terms consistent with spin conservation at the junction, Hy o and Hy 2, are given
by25727

Hzo=Vao D {Bixxnan2 (0B x),a0,2(0) +he}

X, X'=R,L
Hoyo = Vo2 Z {Bx,x1.1,1.2)(0)B(xr x),1,(2.1)(0) + h.c.} (3.3)
X, X'=R,L

II1.1.1. The weakly interacting regime

As it can be shown using the bosonization approach, for a weak bulk interaction, higher-order operators such as
those in Egs. [3.3] are highly irrelevant operators and, accordingly they are typically ignored and one uses for Hpg
the formula in Eq. [3.2]. Physically, this means that the relevant scattering processes at the junction consist only
of one single particle/hole scattered into one single particle/hole, such as those drawn in Fig. [12], panel a. These
processes are fully described by the single-particle S-matrix, for which the renormalization group equations can be
fully recovered using the technique we review in Sec. [II.4]. The symmetry requirements listed above imply that the
single-particle S-matrix takes the block-diagonal form

S(j,0):(5",07) (k) = 05,6 Sj,: (k) (3.4)

with the S(k)-matrix being given by

re ti
S(k) = [tk T}J (3.5)
and r, and t; respectively corresponding to the amplitude for the particle to be backscattered in the same wire,
or transmitted into the other wire. In the following we will pose no particular constraints on the 7;’s and the t’s,
except that, near the Fermi points, they are quite flat functions of k, without displaying particular features, such as
a resonant behavior: accordingly, we assume that the amplitudes are all computed at the Fermi level and drop the g
label (this is a specific case of the general assumptions on the behavior of the S-matrix elements near by the Fermi
surface that we make in Sec. [I1.4]). To write the RG-equations for the S-matrix elements, one needs the F' matrix
which, in this specific case, is given by Eq. [2.84] and has the form

(3.6)

with 3 = 5% (— g1 — 911 + g2 ) Taking into account the symmetries of the S- and of the F-matrix, the RG-equations

27,
for the amplitudes r,t are obtained in the form

d

—dz = g (7’ —r \r|2 - r*t2> = Br |t\2

a 2 i 12

o7 = Bt =Bt -t (3.7)

Equations [3.7] must be supplemented with the RG-equation for the running strength 3, which is given by
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FIG. 12. Sketch of possible scattering processes at a two-wire junction (note that incoming particles from wire j can either be
scattered into the same wire, or into a different wire):

(a) Single-particle/single-hole scattering processes. These are determined by Hiun in Eq. [3.2] and are fully described in terms
of a single-particle S-matrix;

(b) Many-body scattering processes in which one particle/one hole is scattered into two particles and one hole/two holes and
one particle. These processes can be induced by boundary interaction Hamiltonians such as those in Eq. [3.3] and their
proliferation requires resorting to a bosonic Luttinger-liquid description of the junction;

(c) Scattering processes for a particle-particle and for a particle-hole pair. These are again determined by the Hamiltonians in
Eq. [3.3] and are the only allowed processes in the presence of a strong repulsive (attractive) interaction in the spin (charge)
channel, and vice versa. On pertinently defining new fermionic coordinates, they can still be described in terms of a ”single-pair”
S-matrix.

d 1
ch = [2m0)2 {(91,0)" + 2911 (92,0 — g2 + 911} (3.8)

(See Egs. [2.57] for the definition of the bulk interaction strengths g; 1(2),1,9;,1(2),|: here we drop the wire index j as
the interaction strengths are assumed to be the same in each wire.) Equations [3.7], together with Eq. [3.8] and Egs.
[2.102] for the running interaction strengths, constitute a closed set of equations, whose solution yields the scaling
functions r(D),t(D). From the explicit formulas for the running scattering amplitudes, one may readily compute
the charge- and the spin-conductance tensors, using the formulas derived in Appendix [II.8]. As a result, due to the
symmetries of the S-matrix, the charge- and the spin-conductance tensor are equal to each other and both given by

Gu0) =0y =) 1 '] 39)

with G(D) = eﬂ—z|t(D)|2. An explicit analytical formula can be provided for G(D) in some simple cases such as, for
instance, if g1 is fine-tuned to 0. In this case, as it arises from Eq. [3.8], 8 keeps constant along the RG-trajectories
and, therefore, one may exactly integrate Eqs. [3.7] for 7(D) and ¢(D). One obtains

e Ty|D/Dol*”
T Ro+Ty|D/Dol*’

G(D) = (3.10)

with Tp =1 — Ry = |t0|2 and 7o, to corresponding to the "bare” scattering amplitudes in Eq. [3.5]. Another case in
which an explicit analytical solution can be provided corresponds to having g11 = g1 = g1 and g2 = go = g2- In
this case, the set of Egs. [2.102] collapse onto a set of two equations for ¢g; (D), g2(D) which can be readily integrated,
yielding the running interaction strengths

g1
D)y= —F——
(D) 1+%ln%



67

G(D)T/e? & i

06 [ b 0.6 4

04 s 1 0.4 4 4
. .
) <
Y ~_
0z ] 1 0.zf i g
L1128 T T T OO NS S A YV |_|_|_| P e 0.0 b I I I I 1 = e
0 1 2 3 4 i ] Q 1 2 a 4 3 il

In(D, /D) In(D /D)

FIG. 13. (a) Plot of G(D) ws. In(Do/D) as from Eq. [3.10] for 7o = 1 — Ro = 0.4, 8 = 0.35 (purple curve - corresponding to
an effectively repulsive interaction), and 8 = —0.35 (blue curve - corresponding to an effectively attractive interaction), with
Ty = |to|?, Ro = |ro%;

(b) Plot of G(D) wvs. In(Do/D) as given in Eq. [3.12] for To = 1 — Ry = 0.4, ¢1/(2nv) = 0.2, v = 0.36 (purple curve -
corresponding to an effectively repulsive interaction), and 8 = —0.36 (blue curve - corresponding to an effectively attractive
interaction).

g 1 9
D)y=g— =+ -—F"—FF 3.11
(D) =02~ G 5t .11
and B(D) = [g2(D) — 2¢1(D)]/(27v). Once (D) is known, Egs. [3.7] can be integrated, yielding
e [ To[1+2m|2)]*? D/
G(D) = — FTEYE (3.12)
G YA ENEY)

|D/Dol*

with v = (=4 + g2) /(2mv), Ty = |to|?, Ro = |ro[>. As an example of typical scaling plots for G(D) in the simple
cases discussed before, in Fig. [13] we plot G(D)r/e? vs. In(Dy/D), as from Eq. [3.10] (panel (a)) and from Eq.
[3.12] (panel (b)), with the values of the parameters reported in the caption. Consistently with the results obtained
within Luttinger liquid framework?> 27, G(D)r/e? either flows to 0 for an effectively repulsive interaction (3,v > 0),
or to 2 (the maximum value allowed by unitarity), for an effectively attractive interaction (8, < 0). For general
values of the interaction strengths, the equations have to be numerically integrated. In Fig. [14], we provide some
examples of scaling of G(D) vs. In(Dy/D) in the general case. It is important to stress®® that, due to the nontrivial
renormalization group flow of the interaction strengths, the flow of G(D) can be a nonmonotonic function of D for
some specific values of the interaction strengths. It would be interesting to check such a feature in a real life two-wire
junction: remarkably, this prediction is only obtained within the FRG-approach, in which it is possible to account for
the flow of the running interaction strengths, as well.

The possibility of mapping out the full crossover of the conductance as a function of the scale D is possibly the most
important feature of the FRG approach.

111.1.2. The strongly interacting regimes

Yet, since, as we discuss to some extent in Sec. [I1.4], the validity of the FRG technique is grounded on the
assumption that all the relevant scattering processes at the junction are described by the single-particle S-matrix3” 40,
it breaks down when attempting to recover the full crossover of the conductance towards fixed points where multi-
particle scattering is the most relevant process at the junction, such as the strongly coupled fixed point stabilized by
either Hy o or Hp s in Eq. [3.3]?5727. Technically, what happens is that, as soon as boundary operators such as Ha o



68

GD)mle? o el ; / By

o6/ 1 /

In(D /D) In(D /D)

FIG. 14.  (a) Plot of G(D) ws. In(Do/D), obtained by numerically integrating Egs. [3.7,3.8,2.102] for g (Do)/(2mv) =
91,1 (D0)/(270) = g2,1 (Do) /(2m) = 0.3, g2 (Do) /(2m0) = 0, Ro = Ty = 0.5;
(b) Same as in panel (a), but with g, (0)/(27v) = 0.3, as well.

or Hy o become relevant, the proliferation of low-energy many-body scattering processes such as the one we sketch
in Fig. [12], panel b, invalidates the single-particle S-matrix description of the junction dynamics. Nevertheless,
some many-body scattering processes can be strongly limited by having, for instance, a strong repulsive interaction
among particles with the same spin and a strong attractive interaction among particles with the same charge. In
the bosonic framework, this corresponds to having values of the Luttinger parameters in Eqs. [2.134] such that
ge > 2,95 < 1. Indeed, in this limit on one hand, the strong spin repulsive interaction forbids the single-particle
processes described by Hp in Eq. [3.2] (at small values of the boundary coupling strengths 7x x/, ux,x/ this can be
readily seen from the explicit result for the scaling dimension of Hg computed within the bosonization approach,
which is B weak = 1 — i — 2%]5, which becomes > 1, corresponding to a largely irrelevant operator). On the other
hand, one expects that the strong charge attraction stabilizes tunneling of composite objects carrying zero spin, such
as two-particle pairs, as the one depicted at the left-hand panel of Fig. [12], panel c. As a consequence, due to
the fact that these are again one-into-one scattering processes, one expects that it is possible to choose the effective
low-energy degrees of freedom of the system to resort to a single-particle S-matrix in the new coordinates. In fact,
this is the idea behind the dual fermion approach we are going to discuss next. When resorting to dual fermion
coordinates, an important issue is related to whether the vacuum states at a fixed particle number®® for the original
and the dual-fermions are the same. In fact, while dual fermion formalism only captures composite excitations e.g.
two-particle states in the g. ~ 2, g5 < 1-regime, at such values of the parameters, these states are the only ones that
at low energy are effectively able to tunnel across the junction (that is, the only ones whose tunneling is described
by a non-irrelevant operator). So, as long as one is only concerned about states relevant for low-energy tunneling
across the junction (that is, states relevant for the calculation of the dc-conductance tensor of the junction), one can
effectively assume that the fixed-particle number vacuum states are the same in terms of the new (dual) and of the
old fermions. The definition of the dual fermion operators strongly depends on the boundary conditions of the various
fields at the junction. Accordingly, in the following we define different dual fermion operators in different regimes of
values of the boundary interaction, and eventually show that, whenever two different sets of dual coordinates apply
to the same region, they yield the same results, as they are expected to.

Let us begin with the weak boundary interaction regime. Referring to the bosonization formulas of Sec. [I1.5],
this corresponds to assuming Neumann (Dirichlet) boundary conditions for all the ® (©)-fields in Sec. [II.5] and, in
addition, to equating the Klein factors so that ngr s ; = Nrc,j, Vo, j. In this limit, one may respectively rewrite Hy >
and Hs o in bosonic coordinates as

HQ,O = V2,0 COS[@LC(O) — @2’6(0)}
HO,Q = ’U(]yz COS[(I)LS(O) — (1)275(0)] (313)

with vy o Va0,v02 x Vpa. The scaling dimensions of the operators in Eqs. [3.13] are respectively given by
%20 = 2/9c, 202 = 2/gs. Thus, in the regime of a strongly attractive interaction in the charge (spin)-channel and
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strongly repulsive interaction in the spin (charge)-channel, Hs o (Hpz2) may become the most relevant boundary
operator at weak boundary coupling. The strategy of our dual fermion approach consists in defining a novel set of
fermionic fields, in terms of which the operators in Eqgs. [3.13] are realized as bilinears, similar to the B-operators
in Eq. [3.1]. To be specific, let us introduce the center-of-mass and the relative fields in the charge- and in the
spin-sector, respectively given by

Do) (x) = %[‘les) () + @3 0(5) (2)]

Outn () = —=O1ct0(¢) + B2t 0)] (3.14)
and

e@) = 5 [P10(@) = B2t (2)]

Doy (2) = = (61 4(0) (@) — 000 (2)] (3.15)

V2

Next, let us perform the canonical transformation to a new set of bosonic fields, defined as

QC(S) (x) | _ 0 5 0 0 Oc(s)(2) (3.16)
196(5) (x) 0o 0 0 L 'ﬂc(s) ()

V2

It is worth stressing that the transformation in Eqs. [3.16] relate to each other bosonic operators at a given position in
real space. Since the correspondence rules between the bosonic and the (original or dual) fermionic fields, summarized
in Sec. [IL.5], are local in real space, as well, one concludes that, written in terms of dual fermionic coordinates,
the boundary interaction Hamiltonian Hp is still local and that the dynamics far from the junction can be fully
encoded within dual fermion scattering states. Now, assuming g, < 1, g. = 2 + dg., with |dg.| < 1, we see that
gs < 1 makes Hy o strongly irrelevant. This fully suppresses spin transport across the junction and, therefore, we
may just focus onto charge transport, ruled by Hs . In fact, it appears that single-spinful particle-tunneling processes
are already suppressed against two-particle pair tunneling processes as soon as gs < 2/3. As conservation of spin
symmetry implies g; = 1, in order to realize the condition above one may, for instance, think of two coupled spinless
interacting one-dimensional electronic systems (which could possibly realized as semiconducting quantum wires in the
presence of spin-orbit and Zeeman interactions), with a mismatch in the Fermi momenta that prevents the interaction
from opening a gap in the fermion spectrum. The two channels can, therefore, be regarded as the two opposite spin
polarization, although without any symmetry implying gs = 1. To rewrite this latter operator as a bilinear functional
of fermionic operators, we define the spinless chiral fermionic fields xr ;(z), xr,;(x) as

Xy (7) = nry e B@= (-1 @@ +0c() = (-1 (@)

X (@) =n1; e31®c(@)+(=1) ge(2) 40, (2)+(=1) Ve ()] (3.17)
with j = 1,2 and with ng j, 71, ; being real fermionic Klein factors. ”Inverting” the bosonization procedure outlined in
Sec. [IL.5] into a pertinent re-fermionization to spinless fermions, we find that the bulk Hamiltonian for the x-fermions
is given by

L
Hepue = —in'Y / dx {xh;(@)Bexr(x) — X} (2)0exr5 ()
j=1,2 70
L
— umbae 3 / dz s ()xrs (@) x5 @)y (@) (3.18)
j=1,2

with the velocity u oc v. The xr /g ;-fields are the appropriate degrees of freedom to describe pair scattering at the
junction in terms of a single-particle S-matrix. In order to prove that it is so, we note that Hs ¢ can be regarded as
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the bosonic expression for the boundary weak coupling limit of a tunnel Hamiltonian for the spinless fermions, Hc tun,
given by

He tun = v2,0{x} (0)x2(0) + x5 (0)x1(0)} (3.19)

with x;(0) = xr,;(0) + xz,;(0). While the strong spin repulsion sets the spin conductance tensor to 0, the charge
conductance can nevertheless be different from zero, due to zero-spin pair-tunneling across the junction. Once the
RG-flow for the S-matrix elements describing y-fermion scattering at the junction has been derived as we did before,
using the formulas we report in Appendix [I1.8] and the expression of the charge current operator in wire j in terms
of the dual fermionic fields:

Jeg(@) = euv2 {: x§ ;(@)xrj(2) : — : XL (@)xL(@) ) (3.20)

we obtain that the charge conductance tensor scales according to

G.(D) = lw ~G(D)  G(D) ] (3.21)

with

dgc
e To|D/Do| 2
G(D)=— —50a (3.22)
T | Ro + To|D/Dg|™ 2
and the bare reflection and transmission coefficients respectively given by
2
u? — U%,o
Ro=|—5——3
u®+v3
) 2
Uv2.0
To=|——"— 3.23
0 w2+ ”5,0 ( )

In Fig. [15], we plot G(D) versus In(Dy/D) in two paradigmatic cases, respectively corresponding to dg. > 0 and
to dg. < 0. To our knowledge, this is the first example of a full scaling plot of the conductance for a junction of
strongly interacting one-dimensional quantum wires. While, on one hand, this shows the effectiveness of our approach
in describing the crossover of the conductance towards the spin-insulating charge-conducting fixed point, on the other
hand, one has also to prove the consistency of an effective theory strongly relying on the weak boundary coupling
assumption with an RG-flow taking the system all the way down to the perfectly charge-conducting fixed point,
corresponding to the strongly interacting limit of the boundary interaction®* 2. When dg. > 0, the relevance of Hs g
drives the system towards the strongly boundary interaction limit in the charge channel, corresponding to pinning
©c(0) and, accordingly, to imposing Neumann boundary conditions on ¥.(0). Since ®.(0) does not appear in the
boundary interaction, one assumes that it still obeys Neumann boundary conditions and, accordingly, that ©.(0) is
pinned at a constant value. We now prove that these boundary conditions are recovered by taking the strongly coupled
limit of He yun in Eq. [3.19] and using the refermionization rules in Eqs. [3.17]. Indeed, on making the strong-coupling
assumption, |UQT°| > 1, as from Egs. [3.23], one obtains Ry — 0,7y — 1, that is, the boundary conditions correspond
to perfect transmission from wire-1 to wire-2, and vice versa. In terms of the dual fermionic fields, this corresponds
to the conditions

XRr2(z) = e Xr,1(—x)
Xr1(x) = e xp2(—x) (3.24)

with A being some nonuniversal phase. From Egs. [3.17], one sees that Eqs. [3.24] imply Dirichlet boundary conditions
at = 0 for both @.(z) and ©.(z), with the dual fields J.(x), ®.(z) obeying Neumann boundary conditions. This is
exactly the same result one would obtain working in bosonic variables by sending to co the interaction strength v o
in Eq. [3.13]. Due to the strong repulsion in the spin channel, such a fixed point corresponds to perfect transmission
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FIG. 15. Plot of G.(D) vs. In(Do/D) as from Eq. [3.22] for Ty = Ro = 0.5 and for dg. respectively equal to 0.6 (blue curve)
and to -0.6 (purple curve).

in the charge channel, but perfect reflection in the spin channel, that is, it must be identified with the non-symmetric
charge-conducting spin-insulating phase of Refs. [25-27]. To conclude the consistency check, we note that, on alledging

for additional backscattering contributions to He gy, of the generic form MlX%jl(O)XTRJ(O) + M2XE71(O)XTL,(0) (which
play no role at weak coupling) and using again Eqgs. [3.24], one obtains the bosonic operators

He tun ~ pcos [56(0)] (3.25)

with p being some nonuniversal constant. Equation [3.25] corresponds to the bosonic version of the leading boundary
perturbation at the non-symmetric charge-conducting spin-insulating fixed point?®27.

Our approach also allows for analyzing the complementary situation in which g. < 1 and gs ~ 2. In this case,
one expects that the strong repulsion in the charge channel and the strong attraction in the spin channel stabilize
single-pair tunneling processes at the junction such as those sketched at the right-hand panel of Fig. [12], panel c,
that is, tunneling of particle-hole pairs, with total spin 1. Again, for g; = 2, the S-matrix describes single-particle
into single-particle scattering processes, once it is written in the appropriate basis. To select the pertinent degrees
of freedom, we therefore repeat the refermionization procedure in Eq. [3.17], by just exchanging the charge- and the
spin-sector with each other. Of course, charge- and spin-conductance are exchanged with each other, compared to
the previous situation and, accordingly, the flow will be towards the charge-insulating spin-conducting fixed point of
Refs. [25-27]. An important remark, however, concerns the effects of a possible residual interaction, which, as we did
before, can be in principle introduced for accounting for g slightly different from 2. Indeed, a term in the "residual”
bulk interaction Hamiltonian such as the one o g; 1,1 in Eq. [2.10], once expressed in terms of the fermionic fields in
Egs. [3.17] would take the form

H =3 m / Az (X (#)x2.5(®) + XL 5 (@)xn (0)) (3.26)

Jj=1

with m; o< g;,1,1, which would open a bulk gap in the single-x fermion spectrum, thus making the whole system behave
as a bulk spin insulator. Therefore, in order to recover the correct physics of the charge-insulating spin-conducting
fixed point, we must assume that all the g;1 1 are tuned to zero, which is typically the case when resorting to the
bosonic approach to spinful electrons?*27.

As we have just shown, resorting to pertinent dual-fermion operators allows for mapping out the full crossover with
the appropriate energy scale of the charge and/or spin conductance of a junction in region of values of the interaction
parameters in which one is typically forbidden to use the standard weak-coupling formulation of either FRG, or fRG.
In the following, we apply our technique to the spinful three-wire junction studied using the bosonization approach
in Ref. [30], and will recover the full crossover of the conductance tensor in regions typically not accessible in the
bosonic formalism.
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FIG. 16. Sketch of a three-wire junction of spinful quantum wires pierced by a magnetic flux ®.

II1.2. Dwual Fermionic variables and renormalization group approach to the calculation of the conductance
at a junction of three spinful interacting quantum wires

We now consider a three-spinful-wire junction, such as the one we sketch in Fig. [16]. Resorting to the appropriate
fermionic variables, we generalize to strongly interacting regions the weak-coupling FRG-approach. As a result, we
map out the full dependence of the conductance tensor on the low-energy running cutoff scale even in strongly-
interacting regions of the parameter space. Eventually, we discuss the consistency of our results about the phase
diagram of the junction with those obtained in Ref. [30], particularly showing how our technique can be used to
recover informations that typically cannot be derived within the bosonization approach used there. Consistently
with Ref. [30], in the following, we make the simplifying assumption that, in the weakly interacting regime, the bulk
interaction is purely intra-wire and is the same in all the three wires. In fact, while this assumption is already expected
to yields quite a rich phase diagram®, in principle our approach can be readily generalized to cases of different bulk
interactions in different wires, such as the one considered in Ref. [31].

111.2.1.  The weakly interacting regime

For a weak boundary interaction, assuming total spin conservation at the junction, the most relevant boundary
interaction Hamiltonian is a combination of the bilinear operators in Eq. [3.1]. The relevant scattering processes at
the junction are all encoded in the single-particle S-matrix elements, S(; ), (;/,0/)(k). Because of spin conservation,
the S-matrix is diagonal in the spin index, that is, S(; ¢ (j*.01) (k) = 05,0/S;,5(k). Assuming also that the boundary
Hamiltonian is symmetric under exchanging the wires with each other, the 3 x 3 matrix S(k) takes the form

S = (3.27)

= ok o+

t
r
t

o+ 3

(Note that, in Eq. [3.27] we assume that all the amplitudes are computed at the Fermi level and accordingly drop the
index k from the S-matrix elements. This is consistent with the discussion of Sec. [II.4], where we assume that, close
to the Fermi level, the scattering amplitudes are smooth functions of k.) It is worth mentioning that, in writing Eq.
[3.27], we allowed for time-reversal symmetry breaking as a consequence, for instance, of a magnetic flux ¢ piercing
the centre of the junction (see Fig. [16]). This implies that, in general, the scattering amplitude ¢ from wire j to wire
j + 1 is different from the one from wire j to wire j — 1 (¢). From Eq. [3.27] one therefore finds that the F-matrix

elements in Eq. [2.84] are given by F} j; = grc;j,j/, with again 8 = 3 [—g1 — 911 + g2)]. On applying the FRG

o
formalism of Sec. [IL.4], one readily obtains the RG-equations for the iTrrllélependent S-matrix elements, given by

d’l’_ﬁ 2 Tk
¥ {r |r|*r — 2ttr }
dt B

7= 3 [2t r|? +t_2r*]
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df ﬂ 112 2

— === |2t|r ter* 3.28

L s
which, again, must be supplemented with the RG-equations for the running coupling strengths, Egs. [2.102,3.8].
Since, as a consequence of spin conservation in scattering processes at the junction, the S-matrix is diagonal in the
spin indices, the charge- and spin-conductance tensors are equal to each other at the fixed points, as well as along the
RG-trajectories obtained integrating Eqgs. [3.28]. In particular, using the formalism of Appendix [I1.8], one obtains

2 [-RD)+1 —T(D)  —T(D)
G.s(D)=—| -T(D) -R(D)+1 -T(D) (3.29)
T —T(D) ~-T(D) —R(D)+1

with R(D) = |r(D)|?,T(D) = [t(D)|?, and T(D) = [¢(D)|?>. The RG-flow of the scattering coefficients T'(D), T(D) is
recovered by solving the set of differential equations

ar B . R
T3 (5T ~T)(1 —T —T)—TT]
T B - S
= =5 (6T -T) (1 -7~ 1T)~T7] (3.30)

which are derived from Egs. [3.28] by taking into account the unitarity constraint T'(D) + T(D) + R(D) = 1. The
fixed points of the boundary phase diagram are, therefore, determined by setting to zero the terms at the right-hand
side of Egs. [3.30]. From Eq. [3.29] one may therefore recover the corresponding charge- and the spin-conductance
tensors. Borrowing the labels used in Ref. [30], we obtain the following fixed points:

e The [N., Ni] (7disconnected”) fixed point
This fixed point corresponds to having R = 1 and T' = T = 0 which, according to Eq. [3.29], yields

o2 000
Ge=Gs=—1]000 (3.31)
T1000
as it is appropriate for a disconnected junction.
o The x4+ fized point
This corresponds to R =T = 0, T = 1, which yields
001
|Sj,j/|2 =]1100 (3.32)
010
and, accordingly
o2 1 0 -1
G.=Gs=—| -1 1 0 (3.33)
1o -1 1
e The x__ fized point
This corresponds to R =T = 0, T = 1, which yields
010
1S; =100 1 (3.34)
100
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FIG. 17. Renormalization group flow of the scattering coefficients for a three-wire junction for gi,; = 0, 8 constant and equal
to -0.3, and different choices of the initial values of the scattering coefficients:

(a) Renormalization group flow corresponding to T'(Do) = T'(Do) = 0.1, R(Do) = 0.8. The curves corresponding to 7'(D) and
to T(D) vs In(Do/D) collapse onto the single red curve of the graph, while the flow of R(D) vs In(Do/D) is described by the
blue curve. As Dy/D grows, the scattering coefficients flow towards the asymptotic values corresponding to the M-fixed point;
(b) Renormalization group flow corresponding to T(Do) = 0.1,T(Do) = 0.3, R(Do) = 0.6. As Dy/D grows, the scattering
coefficients flow towards the asymptotic values corresponding to the x__-fixed point.

and, accordingly

(3.35)

e The M fized point

This corresponds to T =T = %, R = % and has to be identified with the symmetric®®, or with the Griffith®6
fixed point of a junction of three interacting wires. One obtains

1 4 4
18,50 1* = % % % (3.36)
9 9 9
and, accordingly
5 8 _4 _ 4
e 9 9
Go=Go=" |4 5 330
"9 "9 9

X++ must clearly be identified with the ”chiral” fixed points of Ref. [30], where time-reversal symmetry breaking
is maximum, both in the charge and in the spin sector. Along the RG-trajectories connecting two fixed points, the
conductance flow is determined by Eq. [3.29]. The topology and the direction of the RG-trajectories depend on both
B and on the bare values of the S-matrix elements. 8 scales with ¢ as determined by Eqgs. [2.102,3.8], which makes it
necessary to resort to a full numerical integration approach. A set of simplified situations can be realized, however,
where ( keeps constant along RG-trajectories. For instance, if g1, (Do) = 0, Eq. [3.8] implies that § is constant.
In this case, from Egs. [3.30] one readily sees that, if 5 > 0, the boundary flow is towards the N N-fixed point. At
variance, if 8 < 0 and T'(Dg) > (<)T(Dy), the boundary flow is towards the y; (x__)-fixed point. As an example of
possible RG-trajectories that may be realized in this specific case, in Fig. [17] we plot T(D) and T(D) for 3 constant
and negative, while we draw similar plots in Fig. [18] for constant and positive § and in Fig. [19] for non-constant g
(see the captions for details).

All the analysis we have done so far applies to a junction of three spinful quantum wires for weak bulk interaction.
We now employ the dual-fermion approach to generalize the FRG-technique to regimes corresponding to strong bulk
interactions either in the charge-, or in the spin-channel (or in both of them). See Appendix [II1.4] for a detailed list
of relevant boundary operators for different values of the interaction constants.
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FIG. 18. Renormalization group flow of the scattering coeflicients for a three-wire junction for gi,1 = 0, 8 constant and equal
to 0.3, and different choices of the initial values of the scattering coefficients:

(a) Renormalization group flow corresponding to T'(Do) = 0.35,T(Dy) = 0.45, R(Do) = 0.2;

(b) Renormalization group flow corresponding to T(Do) = T(Do) = 0.4, R(Do) = 0.2. As Do/D grows, in both cases the
scattering coefficients flow towards the N N-fixed point.
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FIG. 19. Renormalization group flow of the scattering coefficients for a three-wire junction for non-constant 3:

(a) Renormalization group flow corresponding to T(Do) = 0.2,7(Do) = 0.1,R(Do) = 0.4 and to gy (Do)/(2mv) =
91,1 (Do)/(2mv) = g21/(Do)/(2mv) = g1,1(Do)/(2mv) = 0.4. For these values of the bare parameters the junction is attracted
by the disconnected fixed point (R — 1 while T,T — 0);

(b) Renormalization group flow corresponding to T7'(Do) = 0.4,T(Do) = 0.35,R(Do) = 0.25 and to gi,(Do)/(2mv) =
0.3, 91,1 (Do)/(2mv) = —0.2,92(Do)/(2mv) = g1,1(Do)/(2mv) = 0.2. For these values of the bare parameters the junction
is attracted by the x4+ -fixed point.

I111.2.2.  Fermionic analysis of the strongly interacting regime at g ~ gs ~ 3

A first regime to which our dual-fermion approach can be successfully applied corresponds to a strong attractive
interaction, both in the charge and in the spin channels. In particular, we assume g, ~ gs ~ 3. According to the phase
diagram derived in Ref. [30] within the bosonization approach, in this range of values of the Luttinger parameters
one expects to find a fixed point where paired electron tunneling and Andreev reflection are the dominant scattering
processes at the junction and, in addition, two fixed points with maximally broken time-reversal symmetry, to be
identified with the x4 and the xy__-fixed points discussed in the previous subsection. To apply the FRG-approach
to this part of the phase diagram, we have to define the appropriate dual fermion coordinates. To do so, let us set
ge = gs = 3. We therefore note that, though, in general, the charge- and spin-velocities u,. and us can be different
from each other, one may easily make them equal by a pertinent rescaling of the real-space coordinate in the charge-
and in the spin-sector of the bosonic Hamiltonian in Eq. [2.133]. As the rescaling does not affect the boundary
interaction (which is localized at = = 0), in the following, without loss of generality, we will assume u. = us = wu.
In choosing the appropriate dual fermion coordinates, we use the criterion of mapping the fixed point we recover in
the strongly interacting limit one-to-one onto those of the phase diagram in the weakly interacting regime. Referring
to the bosonization formulas of Sec. [I1.5], we define the dual bosonic fields ®.s) (), O(s),j(x) in terms of those in
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Egs. [2.130,2.131] as

~ 11 1 9 11

?c(s),l(x) \{E \{g \{‘3’ 1 8 13 (I)c(s),l(x)

(I)c(s),Q(x) @ $ ? _lg 1 3 (I)c(s) 2(1’)

B 3(2) 5 A5 3 3 0 D (s),3(2)

Yc(s),3 — | v3 V3 V3 :i’ 13 1 c(s),3 (338)
(:)C(S)’l(x) 0 -1 1 { 373 @ gc(s),1($)

(?c(s),Q((E) 1 0 -1 { V3 ﬁ @c(s),2(x)

Oc(s).3(7) -1 10 3% 575 503 e()3(7)

Consistently with Eqgs. [2.129], we therefore define the dual fermionic fields as

QZJR 0 () = NR.o je%[éj,c(w)Jréj,c(w)+0(<f>j,s($)+éj,s(I))]

VL0 () = g je 3B =0nc(@)+0(25.0(@)=6;.2(2)] (3.39)

Using Eq. [3.38] one sees that, when expressed in terms of the ® and of the O-fields, the bulk Hamiltonian in Eq.
[2.133] reduces back to the one with g. = g = 1, which, when expressed in terms of the fermionic fields defined in
Egs. [3.39], corresponds to the free Hamiltonian Hy r, given by

3 L N N _ ~
Hop=—iuy > /O dz {0l ;.0 (@)0u015.0(8) = 0L o (@)0a 5.0(2) | (3.40)
j=1 o

Equation [3.40] is the striking result of our technique of introducing dual fermion operators: it is a free-fermion
Hamiltonian which describes a system that is strongly interacting in the original coordinates. Based upon the dual
fermion fields in Egs. [3.39] one may therefore introduce dual boundary operators analogous to those defined in Eq.
[3.1], namely, one may set

Bjj.onx,x0(0) = 0k (0)dxr jr.0(0) (3.41)

and assume that the boundary interaction is realized as a linear combination of the operators in Eq. [3.41] and/or
of products of two of them. In the absence of additional bulk interaction involving the dual fermion fields, or in
the weakly interacting regime, the most relevant boundary interaction term is realized as a linear combination of the
B-operators only. Therefore, the physically relevant processes at the junction are all encoded within the single-particle
S-matrix elements in the basis of the dual fields, S(; 5),(j/,o7)- A nontrivial flow for the S-matrix elements is induced
by a nonzero bulk interaction in the dual-fermion theory, that is, by having ge(s) = 3 + dg.(s), with \5gc(s)|/gc(s) < 1.

The dual interaction Hamiltonian, Hiy can be readily recovered using Egs. [3.38,3.39]. The result is

L
=3 10000 / oD@ + Y Y ssrio | dwtnse @@ (342

j=1 o,0’ j#ji'=1 o,0’

with pr(r),j.0 (%) = ¢R 1o (@VR(L) j.o(2) :, and

2mu(dg. + 9gs) 2mu(dg. — 6gs)
9ji(o,0") = f&w, f&’ﬁ'

8ru(dge + dgs) 8ru(dge — 6gs)
9GiNea) = =g Vo' =g a0z (3.43)

plus terms that do not renormalize the scattering amplitudes. H, int takes the form of the generalized bulk Hamiltonian
in Eq. [2.10]. Given the corresponding F-matrix elements reported in Eq. [2.76], one may derive the RG-equations in
the case in which the spin is conserved at a scattering process at the junction, which implies S'(j,l,);(j/’(,/) = 50,0/5}-7]-/,
and the boundary interaction is symmetric under a cyclic permutation of the three wires, that is, the S’jﬁj/—matrix
elements are given by
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e
S = zg 7t (3.44)
ttrF
Summing over both the inter-wire and the intra-wire processes allowed by the bulk interaction, one obtains
d~ — ~
dil; - <’Y . O‘) (F — |77 — 287}
4 (20 o + (i)
dsl 2
dt Yoo 71212 T\ 2~

with o = g¢;.i)i(0.0)/(2TU), Y = Gji(0,0)/(2mu). Equations [3.45] are equal with Eqgs. [3.28] in the weakly interacting
case, provided one substitutes the (running) parameter § in Eqs. [3.28] with the (constant) parameter v — o. As a
result, the RG-flow of the S-matrix elements is the same as the one obtained for the S-matrix elements. Nevertheless,
due to the nonlinear correspondence between the original and the dual fermionic fields, the result for the conductance
at corresponding points of the phase diagram is completely different. To discuss this point, let us write the current
operators at fixed spin polarization, J; ,(x), in terms of the dual fermionic fields as

Tio()=eu > {px;-10(r) = px,jt10(2)} (3.46)
X=L,R

with j + 3 = j. Using Eq. [3.46], the D-tensor
D(j70)7(j/,0/)(x,x/;w) = 5J,G/Dj7j/(x,x/;w) (3.47)

has the form

62

Djji(wa'iw) = o~ [ dE f(B)[f(-E ~w) ~ f(~E +w)]

{2ei%(w_w/)5j,j' + et @Sy 1P+ 1S ]

X

— @Sy g 4 Gy a] — TSP+ |5j+1,j'—1\2}} (3.48)

Following the approach developed in Chap. [II] one therefore readily derives the dc conductance tensor, which is given
by

Glo)i(0n) = 0a,0'Gjyr (3.49)
with

2
e ~ ~
Gij = 5= {25“/ + 141 + 1Sj-1,51]?

- [5j+1,j'71 + 0141 + 18-+ |§j+1,j'—1|2] } (3.50)

One eventually obtains the spin and conductance tensors

Go(D) = G4(D) = Go — - T(D) (3.51)

with
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o [ 4 —2 -2 (T(D) +T(D))
Go = —2 4 -2| |, T(D)= ~T(D
—-T(D

e (D [(D)
- (T(D)+T(D)) T( ) (3.52)
—2 -2 4 )+

)
(D) ~T(D)  (T(D

and T(D) = [{(D)|?, T(D) = |t(D)|?. The RG-flow of T(D) and of T(D) is determined by Eqs. [3.30], with 3 replaced
by y—a o dg.+dgs. As aresult, for dg.+dgs > 0 the stable fixed point is the ”dual” disconnected fixed point, which we
dub [N, N], as, in bosonic coordinates, it corresponds to imposing Neumann boundary conditions on all the ®; .(4)(z)-
fields at = 0. From Egs. [3.51,3.52] one therefore finds that the corresponding charge- and spin-conductance tensors
are given by G, = G5 = Go. This is absolutely consistent with the result provided in Ref. [30] for g. = gs = 3. Indeed,
from Eqgs. [3.38,3.39] one sees that, resorting back to the original bosonic fields, the [NC, Ns]—ﬁxed points corresponds
to the [D., D,]-fixed point of Ref. [30], with Dirichlet boundary conditions imposed on the relative fields ¢q o5 (z) =
%[(I)l,c(s) (37) - (I)Q,c(s) (CU)] and ¥2,c(s) (:C) = %[(bl,c(s) (‘T) + q)2,c(s) (CL‘) - 2(P3,c(s) ('7;)}7 where the charge- and the spin-
conductance tensors for g. = gs = 3 are equal to each other and both equal to Gjo. To double-check the consistency
between our dual-fermion FRG-formalism and the bosonization approach, we note that, at the [V, Ni]-fixed point, a
generic linear combination of the boundary operators in Eq. [3.41] can be expressed, in the original bosonic degrees of
freedom, as a linear combination of the operators O, ,(0) = n1.2.07p 1,0 € 219i+1.e(0)F05.c (0] =5 [041.:(0)+6;.5 (0] and
of their Hermitean conjugates, which is the result obtained in Ref. [30] by means of a pertinent application of the
delayed evaluation of boundary conditions (DEBC)-technique®®:2°.

When g, + dgs < 0, the [N., N,]-fixed point becomes unstable. As in the weakly interacting case, we see that, if

T(DO) # T(Dy), the junction flows towards either one of the ”dual-chiral” fixed points, ¥4+, X__, with the crossover

of the conductance tensors with the scale being given by Eq. [3.51]. In particular, if T(Dg) > T(Dy), the flow is

towards the infrared stable . -fixed point. This corresponds to R=T= 0,7 = 1. From Eq. [3.51], one therefore
obtains that the fixed point conductances are given by

2| 1 =2 1 2
Go=Gs=— 1| 1 1 =2|= —Q; (3.53)
Tl-21 1 T
By consistency, one would expect that the x4 fixed point should be identified with the x4 fixed point emerging
from the weak interaction calculation of the previous section. However, in order to compare the conductances obtained
in Eq. [3.53] with those of Eq. [3.33] one has to take into account that formula for the conductance tensor derived
within dual-fermion approach applies to a junction connected to reservoirs with g. = g; = 3. Therefore, to make the
comparison, one has to trade Eq. [3.53] for a formula for the conductance tensors of a junction connected to reservoirs
with g. = gs = 1, Gewi, Gsr- As pointed out in?82983 this can be done by means of pertinent generalizations of
Eq. [2.7] of Refs. [28 and 29], that is,

(G060 = G e@swts57) + Crnre(s) 9 (3.54)

2gc(5_>1 Ca (see Fig. [20] for a sketch of the junction connected
Je(s)

us
to reservoirs with generic values of the Luttinger parameter gr).
The result is

with the interface charge (spin) conductance Giy (s) =

-t o1 0 -1
+Q3><} =S -1 0 (3.55)

62
Gc;wl = Gs;wl = = Q; {I
0 -1 1

that is, the same result as in Eq. [3.33]. Similarly, one can prove that the chiral y__-fixed point, towards which the
RG-trajectories flow if T(Dy) < T(Dyg), has to be identified with the y_ _-fixed point of Sec. II1.2.1.
When T(Do) = T(Dy), the RG-trajectories flow towards a nontrivial fixed point, which we dub M, by analogy to

the M-fixed point we found in Sec. IT1.2.1. Such a fixed point corresponds to R = 1/9, T=T= 4/9. Therefore, from
Eq. [3.51], one finds that the fixed point conductance tensors are given by
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FIG. 20. Sketch of a connected junction of K wires with parameters g, u connected to reservoirs with parameters gr,ur,.

4 2 2
e 3,0 0] e
GC:GSZ? KR E?QX (3:56)
3 3 3

Performing the same transformation as in Eq. [3.55], one eventually finds

e? QM - e? 5, 3 %
Gc;wl = Gs;wl = ; in {I + ;} = ? —§ % _45 (357)
5 5 5

On comparing Eq. [3.57] with Eq. [3.37] we now see that, at odds with what happens with the chiral fixed points, the
M and the M-fixed points cannot be identified with each other. While we are still lacking a clear explanation for this
different behavior at different fixed points, we suspect that this shows that, while the conductance at x4 as well as the
X——-fixed points are in a sense universal, that is, independent of the Luttinger parameters (provided one pertinently
takes into account the corrections due to different Luttinger parameters for the reservoirs), the conductance at the
M-fixed point does depend explicitly on the Luttinger parameters. This would definitely not be surprising, as such a
feature would be shared by a similar fixed point such as, for instance, the nontrivial fixed point at a junction between
a topological superconductor and two interacting one-dimensional electronic systems®!. In any case, we believe that
this issue calls for a deeper investigation, which will possibly be the subject of a forthcoming work.

As so far we mainly concentrated around the ”diagonal” in Luttinger parameter plane, that is, at g. ~ g5, we are
now going to complement our analysis by discussing the regime with g. ~ 3, gs ~ 1, together with the complementary
one, g. ~ 1,95 ~ 3.

111.2.8. Fermionic analysis of the strongly interacting regime for gc ~ 3,gs ~ 1 and gc ~ 1,gs ~ 3

We now discuss the ”asymmetric” regime g. ~ 3,g9s ~ 1. In order to recover the whole procedure, we again note
that it is always possible to separately rescale the real-space coordinate in the bosonic Hamiltonian in Eq. [2.133],
so to make the charge- and the spin-plasmon velocities to be both equal to u. Therefore, to actually define the dual
fermion coordinates, let us assume g. = 3,gs = 1. Due to the absence of bulk interaction in the spin sector, we have
no need to transform the ®; ;, ©; ;-fields. At variance, we do trade the fields ®. ;, O, ; for the fields ®. ;,O. ; defined
in Eq. [3.38]. Accordingly, we consistently define the dual fermionic fields as

X0 (T) = g je 3 1250@)HOic(@) 0 (250 (@) 4655 (2))]
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XL () = Nty B (@) =c(@) H0(2. ()65 (@) (3.58)

Again, one sees that, when expressed in terms of the dual fermion operators in Egs. [3.58], the bulk Hamiltonian in
Eq. [2.133] reduces back to the free fermionic Hamiltonian, given by

3 L
s b /O @ {5 o 00X R0 () — X} o (2)00 X1 0 (2)) (3.59)
j=1 o

Having defined the dual fermion operators, we now assume that the leading boundary perturbation is realized as a
linear combination of the dual boundary operators defined as

By, x.x0 (0) = X (0)xx7.57,0(0) (3.60)

and/or of products of two of them. Just as we have done before, we also assume that the most relevant scattering
processes at the junction are fully described by means of the single-particle S-matrix elements in the basis of the
x-fields, Sy.(j0):(jr,0r)- Slightly displacing (g.,gs) from (3,1), that is, setting g. = 3 4 dgc,9s = 1 + dgs, with
10gc1/3, 09| < 1, gives rise to an effective interaction Hamiltonian H, iy, which takes exactly the same form as Hine
in Eq. [3.42], and is given by

th Zzng(oa / dxpxR,]a )px, ,]U Z Zg)( (4,9"); (0,07 / dexR,]a )pX,L,] 0( ) (361)

j=1 o,0’ j#3'=1 0,0’

with px;R(L),j,U(‘T) =: XTR(L)’j’g(‘r)XR(L),j,U(‘T) ;, and

8ru(dg. — 309s) 8mu(dge + 30gs)
9x;j5(0,0") = #50,0’ faaﬁ/
4dru(dge — 369s) 4dru(dge + 3d9gs)
I re) =~ g e — ——— oo (3.62)

plus terms that do not renormalize the scattering amplitudes. Making the assumption that the spin is conserved at a
scattering process at the junction, we again obtain that S\, 5).(j’,0') = 9s,0'Sx;(5,5/), With, for a boundary interaction
symmetric under a cyclic permutation of the three wires, the Sy-matrix being given by

T Iy x

Sy=11 o ¢ 3.63
X Ix Tx I

Iy ty 7x

The RG-equations for the running Sy-matrix elements are derived in perfect analogy with Eq. [3.45]. The result is
exactly the same, except that now v — o « dg. — 3d¢gs. In order to trace out the correspondence between the fixed
point of the boundary phase diagram for the dual-fermion scattering amplitudes and those of the phase diagram for
the original fermion amplitudes, we now discuss the behavior of the charge- and of the spin-conductance tensor along
the RG-trajectories. To do so, we note that, due to the fact that the spin sector of the theory is left unchanged, when
resorting to the dual coordinates, the spin-conductance tensor, when expressed in terms of the scattering coefficients
at the junction, takes the same form as in the noninteracting case, given in Eq. [3.29]. As variance, the charge-
conductance tensor depends on the scattering coefficients as given in Eq. [3.52]. As a result, one obtains

32 2 [~R(D)+1 -T(D)  -T(D)
G.(D) =Gy — 2—F (D) , G4(D)=— ~Ty(D) -R(D)+1 -T\(D) (3.64)
T Tl -TuD)  -TUD)  —R(D)+1

with R, (D) = |ry(D)|?, T (D) = |t (D)|?, T\ (D) = |t,(D)|>. We are, now, in the position of mapping out the whole
phase diagram of the spinful junction for g. ~ 3,¢gs ~ 1, including the fixed point manifold, and of tracing out the
correspondence between the fixed points given in terms of the dual fermion amplitudes, and the described in terms of
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the original fermionic coordinates®’. First of all, we note that, when dg. — 38gs > 0, the system is attracted towards
the "dual disconnected” fixed point [N, ., N s], characterized by the scattering coefficients R, = 1,7}, = T, = 0.
At such a fixed point, one obtains G. = Gy, G5 = 0, which enables us to identify [N, ., Ny ] with the [D., N]-fixed
point in the phase diagram of Ref. [30], that is, with a spin-insulating fixed point where the most relevant process at
the junction is pair-correlated Andreev reflection in each wire. At variance, when dg. — 3dgs < 0, the junction flows
towards one among the dual x4, x——, or M-fixed points. In particular, from Eqs. [3.64], one sees that, at the dual
X++-fixed point, G, is given by Eq. [3.53], while G takes the form provided in Eq. [3.33]. After the correction of Eq.
[3.55], one eventually finds that G. and G5 are equal to each other, and both equal to the fixed-point conductance
at the xy4-fixed point in the original coordinates. Thus, we are eventually led to identify the dual x-fixed point
with the analogous one, realized in the original coordinates. A similar argument leads to the identification of the dual
x— _-fixed point with the analogous one, realized in the original coordinates. As for what concerns the dual M-fixed
point, after correcting the charge-conductance tensor as in Eq. [3.57], one finds that, at such a fixed point,

9 4 _2 _2 9 8 _4 _ 4
€ 5 45 3 € 9% & 1

Gc,wl = _g 32 _45 ) Gs;wl = Gs = _g §4 _8§ (365)
"5 5 5 9 "9 9

Putting together Eqs. [3.65,3.57,3.37] we again see that M-like fixed points are not mapped onto each other, not even
after the correction of Eq. [3.57]. This is again consistent with our previous hypothesis, namely, that the conductance
at the M-fixed point does depend explicitly on the Luttinger parameters and, therefore, it is different in the various
cases we discussed before.

Before concluding this subsection, we point out that the same analysis we just performed in the case g. ~ 3,95 ~ 1
does apply equally well to the complementary situation g. ~ 1, gs ~ 3, provided one swaps charge- and spin-operators
(and conductances) with each other.

Putting together all the results we obtained using the FRG-approach, one may infer the global topology of the
phase diagram of a spinful three-wire junction and compare the results with those obtained within the bosonization
approach. This will be the subject of the next subsection.

111.2.4. Global topology of the phase diagram from fermionic renormalization group approach

Following Ref. [30], we discuss the main features of the phase diagram of the three-wire junction within various
regions in the g. — gs plane. Let us start from the ”quasisymmetric” region g. ~ gs. From the results of Sec. I11.2.1
we see that, setting g. = 1 + 0g., gs = 1 + dgs, as long as dg. + dgs < 0 (corresponding to 2—;0 + 2%]5 < 1), the system
flows towards the disconnected [N., N;]-fixed point. At variance, for dg. + dgs > 0 (that is, for i + ﬁ > 1), as
soon as scattering processes from wire j to wires j 4 1 take place at different rates (i.e., T # T), the RG-trajectories
flow towards either one of the x4 or x__-fixed points. While this is basically consistent with the region of the
phase diagram derived in3" corresponding to g. ~ gs ~ 1, in addition, when 7' = T, we found that the system flows
towards a symmetric fixed point, which we dubbed M, with peculiar, g., gs-dependent transport properties. Within
the FRG-approach we were able to map out the full crossover of the charge- and spin-conductance tensor between any
two of the fixed points listed above, with some paradigmatic examples shown in the figures of Sec. I11.2.1. Keeping
within the quasisymmetric region, in Sec. II1.2.2 we show that, setting g. = 3 4+ dgc, g9s = 3 + dgs, for dg. + dgs > 0
(that is, for g. + gs > 6), the stable RG-fixed point corresponds to the [D., D;]-fixed point of Ref. [30] while, as
soon as dg. + dgs < 0 (that is, for g. + gs < 6), the system flows towards either one of the x4 or xy__ fixed points
in the non-symmetric case, or towards an ” M-like” fixed point in the symmetric case. As discussed above, while,
at both the x4 and the y__-fixed points the conductance tensors for the junction not connected to the leads are
the same, regardless of the value of the Luttinger parameters, at variance, at the M-fixed point they do depend on
ge and g5 and, in this sense, they appear to be "nonuniversal”. Over all, the results we obtained across the region
ge ~ gs are consistent with a phase diagram where the [N., N,] and the [D., D;]-fixed points are respectively stable
for i + i < 1 and for g. + gs > 6, while, at intermediate values of the Luttinger parameters, depending on the
bare values of the scattering coefficients at the junction, one out of the (universal) chiral x, x—_-fixed points or
the (nonuniversal) M-fixed point becomes stable. This results already complements the phase diagram of Ref. [30]
by introducing the M-fixed point, which has necessarily to be there, in order to separate the phases corresponding to
X++ and to x—_ from each other. To push our analysis outside of the g. ~ gs-region, we discussed the nonsymmetric
case g. ~ 3,95 ~ 1. In this case, we found that the manifold of fixed points consists of the [D., Ng| asymmetric
fixed point, at which the junction is characterized by perfect pair-correlated Andreev reflection in each wire, while
it is perfectly insulating in the spin sector, the chiral x4, x—_-fixed points and, again, an M-like fixed point. Also
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in this region our results appear on one hand to be consistent with the phase diagram of Ref. [30], on the other
hand to complement it with singling out the M-like fixed point. The complementary regime g. ~ 1,gs ~ 3 can be
straightforwardly recovered from the previous discussion by just swapping charge and spin with each other. Aside
from recovering the global phase diagram of the junction, our technique allows for generalizing to strongly-interacting
regimes the main advantage of using fermionic, rather than bosonic coordinates, that is, the possibility mapping out
the crossover of the conductance between fixed points in the phase diagram.

II1.3. Discussion and conclusions

In the Chapter, we generalize the RG approach to junctions of strongly-interacting QWs. In order to do so, we make
a combined use of both the fermionic and the bosonic approaches to interacting electronic systems in one dimension,
which enables us to build pertinent nonlocal transformation between the original fermion fields and dual-fermion
operators, so that, a theory that is strongly interacting in terms of the former ones, maps onto a weakly interacting
one, in terms of the latter ones. On combining the dual-fermion approach with the FRG-technique, we are able to
produce new and interesting results, already for the well-known two wire junction. When applied to a Z3-symmetric
three-wire junction, our technique first of all allows for recovering fundamental informations concerning the topology
of the global phase diagram, as well as all the fixed points accessible to the junction in various regions of the parameter
space. While, in this respect, our approach looks like a useful means to complement the bosonization approach to
conductance properties of junctions of quantum wires, where it appears extremely useful and, in a sense, rather
unique, is in providing the full crossover of the conductance tensors between any two fixed points connected by an
RG-trajectory. The crossover in the conductance properties can be experimentally mapped out by monitoring the
transport properties of the junction as a function of a running reference scale, such as the temperature, or the effective
system size. While the standard FRG approach just yields crossover curves at weak bulk interaction in the quantum
wires37 40, as stated above, our approach extends such a virtue of the fermionic approach to regions at strong values
of the bulk electronic interaction in the wires.

By resorting to the appropriate dual fermionic degrees of freedom, our approach allows for describing in terms of
effectively one-particle S-matrix elements correlated pair scattering and/or Andreev reflection, in regions of values
of the interaction parameters where they correspond to the most relevant scattering processes at the junction. This
allows for envisaging, within our technique, fixed points such as the [D.., D], or the [D,, N4] one. In fact, due to basic
assumption of the standard FRG-approach that all the relevant processes at the junction are encoded in the single-
particle S-matrix elements, fixed points such as those listed before are typically not expected to be recovered without
resorting to the appropriate dual fermion coordinates, not even after relaxing the weak bulk interaction constraint®3.

While, for simplicity, here we restrict ourselves to the case of a symmetric junction and of a spin-conserving boundary
interaction at the junction, our approach can be readily generalized to a non-symmetric junction characterized, for
instance, by different Luttinger parameters in different wires®!, and /or by a non-spin-conserving boundary interaction.
Also, a generalization of our approach to a junction involving ordinary®®, or topological superconductors®!:%4 is likely to
allow for describing the full crossover of the conductance in a single junction, as well as of the equilibrium (Josephson)
current in a SNS-junction thus generalizing, in this latter case, the results obtained Refs. [87-89] to an SNS-junction
with an interacting central region.

II1.4. Appendix A: Bosonization analysis of the three-wire junction

In this Appendix, following the approach of Ref. [30], we start our analysis with of all the leadingmost boundary
interaction operators at the three-wire junction. In fact, the phase diagram of the three-wire junction is much richer
than the one of the two-wire junction?”. In analogy to what we have done for the two-wire junction, the boundary
Hamiltonian for the three-wire junction is a linear combination of the bilinear operators in Eq. [3.1] and contain terms
corresponding to inter-wire single-particle tunneling, as well as to intra-wire single-particle backscattering. That is

Hymo'e = — ZZF 7 08 (0)%0,5-1(0) + hec. ZZu;ng,] )UL.0,5(0) + h.c. (3.66)

with I'7;_; being complex tunneling amplitudes. In addition to the operators appearing in Eq.[3.66], additional
composite operators, corresponding to two-particle scattering processes at the junction, may arise and potentially
become relevant, for a pertinent choice of the bulk interaction parameters of the system. At the various fixed points
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appearing in the boundary phase diagram of the three-wire junction, all these operators must be supplemented with
the pertinent boundary conditions on the various bosonic fields describing charge and spin degrees of freedom, within
a pertinent implementation of the DEBC method developed in Ref. [82]. In order to resort to DEBC method, it
is appropriate to resort to the center of mass and relative fields, ®..s)(2), ¥1,c(s) (), P2,c(s) and Oc(s), V1,c(s), O2,c(s)>
defined as

1
q)c(s) (J?) = % (q)l,c(s) (l‘) + (I)Z,C(s) (.Z‘) + (I)S,c(s) (.’L‘))
1
P1,e(s) = E ((I)l,c(s)(aj) - cI)Z,c(s)(-r))
1
¥2,¢(s) (.1?) = % ((I)l,c(s) (33) + cI)2,c(s) (.’L‘) - 2q)3,c(s)($>)
1
66(8) (.’L‘) = % (91,6(5) (.’17) + 92,5(5) (.’17) + 93,5(5) (.’17))
1
ﬂl,c(s) (.’L‘) = E(SL‘) (91,6(5)(1) - 92,c(s)(‘r))
1
’19216(5) (CL‘) = — (91,c(s) (:L‘) + @276(5) (:L‘) — 2@376(5) (CE)) (3.67)

S

Remarkably, the continuity equation for the charge and the spin current at the junction implies

9,®.(0) = 9,®,(0) = 0 (3.68)

which implies that both ©.(0) and ©4(0) are pinned at any point of the phase diagram. Keeping in mind Eq. [3.68]
as an over-all condition, we now proceed to consider the set of fixed point at which the fermionic renormalization
group approach can be effectively applied.

I11.4.1.  Allowed boundary interaction terms at three-wire junction

In this part of the Appendix, we list all the allowed boundary interaction terms at a three-wire junction. In
particular, after working out their expressions in fermionic coordinates, we resort to the corresponding bosonized
operators, by pertinently using the bosonization rules for fermionic fields encoded in Eqgs. [2.129]. For a spinful three-
wire junction, the derivation of the leadingmost boundary interaction terms, which can drive the junction towards
any of the allowed infrared stable fixed points, has been performed in Ref. [30]. In order to simplify the notation
both in this subsection and in the following one, when listing the various boundary interaction terms, it is useful to
define the operators Sfo;(x,y), with X, Y = L, R, respectively given by

S;g;(x,y) (z) = ’ll);(,a,jJrl(l')wY,a,j(l')
o) (@) = Uk i1 (@) yi05(2) (3.69)

The quadratic Hamiltonian in Eq. [3.66], describing boundary tunneling plus backscattering at a three-wire junction,
can be fully expressed as a linear combination of the operators in Eq. [3.69], together with the corresponding
Hermitean conjugate. As it happens at the two-wire junction, additional multi-particle boundary interactions can
arise as combinations of single particle processes and their Hermitian conjugates. Following the analysis of*, in the
following we will mainly focus onto the most relevant ones, namely, the two-particle processes, which can become the
leading operators at some nontrivial fixed point of the phase diagram. In the following, after providing the bosonized
version of the various operators in Eqgs. [3.69], we will list the additional two-particle boundary interaction terms that
can arise at the junction, together with their corresponding bosonized expressions. Starting with the one-particle
operators, we may single out the following terms

e Tunneling in the + cycle

SF,(0) =V 4 111(0)¢L05(0) = MR 410 s



% e~ 2[254+1,0(0)+0;41,6(0)4+0 (11,5 (0)+60;41,:(0))] o [P, (0)—O;,c(0)+0(5,:(0)—O;,2(0))]

e Tunneling in the — cycle

S5 (0) = b o (0)01,05(0) = NR.oj—10L.0j
% e_%[‘bj7I,C(O)J"@j*lwc(0)+U(q>j*1ws(O)+®jf1,3(0))]e%[‘bj,C(o)_ej,C(0)+0_(¢j,s(0)_61',8(0))]

e Backscattering

SP(0) = vk 4 (091,65 (0) = MR lL.0

% e~ 5[25.c(0)46;,c(0)+0(2;,:(0)+60;,:(0))] o 525, (0) =6, (0)+0 (2,5 (0)=O;,5(0))]

e LL-combinations

S (0) = UL 4111 (001,05(0) = Mo j4171L.0g
% e~ 5[®11,6(00=0;11,6(0)+0(2j11,:(0)=0;11,:(0))]  5[;,c(0) =0, (0)+0 (25,5 (0)—©;,+ (0))]

¢ RR-combinations

870(0) = Vh o 511 (000n,0,5(0) = Mo j41m.0
% e 3[2541,c(0)40;41.c(0)+0(®;4+1,5(0)+0;11,2(0)] o 525, (0)+0;,6(0)+0(25,5(0)+6;,5(0))]

together with their Hermitean conjugates.
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(3.70)

(3.71)

(3.72)

(3.73)

(3.74)

Let us, now, extend the above list by including all the two-particle operators that can become relevant at some
nontrivial fixed point of the phase diagram of the spinful three-wire junction. The allowed terms (together with the

corresponding bosonized expressions) are given by

e Pair Tunneling in + cycle

PT =S/ 0y (0)S) 2.0y (0) = NRj+140054 MRG+1,17L,5.1
% e~ 5[Pi11,c(0)40;11,6(0)+P;11,5(0)+0;41,5(0)] o 5 [25,6(0) =65, (0)+P;,5 (0)=©;,5(0)]
w e~ 5[®i41,c(0)4+60;11,6(0)=;j41,:(0)=6;11,:(0)] o 5 [2,c(0) =0, (0)—®;,:(0) 46,4 (0)]

e Pair Tunneling in — cycle

PT:,

1 =5

i rn) (00551 1 (ropy (0) = NRGATLj+14 NRGATIL,j+1,4
« e~ 5[25,e(0)46;,c(0)+2;,4(0)+6;,:(0)] L5 [®;41,6(0) =011, (0)+ ;11,5 (0) =0 41,4 (0)]

% e*%[<I>];c(0)+(~)j,e(0)7‘1>j,s(0)76_7',5(0)]65 [@541,6(0)=0;41,c(0)=Pj41,5(0)+O;41,5(0)]

(3.75)

(3.76)
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e Pair Tunneling in LL-RR combinations with net spin
PTSJLUR = S+ «(L,L) (O)Sj_,cr;(R,R) (0) — NL,j+1,0"L,5,6"R,j+1,0TIR,j,0
X e 2[‘I>J+1,c(0)*@j+1,c(0)+0(‘1>j+1,s(0)*@#1,5(0))]6%[Qj,c(o)*@j,c(oﬂa(@j,s(0)*@;',5(0))]

% e*%[<1>_7’+1,c(0)+@j+1,c(0)+U(<I>j+1,s(0)+9_j+1,s(0))16%[‘I>_7‘.,c(0)+@j+1,c(0)+U(<I>j+1,s(0)+@j+1,s(0))] (3.77)

e Pair Tunneling in LL-RR combinations without net spin

L,R —
PTj,o S;_g (L, L)( )SJ —oi(R, R)(O) = NL,j+1,6ML,j,0"R,j+1,—0"IR,j,—o
% = 5[2i41,0(0)=0;41,6(0)+0()11,5(0)=0;41,5(0))] o 5 [25,6(0) =05, (0)+0 (25,5 (0)—O;,5(0))]

% = 5[2i41.0(0)46;41,0(0)=0(®)41,5(0)+0;41,5(0))] o 52,0 (0)+O;41,6(0) =0 (®; 41,2 (0)+O;11,5(0))] (3.78)

e Intra-wire pair backscattering

PBj = 571(0)57(0) = NR4 ML TR
6*%[<1>j7c(0)+@j,c(0)+¢j,s(0)+@j,s(0)]6%[‘I’j,c(o)*@j,c(OH@j,s(0)*91',5(0)]
e~ 5[25.c(0)+0;,c(0)=2;,:(0)=6;,:(0)] , 5 [®5,c(0) =0, (0)—®;,:(0)+©; = (0)] (3.79)

X

X

e Inter-wire pair backscattering with net spin

PBS; jt1,0 = 51,(0)SP 1 - (0) = NR0jNL,0.iMR,0.j+17L.0,j+1
« o= 5[25,c(0)+6;.c(0)+0(2;,:(0)+0;,:(0)] o 5[P;,e(0) =6, c(0)+0(P;,:(0)—O;,:(0))]
% e~ 2[2541,c(0)40;41.6(0)+0(®51+1,5(0)+0;41,5(0)] o 5 [25+1,c(0)=O; 41,6 (0)+0(®; 41,5 (0) =6 ;11,5 (0))] (3.80)

e Inter-wire pair backscattering without net spin
PBjji1.0 = 57500571 _,(0) = R0 iML.0 MR~ 4171, ~0.j+1

= 5[25.0(0)460;,0(0)+0(2;,:(0)+05,:(0))] 5 [®5.c(0) =65, (0)+0 (2.2 (0)=©;,2(0))]

e~ 5[2511,e(0)40,41,6(0)=0(2511,5(0)+0;41,:(0)] o 5[®;41,c(0) =011, (0) =0 (P;j11,:(0)=O; 11,5 (0))] (3.81)

X X

e Pair Exchange processes

PEj, = SJJ’,FU;(R,L)( )SJH —o3(R, L)(O) " NR,0,j+1"L,0,j"IR,~0,j11L,~0 j+1
« e~ 5[®i41,c(0)4+0;11,6(0)+0(®;j41,:(0)4+0;511,5(0)] o 5 [P, (0) =0, (0)+0(®;,:(0)—O;,+(0))]
% e~ 5[25.c(0)460;,c(0)=0(2;,5(0)+0;,:(0)] 5 [®541,6(0)=O;41,¢(0) =0 (®;41,:(0)=©;11,5(0))] (3.82)

e Particle Hole Pair Tunneling in + cycle
PH = S;_T R L)( )[Sj_¢ RL)(O)]T — NR4,j+1ML,1,5"L,.5TR, L, 5+1

w e 32541, (0)460;41,c(0)+®;41,:(0)+6;11,:(0)] , 5[25,6(0) =6, (0)+2;,5(0) = O+ (0)]
« e~ 3[25.c(0)=6;,6(0)=2;,:(0)+6;,:(0)] o §[®;41,c(0)+O;511,0(0)=Pj11,:(0)~O;41,5(0)] (3.83)
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e Particle Hole Pair Tunneling in — cycle

PH; =871 1oy OIS rny O] = nRAG L4 418 410
% = 5[25.c(0)46;,c(0)+2;,:(0)+0;,:(0)] ;5[5 +1,6(0)=O;j41,(0)+P;j11,2(0) =0 41,2(0)]
% e~ 5[®i+1,c(0)=6;11,¢(0)=®;11,5(0)+0;11,5(0)] o 5[®5,c (0)+©,,c(0)=®;,5(0) =6+ (0)] (3.84)

e Particle Hole Exchange processes

PHE;j o =8}, 5 1)OS7 1 _oir1) O = TR0541ML.0,51L 04118~
% o= 3[®511,c(0)+0541,0(0)+0(B5,4(0)+0;,4(0))] £ [®5,¢(0)—6,,c(0)+0 (P5,5(0)—O;,5(0))]

% = 3[254+1,0(0)=0;41.6(0)=0(®;4+1,:(0)+0;41,2(0))] o 5 [25,e (0)+0;,0(0) ~ (25,4 (0)=©;,:(0))] (3.85)

together with all the corresponding Hermitean conjugate operators.

In the following, we use all the expressions listed above to derive the relevant boundary operators allowed at each
fixed point, by means of a systematic application of the DEBC method.

1I1.4.2.  The weakly coupled fixed point

As stated in Eq. [3.68], the boundary conditions obeyed by the center-of-mass fields, both in the charge- and in
the spin-sector, are uniquely set by charge- and spin-continuity equations. As a result, flowing between fixed points
in the boundary phase diagram of the three-wire junction can only determine a change in the boundary conditions
obeyed by the relative fields ¢ o(s) (%), 7} c(s)(2), at £ = 0. Among all possible boundary fixed point, the simplemost
one corresponds to a “disconnected” junction, characterized by the fact that all the (-fields obey Neumann boundary
conditions at x = 0, that is,

aw@j,c(o) = aw@j,s(o) =0 (386)

Accordingly, from now on we will denote the disconnected fixed point as [N., Ng]. Consistently with Eq. [3.86], one
obtains that all the fields ¥ (2) c(s)(z) are “pinned” at x = 0. At a three-wire spinful junction, we find that, at the
[N., N;]-fixed point, the most relevant allowed boundary operators are the ones listed in the table below, together
with the corresponding scaling dimension

] Operators \ Bosonized Form [Scaling dimension A|

SY,(0), [S5.,]1(0), SE, (0), S, (0) Niomp1ge t v o1eO] mho[=Frens©)]

Sty
_il L _3 i | L _3 ANN — L 1
5;0(0)7 [S?,_,U]T(O)vszL,a(O)a 550(0) NL3.0NL2.0€ 2 [ﬁsol,c(o) jng,c(o)]e 3 {ﬁsal,s(O) jatpz,s(o)] S 292 + 29

S5 (0), [ST,1(0). S44 (0), S5, (0) | np.s.ompaa.pe 2 0370 22 O] —do[daon 004 Fyen O]

l,0
— i 4 -(0
PTy", PT, " PHE\ ., PT{} T NN _ 2
_ _i|_2 -(0 _ 6 (0 A — <
PT;_,PT?) T,PHEZU,PTQL:? 77L,3,T77L,27T77L,3,¢77L72,\Le 2 [\/§LP1, ( ) \/5902’ ( )] PT ge
- — 5| Z501,(0)+ S 02,0(0
P13, PTy " PHE; , PT{} NLaAnL,3.4ML,1,0M0,3,06 ° [F361:0+ F02.0)]
_i|__4 s(0
PELT’PEh NL2,4ML,1,4ML,2,41L,1,0€ 5[~ J5er.0(0)] .
i 7%[%9‘71,5(0)*%9@2‘5(0)] APE - 7
PEM»PEu NL,347ML,2,47L,3,17L,2,1€ 6 s

— 1 Z 1,5 (0)+ 8 s (0
PEs, PB}, S A
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plus the corresponding Hermitean conjugates (note that, in constructing the table above, we have employed the
condition on the Klein factors ng ., = 11,0, valid at the [N., Ng]-fixed point ¥j,o. The table above suggests us
for which values of the Luttinger interaction parameter it is appropriate to use the fermionic renormalization group
approach. Clearly, the simplest possible option is the noninteracting case, namely, g. = gs = 1. In this case, one
recovers a junction of three noninteracting quantum wires. All the allowed boundary interaction terms at the [N., Ng]-
fixed point are irrelevant, except the ”tunneling ones”, that is S;:U(O), all the operators that collapse onto the set of
the ones above, as from the table, together with their Hermitean conjugate. Thus, the generic boundary interaction,
for such values of the Luttinger parameters, is simply given by

)+ h.c. (3.87)

Z 7j9;

Hp,nwnys,1)

On adding a weak interaction, either in the charge-, or in the spin-channel (or in both of them), allows for treating
the problem within standard fermionic renormalization group approach.

II1.4.3. The [D., D;]-fized point

We now consider the fixed point corresponding to a ”fully healed” junction, that is, the one with Dirichlet boundary
conditions on all the relative fields ¢q(2),.(0),¥1(2),s(0). Henceforth, we dub such a fixed point [D., D;]. At the
[D., Ds]-fixed point, the allowed boundary operators may be again recovered by a straightforward application of
DEBC-technique. Taking into account that Dirichlet-like boundary conditions in the bosonic fields correspond to
relations among the fermionic fields of the form g, ;(0) wz’a,j(O), which implies ngs; = 7L,0,j, the leading
boundary operators can be collected in the following table

] Operators \ Bosonic Form [Scaling dimension A]
SIU(O)a S5.(0) Moo 270 1€ 5[ V2 c(O)] ég{%ﬁls(o)]
52.6(0), 85,4 (0) 1o ge O F5 72O 5o [t 07 0] | AP = §(ge + 95)
00| e T ] -]
PT{, PT; ,PE;, —1[&92..0)]

NL,2.47ML0,2,0ML,1,4ML,1,1€

PHf,PHy ,PHE; ,, PHE] |

"L,34ML,3,4ML,2,17L,2,1€

PH{,PH; ,PHE;,, PHE] |

NLAANLAIL3ATL,3,1€ 2 [

Z91.(0)—

%192,5(0”

- [~ Z 9. (0)- 2050 ADD _ 2
PT), PTy  PE, MLaA L s gt ye E Va2 0)] PT = 39
— —£[Z91,6(0)-Z 02,00
PT3+7PT1  PE3.o, nL,14ML,1,4ML,34"ML,3,1€ 2[f 1.¢(0) 2.e )]
- — %1 =192.5(0
PH{,PHy , PHE\ 4, PHE] | L2402, NL 1AL, [ J502.0)] 2
— [~ 5015 (0) = Z502,.(0)] ARD =24,

together with the corresponding Hermitean conjugates. At the [D,, D]-fixed point, an effective refermionization can
be done for g. ~ g5 ~ 3, as realized in the main text. Indeed, for values of the Luttinger parameters as such, the
leadingmost boundary operators are the tunneling term at the first lines of the table before.

II1.4.4. The [De, Ns|-fized point

The [D., N;]-fixed point has been predicted in the phase diagram of Ref.[30] as corresponding to Dirichlet boundary
conditions on the relative fields ¢, () at = 0, and Neumann boundary conditions on ¢; s(x) at x = 0. Again, one
may succesfully employ the DEBC-method to work out the leadingmost boundary operators at such a fixed point,
which we list in the following table, together with the corresponding scaling dimensions
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Operators Bosonic Form \Scaling dimension A\
S1(0), 85, (0) MLo2Niode [Fs02.00] ~4o[-F5¢1.400)]
S3.,(0), S5 _,(0) Mhege V71O~ T502:0] =50[ J501.0(0)= Fe2.00)] AN =% + 5
S3(0), S1._,(0) 77L,0,177L,U,3€_%{\%ﬂl’c(o)_%ﬁzc(o)]e 30591000+ 52,5 0)]
SE(0), T, PT; Y, PBQ30’7PBS§30- Oce—é[%191‘c(0)+%192,c(0]
SP,(0), PT; T, PTy T, PBY, ,, PBSY, o e 2B e 0+ Z02.0(0)] ABN — 24
sE,0), Pyt PT; T PB], ., PBS],, o El s 02.(0)]
PTSER, PTSEE, PHY, PH, o e 35501 0]
PTSER, PTSYE, PHY, PHy ' o o 2 ZP1a (05524 (0)] ABNG =2
PTSLE, PTSYE, PHY PH, o o 2P O J5 02 (0)]

together with the corresponding Hermitean conjugates. Note that we have not specified the functional of Klein
factors appearing in front of the bosonized vertex in any of the operators in the table above but the tunneling ones.
In fact, in the region of values of bulk parameters in which refermionization can be effectively implemented, that is,
ge ~ 3,9s ~ 1, the tunneling operators are the leadingmost ones. Yet, before refermionizing it is important to point
out that, in general, due to the large difference between g. and g, one expects that the plasmon velocities in the
charge- and in the spin-sector are, in general, quite different from each other. Nevertheless, this does not spoil the
whole procedure. In fact, as we are dealing with fields defined onto half-lines ranging from « = 0 to  — co, one may
always separately rescale the spatial coordinates in the charge-Hamiltonian.

II1.4.5. The [N, Ds]-fized point

The [N., D4|-fixed point has been predicted as symmetric to the [D., Ni]-one upon swapping charge- and spin-
sectors with each other. After discussing the refermionization near by the [D., N;]-fixed point, the one near by the
[De, Ns]-one can be simply recovered by symmetry, just swapping charge and spin with each other. Accordingly, one
readily obtains that the table of allowed boundary interaction at this fixed point is given by

[Operators| Bosonic Form |Scaling dimension A
Si,(0) NL,2,06"L,1 06_% [—%w,c(o)] e_%o[%ﬁz’s(o)]
Y ND_ 1 g
CAS() 77L,37U77L’27Ue*5[%wl,c(o)f%w,c(o)]6750[7%191,5(0)74192,5(0)] Ag” =5-+%
S3.(0) I e e O B e ]
SB (O) x 6_7 [%191 5(0)+ ’192 s(0) ]

- i 2 9 0 19 0 AND 2
S‘ZBT(O) x ejkﬁ 12 (0)+ 7592+ (0)] B 39s
SgBT(O) xe® [7%02’5(0)]

PTSE? o o 2 aere0)]

L2 0 0 ARD, = l
PTS2LTR - e*g[ﬁ%,c( )= D5zl )] Prs
PTSER o o [P0+ f522.(0)]

plus, of course, the corresponding Hermitean conjugates. By symmetry, one readily infers that, in this case, refermion-
ization will be effective for g. ~ 1, g5 ~ 3.

III.4.6. The chiral fized points [xF, xT]

The “clockwise” and the ”counterclockwise”-chiral fixed points, respectively denoted with [x!, x] and [x., x5 ]
in the following, correspond to respectively pinning the S;-,FU— and the S -boundary operators. Pinning the S;U’s
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&c

FIG. 21. Phase diagram predicted by the DEBC method, as proposed by Ref. [30]

is equivalent to imposing Dirichlet boundary conditions on \%792&(5) (0) — \/Licpl’c(s)(O) as well as on \%19176(5)(0) +
%@2,0(5)(0). This leads to the following table for the leading allowed boundary operators at the [x, x{]-fixed point

\ Operators \ Bosonic Form |Scaling dimension A|

51.6(0), 5750,

S%,a (0)7 52}?0(0)7 PTSBL,fT7 Nr,0,3"ML,0,1€

PBS31,,, PEs_,, PHE] _,
S5.5(0),55.5(0),

—1[Hre0)- 1926(0)] — 40 [ 01,0 (0)~ Z92,:(0)]

AXX — 29c 29s
3+g2 | 3+g2

52 G’( ) S3 o( ) PTSfi%Tv nL,G,lnL,U,Ze_Z[f 20(0)] % [%192,5(0)]
PBSi2,6,PEs, _g,PHE Y
S3,5(0), 55.4(0),

Si’ﬁa (0)’ Sfa(o)v PTSQL,fTv 77L,U,277L,a73€—% [—%191,c(0)—%192,c(0)] e [ fﬁl +(0)- 7192 S(O)]

PBSysq. PEy o PHE} _,

plus the corresponding Hermitean conjugates. As for what concerns the [x , x5 |-fixed point, similar observations
apply, except that the fields to be pinned now are given by %6192,6(5) (0)+ \%@1,0(5) (0) and \%191@(5)(0) - %@2,5(5)(0)~
This leads to a collapse of the leadingmost allowed boundary operators onto the three ones listed in the table below

|Operators| Bosonic Form |Scaling dimension A|

S (0) NL,017L,0,2€ 5[ J592.0)] =50 J502.00)] 2 2
3~ &1~ 592 0]~ Fo[- 5010~ F02. O] | AT = 53557 + 57z

55,(0) |ML.02mL.036 °
5[ F01.c(0) = F52.(0)] 50 Z591,4(0) = Z502.: ()]

S;:O'(O) NrL,0,3ML,0,1€

again together with the corresponding Hermitean conjugates. The [y, x¥]-fixed points can be accessed from either
the [N., Ng], or from the [D., D;] fixed point, in the presence of a small time-reversal breaking magnetic flux pearcing
the junction®’. The bosonization analysis we performed in this Appendix allows to list and classify, according to
their scaling dimension, the allowed boundary operators at any fixed point of the phase diagram (see Fig. [21] for the
proposed phase diagram obtained within the DEBC method). This paves the way to the systematic implementation
of the refermionization procedure of both the bulk and the (leadingmost) boundary Hamiltonians.
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IV. TUNNELING SPECTROSCOPY OF MAJORANA-KONDO DE-
VICES

What I tell you three times is true.
Lewis Carroll

Majorana bound states have become of major interest in condensed matter physics,’*® due to potential applications
as building blocks in fault-tolerant quantum computing®® and the possibility to engineer such topological states using
conventional s-wave superconductors and spin-orbit coupling.'%0192 Information in these states is encoded non-locally,
with the long-range entanglement providing a mechanism for electron teleportation!%3.

Recently, it has been realized that the topologically protected ground-state subspace formed by several Majorana
bound states can act as a non-local quantum impurity, which when subjected to strong charging effects and coupled
to conduction electrons can give rise to a topological Kondo effect.’® Here a stable non-Fermi liquid behavior is
obtained, reminiscent of the multichannel Kondo effect but robust against perturbations. In Ref. [104] the full
crossover was studied using numerical renormalization group. The situation with an arbitrary number of leads of
interacting electrons was studied in Refs. [105 and 106], where in addition an interaction-induced intermediate-coupling
unstable fixed point was discovered. The topological protection of this novel Kondo effect opens new possibilities for
the experimental observation of multi-channel Kondo impurity dynamics.'?7-1%% Additional physical effects can be
observed when including a Josephson coupling to the mesoscopic island hosting the Majorana bound states; phase
fluctuations then cause a non-trivial interplay between topological Kondo and resonant Andreev reflection processes,
giving a continuous manifold of stable non-Fermi liquid states.!® With N wires each connected to one Majorana on
the island, the symmetry group of this topological Kondo effect is SO1(N), previously encountered also for a junction
of Ising chains,!'” unlike that of Ref. [56] which is SOg(N).

The observable predictions regarding the topological Kondo effect have so far been focused on charge transport
through the system®%105-107.109,111 ). measurements of the occupation of pairs of Majorana zero modes, analogous
to magnetization.'%” In this Chapter, we show that the local density of states (LDOS) of the lead electrons close to
the island provide a clear signature of the topological Kondo effect of Béri and Cooper,®® directly measurable with a
scanning tunneling microscope (STM). In particular, we show that the LDOS close to the island follows the power law
plw) ~ w3 T 5971 a5 a function of energy w — 0, where g is the Luttinger liquid parameter for the electron-electron
interaction strength with ¢ = 1 for non-interacting leads and g < 1 for repulsive interactions. Hence for realistic values
1/(N —1) < g < 1, we have a diverging LDOS in the zero-bias limit close to the junction.

In contrast to the usual picture of a power-law vanishing of the low-energy LDOS in a Luttinger liquid with
or without boundary/impurity,26-:85-112-114 an interaction-induced divergence is in fact a rather generic feature of
Luttinger-liquid wire junctions,”® and Luttinger-liquid junctions with a superconductor, with®® or without!!?:116
Majorana bound states. The key feature of the SO2(NN) topological Kondo effect of Ref. [56] is that the power law
governing the divergence depends on the number N of leads participating in the effect, making adjustable gate voltages
a route to observe this signature. This N dependence of the LDOS is however absent in the SO (N) topological Kondo
effect of Ref. [109], where we find the zero-energy divergence p(w) ~ w9~ for all fixed points within the non-Fermi
liquid manifold, which is the same power law as that encountered for perfect Andreev reflection at a single Luttinger-

liquid junction with a Majorana fermion%*.

IV.1. Model
IV.1.1. Deuvice setup

We consider the setup where the topological Kondo effect can take place®®, namely a mesoscopic s-wave supercon-
ducting island hosting a set of Ny localized Majorana bound states, of which N > 3 are tunnel-coupled to normal
leads of conduction electrons. This setup is sketched in Fig. [22]. Experimentally, this can be achieved by depositing
Niot/2 nanowires with strong spin-orbit coupling, e.g. InSb or InAs, subjected to a magnetic field, on top of a floating
mesoscopic superconducting island; this creates Ny Majorana bound states, one at each end of the wire parts that
are on top of the superconductor.?®*® With proper gating, N of these Nyo; Majoranas are tunnel coupled to the N
normal parts of the nanowires, which then act as leads. We will also consider a generalized setup, where the island is
Josephson coupled to a bulk s-wave superconductor.!??

The full Hamiltonian of the system under consideration is hence given by H = Hjeadqs + Hisland + He-
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FIG. 22.  Schematic setup for a Majorana device hosting the topological Kondo effect. Spin-orbit coupled semiconductor
nanowires (two in the figure) are deposited on top of an ordinary superconducing island (grey box) with charging energy Fc.
In a magnetic field, Majorana bound states 7; (red dots) are formed at the ends of the wire parts coupled to the superconductor
(dark grey). Gate voltages create tunnel barriers between N Majorana fermions and the N normal leads (in the figure, N = 3).
This leads to an SO2 (V) topological Kondo effect at low temperature.’® When Josephson coupling the superconducting island
to an additional bulk superconductor (blue), the system will, in the limit of large Josephson energy Ej, give an SO1 (V)
topological Kondo effect which becomes tunable by the lead-Majorana couplings.'®®

The normal leads of effectively spinless electrons are described by the Hamiltonian
N o0
Hieaas = —ivp Z/ dz [1#;38@%,1% - w;Lawwj,L s (41)
j=1"9

with fermionic fields ¢;(z) for each lead j, consisting of outgoing (R) and incoming (L) components (i.e. right and
left movers). We assume all leads are identical. At z = 0, we have the boundary condition ; r(0) = ¥, ,(0) = 1;(0)
for disconnected leads. However, here the lead electrons are coupled to the localized Majorana modes on the island.
These are described by operators 7; obeying 'y;-r = 75, with anticommutation relations {v;,7v; } = 0;;.

The island Hamiltonian is given by

Hisland - EC(Q - ng)2 - EJ COS E7 (42)

where E¢ is the charging energy, @ the total electron number on the island (with contributions from both Cooper
pairs and occupied Majorana states), n, the backgate parameter (assumed to be close to an integer) determined
by the voltage across the capacitor, E; the Josephson energy for the coupling between the island and the bulk
superconductor, where E is their phase difference (we will take the phase of the island to be Z, canonically conjugate
to Q). The system on the island inherits a superconducting gap Ay due to proximity.

The coupling between the lead electrons and the Majorana modes on the island is given by the tunneling
Hamiltonian03-117

N
Hy =" Ne =21(0)y; + hoc., (4.3)

Jj=1

where we choose the couplings A; to be real and positive. This lead-Majorana tunneling gives a hybridization energy
of I'; = 27r1/0)\§, where vy = 1/7vp is the density of states for the unperturbed leads.

In the following we will be interested in two limiting cases, where the low-energy solution of the problem
simplifies®®19%: for E; = 0, the low-energy (i.e., for T,V < E¢,Ag, minl;) behavior is governed by an SOs(N)
topological Kondo effect, whereas when FE; is the largest energy energy scale, the topological Kondo effect has
symmetry group SOq (V).

1V.1.2.  Low-energy theory without Josephson coupling

In the absence of Josephson coupling, i.e., with E; = 0, the physics at low energies ( T,V <« E¢, Ay, minT;)
is governed by virtual transitions of electrons hopping onto the dot, leading to an effective low-energy Hamiltonian
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H = Higpas + H( ) , where®6

= > Tk Z (0), (4.4)

i#]
for the tunneling between the leads. The (positive) coupling constants are given by JE e AjAk/Ec. The first term in

HS) shows a non-local quantum impurity set up by the products ~y;vs, exchange-coupled to the spin object formed
by the lead electron products w;i(())’(/}j (0). The resulting entanglement gives rise to a multichannel topological Kondo
effect below the energy scale defined by the Kondo temperature Tx; here Tix ~ Ece~'/*” when assuming isotropic
J;; =J.

Including electron-electron interactions, the leads are conveniently treated using bosonization,''? which expresses
the lead Hamiltonian as

N 00
- v N2, 1 2
Hleads — m ;/0 dx |:g(6m¢]) + g(a:cﬂj) ) (45)

where ¢; and ©; are non-chiral bosonic fields with commutation relation [¢;(z),d,9,(y)] = 27mid(z — y)d;;, g is the
Luttinger-liquid interaction parameter (with g = 1 in the absence of interactions, and g < 1 for repulsive interactions)
and v the interaction-renormalized Fermi velocity. The bosonized form of the electron operator is then given by
Vj/r = x;(2ma)~1/2l(®F%) where a is the short-distance cut-off, and y; is the Klein factor (a Majorana fermion).
This Majorana fermion from bosonization can be hybridized with the localized Majorana fermion «y; coupled to the
lead, such that one simply replaces 7;x; with a number +¢ which is gauged away, see Refs. [105 and 106]. This leads to
a description of the strong-coupling fixed point in terms of the bosonic field & = ($1, ..., Pn), where &; = ¢;(z = 0),
which is pinned by the potential

v[e ZCOS (@ — D), (4.6)
J#k

whose minima form an N — 1 dimensional triangular lattice. This means that in a rotated basis, the "zero-mode”
b9 = (1/VN) >, P; =vo - P, is a free field (physically, this is due to current conservation at the junction), whereas

the components @1, ...,$x_1, described by vectors vi,...,vy_1 orthogonal to vy (spanning the reciprocal N — 1
dimensional triangular lattice), are fixed. Explicitly, the rotated basis is given by

3 1 X
¢0:ﬁ;¢]a
b= 1 — —¢ (47)
1_\/5 1 \/527 .
B2 = =1+ =y —
; . 1 = N1
¢N71_W;¢]_W¢N’

where for N = 3 the last line should be neglected.

Hence at strong coupling we have a theory of Luttinger liquid wires (Eq. [4.5]) connected at a junction (z = 0), where
the field ¢o(z) obeys Neumann (free) boundary condition (BC), whereas the orthogonal components ¢ (), ..., o —1 ()
obey Dirichlet (fixed) BCs. By duality, we simultaneously have that 9 (z) obeys Dirichlet BC, and that the orthogonal
components 01 (x), ..., 9x_1(z) obey Neumann BCs (the ¥ fields are obtained from the ¢ fields in the same way as
the ¢ fields from the ¢ fields).

Furthermore, instanton tunneling of the pinned fields at strong coupling yields a leading irrelevant operator with
scaling dimension'9>1%6 Ay ;5 = 2¢(N—1)/N, determining the finite-temperature scaling of the non-local conductance.

1V.1.3. Low-energy theory with strong Josephson coupling

Another type of low-energy topological Kondo effect is obtained in the limit of strong Josephson coupling, more
specifically when maxT'; < v8EcE; < Ej; see Ref. [109]. The low-energy theory that emerges in this parameter
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regime is given by H = Hjeaqs + Ha + H;?), where

Hy=-> X\ywl(0) +he, (4.8)
J

Hi =3~ Ty (0) + 6(0)) (1] (0) +15(0)),
i#k
(4.9)

where \; is the Majorana tunneling coupling in Eq. [4.3] and Jj, =~ A\jA\;/E;. Here Hy corresponds to the usual

single-lead resonant Andreev reflection processes, while the exchange term HI((Q) contains both the same processes as
in Eq. [4.4] as well as crossed Andreev reflection processes.

) 1109

. S 1
Performing the same bosonization procedure as above for H E(

V@] o« — Z VTjsind; — \/Tk Z cos ®; cos Py, (4.10)

J Ji#k

now leads to a strong-coupling pinning potentia

for the @ field. This implies a manifold of strong-coupling fixed points, tuned by the N parameters §; = /I';/Tk,

where the minima of the potential V(?)[®] form an N dimensional generalization of the body-centered cubic lattice
for I'; <« Tk, with the center-point being shifted as a function of the §; parameters. Here the Kondo temperature 7'
defines the energy scale below which the Kondo effect develops, given by Tx ~ /8E;Ece F7/(N=2T for isotropic
r,=".

JHence in the regime of strong Josephson coupling, the strong-coupling theory is that of Luttinger liquid wires
connected at a junction where all the fields ¢g(x), ¢1(z), ..., dn_1(z) have Dirichlet BCs, and all the dual fields
Po(z),91(x), ..., 0 y_1(x) have Neumann BCs.

The finite-temperature behavior is governed by a leading irrelevant operator with scaling dimension

| N 9 5 2
—mi _ _ gt
Arro = min | 2, 5 E {1 - sin (2( — 1)>} , (4.11)

j=1

arising from instanton tunneling of the fields between adjacent potential minima.

IV.2. Local density of states

The local density of states p; available for electron tunneling into the ith lead is given by

1
pi(.’L‘,OJ) = _;ImGﬁ(aj7w)

1 Re / " dt et (g, 0l (2, 0)), (4.12)
™ 0

where GF(x,w) is the equal-position retarded Green’s function for the electrons in the ith lead. The local density
of states p; is directly measurable using scanning tunneling microscopy, as the differential tunneling conductance
G;(z,V) at position z in lead i is directly proportional to this quantity as a function of applied voltage V, i.e.
Gi(z,V) x pi(z,w = eV).

We shall here be concerned with the low-energy behavior of the LDOS, where temperature 7" and energy w are well
below the Kondo temperature Tk of the system. With the N wires effectively connected at a single junction with a
boundary condition due to the topological Kondo effect, see Fig. [23], the problem of finding the LDOS is analogous
to that for a junction of several Luttinger liquid wires.2%:30,70,118,119

1V.2.1. Electron Green’s function

The zero-temperature, equal-position Green’s function (1; (x,t)z/Jg (2,0)) for wire 4 in the N-wire junction system
can be calculated following Agarwal et al. in Ref. [70]. This amounts to finding the current-splitting matrix M for
the junction, which relates the incoming j; ; and outgoing j; r currents at the junction through j; p = > M g5
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Lead 2

ST™M

Lead 1 Leadi

Lead N

FIG. 23. The topological Kondo problem at low energy is equivalent to an N-wire junction with a splitting matrix M describing
the boundary condition at the junction. With an STM tip the LDOS p;(z,w) of wire 4 is probed.

In terms o_f the chiral bosonic fields ¢; 1 = ¢; —9; and ¢; r = ¢; + ¥4, such that the electron field is expressed as
Yji.L/R X el%i.L/r  the M matrix is equivalent to the boundary condition

bi,r = ZMij¢j,L- (4.13)
J

With a Bogoliubov transformation
birL =11+ 9)bj.r/r + (1= 9);0/r]/(2V/9), (4.14)

one obtains the free outgoing/incoming fields ¢~>j, r/r With commutation relations
[qgj,R/L(x, t), (/;jyg/L(x', t)] = +imsgn(z — ). (4.15)

Their splitting matrix M, which relates ¢; z(z) = 3 ; M,;b;j 1.(—) in the ”unfolded picture” (where z is extended to
the entire real line) is given by

M = [(1+¢)M — (1 - g)LJ[(1 + g)L — (1 — g)M] ", (4.16)

where LL is the identity matrix.
The Green’s function now follows from

(i (x, )] (2, 0)) = (s, (x, )0]  (x,0))
+ <'¢)i,R(I’ t)¢g7R($v 0)> + eiQka<¢i,R(xv t)lpg,L(xv O))
+ e TRy (2, 9] p(2,0)), (4.17)

where the two oscillatory terms vanish for lead lengths L — oo in the cases we are interested in, since the corresponding
Green’s functions contain an L dependence ~ LMii=19  The remaining terms are given by

<wi,R<xa t)sz(xa 0)> =
= L (el00)d0m @0 +(1-0)d0 (0] (2v5)
21a

Xe*i[(1+g)<z3i,R(w,0)+(1*g)<5i,L(w,O)]/(Q\/§)>

= L (il00) 5 5,0 (1) (1)1, (2.0))/ 215)

2ma
e il(+9) X2, Mij‘z)j,L(793’0)6_i(1_g)‘1~5i,L($70)]/(2\/§)>.

_— <ei¢i,R(x7t)e_i¢i,R(x70)>
2mwa

(4.18)
With the relation (el®1¢(31) ... glan®(zn)) — [Tic;(zi — 2;)*% for the expectation value of a product of vertex op-
erators with complex coordinates z = z + i7,'? one arrives at <wi,R(x,t)wiR(m70)> = Wi,L(SU,t)i/J;L(JU,O» =

(Yi(x, t)?,/fg(:zr, 0))/2, with™
<"/’z($7 t)"/};r (337 O)> =
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4.19
—vt +ia ( )

_a? _ 422 Mii(1/9—g)/4
[(vt+ia)2 4:52] '

_ 1 ia (9+1/9)/2
" 27a

Now, close to the junction, where we can put x — 0, as well as far from the junction, where x — oo, the expressions
allow us to compute the LDOS. When z — 0, we have

(:(0, )] (0,0))

1 ia {(1—My;)g+(14+My3) /g} /2
= |— (4.20)
2ma | —vt +ia ’
which means that the (chiral) boundary field ;(0,t) has scaling dimension
A; = {(1 = Mii)g + (1 +Mii)/g}/2, (4.21)
ie. (1;(0, T)Q/J;-r((), 0)) ~ 7=4¢ for imaginary time 7 > a/v.
Similarly, far away from the junction, where x — oo, one has
: (9+1/9)/2
1 la
T —
i(z, )Y (2,0)) = — | —/—— ; 4.22
il (o0 = - | = (1.22)

implying the usual scaling exponent A; = (g + 1/g)/2 for bulk (non-chiral) electrons.

1V.2.2.  The local density of states

Far away from the junction, putting Eq. [4.22] for the Green’s function (z — o0) into the expression of Eq. [4.12]
for the LDOS, we arrive at?0:121

1 ay i A;j—1,_—aw/v
il = 00,0) = mxs (%) wrte (), (4.23)
where T' is the gamma function and H is the Heaviside step function, and with the above scaling dimension A; =
(g+1/g)/2. For non-interacting electrons in the leads this reduces to p;(z,w) = 1/(wv) = vy, i.e. the density of states
1o for a bulk spinless quantum wire, as expected.

Considering positive energies w < v/a, we will neglect the factor e~/ H(w) in the discussion below.

An analytical expression can also be obtained for the limit 2zw/v >> 1, resulting in''6
( ) 1 aw (g+1/9)/2—1
) = ()
ml((g+1/9)/2) \ v

22=(9+1/9)/2 cos(2aw /v + 6) (4.24)

mul'(Mii(1/g — g)/4)
aw\Mii(1/g—g)/4)—1
(%)

v
(a) (39+1/9)(1+M;; ) /8+(g+3/9)(1—M;) /8
>< J—

X

where § = Arg(i(9+3/9)(1+Mii)/8+(39+1/9)(1-M:i)/8) - Note that for fixed w the second term vanishes as z — 0o, reducing
the expression in Eq. [4.24] to that in Eq. [4.23].

Finally and most importantly, namely close to the junction, putting the expression in Eq. [4.20] for the Green’s
function of the chiral boundary field at the junction (z = 0) into the expression in Eq. [4.12] for the LDOS, we arrive
at70

_ 1 a\ A Ai—1
pil0;w) = a2nl'(4A;) (5) v ’ (4.25)

with A; now given by Eq. [4.21]. This behavior occurs within a distance of the order of z < v/(2w) from the junction.
In order to proceed, we must now see what values for the M matrix the different boundary conditions in the
topological Kondo effect correspond to.



96

IV.3. Local density of states for topological Kondo systems
1V.3.1. Strong Josephson coupling

The simplest case is for strong Josephson coupling, where all the qvbj fields have Dirichlet, and all the 1§j fields have

Neumann BCs, at all strong-coupling fixed points. The electron operator v; 1, /r o el(®F95) at the junction at z = 0
is then given by

0;.1(0) oc 165 (OFI5O)] _ gies i0;(0), (4.26)

where ¢;, a constant depending on the potential minimum the ¢;(0) field is trapped in, can be gauged away. Hence
;. r(0) = 1/); 1(0), meaning that ¢; r(0) = —¢; 1(0), i.e. the M matrix is that for perfect Andreev reflection in each
lead separately, namely

M= | . B (4.27)

such that M;; = —1 for all i.
Let us now consider the electron Green’s function in Eq. [4.19] close to the junction, i.e. letting z — 0. With

(Wi, )l (2,0)) = [] (428)

-~ 27ma | —vt+ia
implying a scaling dimension (Eq. [4.21]) equal to A; = g. The lead LDOS at the junction therefore behaves as

pi(0,w) ~wI™t (4.29)
Hence the LDOS has exactly the same behavior as for a single-wire perfect Andreev reflection,’® meaning that
tunneling spectroscopy follows the same power law for all fixed points appearing, i.e. there is no difference between
the Kondo fixed point manifold and the resonant Andreev reflection fixed point.
For non-interacting lead electrons, i.e. with g =1, Eq. [4.25] results in

1
_ g=1, (4.30)

pi(0,w) = Py 9

such that the electron density of states at the junction is half of that for bulk spinless electrons.

This can be confirmed by the exact solution for a Majorana fermion coupled to a quantum wire. Decomposing the
lead electron into two Majorana fermions 7 and ¢, such that v;(z) = [n;(x) + i¢;(z)]/V/2, the Majorana tunneling
term (Eq. [4.8]) reads Ha o< 3, v/T;7;¢;(0). Hence at the resonant Andreev reflection fixed point (I'; — 00), the
¢; Majorana is hybridized with the v; Majorana within a ”screening cloud” of size®® &y ~ v/T j. In particular, the
& = 0 Matsubara Green’s function G¢, for the ¢; Majorana is given by'??

. —isgn(wy) iwy,
Ge. (0,iwy,) = - - . 4.31
¢;(0;iwn) 20 iwy, + i jsgn(wy,) ( )

Hence the ¢; contribution oc Im G¢, (0,iw, — w) to the LDOS vanishes as I'; — oo.
Therefore, at x < &, only the n; Majorana contributes to the LDOS of the lead electron, which thus is half the
bulk value, i.e. p;(0,w) = 1vp/2.

1V.3.2.  Without Josephson coupling

For the topological Kondo model without Josephson coupling, i.e. the SO2(N) model of Béri and Cooper,’% the
fields ¢o(z),V1(x), ...,¥n—1(x) have Neumann BCs, and the fields Jo(z), ¢1(x), ..., on—1(x) Dirichlet BCs at the
strong-coupling fixed point.
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The original fields in terms of the rotated ones in Eq. [4.7] are given by

¢——1q3+—1¢3+i¢3+ +;“B

N TR TR T T NN S Y
1. 1 1. 1 .

SRR A AV R/ iy A
1 - 2 . 1 Y

S RV ARG o s A

(4.32)

¢N = ﬁ - mébel»

where for N = 3 the terms after the dots should be neglected. The change of basis between ¥; and 1§j is the same.

Hence, the electron operator v; 1,/p o el(?iF75) at the junction at = = 0 is then given by, for simplicity considering
lead j =1,

1R (0) ox el (OF610)] — T Y0 (0)Ft 5 b0 (0)+...]

_ eiclei[ﬁéo(0)+%1§1(0)+~~+7ﬁ(§v71)191\7—1(0)],

(4.33)

with ¢; a constant, depending on the pinning value of the fields with Dirichlet BCs, which we gauge away.
From Eqs. [4.18)-(4.20] it follows that the term ¢o/v/N in the exponent in Eq. [4.33] contributes a term 1/(Ng),

and each term ©,,/y/n(n + 1) contributes a term g/[n(n + 1)], in the exponent of (41 (0, )] (0,0)), which gives

(¥1.(0, )11 (0,0))

. Nt s 9
- % [Utlila] (4.34)
(see also Appendix [IV.5] for a derivation of the Ml matrix). Hence we have the scaling exponent
A= Nig + %g. (4.35)
For x < v/(2w), the lead LDOS therefore goes as
pi(z — 0,w) ~ NIl (4.36)

Thus, for ﬁ < g < 1, we have a diverging LDOS at zero energy in the vicinity of the junction. For non-interacting
lead electrons, g = 1, we get A; = 1, again giving the result p;(0,w) = % according to Eq. [4.25].

Note also, that in the 2zw/v > 1 limit, there is an unusual exponent in the z dependence of the subleading
oscillatory term in Eq. [4.24], which has an envelope decaying as ~ x—3/(49)=(9=1/9)/(2N) a5 4 function of distance z

from the junction, and diverging as ~ w(1=2/N)(9=1/9)/4=1 35 function of energy.

IV.4. Discussion and conclusions

In this work, we have investigated the tunneling spectroscopy of topological Kondo systems, providing a route
complementary to transport measurements in the search for experimental signatures of the predicted non-Fermi
liquid behavior.

We have found that for the minimal topological Kondo setup of Béri and Cooper,® with a strong-coupling SO (V)
Kondo fixed point, the LDOS of the effectively spinless electrons in lead ¢ in the immediate neighborhood of the
junction (meaning that the distance z from the junction is less than v/(2w)) follows the power law in Eq. [4.36],
i.e. it goes as ~ w5971 a5 a function of energy w. For non-interacting leads, g = 1, the LDOS close to the
junction is a constant, equal to half the bulk value, i.e. 1/(27v). However, for interacting lead electrons, g < 1, the
scaling dimension (Eq. [4.35]) controlling the LDOS and hence the tunneling conductance of an STM tip probing lead
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i, depends on the number N of leads. An experimental signature of the topological Kondo fixed point is therefore
obtained by, using gate voltages, changing the number IV of leads coupling to the Majoranas on the island, and then
observing how the scaling exponent of the tunneling conductance in lead ¢ changes.

In the topological Kondo system with a strong Josephson coupling, realizing an SO;(N) topological Kondo fixed
point together with a resonant Andreev reflection fixed point and a continuous manifold of fixed points where Kondo
and resonant Andreev reflection processes coexist,!?? we find that the LDOS of the lead electrons close to the junction
instead follows the power law ~ w91 as a function of energy, also with the constant value 1/(27v) for g = 1. Hence in
the strong Josephson coupling case, an STM experiment cannot distinguish the Kondo fixed point, or the coexistence
manifold, from the pure resonant Andreev reflection fixed point.

The only trace of the topological Kondo physics in the LDOS in the SO (V) case would come from the corrections
due to the leading irrelevant operators at the fixed points. With scaling dimension Ao > 1, given by Eq. [4.11],
these operators contribute terms ~ w?1°~1 to the LDOS at 2 — 0. Hence in these subleading corrections there is a
difference between the resonant Andreev reflection fixed point where Ar;o = 2 and in the Kondo fixed point manifold,
where 1 < Ao < 3/2 (1 < Apio < 2) for N = 3 (N > 3). However, any repulsive interaction among the lead
electrons renders the LDOS (Eq. [4.29]) divergent at zero energy, obscuring the subleading corrections which vanish
as w — 0.

In summary, we have provided analytical expressions for the LDOS of the leads in Majorana devices hosting
the topological Kondo effect. This provides a clear signature, complementary to previously proposed transport
measurements, to look for in experiments.

IV.5. Appendix A: Splitting matrix for topological Kondo

Let us here compute the M matrix for the topological Kondo effect of Béri and Cooper.56
First, note that the non-chiral and chiral bosonic fields (see Sec. IV.IV.2.1) are related by

. 1 - .
9i(z) = %ﬂz(aj) = (¢R,z‘ - ¢L,i) /2

= \}E (PR, — br) /2, (4.37)
biw) = Vgoilw) = (dri + i) /2

=9 (oL, + dr:) /2. (4.38)

The topological Kondo BC, i.e. the fields ¢o(z), 91 (z), ..., O x_1(x) having Neumann BCs and the fields d¢(z), ¢ (), ...

Dirichlet BCs, means that we pin the following vector (cf. Refs. [29 and 30])

Fxl01(@ = 0)+ U2z = 0) + Js(z = 0) + ... + I (z = 0)]
L{di(z = 0) — da(a = 0)]
L[p1(z = 0) + da(x = 0) — 23(z = 0)]
Ve A A ! o
\/%[451(:66:0 + ¢2(x = 0) + ¢3(z = 0) — 3ps(z = 0)] =0 (4.39)
\/ﬁ[@(x—0)+¢~52(x:0)+¢~>3(x:0)+¢§4(x—0)+ — (N = 1D)dn(z =0)]

to a value that we set to be the null vector 0. With the notation &; = ¢;(z = 0) and O; = 9;(z = 0), we write this as

ﬁ(él+9~2+ég+...+@N)
I5(01 — D)
%(@1 + &y — 2@3)

\/%(‘131 + &y + O3 — 30y)

=l

(4.40)

\/ﬁ(51+@2+@3+@4+~'*(Nfl)ééN)
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From Egs. [4.38] and [4.37] we have

(i)R,l—i’L,1+‘i’R2—‘§L2+‘§R3—éL3+ +&)R,N_i)L,N)
(‘I’R1+‘I>L1—‘I)R2—‘I>L2)
(‘I’R1+@L1+@R2+@L2*2@R3*Q@Ls)

=T, (441
((I)Rl+¢’L1+CI)R2+(I)L2+(I)R3+(I)L3_3<I)R4_3(I)L4) =0, (441)
(Pry+®p1 +Pro+ Pro+ Pra+ Prs+ &)RA +@pat— (N=1)Pgy — (N 1)@ n)
where (i)R/L,j = a)R/L,j(x = 0) Hence
‘i’R,1+‘i’R2+‘i’R3+‘i’R,N fi’L,1+‘i>L2+‘i>L3+‘i>L,N
Pr1— Pr2 —Pr1+Prp
(I)R1+(I>R2_2(I)R3 _(I)Ll—q)L2+2q)L3
¢R1+@R2+‘1’33*3‘1>R4 - *QLI*Q)LQ*@L3+3(I)L4 (4-42)
Dpyi+Ppo+ Prs+ (i)RA +. = (N=1)dpgn Pry+Ppot+Ppst ‘i)LA +o = (N=1)®p n
11 1 1 1 Op, 11 1 1 1 op,
1 -1 0 O 0 (?R}Q -1 1 0 0 0 (?L’Q
11 -2 0 0 bps 1 -1 2 0 0 by
<111 1 -3 0 dpy | =] -1 -1 -1 3 0 ., |- (443
11 1 1 - —(N-1) . 1 -1 -1-1-- (N-1) b, n
It follows that
- 101 1 1 1 -
PR ¥ o2 & 1 NE-D 11 1 e e 1 Pra
PR, ¥ 2% 1 NN-D -11 0 0 0 Pro
PR3 ¥ 0 -3 5 N(N I -1 -12 0 0 Crs
bry | = % 0 0 _i ) N(Nfl) -1 -1 -1 8 --- 0 b4 |- (4.44)
5 : ! 1 -1 -1 -1 - (N—1 5
Pr N ~ 0 0 0 - ( ) D N
Thus the splitting matrix M for the topological Kondo effect is
2/N—1 2/N .- 2/N
) 9/N 2/N-1-.. 2/N
M = . S . . (4.45)
2/N  2/N .. 2/N-1

For Fermi-liquid leads (g = 1, i.e. Ml = M), this agrees'®>%% with the expression Gi; = (€2/h)(8;; — M,;) for the
g = 1 conductance tensor.
Hence, according to Eq. [4.21], the scaling dimension for electron tunneling into a lead, close to the junction, is



—~

1—M)g+ (1+My)/g}/2

N —1)g/N +1/(Ng).

100

(4.46)
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