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We present an extended study of anyonic Luttinger liquids wires jointing at a single point. The model on the

full line is solved with bosonization and the junction of an arbitrary number of wires is treated imposing
boundary conditions that preserve exact solvability in the bosonic language. This allows us to reach, in the
low-momentum regime, some of the critical fixed points found with the electronic boundary conditions. The

stability of all the fixed points is discussed.
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I. INTRODUCTION

In the last few years there has been a boom in the study of
transport properties at the junction of multiple quantum
wires.!=2° This interest is largely motivated by the fact that
junctions of three or more wires would naturally appear in
any quantum circuit. Different frameworks have been devel-
oped to tackle this complicated problem that shows a rich
phase diagram. In fact, despite of the universality in the bulk
of the wires that are described by a Luttinger liquid,?” differ-
ent conditions at the junctions can lead to exotic phase dia-
grams (as, e.g., those in Refs. 1, 9, and 23) whose degree of
universality is not yet understood. According to the
renormalization-group (RG) theory of critical phenomena,
the low-energy properties of a gapless system are captured
by the stable fixed point of the RG flow, independently of
microscopic (nonuniversal) details of the real system. In
view of the universality it is worthy to investigate very
simple models, even exactly solvable, that can have (because
of symmetry reasons) the same fixed points of the real sys-
tems. For bulk one-dimensional (1D) models and in the case
of a single boundary, conformal field theory provides a com-
plete classification of the universality classes (see, e.g., Ref.
28), whose analogous for junctions (or star graph) is not yet
known. For all these reasons, we investigate in this paper the
Tomonaga-Luttinger (TL) model on a junction with an arbi-
trary number n of arms as depicted in Fig. 1 (a junction with
two wires n=2 can be seen as a defect on the line, a problem
that has been largely investigated®*~#° in the past). To solve
this problem, at the junction we impose conditions that are
probably not obvious for an electronic problem, but they

FIG. 1. (Color online) A quantum junction of n wires connected
via a scattering matrix S.
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show the advantage to be exactly solvable. The natural hope
is that the electronic model, at least for some values of the
couplings, would be in the domain of attraction of the fixed
points found here.

Furthermore we calculate the transport for particles with
generalized anyonic statistics.*! The reason for this generali-
zation is twofold. On one hand the study of 1D anyonic
model is attracting a renewed interest,*>>° mainly motivated
by possible experiments with cold atoms.®® On the other
hand, the transport of wires joined with a quantum Hall is-
land is driven by anyonic excitations.'? Also in this case we
can wonder whether the different problems have some com-
mon fixed points. In 1D, anyonic statistics are described in
terms of fields that at different points (x; # x,) satisfy the
commutation relations

W (1,x,)W(2,x,) = e DV (2, x,) W (1,x,),

Wi(r,x)Wi(t,x,) = ei’TKe(x'2)\P1'(t,x2)‘lf'r(t,x1 ), (1)

where €(x) is the sign function [€(z)=—€(~z)=1 for >0 and
€(0)=0] and x;,=x,—x,. k is called statistical parameter and
equals O for bosons and 1 for fermions. Other values of «
give rise to general anyonic statistics “interpolating” between
the two familiar ones.

The TL model emerges naturally in the description of
spinless fermions in 1D (and so electrons when the spin de-
grees of freedom are not important, but spin is also easily
introduced in the formalism). In fact, starting from fermions
hopping on a chain, linearizing the dispersion relation close
to the Fermi surface at =k and taking the continuum limit,
one arrives to the standard TL Hamiltonian?’

H= f dx[v(Yidah — Yridh) + g.pr +8.p21,  (2)

where s, 5(¢,x) are the two complex fields representing free-
fermions left and right movers, v is the Fermi velocity, i.e.,
the speed of the noninteracting fermions, and

pt(t’x) = [d;;‘(t’x)wl(t’x) * l/,;(trx) l/’Z(t’x)] (3)

are the two independent charge densities. All the interaction
is encoded in the coupling constants g [often the couplings
824=2(g, + g_) are used]. Eventual irrelevant coupling terms
of degree greater than 4 have been dropped. For g, > g_ the
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model is repulsive and it is attractive in the opposite case.

A similar reasoning can be repeated for anyonic degrees
of freedom and the Hamiltonian is always given by Eq. (2),
but with ¢, satisfying the commutation relations (1); ¢, with
x and ¢, with —«. Thus, when k=1 the model is the well-
known fermionic TL model, while the bosonic limit k—0 is
not well defined in this formalism as will be clearer in the
following. We stress that this anyonic model is different from
the gases discussed elsewhere*>4346:49:56 that also have a Lut-
tinger liquid description. As in the fermionic case, the model
is naturally solved exactly through bosonization.?’

This Hamiltonian defines completely the system on each
wire. To complete the description of the junction such as the
one shown in Fig. 1 we have to define the interaction be-
tween the n wires. From an electronic point of view it is
natural to have a term of the form!

wZ(t’Ovi)Baﬁijij(t’O’j)’ (4)

where a,B=1,2 and i,j=1...n. The matrix B defines the
boundary interaction among the fields . Although very natu-
ral, this boundary condition is quite complicated after
bosonization because it involves exponential boundary inter-
actions of the bosonic fields. As a consequence the theory
with this interaction term is no longer exactly solvable with
bosonization, and very smart and complicated methods must
be employed to extract the low-energy behavior from it."? In
this paper we take an alternative approach that is to modify
the junction couplings in such a way to preserve the exact
solvability after bosonization.?*?> The main idea is to im-
pose the boundary condition directly on the bosonic degrees
of freedom trying to have the same symmetries as in the ¢
counterpart. The two problems can obviously have a differ-
ent structure of fixed points, but, as stressed above, the natu-
ral hope is that the junction defined by Eq. (4) shares some of
the anyonic fixed points with the ones found here, as it is
well known to happen for fermions. The clear advantage of
our approach is that keeping exactly solvability, the results
are obtained with a relative little effort, compared to analo-
gous ones for Eq. (4).

The paper is organized as follows. In Sec. Il we introduce
the anyonic TL model and solve it on the full line. In Sec. III
after introducing the general features of the junction and the
importance of conservation laws, we first present the stan-
dard solution on half line and then generalize it to the generic
junction. In Sec. IV we study the stability of the found fixed
points following the RG flow. Finally in Sec. V we draw our
conclusion and discuss issues that need further investigation.
In Appendixes A and B we report the technicality of
bosonization and the description of the fixed points of the
junction.

II. ANYONIC TOMONAGA-LUTTINGER MODEL

As already mentioned, the main goal of this paper is to
investigate the Tomonaga-Luttinger model on half infinite
quantum wires jointing in a single junction. However, in or-
der to fix the notation and some basic tools, it is instructive
to sketch first the solution of model on the line. In doing that
we will focus on the general anyonic solution, which con-
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tains the more familiar fermionic one as a special case. The
model is defined by the Hamiltonian (2) in which the space
variable x is integrated on the full real axis. The correspond-
ing equations of motion are

i(d,— vpd ) P (1,x) =28, p, (1,x) 1 (1,x) + 28_p_(t,x) 4 (1,x),

(0, + Vpd) Yn(1,x) = 28, p, (1,%) (t,x) + 28 _p_(£,x) (1,x).
(5)

Bosonization?’ is the basic tool to quantize and solve these
equations of motion. In fact, the solution can be expressed in
terms of the right- and left-moving scalar fields ¢g ;. The
standard details of the solution can be found in textbooks?’
and are reported in Appendix A to make this paper self-
contained. The method is based on the change of variable

'M(t,x) o :ei\57_r[o'qu(Ut—x)+'r<pL(vt+x)]: , (6)

lﬁz(l‘,x) o :ei\57_T[T¢R(vt—x)+a'(pL(vt+x)]: , (7)

where the proportionality constants are explicitly given in
Appendix A and :---: denotes the normal product relative to
the creation and annihilation operators of ¢ fields. o, 7, and
v are three real parameters to be determined inserting these
expressions in the equations of motion. Without loss of gen-
erality we take 0=0 and assume that

o#F * 1. (8)

The charge densities take the very simple form

po(t0) = %{(m)(vr—x) + (e (01 +2)].

2\m(7* o)
)
Imposing the current conservation
9ip=(1,x) = vd,j+(1,x) =0, (10)
one gets the currents
i) = ()1 —x) F (9g) (vt +x) (11)

2 \"77( T+ 0)

Using the exchange properties of ¢, one can easily show
that that the field ¢, satisfies the anyonic commutation rela-
tions given in Eq. (1) with statistical parameter

K="7 -0 (12)

According to Eq. (8), x# 0, which shows explicitly that the
bosonic limit is not well defined in this context. The ex-
change relations of ¢, follow from Eq. (1) with the substitu-
tion k——«k, implying that ¢, are both anyon fields, which
become canonical fermions for k=1.

The quantum equations of motion are obtained from Eq.

(5) by replacing p-(z,x) i, (t,x)— :ps i, givin
y 1€p gp @ P+, g1VING

T(U—UF)W=L+8__, (13)
T+o T-0O
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oclv+vpm= &+ —L, (14)
o T-0

which, combined with Eq. (12), determine o, 7, and the ve-
locity v in terms of the coupling constants g. and the statis-
tical parameter . In terms of the variables {.=7%* o, one
obtains the system of equations

§+§— = Ks (15)
2
v =vpKk+ =g, (16)
ar
2
vl =vpK+ =g, (17)
T
with solution
U+ 2g, \ T2
g%=w(——i—¢&) , (18)
TKUp+2g_

\'/(WKUF +2g )(mKUvp+2g,)
U =

(19)
7]
The relations (18) and (19) are the anyonic realization of the
well-known result valid for canonical fermions in the TL
model (the traditionally used parameter K in our notation
coincides for k=1 with ﬁ:g;z; for comparison to Refs. 9
and 23 the notation is g=K~"). The stability conditions of the
model is 2g. >—mkv, which ensures o, 7, and v to be real
and finite.

From the previously given mapping it is easy to write the
Hamiltonian in terms of the bosonic fields obtaining

=3 | (0,67 + (0,00, 20)

where
(6= 5[ oulvr ) + (o1 + 2], 1)
00, = S exlvr ) - ey(vr+ 9], (22)

where 6 is the so-called dual field. Notice that the Hamil-
tonian is slightly different from the usual one in the literature
because we adsorb the coupling constant g (or K) in the
definition of the fields.

It is worth commenting at this point the internal symme-
tries of the TL Hamiltonian because they will characterize
the quantization on the junction. The TL Hamiltonian (2) is
left invariant by the two independent U(1) phase transforma-

tions usually denoted as U(1)® U(1),
Vo= Yoo o= €Y, (23)

Yo €TV e = Y, (24)

In the bosonic language they correspond to the independent
shift invariance of the (compactified) fields ¢ ;. We will see
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that on the junction, the left and right movers are not inde-
pendent anymore and the two U(1) symmetries cannot be
conserved simultaneously.

One of the main advantages of bosonization is that after
having solved the equations of motion, it is straightforward
to obtain all the correlation functions (also at finite tempera-
ture) just by commuting the fields ¢ in the exponential forms
for ¢ using Eq. (A15). In fact, in terms of the basic correlator

D(x) =

i(x—ie)’ 25)

the zero-temperature (Fock representation) field correlation
functions are

1
Wi(1.2) ¥ (1232)) = S Dlwi =21 [Dlwry +21)]7

. 1
((t1,x1) Yr(tr.x5)) = ;T[D(Uflz - le)]TZ[D(Utn + Xlz)]ﬂz,
(26)

with x,=x,—x, and #,=t;—1,. Scale invariance is manifest
and one can read the dimension of i,

1 1
dline = 5(02 + 7,2) = Z(gi + g%) (27)

All the other two-point field correlation functions vanish be-

cause of Eq. (8) and the neutrality condition [U(1)® U(1)
symmetry]. Analogously for the U(1) density one finds

Pty )pinn) = @;W{[Dwm )P
+[D(0112+X12)]2}, (28)

and straightforwardly the ones for p_ and j. are obtained.
We notice that all these correlation functions correctly agree
with the general expression for a harmonic anyonic fluid*®
with only one harmonic term given by the Luttinger mode.

The generalization to finite temperature 8~! (Gibbs repre-
sentation) is simply obtained with the replacement D(x)
—Dglx) with

mX

iB . T
Dglx) = | —sinh{ — —ie , (29)
™ B
and introducing the chemical potentials explicitly,
CACEDUACENIE Lei”"g("t‘2_x12)+i”LT(U"2+x12)
B om

X [Dglvty, - x12)]”2[Dﬁ(Ut12 + xlz)]fz,
(30)

and similarly for the other correlations. The right and left
chemical potentials are
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MR=£—£’ ML=£+£’ (31)

where w and g are the ones associated with the U(1)
® U(1) charges.

III1. JUNCTION OF TOMONAGA-LUTTINGER LIQUIDS
A. Boundary conditions and symmetries

After the previous preliminary considerations on the line,
we investigate below the TL model at a junction such as the
one shown in Fig. 1. In mathematical physics literature these
junctions are usually called star graphs and they represent
the building blocks for more general “quantum graph” net-
works (see for a review Ref. 61). We now fix all the nota-
tions on the junction that we call I'. We indicate the jointing
point of the junction as V. Each point P in the bulk I'\V (i.e.,
of the wires) can be parametrized by the pair (x,i), where i
=1,...,n labels the edge E; and x € (0,) is the distance of
P from the vertex V along that edge. We stress that, as physi-
cally suggested, the embedding of I" and the relative position
of the edges in the “ambient space” are irrelevant.

The dynamics of each wire (edge) is still given by the
Hamiltonian (2), but now ,=,(¢,x,i) and x>0. As al-
ready discussed in Sec. I, in order to fix the solution one
must impose some boundary conditions at the vertex V at x
=0. The simplest boundary condition one can imagine is lin-
ear in i, and is generated by the boundary term in Eq. (4)
that makes the model nonexactly solvable for general cou-
plings (see, e.g., Ref. 1 for free fermions and also Ref. 9 for
infinite repulsive coupling).

An alternative which preserves the exact solvability after
bosonization has been proposed.?-?> The main idea is to
impose the boundary condition directly on the bosonic de-
grees of freedom, selecting those of them which ensure uni-
tary time evolution of the fields ¢. This is guaranteed only if
the boundary conditions are linear in the fields ¢ and its first
derivatives. So we can parametrize these boundary condi-
tions by a generic n X n unitary matrix U,2%:21.62.63

n

> NI = U);0(5,0,/) = i1+ 1),(3,9)(2,0,)]1= 0, (32)

J=1

and A >0 is a parameter with dimension of mass needed to
recover the correct physical dimensions. Since bosonization
expresses physical charges linearly in ¢, we shall see below
that these boundary conditions simply state how the charges
are parceled out among the wires at the vertex.

The analysis of the fixed point is greatly simplified if we
assume time-reversal invariance. This implies that the matrix
U must be real, that together with unitarity leads to a sym-
metric matrix U, i.e.,

U=, (33)

giving a further constraint on the possible boundary terms. A
nontrivial magnetic flux (breaking time reversal) has been
considered’ and resulted in a more complicated fixed point
structure. When dealing with anyon excitation, it would be
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more natural to consider non-time-reversal models because
the magnetic field needed to produce the anyons breaks the
symmetry. However this would complicate the analysis and
in some regime it could be only an irrelevant perturbation.
Thus in the following we will always assume time-reversal
invariance and leave the study of the effect of its breaking to
a future work.

The boundary condition (32) is equivalent?®?! to an inter-
action with a pointlike defect localized at the vertex of the

graph. The scattering matrix associated with this interaction
£420.21,62
s

S(k) == NI = U) + k(L + U)J'[N(I = U) = k(I + U)]
(34)

and has transparent physical meaning: the diagonal element
S;i(k) represents the reflection amplitude on the edge E,,
whereas S;;(k) with i# j equals the transmission amplitude
from E; to E;. Equation (34) makes also clear the meaning of
the boundary terms N\ and U: for A # 0 we have S(k=\)=U,
i.e., N fixes the momentum scale at which the scattering ma-
trix is given exactly by U.
By construction the scattering matrix (34) is unitary

[S(K)]"=[S(k)]™! (35)
and satisfies Hermitian analyticity
[S(K)]" =5(-k). (36)

Moreover, time-reversal invariance (33) implies
[S(k)] =5(k). (37)

For simplicity we assume in this paper that U is such that
“ dk .
f —e™5,(k)=0, x>0, (38)
o 27T

which guarantees that S(k) has no bound states (see Ref. 64
for an extension to bound states).

The boundary conditions strongly influence the symmetry
content on the junction. Each symmetry in the bulk gives a
conserved charge Q [with density p(x,)] because of the No-
ether theorem. If we want to keep the conservation of Q at
the junction we must impose from the beginning that the
currents j(x,) corresponding to the given density p(x,?) are
conserved at the vertex. This results in 2_,7(0,7)=0 for all
times. This is the Kirchhoff’s rule, which must be imposed in
the vertex in order to generate a time-independent charge
from a given current. A basic example is given by the energy,
which is a conserved quantity in the bulk. Because of unitar-
ity, the matrix U in Eq. (32) parametrizes all boundary con-
ditions which ensure the Kirchhoff rule for the energy-
momentum tensor of ¢ and thus the time independence of
the relative Hamiltonian. This means that there is no dissipa-
tion at the junction: if the energy flows out from one wire
should flow in another one. We stress that the Kirchhoff’s
rule for gapless models on a graph is the generalization of
the celebrated result that scale invariance implies holomor-
phic and antiholomorphic components of the energy tensor to
be equal in boundary conformal field theory.?%%3
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Energy is not the only conserved quantity. In our formal-
ism it is conserved by construction, but all other conserva-
tion laws we want to keep on the junction must be imposed
by hand with appropriate Kirchhoff’s rules. However it may
happen that different conserved currents can generate contra-
dictory Kirchhoff’s rules, resulting in obstructions for lifting
all symmetries on the line to symmetries on I'.% In this case
one can preserve on I" one of the corresponding symmetries,
but not all of them. This is actually the case for the U(1)

®U(1) symmetry of the TL model. In fact, the relative
Kirchhoff rules generate?! the following further constraints
on U:

n

2,0, =0e X Sk =2 U;=1, (39)
i=1 i=1 i=1

2 (t0.)=028,k)=2U;=-1,  (40)
i=1 i=1 i=1

which cannot be satisfied simultaneously. U(1) is linked to
the electric charge conservation and it is then natural to re-
quire the conservation of Eq. (39) while breaking Eq. (40).
However also the opposite prescription has some interests.
Notice that the duality transformation (A12) on I' maps the
matrix U [and so S(k,N\)]in =U [-S(k~',A"")]. Consequently
duality maps the vertex conservation of U(1) in U(1).

The matrix conductance - of the junction can be obtained
in linear-response theory. Since it involves only currents, the
calculation is the same as for free bosons,?!?2 but with the
renormalized current in Eq. (11), leading to an overall nor-
malization

G=

1
1-5)=Gype(I-9). 41
20 ﬁ ( ) 1 ne( ) ( )
Thus the dependence of the conductance on the anyonic pa-
rameter is only through the renormalization constant £, in
Eq. (18). Because of unitarity |S;|=1, we have

0= Gii = 2Gline' (42)

In the following, we will call conductance G the diagonal
element G;; in the case it does not depend on the wire index
i.

It is worth mentioning that a similar approach (called de-
layed evaluation of boundary condition) working also with
fermion boundary conditions was developed by Chamon and
co-workers.”?3 It basically amounts to leave in the half line,
right and left movers unconstrained in the bulk, constructing
then the tunneling operators, and only later choosing an R
matrix (R for reflection, it can be easily rewritten as an S
matrix) such that one of these processes pins the correct
boundary conditions. In the appendix A of Ref. 23 the con-
ductance is written in terms of an n X n R, which agrees with
the results here and elsewhere.?!??

B. Half line

It is instructive to start with the well-known case n=1,
namely, the half line, since some features of the generic junc-
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tion are already manifest in this case. The matrices U and S
—2ia

are just numbers U and S. Setting U=e""'%, we get
k—i
St ="—", (43)
k+in
with
T ™
=\ tan(a), —=a=_. 44
7 (a) , =a=g (44)

As expected the S matrix (43) corresponds to full reflection
and describes the mixed (Robin) boundary condition

(0,9)(,0) = 1¢(2,0) = 0. (45)

The condition (38) implies 7=0 or equivalently 0=«
=mx/2. =0 and a=m/2 correspond to Neumann and Di-
richlet boundary conditions, respectively. These two points
define the only bosonic scale-invariant boundary conditions
on the half line. Instead of imposing the condition (45), we
can add a term to the Hamiltonian in such a way to generate
it as a further equation of motion. The resulting total Hamil-
tonian is

Hoo = H + 7¢°(1,0), (46)

with H the bulk term given by Eq. (20), obviously defined
only on the half line, i.e., the integral is over x € (0,%).

The main effect of the boundary in x=0 is to couple right
and left movers by means of the boundary condition (45). In
particular, at criticality, Eq. (45) implies that

(PL(g) = @R(g)a n= O’ (47)

er(&) =— ¢r(é),

which is the familiar “unfolded picture”! for Neumann and
Dirichlet boundary conditions. The boundary conditions then
forces nonzero mixed commutation relation [from Egs.
(A19) and (A20)] between right and left movers

—ie(¢)n), 7=0,
[or(€D), er(&)] =) ie(€1), n=>,
ie(ép) —4i0(£p)e ™12, 0 < p<oo,
(49)

=00, (48)

while the left-left and right-right ones are the same as in the
full line. Note that in the right-left commutators it appears
&,=vt,—X 5, involving, as expected, the sum of distances
from the boundary X|,=x;+x,.

Although right and left modes are no longer decoupled,
we can still perform the bosonization program and solve the
TL model on the half line. The anyonic exchange relations
(1) are still valid defining ¢, as in Egs. (6) and (7) [but with
normalization constants depending on the boundary condi-
tions, see Eq. (A18)]. ¢, fulfills the quantum equations of
motion of the TL model restricted to the half line x>0, with
o, 7, and v given by the same expressions (18) and (19)
found for the full line. In fact, all the local bulk relations of
the TL model on the full line still hold on the half line. This
will remain true in the more general case of a junction made
of any number of wires.
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The charge and current densities Egs. (9) and (11) are still
locally conserved [i.e., Eq. (10) holds for x # 0] and p- gen-

erate the U(1)® U(1) infinitesimal transformations (A16).
After bosonization, the boundary condition (45) can be re-
casted in terms of physical currents

j+(t50)=0’ 7]=0’

j-(£,0)=0, 7p=c,

(9',&]_([,0) - 77J_(t,0) = 07

Consequently, the main physical difference between half and

0< p< oo, (50)

full lines concerns the global charges Q and é associated to
charge densities p, and p_, respectively. The boundary spoils
the simultaneous conservation of both charges, allowing just
one linear combination to survive. For instance, at the critical
point =0, the boundary condition (45) is simply the Kirch-
hoff’s rule associated to the U(1) transformation (23), en-
forcing the charge-density current j, to vanish at the vertex
while j_ does not,

j.(,0)=0, j(1,0)%0, for =0. (51)

In this case Q is time independent, while Q depends on time
due to a nontrivial charge flow through the boundary. The
critical point 7= has an opposite behavior, preserving the

U(1) transformation (24) and breaking (23). For generic fi-

nite >0, it is easy to see that the U(1) symmetry is always
conserved while U(1) is broken.>* As already pointed out,

this symmetry breaking from U)oU) to a subgroup
U(1) is a general unavoidable feature of junctions of any
number of wires.

This boundary symmetry breaking is even more visible in
the correlation functions. In addition to the usual right-right
and left-left bosonic correlators, there are also mixed ones
[Egs. (A9), (A19), and (A20)]. As a consequence there are
four nonvanishing two-point correlators for ,, instead of
just two as for the full line. For instance, considering the
critical case =0, when the U(1) transformation (23) is pre-
served, we have

(W (11,2 0) 1 (12,2)) = (i (11, 7 (12,%,) )
=[Pt~ x)] (Dt +x10)]7
X[D(vt), - X19)D(vt, + X12) 177,
(52)

W (11,%1) ¥ (12,22)) = (s (11,1 4 (£2,%2))
=[D(vt, = x) 7 TD(vt 1 + x12)]77
X[D(ty = )17 (Dot +F)]7,
(53)
and

(W (11.x1) P (t2,32)) = (Y (t1,x)) 5 (12,X,) )
=(52) with o« T, (54)
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(21,10 (12,2)) = (i (21,x) 5 (13, x2))
=(53) with o< T, (55)

with Xj,=x,+x,. The nontriviality of the correlators (53) and

(55) reflects the breaking of the U symmetry on the half line
for n=0.

All the correlation functions just derived must be com-
pared to the general scaling form coming from boundary
conformal field theory® that in imaginary time 7;=it; pre-
dicts in general

dline
(W (z)W(z2)) = ( ) F(§), (56)
212212
with the four-point ratio
_ (57)
212221

and z;=x;+i7, 7;=7;. F(£) encodes all the boundary depen-
dences and for small argument can be written as® F(£<1)
o &, where d, is called boundary exponent. The real time
correlations we wrote are clearly not of this form, but this is
just because we wrote them in the regimes x;,x,> 1 and x,,
X, arbitrarily using definitions (6) and (7). If we want to get
the correct scaling also for arbitrary x; , we should modify
the definitions as

(/ll(t,x) o :ei\s“a_TmpR(vz—x)::ei\:“q_mpL(vHx): , (58)

(/lz(t,x) o :ei\57_77<pR(vl—x)::ei\fﬂ_T(fsz(vf+x): , (59)

at the price of introducing some more divergences that are
easily renormalized. With this prescription, we obtain as a
typical example

(W (11,20 1 (12,22)) = (i (11,20 ¢y (12,%3))
=[D(vt), - xlz)]ol[D(Utlz + xu)]#
D(vt), = %) Dt + %) |77
D(2x,)D(2x,) '
(60)

which agrees with the general conformal field theory scaling
with F(§&)=¢&°" and so d,=o7. All the other correlation func-
tions are easily modified accordingly. Because it will be
easier to write, in the following, we will ignore the double
normal product and still use definitions (6) and (7). The ex-
pressions taking into account the correct normalization at the
boundary can be easily written down from the correlation we
will derive.

We finally point out that for Dirichlet boundary condi-
tions, i.e., =%, the diagonal correlations are the same but
with d,=—o7. Nondiagonal correlations can be found in Ref.
34.

C. Generic junction

The case of a junction with an arbitrary number n>1 of
wires can be actually reduced to the study of a suitable fam-
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ily of n half lines. In fact, let ¢/ be the unitary matrix diago-
nalizing U which defines the boundary conditions (32). Since
U is symmetric, we can choose U orthogonal, U'=U" 1 and
real, U*=U. Let us parametrize the diagonal form

U,=UUU ! (61)
as follows:
U, =diag(e 4, 721, ¢2im), (62)

Using definition (34) of S(k), one easily verifies that I/ di-
agonalizes S(k) for any k and that

k—in k—i k—in,
Sd<k)=us<k>w1=diag( MR ’.”),
k+in k+in, k+in,
(63)
where
ar ar

=Nt ), ——=a=-_. 64
m=Nan(), -5 =a= (64)

Therefore S(k) is a meromorphic function in the complex k
plane, whose poles are different from 0 and are all located on
the imaginary axis. The condition (38) implies absence of
bound states, i.e., of poles in the upper complex k plane,
namely, 0= a;= /2, hence 7,=0.

Critical boundary conditions correspond to a matrix U
such that the scattering matrix is insensitive to the momen-
tum scale transformations A — @\ (or k— @~'k) with ¢ >0.
To be scale invariant, the scattering matrix must have each #;
vanishing or infinite, so that S is actually momentum inde-
pendent and with eigenvalues = 1. By means of Egs. (35)
and (36), and the derivative?!

ds(k)

1 ~ Qi
ke =" 5[5(k) - 5" (k) 15(k), (65)

we see that criticality is equivalent to the condition
S=5" (66)

In Appendix B some examples of critical junctions with two,
three, and four wires are given.

The matrix I/ allows us to define real scalar fields ¢
=U¢ which are not localized on the single edges but have
simple boundary conditions, formally the ones of disjoined
half lines

(0x¢d)(ta0’i) - ni(Pd(l’O’i) = O’

Comparing to the half line Eq. (49), it is straightforward to
derive the commutation relations for the right and left mov-
ers on the wires as done in Refs. 20-22 and reported in
Appendix A.

i=1,....,n. (67)

D. TL model at the junction

The TL model on the star graph I is defined by the sum of
n Hamiltonians in Eq. (2) plus the boundary term that we
implement through Eq. (32) at the bosonic level. The charges
on each wire are defined via Eq. (3) and generate the U(1)

® U(1) phase transformations (A16) and (A17) leaving the
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Hamiltonian invariant. The corresponding quantum equa-
tions of motion in the bulk are given by Eq. (5) for each wire
independently.

In analogy with Egs. (6) and (7), the solution of the equa-
tions of motion is given by the vertex operator

lﬂl(f,x,l.) o :ei\““7_T[(r(p,-YR(Ut—x)+T<piyL(vl+x)]: , (68)

lﬁz([,x,i) o :ei\““7_r[Tcp,-’R(vt—x)+(r<piyL(vl+x)]: , (69)

where the normalization constants are given in Appendix A
and depend on the anyon Klein factors. All bulk relations
(the value of o, 7, and v, the form of the currents, etc.) of TL
model on the line are still valid for half infinite wires jointed
in a single vertex.

It is interesting to rewrite the boundary condition (32) in
terms of physical quantities of the model: in particular at the
critical point (66) where @g(&)=S¢;(€) (i.e., a generalized
version of the unfolded picture of the half line), the boundary
conditions get a very simple form

J=(1,0,i) = F 2 8;j+(1,0,)), (70)
j=1

which simply fixes the splitting of the currents at the junc-
tion. Comparing this expression to the Kirchhoff conditions
(39) and (40), we see that at least one of two charges Q and

0, associated to p, and p_, respectively, is dissipated by a
nontrivial flow at the vertex. Since p, generates the electric
charge for the ¢, Eq. (A16), we typically require the Kirch-

hoff’s rule (39) to preserve electric charge, while é conser-
vation is lost.

As for the half line, the nontrivial behavior of right-left
correlators, due to the presence of vertex, allows more non-
vanishing correlation functions with respect to the line case.
Let us consider the two-point function for i in the Fock
representation and let us focus for simplicity on the case of
critical boundary conditions (66). Imposing the Kirchhoff’s
rule on the charge Q generated by U(1), there are four non-
vanishing two-point correlators

* . . Zi Zi —| L. S. .
<l/fl(t],xl,ll)wl(t2’x2’l2)> = ﬁ/\ [(02+72)6’1’2+2Wb‘1’2]

X[D(vty = x19)]7 e[ D(vtyy + x19)]7 %
X[D(vt}y - K1) D(vtyy + F12)] i, (71)
i Z

s . Zi%iy . .
Wil i)altxs, 1)) = AT 2070

X[D(vt}, - 3712)]025""'2[D(Ut12 - x12) Dty + x15)] 7%z
X[ Dy, +X,)]" i, (72)

with all normalization factors defined in Appendix A. All
other nonvanishing correlation functions have the same form
as the ones on the half line Egs. (52), (53), and (55) with
only the proper wire index added.

For the charge densities one finds
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-1 ~ ~
(P (t1,21,11) po(12,30,12)) = ——{[D* (011, = x10) + D (V115 + %12)18, 1, + [D*(vi1y = X)) + D2t + 51018, 1.}, (73)

(27T§+)2
and for the currents
. |

<j+(tlvxl7il)j+(t2’x2’ l2)> - (27T§+)2

D11, = x10) + DX (w113 + x12)18, 1, = [D*(0i1p = Fp) + D20t + 71018 1.} (74)

BL)

The opposite signs in the (Siliz and SiliZ contributions in Eq. (74) ensure the Kirchhoff’s rule for Q. Analogous expressions hold
for p_ and j_ up to replace in Egs. (73) and (74) (7+0) < (7—0) and S+ -S5.

If instead we impose the conservation of the charge Q we have the nonvanishing two-point correlation functions

Z

(W (11,x1,1 )y (t2,%0, 1)) =

Z

<lr//l(t1»xl»il)¢2(t2’x2’ 12)> = 2

i\<i : .
ZIWZA_[(02+72)5i1i2+207ﬁ""'2][27(0f12 - Xlz)]azg"lﬁ[p(vtlz + xlz)]TzéliZ[D(Uflz — X10)D(vty + %1p)] i,

(75)

iZi . . .
‘:A[<°2+72>bf1i2+207@1f21[p(vtlz — X)) Dty + x1) T D(vt 1y — F12) T [ Dty + Fp) 7 ik,

<¢1(tl’xl’il)‘r//T(tZ’x%iZ» = <lp>lk(t1’x1’il)wl(t2ﬁx2ai2)>a (76)

(W (ty,x1,i) Wy (9,%0,15)) = (P (81,1, 11) P (1, %0,12))
= () (ty,x1,0) 5 (15, %0,12))

= (P (11,1, 11) Py (t2,X,15))
(77)

and

(521,210 (12,0, 12)) = (o (21,1, 1) 5 (89, %0,12))
=Eq. (75) with o< 7. (78)

The nonconservation of the electrical charge is explicitly
shown by the presence of non-neutral correlator (). The
correlations for conserved density p_ and current j_ are the
same as Egs. (73) and (74).

IV. RG FLOW ON THE JUNCTION

We completely characterized the fixed-point structure for
a junction with an arbitrary number of wires n. Let us recall
the main features explained in Sec. III and in Appendix B. At
the critical point, the scattering matrix can only have eigen-
values *1. For generic n, the fixed points are classified in
terms of the integer number p with 0=p=n, which is the
number of eigenvalues equal to —1. At the fixed point, the
boundary couplings 7; (with 1 =i=n) are zero if the corre-
sponding eigenvalue is +1 and infinity if the eigenvalue is
—1. p=0 corresponds to Neumann boundary conditions on
all wires, while p=n to Dirichlet. Other values of p corre-
spond to intermediate boundary conditions that are n—p
Neumann and p Dirichlet fields in the basis cp;j diagonalizing
the S matrix. In Fig. 2 we report as a typical example the RG
flow diagram for three wires in the 7; space. The final point
of any axis is 7;=2%. Let us discuss now the structure of the

fixed points, postponing the study of the stability to the fol-
lowing. There are 23=8 fixed-point families, one Neumann,
three points with p=1, three with p=2, and one Dirichlet [in
the general case, there are 2" families of which (;) for any

p—
®
v
@
[\

~
N

\._______>_______
[S—

1

FIG. 2. (Color online) RG flow diagram for a junction of three
wires in the 7, ;3 space. The fixed points are: D is Dirichlet and
corresponds to all 7,=%; N is Neumann with 7,=0; 1 are three
fixed-point families (depending on two parameters) with two 7 van-
ishing and one infinite; 2 are three fixed-point two-parameter fami-
lies with one 7 zero and two infinite. The cyan-shaded area is the
allowed region when the Kirchhoff’s rule for the electric charge is
valid. It includes Neumann, two p=1 families (with only one pa-
rameter left free), and one p=2 fixed point (with no free parameter
left). The arrow in the flow corresponds to the attractive case with
g>1 which gives Dirichlet as the most stable fixed point (without
Kirchhoff) or the mixed p=2 (with Kirchhoff). In the opposite re-
pulsive case g<<1, all the arrows are reversed and the most stable
fixed point is Neumann.
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pJ. Every critical point belongs to a continuous family with
p(n—p) real parameters that are not shown in Fig. 2. Sum-
marizing any critical point is identified by p, by the specific
eigenvalues that are —1 (i.e., by the axis in the figure) and by
the p(n—p) real parameters. The parameters specifying the
fixed point in the families are the angles «; reported for some
examples in Appendix B. For a given situation, the fixed-
point value of ¢; is given by their initial values. This means
that «; are marginal couplings and their values cannot be
fixed only by requiring scale invariance.

The role played by the conservation rules in this flow
diagram is fundamental. To consider the most physical case,
let us discuss when the electrical charge is conserved, i.e.,
the Kirchhoff rule 2,;7,(¢,0,i)=0 is satisfied. The first effect
is to fix to zero one (arbitrary) 7;, constraining the system on
the shadow area in Fig. 2 so that Dirichlet boundary condi-
tions are ruled out for the problem. Also the number of real
parameters characterizing the p fixed points is largely re-
duced. For three wires, the point with p=1 becomes a one-
parameter family, while the point with p=2 becomes an iso-
lated fixed point. Details for the general case are in Appendix
B. Needless to say that imposing the conservation of the

U(1) charge results in fixing one of the 7; to % and similarly
reduced the number of real parameters available for each
fixed point.

We briefly discuss our terminology for the fixed points in
order to make the comparison to other papers as simple as
possible. The fixed points with p=2 (“2” in Fig. 2) is the
mixed fixed point found by Nayak et al.! and called D (or
Dp) in Ref. 9 because of the n—1 Dirichlet boundary condi-
tions (there n=3) on the neutral modes (but this point is
obviously different from our D). The family with p=1 in Fig.
2 depends on a continuous real parameter «, as shown in Eq.
(B4), and it has been first found in Ref. 21. Note that it is not
symmetrical under wire permutations. There are three special
values of a: for a=-1,0,% the S matrix breaks into 1 X1
and 2 X 2 blocks. The 1 X 1 block is a wire decoupled from
the other two that form a purely transmitting n=2 junction
(the same can be verified for higher n; changing the a’s we
can decouple any wire). For these special values of a, the
fixed points were also found by Chamon et al.® that called
them asymmetrical D,. Other values of « interpolate con-
tinuously between these three. Finally it is worth comment-
ing that the Dirichlet fixed point (D in Fig. 2) physically
corresponds to n wires with an end inserted into a large
superconductor. In fact, the S matrix S=-I gives conduc-
tance G=2[ corresponding to Andreev reflection in all wires
(i.e., sending a particle one gets a hole out). This is a differ-
ent problem from a junction of wires (even superconducting)
because the large superconductor breaks the U(1) charge
conservation.??3

Now we know the fixed-point structure, but what is the
relative stability? Which fixed point describe the universal
low-energy behavior? There are several equivalent ways to
tackle this question. The more natural one, as done
elsewhere,!>?3 relies on calculating the scaling dimension of
the perturbing operator at a given fixed point. Since our
problem can be thought as n independent half lines with n
—p Neumann boundary conditions and p Dirichlet ones, the
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problem is just equivalent to understand the stability of Neu-
mann or Dirichlet against a Robin term as in the Hamiltonian
(46). This is a standard problem. In the bosonic theory, the
flow can be followed exactly from Eq. (65) of the off-critical
S matrix. The Neumann fixed point is always unstable, while
Dirichlet is stable (or mixed if Kirchhoff is imposed on the
electrical charge). However, as well known, considering the
fermionic theory changes this scenario because of the Klein
factors. In boundary conformal field theory, the stability con-
ditions are just read from the boundary dimensions d, ap-
pearing in the two-point correlation functions reported
above. At the Neumann boundary condition (BC) we have
the dimension UT:(ﬁ—ﬁ)M that is greater than zero for
g.>g_, 1.e., for repulsive anyonic interaction, giving a stable
Neumann. Oppositely at the Dirichlet BC the boundary di-
mension is —o7 that it is stable in the complementary attrac-
tive case. Since there are no other fixed points in the RG
diagrams, this analysis fixes all the RG flow. Note that for
free anyons (and in particular fermions) 7 is marginal in this
approach. In any given anyonic or fermionic model the ac-
tual stable fixed point will be determined by the higher order
terms in 7 neglected in our approach.

These results can be confirmed on the basis of the follow-
ing argument based on the so-called g theorem.”*8 For a
one-dimensional critical system with a boundary, it is known
that the boundary contribution to the entropy In g (g is the
so-called “universal noninteger ground-state degeneracy”®’)
decreases along the renormalization-group flow. We can eas-
ily calculate the value of the effective potential V. =g.p,
+g_p_ for the off critical model for any 7. Subtracting the
divergent contribution of the bulk to make this expectation
value finite, we get on each wire

+00

S(X’ l) = <Veff(t’x7 l)> = Qf %|k|62ikxsii(k)? (79)

—00

where

22
Q — (g—g— g2+§+) (80)

27K

fully encodes the bulk interactions effect. In particular, when
g.=g_ it vanishes and changes sign, giving the correct sta-
bility scenario.

In fact, we can rewrite Eq. (79) in terms of the potential
snj(x) for disjointed half line with the boundary condition
(67)

e(x,i)= >, Ui e nj(x), (81)
J
with

Q
g,(x) =— E[l —4(xn) - 8(x7m)%e*Ei(- 2 X 7)].
(82)

The function
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s(x) = —4x2Y, e(x,i) = — 4x*, 8,]],()6) (83)
i=1 =1

collects the contribution of all the wires. It is a monotonous
function with fixed points at 7=0,% in agreement with the g
theorem. The stability of the fixed points and the direction of
the flow are just given by the sign of () and agree with the
previous analysis.

V. CONCLUSIONS

In this paper we presented a systematic study of the criti-
cal properties of n anyonic Luttinger wires jointed in a single
vertex. Imposing the boundary conditions (32) at the junction
directly on bosonized fields allowed us to describe com-
pletely the RG flow diagram for any n. As a typical example
the RG flow for n=3 is depicted in Fig. 2 where the main
features of the various fixed points are discussed in the text.

At this point it is worth comparing our findings with the
literature. For two wires, our results are a simple anyonic
generalization of the well-known ones by Kane and Fisher?
for fermions that are reproduced for k=1. For n=3, as we
said in Sec. I, the literature is enormous. The boundary con-
ditions we used are equivalent to those of the “auxiliary
model” of Nayak et al.' for g#1 [in fact, expanding the
exponential defining the auxiliary model' and keeping only
up to the quadratic terms, neglecting irrelevant higher orders,
we arrive to the Hamiltonian (46) where the symmetry of the
boundary terms is just the Kirchhoff’s rule]. We predict two
possible stable fixed points: Neumann and mixed. Neumann
is well known, it has zero conductance, and in this setting it
is stable for all repulsive interaction, i.e., g<<1. The mixed
fixed point has been found for the first time by Nayak et al.'
and it is specific of the junctions. It has enhanced conduc-
tance G/Gj;,.=4/3 and we found it is stable for all attractive
interactions g>1 as in Ref. 1. Everything agrees with the
auxiliary model, but not with the “standard model” defined
by the boundary condition (4) that is known to be different.!
In fact in the standard model, the Neumann fixed point is
stable only for g <1/3 while the mixed one only for g>9. In
the other regimes with 1/3<g<9, new fixed points appear
that cannot be present in our approach.’® Our setting how-
ever presents a great advantage: it is simpler for generic n
and more efficient in describing the off-critical properties of
the system. In fact we provide the critical behavior for all n.
We found for g<1 a Neumann stable fixed point (with zero
conductance) and for g>1 a mixed fixed point with conduc-
tance G/Gy.=2(n—1)/n. We also find other fixed points
(described in Appendix B) that however have at least one
direction of instability in the #; space and so they are multi-
critical points in the sense that some other constraints must
be imposed to reach them. Clearly we expect that the stan-
dard model for n=3 will have some fixed points not found
here, as for the case n=3. A part from the per se interest of
the model, the fixed points we found are relevant for the
standard model as well. In fact, it is easy to generalize to any
n the strong and weak boundary coupling (i.e., our %) calcu-
lations of Refs. 1 and 9 to show that for small enough g the
relevant fixed point is Neumann and for large enough is the
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mixed one. However, which fixed point governs the dynam-
ics when none of these two is stable is not accessible to our
approach. For n=4, two fixed points derived in Appendix B
have been recently found to describe the scattering matrix for
a proposed experiment to detect the helical nature of the
edge states in quantum Hall systems.?®

We mention that we also characterized the junction in the
absence of the Kirchhoff’s rule for the electric charge. It is of
particular relevance considering the case when relaxing the
conservation of the electrical charge and imposing the con-

servation of the dual one L~/(1). In this case the more stable
fixed point is always Dirichlet with uncommon points such
as the mixed one representing multicritical points.

There are two generalizations of the model considered
here that should be easily accessible to a similar analysis.
First of all one can consider fermions with spin (and even
multispecies anyons) as done elsewhere with fermionic
boundary conditions.? In this way one can understand which
fixed points are present also with bosonic boundary condi-
tions. The other generalization is relaxing the symmetry for
time reversal to allow a nonvanishing flux at the junction.”

We close this paper on a more speculative level. In recent
times there has been an increasing interest in quantifying the
entanglement in extended quantum systems (see, e.g., Ref.
69 as review). Among the various measures, the so-called
entanglement entropy has by far been the most studied. By
partitioning an extended quantum system into two blocks,
the entanglement entropy is defined as the von Neumann
entropy of the reduced density matrix p, of one of the two
blocks. This procedure requires an arbitrary division of the
system in two parts. In the junction problem studied here the
system is automatically divided in parts and it would be very
interesting to understand the amount of entanglement be-
tween the various wires. The analysis of some models on the
line with one defect’ (i.e., n=2 in the language of this pa-
per) showed that the entanglement entropy is not always only
dependent on the central charge of the bulk theory (as maybe
naively expected). The natural question is whether the con-
formal field theory formalism that has been successfully ap-
plied to the bulk and boundary cases’' can be generalized to
the junction. Furthermore, if we would be able to solve the
nonequilibrium problem with changing the boundary condi-
tion (e.g., suddenly adding or removing the junctions, as
done for n=2 in Ref. 72), one can think of using the junction
as an entanglement meter following the recent proposal
based on quantum noise measurement.”?
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APPENDIX A: BONSONIZATION AND QUANTIZATION
OF THE TL MODEL

1. Line

The basic tool for quantizing the system, described by Eq.
(5), is the algebra A generated by the bosonic annihilation
a(k) and creation a*(k) operators satisfying
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la(k),a(p)] =[a"(k),a"(p)]=0, (A1)
[a(k).a"(p)]=4mlk™ |8k - p). (A2)
where the normalization can be fixed such that
a _ 4 ke?™
= dk[ (in= ] (A3)

The derivative here is understood in the sense of distribu-
tions, 7y is Euler’s constant, and A >0 is a free parameter
with dimension of mass having a well-known infrared origin.
It is useful to introduce

i

“ dk ) 1
u(Aé) = f — [k pe™* == —In(Al€]) - Z&(§) =
T T 2

0
- lln(iA§+ €), €>0. (A4)
T
The left and right chiral fields are defined by
or(§) = f ) %[a*(k)e"kﬁ a(k)e ], (A5)
0 2m
¢ (O = J K e a0, (A6)
0 2m
obey the commutation relations
[‘Pk(fl), ¢R(§2)] = [@L(gl)’ QDL(§2)] == is(flz) . (A7)
Ler(éD),0L(£)]=0, (A8)
and have the correlations
<(PR(‘§1)(PR(§2)> = (‘PL(fl)‘PL(fz» = M(Aflz), (A9)

with &,=§,—&, and obviously (¢x(&)¢,(£))=0.

A*(I,XI)A (t,xz) — |x12|—(02+12)e—i17/2(72—02)s(x12):eiy“;[o’qu(vt—xz)—mpR(vi—x1)+T¢L(vt+x2)—rch(ut+xl)]: ,

where x;, =x,—x,.

The normalization of the charge densities p. is fixed by
requiring that they generate the transformations (24) and (23)
in infinitesimal form, namely,

[p+(t’x1)’ l//a(t’XZ)] == 5()512) (y[/a(t9-x2)’ (A16)

[p—(t’xl)7 (/la([’x2)] == (_ 1)a5(x12) wa(t’XZ)- (A17)

2. Half line

In the main text, we stressed that on the half line right and
left modes couple and have nontrivial commutation relations
given by Eq. (49). This gives rise to few changes to the
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Defining the chiral charges by

1 ee)
Z:Zf dg(ﬂ(PZ)(g)’ ZZR’L’ (Alo)
one gets
[0k 0r(O)]=[01. 01 ()] =—1il2,
[QR’(PL(g)] = [QL’ @R(g)] = [QR’ QL] =0. (A11)

It is worth mentioning that all previous commutation rela-
tions are invariant under the duality transformation

er(&) = @r(8), @ (§) - (§),

which define the T duality in string theory.

At this point we are ready to introduce a family of vertex
operators parametrized by two real variables o and 7 defined
by

(A12)

A(I,X) — Zei\fﬂ_T(TQR—UQL):ei\fTT[O'(pR(Ur—x)+T<pL(Ut+x)]: , (A13)
with

Z=(2,n_)—l/2A((fz+72)/2’ (A14)
where :---: denotes the normal product in A and v is some
velocity to be determined by consistency. From Egs. (6) and
(7) the fields i, and i, are vertex operators with inter-
changed o and 7, with a normalization constant given by Eq.
(A14). The factor ¢""™™2r=920) ig included in the definition
(A14) to ensure canonical anionic commutation relation be-
tween ¢ , without introducing Klein factors that will be im-
portant only for the fields on different wires.

The following identity is useful in determining the ex-
change properties of the vertex operators and so all correla-
tion functions

(A15)

relations valid on the full line. The vertex operator is always
defined by Eq. (A13), but the normalization constant is af-
fected by the boundary3*

(277_)—1/2A((r+ 7)2/2, 7= 0;
= 1/2 2 (A18)
(2,”_)—//\(0'—7)/ , O<7]Soo,

The right-left coupling also affects the correlation functions
of the field ¢. In fact, while the right-right and left-left cor-
relators are still given by Eq. (A9), the mixed ones are

u(A,) 7=0,
(er(é) (&) =1 —u(Aé)n) 7=,
—u(Aép) —v_(Aép) 0< <o,
(A19)
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u(A») 7=0,
(er(&)ep(&)) =1 —u(A)n) 7=>,
—u(Aép) —v(Aép) 0<p<w,
(A20)

where the “boundary propagator” is

vo(8)= %e-fEi(g +ie), (A21)

and Ei(x)= [ dze™*/z is the exponential integral function that
at small x has the right logarithm expansion. Note that in the
above formulas for mixed correlators & =vt;—x; and &,
=vt,+x, or vice versa, thus &,=vt}, + X|,, with the sign de-
pending on the correlator if it is right-left or left-right, re-
spectively.

—ie(£12) 8,
[@ﬁ,k(ﬁ),@g,L(é)]: i€(£12) 0,
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3. Junction

For the theory on the star graph, all the relevant commu-
tation relations and correlators of the fields follow from those
on the half line after performing the linear transformation &/
in Eq. (61). In fact all the fields ¢ are just delocalized fields
satisfying the proper boundary conditions reported above
with different #; for each mode. Thus, comparing to the half
line Eq. (49), it is straightforward to derive the commutation
relations for the right and left movers on the wires

[‘Pil,R(gl)’ ‘Piiz,R(gz)] = [‘Pil,L(gl)s <Pi2,L(§2)] =- i€(§12)5i1i2,
(A22)

[(Pil,R(gl)a QDiz,L(gz)] = u—lk

irky

uzziz[ﬁofl r(&), ‘P;JZ,L(fz)] )

(A23)
where CPIdg,L(§)=U<PR,L(§) and
i, = 0;
7, = (A24)

[ie(£1p) — 4i0(1p)e 81215, ;. 0 < 7 <o

The mixed commutator (A23) simplifies greatly for critical
boundary conditions

(@i, 2(&1). ¢i,1(&2.0) ] = — i€(£12)S 4,

Note that at spacelike distances where vt;,—X;, <0, the com-
mutators (A22) and (A23) behave as if the scattering matrix
were replaced by the critical one obtained in the infrared
limit A — oo or equivalently k— 0,

[@il,R(gl): ¢i2,L(§2)]|(u212 -2,<0) =~ iSiliz(O)-

12 71

(A25)

(A26)

This simply means that ¢g; has the same properties of lo-
cality than its infrared limit.

The last complication on the star graph arises in the defi-
nition of the anyonic fields ¢, ,. To have the correct commu-
tation relation they must be defined according to

zﬁl(t,x,i) — Ziniei\‘J’_T(TQi,R_O—Qi,L);eiV;[mpi,R(Ut_x)+T‘Pi,L(vt+x)]: ,

lﬂz(t,x,l.) — Zl.niei\‘;(o'Qi,R_TQi,L):ei\q{’r‘Pi,R(Ut—x)"'o"Pi,L(vH'x)]: ,
(A27)
where z; are fixed to

2= (2m) 12 Al(@P+7)+2075,(0))2 (A28)

and #; are the anyonic Klein factors needed to ensure the
correct commutation of anyon fields on different edges

lﬂ(l,xi, l) l,b(l‘,xj,j) = e_lﬂKEijlp(t,xj’j) Mt’xiv l) ’ (A29)
where ¢;

;;=€(i—j). It is straightforward to build them, for
example, in terms of the auxiliary Majorana algebra [c;,c;]

=ike; and ¢;=c; resulting in 7;=:e™:. These factors are of
fundamental importance when considering as junction con-
dition Eq. (4) because it is written in terms of anyonic de-
grees of freedom. Oppositely, because the junction condition
we use is written in terms of currents that only get (re)nor-
malized by the statistics, they are inessential. For this reason
we do not discuss them further, remanding the interested
readers to the complete treatment presented in Ref. 74 and in
the appendix E of Ref. 9.

APPENDIX B: CRITICAL POINTS

By scale invariance any critical point is associated with a
k-independent S matrix satisfying unitarity (35), Hermitian
analyticity (36), and time-reversal invariance (37), i.e.,

S'=8. (B1)

The classification of these S matrices is now a simple matter.
Indeed, one can easily deduce from Eq. (B1) that the eigen-
values of S are 1. Let us denote by p the number of eigen-
values —1. The values p=0 and p=n correspond to the fa-
miliar Neumann (Sy=1I) and Dirichlet (S,=-1) boundary
conditions, respectively. A richer structure appears for 0
<p<n. In that case the S matrices satisfying Eq. (B1) de-
pend on p(n—p)=1 parameters, giving raise to whole fami-
lies of critical points.?%?! Let us describe them explicitly for
n=2, 3, 4.

The only possibility for n=2 is p=1, leading to the one-
parameter family3%40
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1 <a2—1 —2a> B2)

1+ ad®\ =2a 1-a*)°
with a a real number. For «=—1 one has full transmission
and no reflection, which corresponds to the theory on the
whole line. This is an example of exceptional boundary con-
ditions already mentioned.%® It is only the only S matrix in

the family satisfying Kirchhoff’s rule for the electric charge.
Oppositely, a=1 is the only matrix satisfying Kirchhoff’s

rule for the U(1) charge, as predicted by duality.
In the case n=3 one has two possibilities: p=2 and p=1.
In both cases one has a family with two real parameters « ,,

Si(ar, ) = 12
l+a;+
a/2 -1 2000 2a
2a1a2 —a%+a§— 1 2a,
2a l-aj-a;
(B3)
and
Si(a), @) == Sy(ay, ay). (B4)

For generic values of the parameters these S matrices violate

both U(1) and U(1). Preserving U(1), one must impose Eq.
(39) on Eq. (B3). This implies «;=a,=1, leading to the iso-
lated critical point

. 1 2 2
S, = 3 2 -1 2, (B5)

2 2 -1
which is invariant under edge permutations. From Eq. (B4)
one obtains instead a,=—(1+«;). Therefore, setting a= a,

one has in this case the one-parameter family of critical
points

. -« ala+1) l+a
Si=———| ala+1) a+l -« ,
l+a+a
a+1 -« ala+1)

(B6)

which is not invariant under edge permutations for generic c.
Summarizing, the critical points which respect U(1) are S
=I5 and Egs. (B5) and (B6). The matrix (B5) has been dis-
covered by means of RG techniques by Nayak et al.' The
family (B6) appeared for the first time in Ref. 21.

If one wants to preserve U(1), one must require Eq. (40).
One is left therefore with S;=—1;,

: -« ala+1) l+a
Sy=————| ala+1) a+l -« ,
l+a+a
a+1 -« ala+1)

(B7)

and

PHYSICAL REVIEW B 79, 085122 (2009)

. (B8)

as predicted by duality.

For n=4 the general matrices satisfying all the constraints
(B1) are too large to be reported here. Thus we only give the
critical points for n=4 satisfying the Kirchhoff’s rule Eq.
(39) for the electrical current [the analogous ones with the
Kirchhoff’s rule Eq. (39) are just —S because of duality].
Besides Sy=1I, corresponding to p=0, one has:

(i) for p=1 the S matrix depends on two real parameters
a;, and results to be

1
Sy = A_(al + a%+ a+ ajay + ag),
1
o
522 A_(l+al+al+a’2+ala2)
1

1

~ 2

533= A (1 +a1+a2+a1a2+a2),
1

1
S44=—A—(a1+a'2+a1a2),
1
g 1 g 1
Dp=—"7 0, D;3=—"7_ &,
12 A] 2 13 A] 1
o
514=A_(1+a1+a2),
1

Sy3=-— T Spy= A_az(l +a;+ ),

1 1

1
S34 = A_lal(l +a+ay),
with Aj=1+a;+ a%+ a+aja+ a%. The remaining entries
are recovered by symmetry. Note that this matrix is not in-
variant under edge permutations.

(ii) For p=2 the S matrix still depends on two real param-
eters

1
Sll = A—[3a?+2a1(1 — Clz) - (1 + az)z]s
2
1 2 2
8222 A_[_ 1- al+ 2a2+ 3a/2—26l’](1 + a2)]’
2
. 1 2 2
533 = A—[3 - ay +26¥2— ay +26¥1(1 + a2)]’
2
| 2
544= - A—[al + 20[1(1 - aZ) + (1 + aZ) ]’
2
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2
512= A_(l +a+a+ 2&10{2),
2
2
Si3= A_[az(l tay) - a2+ a)l,
2

2
814: A_(l +a—aia+ CY%),

2

2
Sp3= A_(Cﬁ + a% -2, - ajay),
2

2
Syy=—(1+ a%+ - ajm),
A,

2
Sy = A_(al + af+ a + a%),
2

where A,=3+3a7+2a,(1-a,)+2a,+3a3. Also this matrix
is not invariant under edge permutations.
(iii) For p=3 we have only an isolated S matrix

PHYSICAL REVIEW B 79, 085122 (2009)

-2 2 2 2
5 12 -2 2 2 (B9)
T4l 2 2 -2 2 |

2 2 2 =2

which is invariant under edge permutation. This is the analo-
gous for four wires of the Nayak et al.! result.

Recently, the p=1 matrix, with ;=1 and a,=-1, and the
p=3 matrix have been found to describe the scattering ma-
trix for a proposed experiment to detect the helical nature of
the edge states in quantum Hall systems.

We conclude this appendix with the matrix with p=n—1
for general n satisfying the electric Kirchhoff rule

2-n) 2 2 - 2
s if 2 @mm 2 . (B10)
n N N N N
2 2 2 - (2-n)

since it is the most stable in the RG phase diagram as shown
in the text. This is the only matrix which is invariant under
wire permutations (i.e., that has all diagonal elements equal
and nondiagonal as well), satisfying the Kirchhoff’s rule and
with all nonvanishing entries.
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