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We study the effects of electron-electron interactions on the transport properties of a junction of three
quantum wires enclosing a magnetic flux. The wires are modeled as single channel spin—% Tomonaga—Luttinger
liquids. The system exhibits a rich phase diagram as a function of the electronic interaction strength, which
includes a chiral fixed point with an asymmetric current flow highly sensitive to the sign of the flux and another
fixed point where pair tunneling dominates, which is similar to the case of spinless electrons. While in the case
of spinless electrons the perturbations that correspond to unequal couplings between the three wires are always
irrelevant, we find that, when the electron spin is included, there are small regions in the phase diagram where
a current flows only between two of the wires and the third wire is decoupled.
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I. INTRODUCTION

The transport properties of quantum wire systems have
been the subject of intensive investigation in the past one and
a half decade, both because they can have practical applica-
tions in nanoelectronic circuits and because they provide an
experimentally realizable way for understanding exotic prop-
erties of one-dimensional interacting electron systems. As
opposed to two- and three-dimensional electronic systems,
one-dimensional (1D) systems cannot be described by the
Fermi liquid theory; instead, they are described as
Tomonaga-Luttinger liquids (TLLs),'"* and experiments on
carbon nanotubes are consistent with this description.>¢

Recently, there has been a number of studies of junctions
of multiple TLL wires.”2° Such studies are relevant because
junctions of three or more quantum wires would inevitably
appear in any quantum circuit. New tools and methods for
investigating junctions of three quantum wires with spinless
electrons were proposed in Ref. 7. These new methods al-
lowed for the identification of a low energy chiral fixed point
with an asymmetric current flow that is highly sensitive to
the sign of the magnetic flux enclosed at the junction. There
are, however, important outstanding issues in the three-wire
junction problem, for instance, the behavior of the more re-
alistic model in which the electron spin is taken into account.

Even in the case of tunneling between two wires, the in-
clusion of spin degrees of freedom already brings about a
rich phase diagram in the charge and spin interaction param-
eter space.”0~28 For example, one can find a situation where
the charge conductance vanishes while the spin conductance
does not or vice versa. In the case of junctions of three quan-
tum wires (¥ junction) for electrons with spin, the phase
diagram becomes much richer. In addition to a phase similar
to the two-wire case in which electron pair tunneling domi-
nates while the spin conductance vanishes or vice versa, the
chiral fixed point previously revealed in the spinless
Y-junction case persists when the spin degrees of freedom
are taken into account. Moreover, while the strong asymmet-
ric limit in which one of the wires is totally decoupled was
proved always unstable for the spinless case,” we find a small
region in the coupling parameter space in which this asym-
metric fixed point is stable.
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The paper is organized as follows. In Sec. I, we summa-
rize the results and present the phase diagram in coupling
constant space at zero temperature. We also discuss the con-
ductance tensor corresponding to each stable fixed point. In
Sec. III, we present our effective model for the junctions of
three quantum wires for spin—% electrons. In Sec. IV, we re-
view the delayed evaluation of boundary condition (DEBC)
method previously introduced for identifying the stable fixed
points for the Y-junction system with spinless electrons. Tak-
ing advantage of charge-spin separation in one dimension,
we generalize this approach to the system with spin-% elec-
trons and illustrate the method by describing the phase dia-
gram of a junction of two quantum wires. In Sec. V, we
apply the DEBC method described in Sec. IV to the Y junc-
tion with spin—% electrons and determine the stability of each
fixed point. In Sec. VI, we briefly review the method of
boundary conformal field theory (BCFT) and apply it, as a
warm up, to study a junction of two quantum wires. We then
apply BCFT methods to the Y-junction problem in Sec. VII
and obtain results consistent with those found with the
DEBC method. We briefly conclude in Sec. VIII.

II. SUMMARY OF RESULTS

In this section, we summarize our study of the stability of
the fixed points associated with the different boundary con-
ditions of Y junctions for spin-% electrons and their corre-
sponding conductance tensors. Based on the stability of each
phase, we propose a zero-temperature phase diagram in
terms of the TLL interaction parameters, g. and g,. The ge-
ometry of the device is depicted in Fig. 1, where three iden-
tical quantum wires are attached to a ring, with equal cou-
plings and thus having a Z; symmetry. The ring can be
threaded by a magnetic flux and the quantum wires are mod-
eled as TLLs characterized by the interaction parameters g,
and g,. We will only consider spin conserving transport.

Due to the charge and spin separation in the bulk of TLL
quantum wires, independent boundary conditions can be im-
posed on the charge and spin degrees of freedom. Hence, we
introduce the notation BB, in which B, and B, represent the
corresponding boundary condition in the charge and spin
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FIG. 1. (Color online) A junction of three quantum wires with a
magnetic flux threading through the ring. The I‘f(j)S are the charge
and spin currents arriving at the junction from each of the three
wires. The lighter line (blue) indicates the charge sector and the
darker line (red) presents the spin sector.

sectors, respectively. For instance, DN represents Dirichlet
boundary condition (BC) in the charge sector and Neumann
BC in the spin sector. Moreover, since each combination of
the boundary conditions corresponds to a fixed point in the
framework of the renormalization group (RG), the fixed
point corresponding to B.B; BC will be referred to as the
B B, fixed point. The physical meaning of each boundary
condition will be discussed in this section and the detailed
analysis and assumptions of the model are given in later
sections.

The charge and spin conductance tensors associated with
each fixed point are important physical response functions
characterizing the Y junction for spin-% electrons. Within the
linear response theory, the total current /; flowing into the
junction from wire j is related to the voltage applied at the
wire k through

I;=2 GV, 2.1
k

where j,k=1,2,3 and Gj is the 3X 3 conductance tensor.
One can similarly define

L= % G(A)le, (2.2)

where A = ,u,T(— ,u,ﬁ is the chemical potential difference be-
tween up and down spins in lead k and e is the electron
charge (with this definition, spin and charge conductances
are both measured in units of €?/h).

Note that current conservation implies that

E I;'(S) =0.

J

(2.3)

Furthermore, a common voltage applied to all three wires
results in zero current. Thus,

S 6 =3 6 =o.
J k

(2.4)

For Z; symmetry junctions, the conductance tensor takes
the form’
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FIG. 2. (Color online) The painted area (red) shows the attrac-
tive basin of NN fixed point. The border shows the marginal line of
scaling dimension A=1 for all leading order perturbations. The in-
set depicts the physical consequence of the fixed point related to the
NN BC, a disconnection for both charge and spin sectors.

c(s) GC(S)

c\s G
Gy = ; (38— 1)+ 3 €its

(2.5)

where we separate the symmetric and antisymmetric compo-
nents of the tensor and Gy and G, are scalar conductances.
(The ¢; are defined as follows: €,=é€;=€3=1, & =€,
=€;3=—1, and €,=€,,=€33=0.) The antisymmetric compo-
nent Gg(s) will only appear when time reversal invariance is
broken. Even in the presence of the magnetic flux which
would normally break time reversal symmetry (TRS), G4
may vanish at some low energy fixed points, in which case
time reversal symmetry is restored. However, in the absence
of the Z; symmetry (in the asymmetric fixed point), the
condition of Eq. (2.5) becomes unnecessary. Observe that
G,=G; represents the conductance of each wire when zero
voltage is applied to the other two wires (i.e., a potential
difference is applied between one of the wires and the other
two, which are held at the same potential).

We are mostly interested in the stable RG fixed points,
which describe the physics in the low energy limit, i.e., low
voltage bias and low temperature. As in the case of junctions
of two quantum wires, the interaction parameters control the
stability of the fixed points and determine the phase diagram.
Below, we list our results for conductance tensors and for the
basins of attraction around each fixed point (with their cor-
responding boundary conditions) as a function of the inter-
action parameters g, and g,.

A. Neumann boundary condition in both charge
and spin sector

The NN boundary condition corresponds to a fixed point
in which the hopping amplitudes between the wires are zero
and the three quantum wires are totally decoupled from each
other, as illustrated in the inset of Fig. 2. When the interac-
tions in the quantum wire are repulsive, the hopping ampli-
tudes decrease along the RG flow both in junctions of two
quantum wires’®2® and in junctions of three quantum wires
for spinless electrons.” Generically, the window of stability
for a fixed point with decoupled wires should be independent
of the number of wires in the junction. Notice that the effec-
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FIG. 3. (Color online) The painted area (green) shows the at-
tractive basin for the DD fixed point. The border shows the mar-
ginal line when all leading order perturbations have A=1. The inset
shows one of the tunneling processes associated with the DD fixed
point. The conductances in both charge and spin sectors are en-
hanced by the pair hopping (or Andreev-like) processes in both spin
and charge sectors.

tive flux ¢ has no effect in the decoupled limit.

The three most relevant perturbations at the NN fixed
point are as follows:

(1) single electron hopping between two wires, with scal-
ing dimension Ayy= %(gl + i);

(2) electron pair singlet hopping between two wires, with
scaling dimension ANN:Z;

(3) exchange of electrons with opposite spins between
two of the wires (thus carrying a spin current), with scaling
dimension Apy= gl.

By requiring that all scaling dimensions corresponding to
these leading order perturbations Ayy>1, we can identify
the attractive basin in the interaction parameter space, as
shown in Fig. 2. The conductance tensor for the NN fixed
point is zero for both the charge and spin sector.

;]ES)|NN =0. (2.6)

B. Dirichlet boundary condition in both charge
and spin sectors

The DD BC corresponds to a fixed point where the
paired-electron hopping and Andreev reflecting processes,
depicted in the inset of the Fig. 3, dominate the tunneling
processes in both charge and spin degrees of freedom.
Hence, the charge and spin conductances will be enhanced.
Moreover, the conductance tensor takes the symmetric form
in which the scalar conductance Gg(s)=2(4gc(s)/ 3)(e?/h) and
the antisymmetric component G,=0 and is given by

2gc(s)

GJC'IES>|DD= 2 (35jk— 1). (2.7)
Here, the factor of 2 comes from the doubling of the degrees
of freedom due to the spin. Since G,=0, the presence of the
effective flux ¢ which breaks TRS has no physical conse-
quence and the TRS is restored in DD fixed point.

We shall study the leading order perturbations to deter-

mine the stability of the DD fixed point. Since several
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FIG. 4. (Color online) The painted area shows the stable region
for the ND and DN fixed points. The borders (blue for ND BC and
yellow for DN BC) show the marginal line of scaling dimensions
A=1 for all leading order perturbations. The inset shows a pictorial
representation of the ND and DN fixed points. The fundamental
process associated with the ND fixed point leads to an enhancement
of the spin conductance due to a spin exchange between two wires,
while the fundamental process associated with the DN fixed point
leads to an enhancement of the charge conductance due to a
electron-hole exchange. Notice that the processes described here
occur between any two arbitrary wires.

boundary operators possess the same scaling dimensions, we
only list the dimensions of the leading order perturbations
without specifying the corresponding operators,

28,
3

2g
R p——
DD 3

1
A;)D:_(gc-'-gs)’ AZDDZ (28)

6

The attractive basin of the DD fixed point, shown in Fig. 3,
can be obtained by requiring the dimensions of these leading
order perturbations to be larger than 1.

C. ND and DN boundary condition

We have seen that the charge and spin current terminate or
flow at the same direction for both NN and DD fixed points.
However, phases with decoupled charge and spin degrees of
freedom are also possible. Indeed, the ND and DN BC cor-
respond to fixed points where the charge or spin degrees of
freedom are disentangled at the boundary. The ND fixed
point possesses a pure spin current; likewise, the DN fixed
point possesses a pure charge current. The dominant pro-
cesses corresponding to these two fixed points are illustrated
in the insets of Fig. 4. Notice that similar phases also exist in
the system of junction of two quantum wires for spin-% elec-
trons.

Observe that the dominating process of the ND fixed
points carries no net charge current, while that of DN fixed
point carries no net spin current; hence, the charge and spin
conductances vanish at the ND and DN fixed points, respec-
tively. The conductance tensors, taking the symmetric form
with Z; symmetry, are given by
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2g°
Gulvo=2—"1- (3 -1, Giw=0, (2.9)

Gilpn= 2 (3 -1, Gylpy=0.  (2.10)
The leading order perturbations of the ND BC have the
dimensions, discussed in detail in Secs. V and VII,

28
3 b

I g
1 s 2
Ayp=5—+7, Ayp=

2
. Ap=—. (2.11)

c

The basin of attraction relative to the ND fixed point is ob-
tained by requiring all A{VD>1 and is depicted in Fig. 4. By
exchanging g, and g, in Eq. (2.11), we can obtain the dimen-
sions of the leading order perturbations for the DN fixed
points. The basins of attraction corresponding to the ND and
DN fixed points thus show a mirror symmetry with respect to
the line g.=g, in the interaction parameter space.

Unlike the case of the junction of two quantum wires,
where basins of attraction corresponding to the NN, DD, ND,
and DN fixed points patch the whole space of the interaction
parameters with some overlap (see Sec. IV), a section of the
parameter space remains uncovered. This implies the exis-
tence of nontrivial fixed points. Notice that both ND and DN
fixed points restore TRS even in the presence of the magnetic
field.

D. x.x. and x_x_ boundary conditions

The most striking consequences of x, and y_ fixed point
are that TRS is broken explicitly and the stability of the fixed
points is determined both by the effective flux ¢ and the
interaction parameters. For spinless electrons, the y, fixed
point can be stable when 0<< ¢ <<7r, while y_ can be stable
when —m< ¢$<<0.” As a result, the charge and spin currents
always flow together for spin-% electrons, i.e., mixed chiral
fixed points, x+X=, are never stable. Moreover, among all
combinations of BCs corresponding to chiral BC, only y . x+
fixed points are stable. One can conjecture that the criterion
of stability of the y. BC due to the flux for spin-% electrons
is the same as for spinless electrons. The boundary operators
of leading order perturbations, such as backscattering pro-
cesses, have a scaling dimension in terms of interaction pa-
rameters,

=2i°'2+ 28 (2.12)
3+g, 3+g;
and provide the only constraint for determining the stability.
The basin of attraction is thus common for both y. y. fixed
points and is depicted in Fig. 5. However, which phase is
preferred in the low energy limit is completely determined
by the effective flux.
The conductance tensors at the y.y- fixed points takes
the Z3 symmetric form in Eq. (2.5),
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FIG. 5. (Color online) The painted area is the basin of attraction
of both y+ x+ fixed points. This area sits between and osculates the
stable regions of the NN, DD, ND, and DN fixed points. The border
shows the marginal line for the scaling dimension A=1 of Eq.
(2.12). The pictorial representation of the tunneling processes asso-
ciated with x,x, fixed point is shown in the inset. An incoming
electron from wire i will always divert to wire i+1. The currents
associated with the y_x_ fixed point flow in the inverse direction.

4gc(s) 6‘

[(3 k_l)—gc(s) k] (213)

c(v) h

88 ¢
with the scalar conductance GC 9= =3, By, ‘; and the antisym-

metric component G A( )= 8e(s G”(S) The dommatmg hopping
processes are schematically shown in the inset of Fig. 5.
Notice that the conductance at the y.yx. fixed points be-
comes the perfect transmission of charge and spin from wire
Jj to wire j*1 when g.— 1.

E. Asymmetric boundary conditions, D,D, boundary
condition

We shall consider the simplest Z; asymmetric BC, D,
corresponding to a situation where, as shown in the inset of
Fig. 6, two of the wires are strongly coupled, while the third
one is decoupled from the rest of system. Note that the D,
fixed point has been proven unstable in the Y-junction sys-
tem for spinless electrons.” However, for spin—% electrons,
there is a window in which the D,D, fixed point is stable. Of
course, it depends on the detailed structure of the hopping
amplitudes to determine which wire will be decoupled.

As shown in Fig. 6, the stable area of D,D, fixed point
emerges from the borders of the attractive basins of other
fixed points. Several boundary operators contribute to the
leading order perturbations and need to be considered for
determining the stability. Here, we will only present the ba-
sins of attraction corresponding to D,D, BC and postpone
the discussion of scaling dimensions.

The conductance at the asymmetric fixed points will not
take the form in Eq. (2.5) due to the broken Z; symmetry.
The conductance tensor at the D D, fixed point is given in
the matrix representation

1 =10
e
GC(")|DADA=2gC(S); -1 1 0 (2.14)
0 0 0

Despite an extra component representing the decoupled third
wire, the conductance tensor is exactly the same as that at the
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FIG. 6. (Color online) The painted areas are the basins of attrac-
tion for the DD, fixed point. The overlap of the attractive basin for
the D,D, fixed point and others is very complicated and will be
illustrated in Fig. 7. A pictorial representation of the D4D, fixed
point with the decoupled third wire is shown in the inset. Notice
that there is a threefold degeneracy of this fixed point, i.e., the
decoupled wire can be arbitrary, resulting from breaking the 25
symmetry.

DD fixed point for junction of two quantum wires.

We shall conclude this section by proposing a phase dia-
gram based on the results discussed above. The stability of
phases at some area in the parameter space is uniquely de-
fined because there exists only one stable fixed point. As a
result, the painted areas in Fig. 7 with red, green, blue, or-
ange, purple, and gray colors unambiguously correspond to
the NN, DD, ND, DN, x+x+, and D,D, fixed points, respec-

FIG. 7. (Color online) The proposed phase diagram: the colored
lines indicate the marginal boundary of A=1 for each fixed point
upon the identification of the leading order perturbations. The
painted areas show the regions with only one stable fixed point,
while the unpainted regions represent those where two or three
fixed points have an overlapping region of stability. Notice that the
D,D, fixed point is the sole stable one in four tiny gray areas
surrounded by the unpainted regions.
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tively. When there are more than one possible candidates for
stable fixed points, determining the stability of phases be-
comes tricky and generically nonuniversal. Hence, the
phases in the low energy limit are defined not only by the
interaction parameters, g.), but also by the details of the
device. For instance, the different hopping amplitudes of
single electron tunneling between wires may determine the
final destination of the RG flow and the phase at the overlaps
of DD and D,D, fixed points. However, determining the
stable fixed points in these cases is beyond the scope of our
methods and can only be conjectured.

Let us consider the system along the SU(2) invariant line,
g,=1: the NN fixed point is stable when g.<<1, the chiral
fixed points are stable when 1<<g.<<3, and the DN fixed
point is stable when g.> 3. This result is expected due to the
similarity with a system of spinless electrons where N fixed
point is stable when g.<<1, the chiral fixed points are stable
when 1<g.<3, and D fixed point is stable when g.>3.
Notice that four common tangential points of marginal lines
when (g.,g,)=(1,1),(1,3),(3,1),(3,3) remain marginal for
all adjacent phases.

III. MODEL AND BOSONIZATION

In this section, we define the simplest model including the
TLL effects and spin degree of freedom. As depicted in Fig.
1, we study three identical single channel quantum wires
with spin-% electrons joined with a ring enclosing a magnetic
flux. We will ignore phonons and impurities and assume that
the electron-electron interaction is short ranged in the wires.
The Euclidean action of a semi-infinite interacting single
channel TLL with spin—% electrons is described in terms of
the independent charge and spin boson fields,

3
v.8 1
S= El dex{ 40 C[(&xgoj!c)z + ;(&Tgoj,c)z}
J= c

w

U8y 1
+ E|:((9x€0j,s)2 + l7(07¢j,5)2:| } (3.1
where the subscript j=1,2,3 represent each wire and v, is
the sound velocity for the charge and spin degree of freedom,

respectively, or in terms of dual field 6,

3

1

§= 2 deX{ = |:(‘9x0j,c)2 + _2(‘970i»c')2:|
j=1 4mg. Ue .

Uy 1
+ : |:((9x0j,s)2 + E(a'raj,s)z:| } .

3.2
4mg, (3.2

Here, ¢, and 6, are phase fields which follow the canoni-
cal commutation relation [@.()(x), Oq()(x")]=—-iO(x—x"),
where ©(x) is the Heaviside step function. Notice that
g.=g,=1 corresponds to the noninteracting point, and in the
absence of a magnetic field and any spin-dependent interac-
tions, we must take g,=1 in order to respect the underlying
SU(2) symmetry.?®

The fields with spin up and down degrees of freedom can
be represented as linear combinations of these charge and
spin boson fields,
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it OQ;; 6.+ 00 i
U’i — <PC,I — (P.S, and ao’i — C,l = S, , (3'3)
V2 V2

where the commutation relation between ¢ and @ fields is
still followed. It is convenient to introduce left and right
mover representations

L Poi + aa,i R Poi— 00',1'
¢o’,i = and ¢o’,i = >

> 5 (3.4)

and to identify the electron fermion field in terms of the
boson field,

. 5 ,L(R)

W = 3

a.]

(3.5)

with Klein factors 7, that satisfy the anticommutation rela-
tion {7,,7,}=26,,, and commute with the boson fields.
The effect of interactions at the boundary in the action
Egs. (3.1) and (3.2) will be entered in the form of tunneling
operators between wires. These boundary operators must
conserve both charge and spin and, therefore, they are con-
strained to respect the corresponding U(1) symmetries.

IV. DELAYED EVALUATION OF BOUNDARY CONDITION

The DEBC method was recently introduced for determin-
ing the stability of the boundary conditions (fixed points) of
the Y junction for spinless electrons.” In this section, we will
generalize this method to the case of spin—% electrons and use
this method to determine the phase diagram of a junction of
two quantum wires.

Generically, fermionic operators can be represented in
terms of the boson fields, ¢.()(x,7), and their conjugate
fields, 6, (x,7), up to a Klein factor in an infinite wire. For
a semi-infinite wire, the relation between left and right
moving fields leads to an analytical continuation
AR (=x,)="(x,1). This is the familiar unfolded picture
where the right mover and the left mover are related by a
particular choice of the boundary condition, namely, the N
BC, at x=0. The DEBC method is an extension of the un-
folded picture to different boundary conditions.

Within the DEBC framework, an arbitrary boundary op-
erator should be first represented in terms of the independent
bulk boson fields ¢JL(R) without specifying the boundary con-
dition. Then, the boundary conditions that must be imposed
on ]L(R)(t,x=0) (¢p; and 6) are determined a posteriori. Be-
cause gb@(R) are functions of x*¢, imposing a particular
boundary condition relates ¢ and @ fields in the bulk and thus
eliminates the redundancy of working with both ¢ and 6
fields in the semi-infinite wire.

The scaling dimension A of a boundary operator Op, with
two-point correlation

(O(NOR") ~ [t =1'[74, (4.1)

depends on the boundary conditions and can be used to de-
termine whether a perturbation consisting of the boundary
operators is relevant or not. When A> 1, the perturbation is
irrelevant, and when A=1, the perturbation is marginal.
Thus, a boundary condition is stable when all boundary op-
erators either have scaling dimension, A=0, or are irrelevant
A>1.

PHYSICAL REVIEW B 77, 155422 (2008)

Now, let us introduce the generic representation of bound-
ary operators and discuss how to obtain their scaling dimen-
sions given a boundary condition.

A. Boundary operators and scaling dimensions

For applying the DEBC scheme, the left and right moving
fields appearing in the boundary operators are initially
treated as independent regardless of the boundary condition.
The boson representation of fermions is given in Eq. (3.5),

YLR (1 x = 0) oc B o207 R 1a=0) (4.2)
Joo AP o
All boundary operators are constructed by combining cre-
ation and annihilation operators of fermions in each wire.
The Klein factors and extra phases produced by commuting
the boson fields will not affect the scaling dimension of a
boundary operator,

Op ~ exp[i\’EE Mo ?fa}, (4.3)

i,o.a

near stable fixed points. Here, n{ , uniquely defines the tun-
neling processes at the boundary, where i, o, and a represent
the wire, the spin, and the chirality of the fermions, respec-
tively. We shall refer hereafter to n, as the particle number
vector. Since the boundary operators are constructed from
the full electron, the charge and spin degrees of freedom are
coupled at the boundary. The total charge and spin conserva-
tion imply

> ni,=0 and > oni,=0, (4.4)

i,0,a i,0,a

respectively. For instance, a tunneling process where an up-

spin right mover at wire 1 scatters into a up-spin left mover

at wire 2 leads to n’szlz—néyT with the sign convention

followed from the bosonic representation of the fermions.
It is convenient to introduce scaled bosonic fields

_ [ ~ ac(s)
Pe(s) = VEe(s)Pels) and ac(s) = > (45)
V8c(s)

such that the commutation relation between @, ;) and 56(3) is
still followed. The action of the rescaled fields becomes in-
dependent of the interaction parameters, and their correlation
functions are given by

~ ~ 1
<6c(s)(zvf) ac(s)(o» == 5 In |Z|2- (46)

In terms of the rescaled boson fields, the original left and
right moving fields become

\r’E(i)ﬁg = (cosh acczﬁc + o cosh aﬁ)ﬁs)
+ (sinh a ¢ + o sinh &, @), (4.7)

where
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~l1;’i _ a(r,i;— 0(7,i and (‘Z)R _ azr,i - e(r,i

0= 5 , (4.8)
and cosh a= (%+ V’E)/Z and sinh a= (%— \E)/Z. Further, a is
defined such that @=L when a=R and vice versa. Also, short-
handed notations, R=L and Z:R, are used.

In terms of the particle number vector and noninteracting
bosonic fields, the bosonic argument of the boundary opera-
tors becomes

— ~ . —~—
V22 nd g, = 2 [nf (cosh a &, + sinh a,&.,)

i,0,a i,0,a

+n{ ,o(cosh a, !, + sinh as(gs)].
(4.9)

The nontrivial scaling behaviors of the boundary operators
are attributed to the mixing structure of the left and right
movers in Eq. (4.7).

Let us introduce vectors gz’)f((sL)) whose ith components are

the fields ngR(L) The right hand side of Eq. (4.9) becomes

ic(s)”

Gf - G+ 0T B+ G- il D, (410)
where the vectors vf((f)) are defined as
WP, = (nf cosh a, +nk, sinh a),  (4.11a)
5= X o(n®, cosh a, +nt, sinh a,),  (4.11b)
h;=> (n},cosh @, +n’,sinhe), (4.11c)
CRIEDS o(n}, cosh a, +n}, sinh a).  (4.11d)

(o

Here, <ZZ= qZR and (ZE= (Z)L were explicitly used. Observe that
the charge and spin degrees of freedom differ only by an
extra o term.
The boundary conditions can be generally identified as
¢ = R ¢ + Clico, (4.12)

where C is a constant vector and R is a rotation matrix. The
total charge and spin conservation imposes the N BC,

q)() o(s) = q)() ,c(s)? (4 13)

on the center of mass mode, QDO’C(‘Y):WE?LI(;SLC(X), which in
turn constraints the rotation matrix K. Moreover, R has to be
an orthogonal transformation to preserve the total length of
the fields.?” The scaling dimension A of the boundary opera-
tors for a boundary condition reads
Ag(ni,) = |R R+ 0t —|R oR+ ot (4.14)
The physical processes responsible for pinning a bound-
ary condition determine the rotation R, for which A =0 for
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that specific particle number vector. The corresponding op-
erators thus act as the identity operator at this fixed point.
Once the boundary condition is picked, the stability of the
fixed point can be analyzed by evaluating the scaling dimen-
sions of all other boundary operators. In particular, the fixed
point will be stable if all these dimensions, for all other par-
ticle number vectors, satisfy Ag(n{ ) > 1.

To illustrate the method, here we apply the DEBC scheme
to the case of a junction of two quantum wires for spin-%
electrons and find results in agreement with Refs. 26-28.

B. Boundary conditions of junction of two quantum
wires for spin-% electrons

When requiring the spin and charge conservation and or-
thogonality, only two boundary conditions, Neumann and
Dirichlet, are possible in the case of a junction of two quan-
tum wires for spin-% electrons. The R matrix takes a particu-
larly simple form in both cases. The N BC corresponds to the
total reflection fixed point and has Ry=1; The D BC corre-
sponds to the perfect transport fixed point and has

R(01)
b=\1 o)

Since the N and D BCs can be independently imposed in the
charge and spin sectors, we can now separately discuss the
contributions of the charge and spin degrees of freedom to
the scaling dimensions.

(4.15)

1. N boundary condition in charge sector

Focusing on the charge sector of Eq. (4.14) with R =1,
the scaling dimension of the charge sector reads

. .2
> (n} ,cosh a. +nj , sinh a,)é; .

i,o.a
( )elc+2n2o’< )620
'g o.a \’gc

(4.16)

1 I 1
SRS+ 0=
4 4

2

s

where we introduce é e, cast the basis vectors of v, and explic-
itly use cosh a,.=( —+\gc)/2 and sinh a,= (——\gc)/Z in

the second equality. Due to the charge conservatlon we can
introduce

ni= En‘f,(,:—En‘ia, (4.17)
o,a o,a
and the contribution to the scaling dimension reads
L,
Ay =—n". (4.18)
< 28

2. N boundary condition in spin sector

The contribution of the spin degree of freedom to the
scaling dimension is very similar to the charge sector with a
substitution of v, to v. in Eq. (4.16). Hence, the scaling
dimension with N BC in the spin sector is given by
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1 R -
Z|Rsvf+vf|2

2

1
2”10’ ( y’_>elY+En20 ( i )eZY
V8s NEs

(4.19)

Due to the spin conservation, we define

. a _ a
§ = 2 nl,rro-_ - 2 n2,(ro-’
oa o.a

(4.20)

with the relation n=s(mod 2). The scaling dimension for the
N BC on the spin degree of freedom reads

AN:

1
—s7. (4.21)
s 28

3. D boundary condition in charge sector

The rotation matrix of D BC in Eq. (4.15) implies the
mixing of two quantum wires. Inserting the matrix into the
charge sector of Eq. (4.14), we obtain

IRI%+0E = (> [(n’;’(, + nf’g)cosh a,

o

+(nh ,+nf )sinh @ Jé, .+ 2 [(nf ,+15 )
o

Xcosh a, + (n} . +n% )sinh @ Jé, .| .

By using charge conservation, we introduce a new variable

E nj 0+ la) = 2 (n1 Y U)

Lo,a

-> n} O(=la) =—

lo.a

2 (nf ,+n5,).
(4.22)

Here, when applied inside the ® function, the indices of
wires [=1,2 become [=+,—, respectively, and the left and
right mover indices become a=+,—, respectively. In terms
of the new variable 7, the scaling dimension is given by

Lo o 1 i — 1
= Z|Rcv§ + Uﬁf|2 = Z|(\/;ﬁ)el,c - (Vgcfl))e2,c|2 = Egcnz

(4.23)

4. D boundary condition in spin sector

Observe that the scaling dimensions attributed to the spin
sector can be obtained by replacing v, with v, in Eq. (4.22).
Since we have spin conservation rather than charge conser-
vation, we can define a new variable ¥,
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F=s,= >, on O+ la) = 2 o'nla+(rn20)

lLo,a

-> oni ,O(=la) = - > (on} g+ 0m3 ).

lo,a o

(4.24)

Also, one can show the relation 7=5(mod 2). The scaling

dimension corresponding to the spin degree of freedom with
the D BC is given by

=112 1 r’,_ A [T a 2 1 ~

= _|R Us +v | = Z|(Vgsg)el,s - (Vgsg)eZ,s| = Egss

(4.25)

C. Stability of the fixed points for junction of two
quantum wires

Since both the total charge and spin are separately con-
served, the boundary conditions can be independently im-
posed in the charge and spin sectors. We follow the catego-
rization in Sec. II by relating a fixed point to a B.B, BC and
explore its instability. The scaling dimensions of boundary
operators given a BC are obtained by adding the contribu-
tions from both the charge and spin degrees of freedom. In
light of the discussion in this section, the possible scaling
dimensions of boundary operators are given by

1|1 1

Ayy= —{—nz + —sz} , (4.26a)
28 &
Lo 2

App= E[gcn + g5, (4.26b)
i, >

ANng —n +g5 |, (4.26¢)

8¢

oo 1,

Apy==| g™+ —s" |, (4.26d)
2 8s

with the constraints n=s(mod 2) and 7=5(mod 2). Notice
that there is no constraint between n,s and between 7, s.

Let us compute, as an example, the scaling dimension of
the following boundary operators given an NN BC:

Tg= ‘lfﬂ‘I’f’T o ¢\ 1+ 1] (case 1), (4.27a)
Tp= Wg}‘l’h oc V=5 1+ ] (case 2), (4.27b)
T=VEWE WL W (case 3), (4.27¢)

=W WH WL Wl (case 4). (4.27d)

Case 1 corresponds to the backscattering process with n1

=1 and n} T=—1 hence, n=0=s from Eqs. (4.17) and (4. 20).
Notice that A! yv=0, and thus backscattering is the physical
process that fixes this boundary condition. Case 2 corre-
sponds to the forward scattering with nf’T:I and ngT:—l

155422-8
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o 1 2 9

FIG. 8. (Color online) Phase diagram of a junction of two quan-
tum wires: the shaded area is common to the NN and DD stable
regions. There should be an unstable intermediary fixed point in this
range of g.(y).

such that n=1=s and A}, = 2(l/gc+ 1/g,). Case 3 corre-
sponds to a pair tunneling process with nIl‘T—l—n1 , and
nk. .= 1=-1= n2 One can show that n=2 and s=0 and obtains
Ayy=2/g.. The last case corresponds to a pair exchange tun-
neling process with n’ =1 n¥ =-1 ”2,1—1 and nz’T——l
such that n=0 and s=2 and A =2/g,. The last three bound-
ary operators describe the leadmg order perturbations for the
NN fixed point. The basin of attraction of the NN fixed point
is determined when all A, ;4> 1.

In principle, we need to know scaling dimensions of all
boundary operators given a boundary condition in order to
determine the basin of attraction for each fixed point. How-
ever, Eq. (4.26) provides a compact way to determine the
stability of the fixed points. Since the basin of attraction is
defined when the scaling dimensions of the perturbations
have A> 1, we can obtain the possible scaling dimensions in
an increasing order by inserting the smallest integers for the
quantities n, s, 71, and § with their respective parity con-
straints. Consequently, the stability of the fixed points can be
completely determined from this minimum construction. The
phase diagram determined by DEBC for junction of two
quantum wires for spin-% electrons is depicted in Fig. 8 and
agrees with the results in Refs. 26-28.

We conclude this section by reviewing the DEBC ap-
proach. First, the boundary operators should be expressed in
terms of redundant fields ¢ and 6 or ¢fY. Second, one has
to identify the rotation matrix R corresponding to a given
boundary condition. Finally, the scaling dimensions of
boundary operators given a boundary condition are evaluated
using the rotation matrix R, and the basin of attraction of the
fixed point can be determined by requiring all dimensions to
be larger than 1.

V. JUNCTION OF THREE QUANTUM WIRES FOR SPIN-%
ELECTRONS: DELAYED EVALUATION OF
BOUNDARY CONDITION

Following the DEBC scheme developed in the last sec-
tion, we have to first identify the rotation matrix representa-
tions of boundary conditions for junctions of three quantum
wires for spin-% electrons. The conservation of the total
charge and spin at the boundary can be implemented by im-
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posing the N BC on the zero mode (total charge or spin
mode), as shown in Eq. (4.13). Also, R has to be orthogonal
to preserve the length of the field vector. Observe that any
rotation around the unit vector ﬁozé(l ,1,1) will leave the
total charge and spin mode invariant; hence, naively, R can
be an arbitrary rotation around u,. However, there are some
boundary conditions corresponding to discrete transforma-
tions, where R cannot be totally classified by a rotation.
Moreover, as discussed in Appendix A, the conductance of
fixed points can be directly related to the rotation matrices
[Eq. (A13)],
o2

Gij,c(x) = 2gc(r)Z(51/ - Rji)' (51)
We will compute the conductance by the construction of the
rotation matrices associated with different boundary condi-
tions.

A. Boundary conditions

We will construct in this subsection the transformations R
corresponding to different boundary conditions. Generically,
any rotation matrix satisfying the constraint of conservation
and orthogonality can be a candidate for a physical boundary
condition. However, only some of them correspond to stable
fixed points. Below, we will calculate the R matrices for
physically motivated boundary conditions.

1. Neumann boundary condition

The Neumann boundary condition,

J . -
o QD()C) |x:0 =0e 0|x:0 =0 (52)
ox

corresponds to a fixed point where the three wires are decou-

pled from each other. The relation 6,_y=0 can be repre-
sented in terms of the left and right moving fields,
<ZR= <Z>L|x=0. The backscattering processes thus yield zero
scaling dimension and dominate the low energy physics. The
rotation matrix of the N BC is given as Ry=1.

By using Eq. (5.1) and the rotation matrix of N BC, the
conductance is

G =

z]N 2gc(v) h ( (S_]l) =0. (53)

2. Dirichlect boundary condition: Andreev reflection
fixed point

Since the D BC, ¢(x)|,.o=C, cannot be imposed on all
boson fields due to the N BC imposed on the center of mass
mode, it can be only imposed on two independent fields,

d'(x) =

% (1= ) ()]o =0 (5.4a)

1
D (x) = Tg (@1 + @2 = 2¢3)(x)],=0=0 (5.4b)

where ®! and ®? are orthogonal to the center of mass mode.
Hence, the D BC is given by the condition
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Rl(2)(x) LI(Z)(.X).

c(s L (s)

(5.5)

This transformation can be described by a rotation around i
by 7 and is given by

_L 2 2
303 3
Rp=| 3 -1 32 (5.6a)
2 2 1
3 3 3
or
1
Rij 5(2 35; ). (5.6b)
Then, the conductance of the D BC is
o(s) & 1
Gij,D = 2gc(3); 5i,j - 5(2 - 351',,‘) > (5.7a)
28
) ‘)6—(3 - 1), (5.7b)

with GC s) 8&(’

3. Chiral boundary condition

It is trickier to obtain the transformation corresponding to
the chiral fixed points since the rotation matrix depends on
the coupling constants. However, the pinning processes with
A=0 for the chiral fixed points provide the conditions for
constructing the rotation matrix.

Let us consider the charge sector of the chiral-like tunnel-
ing processes: a left mover at Wire i scatters to a right mover
at wire i+p, i.e., n ,=1 and n i »=—1 for all i. The scaling
dimension of these boundary operators for arbitrary rotation
matrix can be written using Eq. (4.14) as

= |R(sinh @,é; - cosh aé

) + (cosh a,;—sinh a,;,,)|*.

(5.8)

+p

By using the fact that A, =0 for all chiral boundary opera-
tors with p=1 and A, —0 "for those with p=2 and after some
algebra, one obtains the rotation matrices

-1+g; 2(1+g) 2(1-g,)
3+g§ 3+g3 3+g§
2(1-g) -1+g 2(1+g)
X = 2 2 2 N (5.93)
+ 3+g. 3+g; 3+g.
21+g) 2(1-g) -1l+g
3+g3 3+g3 3+g?

and
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-1+g> 2(1-g) 2(1+g,)
3+gf 3+gf 3+gf
2(1+g) -l+g 2(1-g)

RL: 2 > 2 (5.9b)
3+g. 3+g. 3+g.
201-g) 2(1+g) =-1+g
3+g§ 3+g? 3+g3

or in the tensor form
RY = [(c3+g98 4201+ ge)].  (5.10)
ij _3+g2 809 = 8€ij) 1> .

for y. BC, respectively. Similarly, the R matrix for the spin
sector will be in the same form as Egs. (5.9a) and (5.9b) with
a simple substitution, g.— g,. For the case of more than three
wires, there may exist more than two ‘““chiral” boundary con-
ditions. In this paper, we will restrict ourself in the case of
three quantum wires.

Using Eq. (5.1), the conductance is given by

2
GC(S) _9 6_2 . (gc(s) - 3)51‘,]‘+ 2(1 + gc(s)fj,i)
it = 28el) | G 3 +g2()
2
2
34 —1 + 9.0Ei]. 5.11
8ec(s) hi3+ E(A)[( ) 8e(s) lj] ( )

4. Asymmetric fixed points, D 4

There are boundary conditions that cannot be represented
by a simple rotation around i,; instead, they correspond to
improper rotations. The only important fixed point that falls
into this category corresponds to the asymmetric boundary
condition (D4 BC), in which one of the wires is totally de-
coupled from the system. The matrix representation of this
boundary condition can be constructed by imposing the N
BC on the third wire and the D BC on the first and second
wires. (Here, one can choose to decouple any of the three
wires. Hence, there are three distinct D), BC, where i
=1,2,3 represent the decoupled wire. However, they are
identical up to a Z; transformation.) The matrix representa-
tion of Df\ BC is given by

(5.12)

1l
S = O
[
- o O

According to Eq. (5.1), the conductance tensor of the Di BC
becomes

I -1
-1 1
0 0

2
(s)
Gy =2
D;" gﬁ(Y) h

(5.13)

o O O

Now, we can separately impose these boundary conditions
on charge and spin sectors and determine the stability of each
fixed point by computing the scaling dimensions of the
boundary operators.
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B. Boundary operators

Now, we have to write the boundary operators in terms of
redundant bosonic degrees of freedom. In principle, we need
to consider all tunneling operators between three wires at x
=0. However, since more particle processes tend to be less
relevant, we will merely consider single and two particle
tunneling processes. The scaling dimensions of these opera-
tors given the BC will be evaluated later and provide mea-
sures of relevant or irrelevant perturbations. A more system-
atic method to compute all scaling dimensions of boundary
operators, which relies on the conformal symmetry of the
system, will be introduced in the next section. From the full
spectrum of the dimensions, one will conclude that the lead-
ing order perturbations indeed come from the few particle
tunneling processes.

The single electron tunneling processes can be classified
into four groups and their Hermitian conjugates.

(1) + cycle,

+ 5 R HL

= WELWh |ooc e 2060, (5.14a)
+ - >R . 5L

S o= WRIWL | o 285062000 (5.14b)
+ - >R -~

= WL | o o2 0e 205, (5.14¢)

These boundary operators can be categorized by the nonzero

ekements of particle number vectors n , for SZU:n£U=1 and
Nivlo =-L
(2) — cycle,
+ AR 5L
St g= WAL |goc e 0o 2P, (5.15a)
AR 5L
S5 o= WL |ooc e 2oel 220 (5.15b)
+ 5 R .R.L
S3.p= WELWE |goc e 22062 %50, (5.15¢)

and also classified by the nonzero elements of particle num-
ber vector for S; ,U—l and n =L

(3) Backscattering,

T )
SP = URWL | oc e 2o e, (5.16a)
+ AR 5L
= ‘I’I;"U‘P;AO o« ¢ V2b2 001 2H0 0 (5.16b)
SB _ ‘PRJF ‘PL | o —i\’5¢§ 1\5¢L
o= T30¥340%€ e Mo, (5.16¢)

Again, we should identify the representation of the particle
number vector for S? o L =1and n —~—1
(4) LL-RR combinatrons

- 3L . 5L
SLU= \If%fa\lf%’gb o e—lv2¢2y,,etv2¢1,,,’ (5.17a)
- 3L . 5L
= WL WL o e 2 e 2 e, (5.17D)
- 3L -~
S§,0= \Pﬁaqﬂiab * e—zy2¢]’ae”2¢3’0’ (5.17¢)
R R A1,R —i2¢R iR
o= VWi lox e P20e 2o, (5.17d)
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4 . 3 4R - 3 4R
= WIS Jo o e 2020, (5.170)

. 3R . 3R
o= WILWE oo e oe 20 (5.176)

Then, we can identify the representation of the particle num-
ber vector for Sfff):nf,ffé {jr(f) =-1.

Here, S indicates “single” particle processes. Notice that
there can be no spin flips in single particle processes. How-
ever, the scaling dimensions of multiparticle tunneling pro-
cesses depend on the spin degree of freedom. The multipar-
ticle operators can be constructed from the combinations of
single particle boundary operators and their Hermitian con-
jugates. Here, we list some of the two particle processes that
will be useful for identifying the leading order perturbations.

(1) Pair tunneling in + cycle,

PT!=57,ST, (5.18a)
PT} = 53,53 . (5.18b)
PT} = 53,53 . (5.18¢)

Then, we can identify the representation of the particle num-
ber vector for PT}:n*

; .nmznf’lzl and ”ﬁl,TZ”ﬁi,tz_l-
(2) Pair tunneling in — cycle,
PT;=S3,53,, (5.19b)
PT; = 53,55 - (5.19¢)

In terms of the particle number vector, we obtain for
PT; .niy=n; =1 and nl; j=nj ) =-1.
(3) Pair tunneling in LL-RR combinations with net spin,

PTSIR =5k sk . (5.20a)
PTSSR =85 5%, (5.20b)
PTSY, = 55,55, (5.20¢)

In terms of the particle number vector, we obtain for
LR L R

PTS“,, o —n =1 andnmo Nt o= -1.
(4) Pair tunnehng in LL-RR combinations without net

spin,

T =57 8¢, (5.21a)
=55 .55 (5.21b)
N =85,5% (5.21¢)

One can read the particle number vector off for PTLR ,LU
=nf =1 and n,+l - ”fm U——l
(5) Pair backscattering in the same wire,
PB, =57 TSl.t’ (5.22a)
PB,=S5.53 . (5.22b)
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PB;=S% 5%, (5.22¢)

The representations of non zero elements of particle number
vector become for PB;: "1 = l_l and nl =N =—l

(6) Pair backscattering in the different w1res without net
spin,

PB,, =5 ,55 (5.23a)
PBy; , =S5 ,55 . (5.23b)
PB3l,U= 5133,0-5113,—0" (523C)

The nonzero elements of the particle number vector are
given for PB; ,:n; L nj =1 andn n_ (,——l

(7) Pair backscattermg in the different wires with net spin,

PBS)3,=S7 ;55 o (5.24a)
PBSy;.,=55 455 o (5.24b)
PBS31,0'= Sg,o‘gllg,o' (524C)

The nonzero elements of the particle number vector are
. Lo Lo_ R _ R _
given for. PBS;; ;:n;,=nj,=1 and n; ,=n; ,=-1.
(8) Pair exchange processes,

PE| ,=S] .5 o (5.25a)
PE, ;=55 ,55 o (5.25b)
PE3,0’ = S;,Usl,—a" (5250)

The nonzero elements of the particle number vector are

given for PEi’U:nlAL,(r:niLJrl, ~=1 and nl+] o= U——l
(9) Particle-hole pair tunneling in + cycle,
PH; =S} 51, (5.26a)
PH} = S2 152 I (5.26b)
PH} =S} 57 (5.26¢)

The nonzero elements of the particle number vector are
given for PH; :n 'T—n,+1 =1 and nll—npr1 ==l
(10) Particle hole pair tunneling in — cycle,

PH; = 57,57, (5.27a)
PH; =S5, (5.27b)
PH;=S73,55]. (5.27¢)

The nonzero elements of the particle number vector are
given for PH; nk T‘”z 1, =1 and n; l—nl p=—L
(11) Particle-hole exchange processes,

PHE, ,=S},5;",. (5.28a)

PHE, , =55 ,5; . (5.28b)
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PHE, =S} 57", (5.28¢)

Here, the nonzero elements of the particle number vector are
given for PHE, ,:n;, n, =1 and nf nlL+1 _o=—1L.

Using the particle number Vectors of each boundary op-
erator, the dimensions of each operator given the BC can be
evaluated using Eq. (4.14). Hence, the stability of each BC
can be determined by considering the relevant or irrelevant

perturbations induced by the boundary operators.

C. Stability of fixed points

This section is organized in terms of the different bound-
ary conditions. The boundary conditions are imposed sepa-
rately on the charge and spin degrees of freedom. We will
evaluate the scaling dimensions of the boundary operators
corresponding to the leading order perturbations.

1. NN boundary condition

The NN BC corresponds to the totally reflective fixed
point in both charge and spin degrees of freedom. Hence, all
backscattering processes [Egs. (5.16) and (5.22)—(5.24)] and
their Hermitian conjugates will have zero scaling dimen-
sions. Now, we identify the boundary operators associated
with the leading order perturbations.

All other single particle processes contribute to the lead-
ing order perturbations with scaling dimension

(5.29)

The pair tunneling operators in the + and — cycles [Egs.
(5.18) and (5.19)], the pair tunneling in LL-RR operators
without net spin degree of freedom in Eq. (5.21), and the
particle-hole exchange operators in Eq. (5.28) are also lead-
ing order perturbations with the scaling dimension

2

APT™ = APTH - APHE _ (5.30)

NN =
Finally, the pair exchange operators in Eq. (5.25) have the
scaling dimension

2
PE
ANN =

8s

(5.31)

and are therefore leading order perturbations.

Now, we can identify the stable region when all leading
order perturbations are irrelevant, A> 1, and obtain the basin
of attraction shown in Fig. 2.

2. DD boundary equation

The DD BC corresponds to the Andreev reflection fixed
point in which all pair tunneling LL-RR operators with net
spin [Eq. (5.20)] have zero scaling dimension. Note that the
dominant processes are multiparticle operators.

First, the single particle processes in the + and — cycles
in Egs. (5.14) and (5.15) are leading order operators and
have the scaling dimension
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1
A= ¢ (8c+ ) (5.32)
In addition, the pair tunneling operators in = cycles in Egs.
(5.18) and (5.19) and the pair exchange operators in Eq.
(5.25) are also leading order perturbations with scaling di-
mension

2
App = 28 (5.33)
Moreover, the particle-hole pair tunneling operators in Egs.
(5.26) and (5.27) and the particle-hole exchange operators in
Eq. (5.28) have scaling dimension

APHE; _ APHii _ %
DD = Spp T 3 8s:

3 (5.34)

Thus, the basin of the attraction corresponding to the DD
fixed point can be obtained by requiring A>1 and is shown
in Fig. 3. Unlike the case in junction of two quantum wires,
the stable region of NN BC and DD BC do not overlap.

3. ND boundary condition

The ND BC corresponds to a fixed point, which describes
a charge insulator but spin conductor. The pair exchange op-
erators in Eq. (5.25) fix the boundary condition with Af 5«
=0. Intuitively, the pair exchange processes induce a pure
spin current depicted in the inset of Fig. 4. Furthermore, the
processes of pair backscattering in the same wire [Eq. (5.22)]
are pinned as well and indicate that there is no charge cur-
rent.

The leading order perturbations are attributed to the op-
erators for the single particle tunneling in the = cycles [Egs.
(5.14) and (5.15)] with the scaling dimension

5= _ 8s
Ayp = + =

5.35
226 (5.35)

The single particle backscattering processes in Eq. (5.16), the
pair backscattering processes in Eq. (5.24), and the particle-
hole pair tunneling in Egs. (5.26) and (5.27) are also leading
order perturbations with

2
Ay = APBS _ Tg (5.36)
Moreover, the pair tunneling operators in Egs. (5.18)—(5.20)
are also leading order perturbations with scaling dimension
APTS — APTSLR _2
ND =BNp T -

(5.37)

Again, we can identify the basin of attraction for the ND
fixed point by requiring all A> 1, as shown in Fig. 4.

4. DN boundary condition

The DN BC is the counterpart of the ND BC and corre-
sponds to a fixed point where the system becomes a charge
conductor but spin insulator. Here, the particle-hole ex-
change operators in Eq. (5.28) fix the boundary condition
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with APHFio=0. As illustrated in the inset of Fig. 4, there is
no spin current in these tunneling processes. Moreover, the
pair tunneling operators in the LL-RR channel without net
spin Eq. (5.21) are also pinned at DN fixed point since they
also represent the processes with only net charge current.

The leading order perturbations are attributed to the single
particle processes in the * cycles in Egs. (5.14) and (5.15)
with scaling dimension

(5.38)

The backscattering in Eq. (5.16), the pair tunneling operators
both in * cycles in Egs. (5.18) and (5.19), and the pair
backscattering processes involving different wires in Egs.
(5.23) and (5.24) are leading order perturbations with

B + . . 2g,
Apy=Apy =Apy=ApYT= =% (5.39)
Finally, the pair tunneling operators in the LL-RR channel
with the net spin in Eq. (5.20) and the particle-hole pair
tunneling in both = cycles in Egs. (5.26) and (5.27) repre-
sent the other set of leading order perturbations with scaling
dimension

PrSIR _ it _ 2
Apy =Apy =—. (5.40)
N
Again, the basin of attraction can be found for the DN BC by
requiring all A>1 and is shown in Fig. 4.

5. X+Xs and x_x_ boundary conditions

The x,x, BC describes a fixed point in which both
charge and spin currents have preferred flow directions
1—2,2—3, and 3—1. Thus, at the x,yx, fixed point, the
processes involving current flows in these particular direc-
tions will fix the boundary condition. For instance, the pure
charge current processes in the + cycle [Egs. (5.14) and
(5.18)] and the pure spin current processes in the + cycle
[Eq. (5.26)] have zero scaling dimension.

Notice that the single particle tunneling operators in the
+ cycle have zero scaling dimension regardless of the spin
degree of freedom. However, boundary operators represent-
ing pure spin current, which are constructed from the
particle-hole pair tunneling, have zero scaling dimension
only when the spin current is in the + cycle, i.e., AP# #0.
Similarly, operators corresponding to the pure charge cur-
rent, which are constructed from pair tunneling processes,
have zero scaling dimension only when the charge current

flows in the + cycle, i.e., APT #0.

One can confirm that all single particle processes except
the + cycle and some multiparticle processes provide lead-
ing order perturbations with scaling dimension

2g. 28,
+

. 5.41
3+g§ 3+g? ( )

XX

The scenario of xy_y_ BC is very similar to the case of
X+X+ With relative changes from the + cycle to the — cycle.
The leading order perturbations have the same scaling di-
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mension as that of the y,y, BC. Thus, both fixed points
exactly have the same basin of attraction in the coupling
constant space. The stability of the two fixed points is deter-
mined by the direction of the magnetic flux threaded through
the ring. We then plot the stable region of the fixed points in
Fig. 5.

6. D,D, boundary condition

Without loss of generality, we will only consider in this
section the boundary condition where the third wire is de-
coupled, Di, both in charge and spin degrees of freedom.
The situations with the first or second wire decoupled are
similar.

In the presence of the Z; symmetry, the operators in the
same group listed in the previous section have the same scal-
ing dimension. However, the D,D, fixed point breaks the Z;
symmetry; hence, the operators in the same group may have
different dimensions. For instance, the operators in Egs.
(5.14a) and (5.15a) have zero scaling dimension and fix the
BC, while the rest of the operators in the * cycle are leading
order perturbations with the scaling dimension

3+ gg
— 4 )
88, 8¢y

In addition, the single particle backscattering in the third
wire in Eq. (5.16¢) has zero scaling dimension at the DD}
fixed point, while the backscattering at the first or second
wire becomes another leading order perturbation,

3+g?

A= (5.42)

1
A= E(gc +gy). (5.43)

Some of the operators associated with the leading order per-
turbations are listed below,

Operators Dimensions
3, _
PTS5E) (g +g)
+ 3 8.
PT33),PT5() - PHE 3) 20 + 3*
C
PTl U’PBIZ,O' zgs
PB 2g.
g 3
PE,3) » E‘ + 2.
N

(5.44)

Thus, we identify the basin of attraction for D,D, BC and
plot it in Fig. 6.

7. ND4 and D4N boundary condition: A demonstration
of the unstable fixed points

In principle, one can arbitrarily combine different BCs in
charge and spin sectors to obtain the new boundary condi-
tions. However, the rest of them are unstable against pertur-
bations. We discuss here two unstable fixed points, ND, and
D,N BC, and show explicitly that there are always leading
order perturbations with scaling dimensions smaller than 1 in
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any region of the interaction parameter space. Considering
the case where the third wire is decoupled from the ring, the
backscattering in the third wire fixes the BC in both ND and
3N fixed points. The operators PH1 and PH;, correspond-
ing to the processes with pure spin current between the first
and second wires, have zero scaling dimensions at the NDi
BC, while the operators PT] and PT,, corresponding to the
processes with pure charge current, have zero dimension at
the DE\N BC. Hence, we conclude that ND;?x BC corresponds
to a fixed point with pure spin current between the first and
second wires, while DiN BC corresponds to a fixed point
with pure charge current between them.
We list below some operators which are crucial for deter-
mining the stability of the fixed points with their scaling
dimensions,

St _ 8s PEy3)o_ 3
e (5.45)
B TLR 3
NGRS A= (5.46)
A 2 2gc

Observe that A ‘(23)” and APEZG)“ cannot be larger than 1 at
A

TLR
1(2 3)<r
the same point in the parameter space; A DIN 7 and A
cannot either. Hence, we can conclude that ND,4 and DAN
fixed points are unstable against the perturbations.

D. Summary of delayed evaluation of boundary condition

We have demonstrated in this section how to implement
the DEBC method for obtaining the scaling dimensions of
the boundary operators and determining the stability of dif-
ferent fixed points. We find that the DEBC method provides
a simple way to examine the junction systems and to deter-
mine the phase diagram. However, the main drawback of this
method is that one has to determine the scaling dimensions
of “all” boundary operators in each given BC. As mentioned
in this section, we have to rely on the conjecture that opera-
tors involving more particles are less relevant to simplify the
computation. Hence, in the next two sections, we shall pro-
vide the confirmation of our results through the approach of
boundary conformal field theory where the full spectrum of
the scaling dimensions of the boundary operators can be ex-
plicitly identified.

VI. REVIEW OF BOUNDARY CONFORMAL FIELD
THEORY

The application of BCFT to the analysis of critical phe-
nomena was developed by Cardy and widely applied to the
Kondo problem and one-dimensional problems.**? In the
BCFT, conformally invariant boundary conditions are formu-
lated in terms of boundary states. Here, the boundary states
belong to the Hilbert space of the theory with the periodic
boundary condition in the space direction. Considering the
Fermi statistics of the electrons, the structure of the Hilbert
space is twisted compared to that of the standard free boson.
The twisted structure affects the possible boundary states, the
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scaling dimensions of the boundary operators, and the stabil-
ity of the fixed points.

In this section, we will first review the mode expansion of
bosonic fields ¢, and 6, and derlve the twisted structure
of a TLL quantum wire for spm-2 electrons. A s1rnp11ﬁed
version of the BCFT, exclusively for nonresonant tunneling,®
will be implemented by projecting out the degree of freedom
corresponding to the total charge and spin. As a demonstra-
tion, we compute the partition function and obtain the scal-
ing dimensions of the boundary operators corresponding to a
boundary state for the case of a junction of two quantum
wires.

A. Review of mode expansions of boson fields and
derivation of twisted structure

The BCFT of free bosons can be applied to the system of
interacting electrons via bosonization. However, due to the
Fermi statistics of the electrons, there are various differences
compared to the standard compactified boson field theory. In
this section, the effect of the Fermi statistics will be imple-
mented in terms of a twisted structure in the Hilbert space of
the free boson theory.

Since the Matsubara formalism for fermions implies an
antiperiodic boundary condition in the imaginary time, the
space direction will also have an antiperiodic boundary con-
dition after the modular transformation. The boundary con-
dition should be independently imposed on left and right
movers,

Ry, o(t.X) == Yy o(t.x + B). (6.1)

In the case of free fermions, g=1, the boundary condition
becomes

expliV2¢r) (1. B)] = - exp[i2 Dra1).0(1.0)].

Since [ ), Pri)] # 0, it is not clear how to determine the
boundary condition on the boson field from Eq. (6.2). We
refer to Ref. 7 for the proof that the antiperiodic BC on
fermions leads to the periodic BC on bosons. Precisely, the
right and left moving boson fields ¢g() are periodic vari-
ables,

(6.2)

¢R(L),<r(f,x) + \Eﬂn, (6.3)

¢R(L),a'(t’-x + ,8) -~

where (n € Z). The mode expansion of the boson fields com-
pactified on a circle of radius 1/42 becomes

\27TA

dro(x) = (P00'+7Q0'x—

52 —[an L MBI L Hel, (6.4a)
Nznp=1 V

\377/\
¢L u—(x+) (P()U—"' qu+
B
1 . 1 —'(2 n/B)x.
+_52 —lay P+ Hee], (6.4b)
V<=1 vn

where \2QR(L) the momentum variable conjugating to (pO(L)
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R/IL

n,o

have eigenvalues V2 times an integer, a, - are oscillator
modes, and x. =t*+x.
Following the standard bosonization scheme, the indepen-

dent charge and spin modes are defined as

1

Dr(1).c = 5(¢R(L) 1+ drwy)s (6.5a)
1

d’R(L),s = E(d)R(L),T - ¢R(L),J,)~ (6-5b)

Hence, the mode expansions of the boson fields correspond-
ing to the charge and spin degrees of freedom become

AR T AR
¢R,c(x) = (PO,c(x) + EQc(s)t—
+ /_E 56 ©) e CmB- L q ], (6.6a)
AL T AL
¢L,c(s) = ©o,c(s) + EQL'(S)I+
+ =2 —lak e @™P¥ + Hel, (6.6b)
\Nn

V2 =1

with the definitions

AR(L) _

~R(L ARL
optl) = /_( ( )_._ ( ))

AR

1
aR(L) _ \Tz(af,(TL) -+ af,(f))’ Qc(s) QR(L) + QR(L)

n,e(s) —
(6.6¢)
Notice that the eigenvalues of the operators Qf((sl‘)) follow a
special relation
OR® = oRB(mod 2), (6.7)

which is named as gluing conditions.
Now, let us define the new boson fields in the new basis,

Pe(s) = ¢R,c(x) + d)L,c(s)’ ec(s) = ¢L,c(s) - ¢R,c(s)- (68)

Following Egs. (6.6a) and (6.6b), the mode expansion of the
new fields is given by

A ToA ~
Pe(s) = Po,c(s) + _[Qc(s)t + Qc(s)x]

E —i(27m/ B)x_ + aic(s)e—i(27711/,8))(+ + H.C.],

\2n I et
(6.9a)
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A aT_< A
00(5) = aO,c(s) + E[Qc(s)t + Qc(s)x]

o

1 1 .
+ ?E ?[aic(s)e—l(an/B)er _ as’c(s) i(27mn/ B)x. -+Hec. ]
N2p=1 \n
(6.9b)

where

A AL AR p AL AR
Po.c(s)= Pocs) + Coctsyr Oo.cs) = Poe(s) = Po.cs)>

A AL AR = AL AR
Oe)=Ci5)+ Qctsp Qets) = Qo) = Cets)- (6.9¢)

A new gluing condition can be derived from Eq. (6.7),

0.=0,=0.=0,(mod 2), (6.10a)

0.+0,+0,+0Q,=0(mod 4). (6.10b)

Hence, the periodic boundary conditions of the fields ¢,
and 6, are of the forms

00(5) + WQC(A.), (611)

which are accompanied by the gluing condition in Eq. (6.10).
We refer to this as a “twisted structure,” which reflects the
fact that the bosons arise from the bosonized fermions. We
have only discussed the mode expansion of the free fermi-
ons, g=1, so far. However, similar results can be carried over
to the case of interacting fermions with arbitrary g. The
mode expansions of ¢, and 6, become

Pe(s) ™ Pe(s) + WQL‘(S)’ 00(5) -

. al 1 . 2
Pe(s) = Po,c(s) + E |: ;(S)Qc(s)t + Qc(s)x:|

1

E /—[(l )€ —1(2'n'n/ﬁ)x
n,c(s
\/ch(y)n | Vn

+ a,Ll,c(x)e"(zm'/ﬁ)"+ +H.cl], (6.12a)
A m_ 2 ”
Oc(s) = O0.c(5) + _[Qc(x)t +80(5)Qe(sy¥]
8e(s) 5
7 E F[an c(s)e iQmn/ B,
n=1 N1
—ay e TP 1 He ], (6.12b)

following the same periodic boundary conditions in Eq.
(6.11) and gluing conditions in Eq. (6.10).

B. Junction of two quantum wires for spin-% electrons

In this subsection, we analyze the stability of the junction
of two quantum wires for spin-% electrons by computing the
partition function and the scaling dimensions of the bound-
ary operators provided that charge and spin are conserved
and there is no resonant tunneling. This method has been
pursued by Wong and Affleck®® for a junction of two quan-
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tum wires; here, we follow closely their approach and only
differ in that we make use of the conservation laws at the
very beginning, thus changing the gluing conditions and sim-
plifying the computation of scaling dimensions obtained
from the expansion of the partition function.

1. finite-size spectrum and bulk operators

Let us consider two sets of independent boson fields goL s)
and ¢ e(s)> where i=1,2 label wires 1 and 2. Since total charge
and spin are conserved, it is convenient to work in an alter-
native basis,

1 1
0 _ 1 2 _ 1 2
(Dc(x) = \TE(QDC(S) + <Pc(s))7 q)c(s) = E(‘PC(S) - <PC($)),

(6.13)

where the total charge and spin modes are explicit. Using
Egs. (6.12a) and (6.12b), the mode expansions of ®° ) and
®,(,) become

c(s

T QO( )y A
=) .+ —1+ 0% x
c(s) 0,¢(s) E 8| e c(s)

oo

1 1 )
+ E /_[an C(S)e —i(27n/B)x_
V28c(syn=1 N1

+an e AN L He],

P!

(6.14a)

Qc(s) ~
—t+ QC(Y)X

) _(I)O +
c(s) ,c(s) 2B 2es)

E i(2ﬂ'n/ﬁ)x_
v 2gc(.§ n=1

+ an,c(s)e_l(27n/5)x+ + HC] s (6 14b)

where

1 1 2 1 1 2
(I)O ols) = V_E((PO,C(S) + (PO,L'(S))’ cI)OsL'(S) = VTE((PO,C(S) - (’DO,C(S)) ’

(6.14¢)
RILO _ i 1, gRIL2 RIL _ L RIL1 _ RIL2
n,c(s) — ,’_ a, c(_s n ol s)) an,c(s) I~ an,c(s) a, c(a))
V2 V2
(6.14d)
and the winding operators follow
A0 Al A2 A Al A2
Qe = Qe F Qe Qo) = Q) = Lets)»
,10 ,21 ,12 2 ,’ll .’;2
Qc(s) = Qc(s) + Qc(s)7 QC(S) = Qc(s) - QC(X). (6 146)

The eigenvalues of these winding operators are integer and
follow gluing conditions derived from Eq. (6.10):

00=0=0/=0!=0.=0,=0,

=Q,(mod2) (condition 1),
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0,70, 0, A0_ -
0.+0.,+0,+0Q,=0(mod4) (condition 2),

0(mod 4) (condition 3),

0)+0/+0,+0,=

Q(s) + Q? +Q,+Q.=0(mod4) (condition 4),

00+ 0%+ Q%+ 0%+ 0.+ 0, + 0. + O,

=0(mod 8) (condition 5). (6.15)

Using the Lagrangian density,

=3 %

J 24
Ry =5(9,0;,)

;(&,ugoj,s)z’

the Hamiltonian of the two quantum wires can be written in
terms of the winding and number operators as follows:

o 2w (00 60 (0 g0 (0%
= — + + + +
gl 16e. 7 16 T 16g, 16  lég,

5002 (A2 52 7
+ gs(Qy) + (Qv) i gr(Qv) " 2 (ALO AR 0 + ﬁLO
16 16g, = 16

My e
m=1

©

AR,0 AL, AR AL, AR
+1, ) + E m(n,mC + Ay F Ry )

m=1

(6.16)

The corresponding bulk primary operators are in the form

exp[i(Q°®° + 0°0° + Q. &, + 0.0

+ 000+ 0060+ 0,0, + 0,0,)/(2\2)], (6.17)
with the scaling dimensions
Q0 200 Q) (0 (@)
+ + + +
16g. 16 16g. 16 16g,
50\2 2 52
L&Q)° (@) 8(0)° (6.18)

16  l6g, 16

2. Boundary states

Following Cardy, the boundary conditions can be repre-
sented in terms of the corresponding boundary states upon
modular transformation. Without going into the detail, we
construct the boundary states for the case of two quantum
wires.

Because of the conservation of total charge and spin, it is
natural to impose the Neumann (N) boundary condition on
the center of mass modes, <I)L(J Since the N boundary con-
dition on ®° implies the Dirichlet boundary condition on the
dual field ®°, the winding of ®° along the boundary should

be zero; hence, the corresponding winding number QL(S

Because of the gluing conditions, the quantum numbers QL(A)
are now restricted to even numbers and follow some extra
constraints. The N boundary state for both center of mass
modes is
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|N°>=G?ve><p[2 a,c'a SfT]eXP[EaSST 25*]
n=1
x 2

~0
QC(S):_w

Xexp[- 00} 1/0°%,0) ® |0%,0),

where prime over the summation indicates the gluing condi-
tions and G?V is the ground state degeneracy which will be
fixed by Cardy’s consistency condition.?83%33 The vacuum

exp[~ 0,0, ]

(6.19)

states are denoted by the winding number |é 1> Q) of each
independent boson field. For simplicity, the phases @8,6“)
correspond to the applied voltages in the wires and will not
affect the boundary physics; hence, we will take these phases
as zero.

Despite the fixed boundary condition for the center of
mass modes, the other degrees of freedom can have different
boundary conditions. In the case of a junction of two wires,
there are two possible boundary states, which are Neumann
and Dirichlet boundary conditions on the ¢ field (N and D
boundary states). Similar to the case of the center of mass
mode, the N boundary state for the dynamical fields @y is
given by

0!

|Nc(s)> = GN,c(s) exp |: E aﬁ;(s)afl(s)] E
n=1 A

Qc'(a’):_oc

|éc(s)’ 0>

(6.20)

The D boundary state implies that the winding of @) along
the boundary is zero. As a result, the quantum number
QC(S)=O and Q) is restricted to even integers with more
constraints from the gluing conditions. Hence, the boundary
state is given by

!

|Dc(v)> = GD,C(S) exp[ E a, v)an c(s) ] E

Qc(s):_Oc

(6.21)

where the minus sign inside the exponential function comes
from the identification, ¢R=—¢pl+C.

3. Projection of center of mass modes
In principle, we have everything we need to compute the
partition function,

(Ble~"5|BY, (6.22)

with a given boundary state and gluing conditions. Upon
modular transformation, one can read off the scaling dimen-
sions of primary boundary operators. However, the gluing
conditions complicate the calculation of the partition func-
tion. If the charge and spin are conserved, there is a simpler
way to find the dimensions of the boundary operators. Since
the boundary state of (I)S(S) is Neumann, only the QS(X):O
states occur. Hence, the constraints of Eq. (6.15) reduce to
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Q Q 0.=0,= QL 0,=0(mod 2), ny=2m,, n,=2m;+1 (setd), (6.24¢)
~ = with the constraint n~1(3+n~1g+ﬁc+mc+n~15+ms=0(mod 2) for
Q.+ 0, =0(mod 4), each set.
In order to disentangle the Hilbert space of (I)S(s) from the
Q(C) +0,+0.=0(mod 4), total Hilbert space, we denote a state with quantum numbers

QC (s and Q. in the Hilbert space of ®, by |¢QC(Y 0, (Y)).
Note that this state is proportional to |QC(S), Q,(s))- Although
o o only |¢éc(v)’0> is nonzero in the N state and only |¢0’Qc(s)> is
0°+ 00+ Q.+ 0,+0,+0,=0(mod8).  (6.23)  nonzero in the D state case, we would like to consider the
general case. Using Egs. (6.24a) and (6.24¢) and considering

Q,+Q,=0(mod 4),

From the first constraint, we obtain

5 _ that n’ig(s)=2l<s) or ﬁg(s)=22;(s)+ 1, the boundary states corre-
Q(C) = Zﬁg, QS = Zﬁg , 0.=2n,, sponding to the center of mass modes can be generally writ-
ten as
Q,=2n,, Q.=2#,, Q,=2i,. (6.24a)
. 70
Here, all n u are integers and follow the constraints below, |NO c(v)> (4gc(v)) " exp|:2 ag f(v 25(1)] NE |810(x)70>’
l(€Z

i’ + i’ =0(mod 2), <

(6.25a)
i)+ ng+ i, = 0(mod 2),

ns+nC:0(mOd 2), |NOC(S)> (4gc(s))l 46Xp|:2 an C(S)agfs):| E |82?(S)+4’0>’

I(T(é.)eZ
A+ )+ ne+ng+ i, +i,=0(mod4).  (6.24b) (6.25b)

There are four sets of possible parametrizations of 7, that
satisfy all the constraints,

IV ) = (4™ exp[E a, f&aﬁfb] 2 (8L +2.0),

(()EZ
fly=2m, ng=2m; (seta), (6.25¢)

~0_~A~0 ~0_~~0 A~ _
n.=2m,, n,=2m,, n.=2m. n.=2mg,

|N0c(x)> (4gc(s))”4 exp[z ag f(l 2%] 2 |8i8(.y) +6,0),

Ao=2i +1, n,=2m,+1 (setb), ez

z‘(r

=2ml+ 1, A=2m+1, =2 +1, n.=2m,, (6.25d)

where combinations |NJ ) and N «(s)) correspond to sets

Lc(s)

fig=2m,+ 1, ng=2m; (setc), (a) and (b) in Eq. (6. 24c) and combinations |N(1 «(s)) and
o 0 o 0 B B INY 3.c(s)) correspond to sets (c) and (d). Hence, the most gen-
ne=2m.+1, ng=2mg+1, n.=2m., n.=2m.+1, eral boundary state can be written as

|BY=(INg,.) ® [N )+ N3 ) @ [N3.) @ E (75 am) @ |45 am )
+(Ng) ® N9y +IN3 ) @ NG ) ® E (055 am) © |47 4m )
+(Ng ® INg Y +IN3 ) @ NS ) ® E ([t 42.4m 22) @ [Wain 2.4 42))
+(No) ® N3y +IN3 ) @ NG ) ® E ([t 42.4m 42) @ Wi 2.4 42))
+(N ) @ NV )y +INS ) @ NS ) @ 2 (075 12.4m) @ a7 12.4m)
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+(IN ) © [N ) +IN3 ) @ [N} ) ® > (|¢4r7tc+2,4mr> ® |¢4rﬁs+2,4mx>)

+ (|N(1),c> ® N )+ [NS ) ® |N(3),s>) ® > (|t Am42) ® |¢4rﬁ Lam42))

+ (| > ® |N0 >+ |N0 > ® |N(1) y>) ® E (|¢4m Am, +2> ® |¢4m Am, +2>)

(6.26)

where the prime over the summation indicates the constraint /7i.+m,+mi;+m,=0(mod 2) for each term and the double prime
over the summation indicates the constraint 7.+m +m+m,=1(mod 2).

Using Eq. (6.22), the diagonal partition function is given by

! ”n
Zpp=Zyo Zyo + ZN%(ZNSJ)E (Za, am Zaiiam) + (Zng Zng + ZN(Z)’CZN&S)E (Zais am Zais am)

! ”n
+(Zyo Zyo + ZN%(?ZN(Z)‘S)E (Zai s2.4m+2Zain s2.am +2) + (230 Zno + ZN(Z),CZNS,S)E (Zain 12.4m 4224 +2.4m +2)

! n
+(Zyo Zyo + ZNg)'CZNg‘S)E (Zagis.4m Zaiivo.am) + (20 Zng + ZNQJZN?J)E (Zais 12.4m Zaii +2.4m)

! n
+(Zy Zyo + ZNngNg‘S)E (Zai,am 42Zaii am+2) + (20 Zno + ZNgA’CZN(l)J)E (Zags am +2Zaii_am +2) -

Here, ZNO are diagonal partition functions in the (I) ) Hil-
bert space “while the Zy, (610 ATE diagonal partltlon func-

tions in the P, Hilbert space,

(6.28)

- — /- —1H -
ZQC(S)’QC(S) o <¢Qc(s)'Q(‘(.r)|e B| ch(s)’Qc(x)> :

The partition functions corresponding to the center of
mass modes are given by

\/4gc(3

Zyo qug‘“ (l >) _ E q(QrO /(8&(3))
0" (g) ?, (q) ol e
(6.29a)

4gc(s)
g, = B By 2
Le(s) 77(5) "0(
~ () S im0 B2 | (6.29b)
77q
Qc(v) €z
4gc(s) 2
2w V > st ole *+ 1)
2c(a) ﬂ(q') "()()
1
= — E —imQ,. (A)q(QC(A'))Z/(SgC(’V))s (629C)
n(q) ez

(6.27)
I
/_
Zo = 486(?)2 228,() 5y +314)°
o™ w5
_ E _’3W/ZQL(S)q(Qc(s))z/(ggC(S)),
n(q)Q< s
(6.29d)

where the modular transformation has been performed at the
second equality and

g=e P, g=ePl (6.30)
Here, we introduce the Dedekind # function,
7(g) = ”241_[ (1- (6.31)

which comes from the oscillator modes of the boundary
state. One can show that each set of independent oscillator
modes contributes a factor of 1/ 7(g). Moreover, the modular
transformation of the Dedekind # function is given by

~_ B
7q) = \/;77(61)-

The scaling dimensions in Zyo

(6.32)

correspond to the boundary

operators that include @?m and therefore do not conserve the
total charge and spin. For instance, a nontrivial dimension,
Q° (S) /(88.(s)), corresponds to the vertex operator

0
’Qz(s)‘b /@22 Since we only consider the perturbations
which conserve the charge and spin, those vertex operators
should not appear. The term 1/ 7(qg) corresponds to irrelevant
or marginal boundary operators which come from the deriva-
tives of CIDS(S) and have integer dimensions.
Thus, we shall concentrate on the boundary operators in-
volving only the dynamical fields ®, ) and replace
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Zyo 1. (6.33)

The effective partition function becomes

ZBB —2 2 (Z4n~10,4mcz4ﬁx,4ms)

meZ

+22 (Zain 12.4m 4224 +2.4m +2)

meZ

+22 (Zagn 42.4m Zaim 42,.4m)

meZ

+22 (Zain am 4224 _am +2)-

meZ

(6.34)

Observe that this reduced partition function can be obtained
by simply eliminating the charge and spin centers of mass
modes from the full boundary states. The original gluing

conditions can be reduced to a set of constraints on ch and
Qs only, which will be referred to as the “reduced gluing
conditions” (RGCs).

Here, we outline the procedures for obtaining the scaling
dimensions of boundary operators from the reduced partition
function. First, we eliminate the center of mass modes from
the original boundary state in Eq. (6.26) to obtain the “re-
duced boundary state.” Then, we derive the nontrivial RGC
for QC(S) and Q) from the original gluing conditions. Fi-
nally, we compute the reduced partition function upon a
modular transformation and obtain the complete spectrum of
the scaling dimensions of boundary operators for a given
boundary state. A similar reduction procedure can be applied
to the case of junctions of three quantum wires for spin-%
electrons.

C. Partition functions and scaling dimensions of boundary
operators for junction of two quantum wires

In this subsection, we apply the method described above
to compute the reduced partition functions and scaling di-
mensions of boundary operators involving the dynamic field
®,(,) for given boundary conditions.

1. NN boundary state
The reduced NN boundary state can be written as

|NN> gNNeXp[Eanc nc+2ans ns]E |(QL’O)>
n=1

® [(0,,0)), (6.35)

where guy is the ground state degeneracy and the prime in-
dicates that the RGC should be obeyed. The corresponding
partition function for the NN boundary state is given by

g ”
B(Q)

(6.36)

ZNnNN = <NN|6’_IH£|NN>

2
, I
= %E ew{—[ (52 +

PHYSICAL REVIEW B 77, 155422 (2008)

Now, we shall discuss how to obtain the RGC. By
recalling the gluing conditions in Eq. (6.15) and using

QC (5)= Qc(s =0, one concludes that QC and Qg are even.
Hence, QL(Y =201,y Still, we should keep in mind that Q
and Q are even and contribute to the reduced gluing condi-

tions. In terms of 7, the gluing conditions are reduced to

ﬁ? + h’? =0(mod 2) (condition a),

i’ +ii,=0(mod 2) (condition b),

!

ﬁ? . +7,=0(mod4) (condition a).

+ 7.+ (6.37)
Conditions a and b imply that ﬁ?, ﬁ?, and 7. have the same
parity. In addition one can conclude that 7; has the same

parity as 71, and 71" N5 due to condition c. Hence,

i, + i1, = 0(mod 2) (6.38)

becomes the only gluing condition for the variable 7). Na-
ively, one may expect that condition c¢ should provide other
constraints. However, it can be shown that the extra condi-
tion is redundant. We justify this statement below.

First, because all the winding numbers, n,, are of the
same parity, we can set either n,=2m, or n,=2m,+1. For
either case, condition ¢ leads to

i + i, + i + 7 = 0(mod 2). (6.39)
However, any combinations of integer /7. and i, have rela-
tive sets of n?? and n??, which satisfy this gluing condition for
m,,. Moreover, since the partition functions corresponding to
the center of mass modes provide an equal constant, set to be
1, for any combinations of 7i.), this condition effectively
provides no constraint on 7).
Now, the partition function [Eq. (6.36)] becomes

2
_ 8w lmge, s ”Tgs 2]}
y4 =
NN,NN n(q)z exp{ |:2B( ) ( Y)
(6.40)

in terms of variable n, with the reduced gluing condition
[Eq. (6.38)]. Further, the RGC leads to two separate sums,

2
~\2
ZNNN = (N){ > 67{(8“/2)(”[‘“)

Me(s) €

+(g,/2)(i,)?]

> 'q{(g(./S)(Zrﬁc+1)2+(gS/8)(2n7X+1)2] i
r;lzr(x)EZ

(6.41)

without any constraint on . and m,. Upon the modular
transformation, the partition function becomes

& Sy E g m,)2/2g,+(my)2g,

Vg8s 7](9)2
X[l +e—t'n'(mc+ms)]’

Zyvn(q) =

(6.42a)
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]

28 N ! 2 (mc,)2/2g(,+(17ls)2/2gs
2 q .
NEc8s 77(61) m+mg=0(mod 2)

3

(6.42b)

Hence, the spectrum of boundary operators can be read
off and the leading order perturbations have the scaling di-
mensions

1 1 2 2
- + _’ _7 - 9’ (6'43)
28, 28 & &

which agree with the previous results obtained using the
DEBC method in Sec. I'V. Moreover, the ground state degen-
eracy, which is useful for determining the stability of the
fixed point, can be found by Cardy’s consistency condition

as gyv=(8.8,/4)"".

2. DD boundary state

The reduced DD boundary state can be constructed as

|DD>=gDDexp[ Eaﬁtaff; Eam EI(OQ»

®1(0,0,)), (6.44)

using Eq. (6.21) with ground state degeneracy gpp. Again,
the prime over the summation implies the reduced gluing
conditions. The partition function corresponding to the DD

boundary state is given by
(0, ”
8,8 <5

(6.45)

Zpp.pp = <DD|€_IHZ|DD>

_gDD
= ~)22 {[83 C(QC>

Since Q° QC(S)=O, condition 1 of Eq. (6.15) leads to
QC(J):ZnC(S) and Q. =2n. for integer n,. Hence, the
gluing conditions in terms of the quantum numbers n
become

c(s)™

o

i) + 10 = 0(mod 2)

. (condition a),

ﬁ? +n,=0(mod2) (condition b),

n.+n;=0(mod2) (condition c),

il +n + i +n,=0(mod4) (condition d). (6.46)
Here, conditions a—c imply that 7, and 72’ Te(s) have the same
parity. Condition (d) provides no constraint on the quantum
number 7., by a similar reason as in the case of the NN
boundary state.

Upon the modular transformation, the partition function

corresponding to the DD boundary state can be evaluated as

PHYSICAL REVIEW B 77, 155422 (2008)

2V
V88, 4 7 )2 7 )2
7 ’ (q) _ g2 ﬁ E q(gC/Z)(mc) +(g,/2)(m) ,

(6.47)

with the constraint ,+m,=0 (mod 2). Therefore, the scal-
ing dimensions of the leading order perturbations can be read
off as follows:

8ct8s

> (6.48)

o 280 28y

This is in agreement with the previous results obtained by
using the DEBC method in Sec. I'V. Finally, the ground state
degeneracy is given by gpp=(1/4g.g,)"*.

3. ND boundary state

We first construct the reduced boundary state for the ND
boundary condition

oo

n=1

aylalt E aila 512 (Q,,0))

(6.49)

|ND> =8ND exp|:

®(0,0)),

where the gyp is the ground state degeneracy. Now, the cor-
responding partition function can be computed as

8,8 Y(Q) ”

(6.50)

Znp D= <ND|6_IHZ|ND>
l’n-gc =~ \2
XP{ [Sﬁ Q)"+

with proper reduced gluing conditions indicated by the prime
over the summation.

2 !

_ 8np
- 77(67)2E )

For obtaining the reduced gluing conditions on éc and Q,,
we first observe that ég(x), Q.. and Q, are even integers.
Hence, ég(‘v)=2ﬁg(x), Q.=2i1,, and Q,=2n,. After some alge-
bra, one finds the following reduced gluing condition:

i.=ng=0(mod 2). (6.51)

Upon the modular transformation, the partition function be-
comes

8s gND 2 ,
ZND,ND(C]) = ‘\/ s a ) E (1728)(m)*+(g4/2) (m)

(6.52)
without any constraint on m, and m,. Thus, the scaling di-

mensions of boundary operators for the leading order pertur-
bations are given by

1
%, — (6.53)

2g.

Again, this matches the results from the DEBC method in
Sec. IV. The ground state degeneracy becomes (g./g,)"*.

4. DN boundary state

First, we construct the reduced boundary state for the DN
boundary condition

155422-21



CHANG-YU HOU AND CLAUDIO CHAMON

|DN>=gDNexp[_Ea5Tc ch'i-Eanv n€:|2 |(0 Qc»

® |(0,,0)), (6.54)

with gpy defined as the ground state degeneracy. Then, the
corresponding partition function can be written as

7 2]}
0.+ 550 [

(6.55)

Zow.on = (DN|e™™5|DN)

=8D~§226 { { 86

with the proper gluing conditions. Again, all relevant mo-

mentum quantum numbers are even. Thus, Q?(S)=2ﬁ2(x), 0.
=2n,, and és=2iis. One can show that the only reduced glu-
ing condition for n, and 7 is

n,=ii,=0(mod 2). (6.56)

Upon the modular transformation, the partition function be-
comes

2
8c 8
Zpn.on(g) =/ __DN2 >q
g 1(q)

with arbitrary integers 71, and m,. Hence, the scaling dimen-
sions of boundary operators for the lowest order perturba-
tions can be read off as

(8/2) (1) +(112,) (m )

(6.57)

1
%, —. (6.58)

28

This is in agreement with the previous results from the
DEBC method in Sec. IV. The ground state degeneracy is
given by (g,/g.)"*.

In summary, we have computed explicitly in this subsec-
tion the spectrum of boundary operators and the ground state
degeneracy for a junction of two quantum wires. The use
from the onset of the U (1) X U,(1) symmetry, corresponding
to the total charge and spin conservation, leads to the re-
duced boundary states and reduced gluing conditions; these
reduced relations largely simplify the computations. It is
worthwhile to emphasize that this simplified scheme can be
applied only to a system with the conservation of total charge
and spin and without resonant tunneling.

VII. JUNCTION OF THREE QUANTUM WIRES FOR
SPIN-% ELECTRONS: BOUNDARY CONFORMAL
FIELD THEORY

In this section, we will apply the technique developed in
the previous section to the case of a junction of three quan-
tum wires for spin—% electrons. We shall first derive the glu-
ing conditions for a convenient basis and project out the
center of mass modes of the charge and spin degrees of free-
dom. Then, the reduced partition functions for given bound-
ary conditions and the scaling dimensions of boundary op-
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erators will be computed and used to determine the stability
of the fixed points.

A. Reduced gluing conditions

Here, we start from the mode expansion of the bosons for
a single quantum wire [Egs. (6.12a) and (6.12b) with the
gluing conditions in Eq. (6.10)] and generalize the mode
expansions and gluing conditions to another orthogonal ba-
sis,

1
0 1 2 3
(Dc(s) = E(¢c(s') + (Pc(s) + (pc(s))’

q)c(s) ’_(QDC (s)

2
(PC(S)) ’

1
(Dc(s = T((Pc(s + (Pc(s 2903(&))’ (71)

and a corresponding set for 6 fields.
The momentum quantum numbers of the total charge and
spin modes follows the relations

Qc(s Qc(s) + Q (s) + Qc(s (723)

é(c)(v éc(€)+Q )+QC(v (7.2b)

Again, due to the conservation of total charge and spin, the N
boundary condition should be imposed on the (138(3) field. The
corresponding boundary state always has the quantum num-
ber Q° «(sy=0. Hence, it is convenient to parametrize the vector
of integers, QC(S), as

(Qc(s)’ c(s)> = c( A)) L(b (0 1,- ( 1,0, 1)

(7.3)

1) + m?

c(s)

1(2 1 2 2
( ) mc(x)zgc(s) and mc(x)

:—Qi(s). On the other hand, QC(” can be nonzero. So, it is

where  m. i €Z. Consequently,

convenient to parametrize Q;

)as
n% (1,1,1) =n’(0,1,1) = n%(1,0,1)
c(s)\ o b c(s)\Vs b c(s)\ o /-

(7.4)

51 A2 A3 )=
(QC-(S),QC(X),QC(S)) =
Therefore, nc(é) can be expressed in terms of QL(A
el

(Q((_; + Q Qc(s

(nc(s)’ n.

s éi(;) + QZ(S))-
(7.5)

A3 A1
Qc(s) + Qc(s)

Hence, ni(s) provide a representation of quantum numbers in
an alternative basis.
Now, let us investigate the correspondmg gluing condi-

tions of the new variables mc(r) and n! o(s)- From the gluing

conditions in Eq. (6.10) and the definition of QL(A and QL(é
one concludes following gluing condition:
0%=0%=0%=0%mod 2), (7.6a)
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0%+ 0%+ 0%+ Q%=0(mod 4). (7.6b)

Because Q?(S)=0, the following gluing conditions hold:

0°=0?=0(mod 2), (7.6¢)

0"+ Q?=0(mod 4). (7.6d)

In terms of n,, the first condition [Eq. (7.6c)] becomes

Q?(?) = 3”20) - 2(”3‘(?) + l’l2 )) = O(mod 2) . (77)

c(s

This implies that ng(s)=2p?(s) are even integers, where pg(s)
are arbitrary integers. By using the gluing conditions for
each of the quantum wires [Eq. (6.10)] and the fact that n,,

éi(z) + Ql(z) + Qi(z) + Q‘l(z) =0(mod 4) = — mg(l) + ng - nf(l) —m* W 450

=m2V + 220 4 2V 4 20 2 0(mod 4),

where the third equality holds because n’+n’=2(p"+p?)
=0(mod 4).
In summary, we found the following gluing conditions for

the ni(s) and my:

1, 1, 1, 1_
mg+m,+n,+n,=0(mod4),

mf+m§+nf+nz:0(mod4). (7.11)

In particular, ng(s)’s disentangle from the rest of quantum
numbers and do not have nontrivial gluing condition.

B. Mode expansions and center of mass mode projection

We first define a vector field and a conjugate vector field,
representing the dynamical boson fields

£ 1 2 3 1 2
q)c(s) = ((DC(S),(DC(S)), ®C(S) = (®C(S)’®C(S)) > (7 12)

where CDZ(%) are defined in Eq. (7.1). Using the definition of
the dynamical field in Eq. (7.1), the periodicity along the
spatial direction follows

- - - 5 R, R,
AD (= D, (B,1) = D) (0,1) =27 (”i(s)? + ni(s)?) ;

(7.13a)
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are even, one can prove the following gluing condition:

ni = n’s = m’L = mi(mod 2),

(7.8)

from the relations between m/(n.,) and QJ;(S)(Q(S)). Com-
bining the gluing conditions [Egs. (7.6d) and (7.8)], a new
gluing condition emerges,

p+p?=0(mod 2). (7.9)

Finally, two nontrivial gluing conditions for mi(x) and ni(s)
arise,

n*V = 0(mod 4), (7.10a)

s s

(7.10b)

AG)C(S) = ®c(s)(B’ t) - ®c(s)(0’t) = VIIZW(mi‘(x)Kl + m?(s)Kz),
(7.13b)

i

where ni_(s) and m, are defined in the previous subsection
and K(;) and R,y are defined as

!"_ /—

. 1 3y - 2 - 13
K1=<——,+\—>, Rlz?(K1X2)=<+l,+\—>,

2 \,’3 3

2
(7.14)
= Iy
- 1 3\ - 2 - \13>
K=|-=—-—], R=2(K,x29=|-1,+—].
2 ( 2» 2 )’ 2 \’,3( 2 Z) ( , + 3
(7.15)

Hence, the mode expansion of the two-component boson
field becomes

> by 2 1 .
(I)C(s) = (I)O,C(s) + _[ < Z mﬁ(S)Kj)t
J

=
B [ V2805 \j=12
1 R,
+—=( >l =L )x
\E(Fl,z C(A)2> :|
1 < 1 . .
+ 2 ?[aﬁ’C(S)e—l(an/B)X_

V 2gc(x) n=1 N1

+ Jfl,’c(s)e—i(an/ﬁ)x+ + H.C.], (716)

where the integers ni(s) and mi(s) are restricted by the gluing
conditions. The corresponding energy is
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-

2| 1 o> |2 . R,
HZ:— — Emi.Ki +& Enlc—
B 4gc i 4 i 2
IE 2
+_ Zm ty_l +- |,
4g, |7 i 2

(7.17)

where - - - represents the energy of the oscillator modes.
Recalling the discussion of the last section for the case of

the two quantum wires, the center of mass modes will only

contribute a constant and can be projected out with a corre-

spondlng reduced gluing condition. Observe that Q s)
_2(3pc(s) C(S) L(J)) implies that there are three classes of

quantum numbers ~ categorized by Qc(é)/Z— (”L (s)
+nC(Y) )(mod 3), we shall introduce auxiliary quantum num-
bers k.(=n +n2 o) Thus, a general boundary state which is
N with respect to ‘PO ,ie., Q0 (S)—O takes the form

!

B)= 2

ko(sy==1.0.1

(INO) ® [N))

!

® >

1 2
n., A_)+11L,(S):—k

®|¢(ns,n mg m2)>)

where the prime over the summation indicates the gluing
conditions. With the gluing condition, the boundary states
corresponding to the ®° fields are given by

N & IN) =050 3

p2+p?=0(m0d 2)

® [2(3p? + k,),0).

([ng.ng,me,m))

(mod 3)

(7.18)

23p? +£,).0)

(7.19)

Hence, the corresponding “partial Neumann” partition func-
tions are readily calculated as

3 \gch 2 ~g.Gp. + kc)2/12+g5(3ps + ks)z/lz]

ZNg q

2
n(q) pc+p2=0(mod 2)
(7.20)
T 0 0
77( 2 2 exP[ lg(chﬁsts)]
% q<Qf>2/12gc+<Q?>2/12gj, (7.21)

with the constraint 0%+ 0%=0(mod 2). As in the case of two
quantum wires, this part of the partition function corresponds
to boundary operators changing the total charge and spin of
the system. Hence, ZNo No can be projected out and replaced

by unity. Now, the dlmensmns of all primary boundary op-
erators involving only the dynamical fields can be obtained
by using a reduced boundary state, which lives in the re-
duced Hilbert space of the two-component boson fields,

QSC(S). Thus, the reduced boundary state becomes

PHYSICAL REVIEW B 77, 155422 (2008)

[B) = 2 (|¢n,nd,mlm?)) @ [ing,nd,m,m)),
(7.22)

with the constraints given in Eq (7.11). Note that there is no
gluing conditions between pc(s) and the rest of quantum num-
bers; hence, we can simply ignore pc(y) and take the rest of
gluing conditions as the constraint for the reduced boundary
state.

C. Reduced partition functions and the dimensions of
boundary operators

We first recall the reduced gluing conditions for the quan-
tum numbers 7/ and

ni, = nﬂ = m’c = mﬁ(mod 2) (condition a),

m! +m! +n/ +n/ =0(mod4) (condition b), (7.23)
where j=1,2. In obtaining the reduced partition functions,
these RGCs play crucial roles and lead to the nontrivial scal-
ing dimensions of the operators. We shall investigate below
the scaling dimensions of boundary operators for given

boundary conditions.

1. NN boundary condition

As discussed in the last section, the correspondmg bound-
ary state of N BC has quantum numbers QC(Y) =0. This im-
plies mc(é) )=0 and the NN boundary state is given by

[

|NN> ENN eXp[E anc nc+ 521 -)r]f-z:|2 |(nc’nc’0 0)>

n=1 n=1

® |(n!,n2,0,0)), (7.24)
where the prime over the summation indicates the gluing
conditions and gy is the ground state degeneracy. The cor-

responding partition function is calculated as

Zyw = (NN|e 5| NN)

_ gNN il
R ( SB[&

2 2
Jj + 85 .

(7.25)

> niR
7

S Wi,
J

Because mi((f =0, ncl((sz))’s are even using condition a of Eq.

(7.23); hence, we conclude that n'(3=2h" with arbitrary
1ntegers for hc (s)- Rewriting condition b of RGC in terms of

hjff one obtains

R +h.=0(mod2) forj=1,2. (7.26)
It is evident that h’ and h’ have the same parity. Hence, there
are four plausible comblnatlons of (h1 h1 h2 hz) categorized
by even or odd integers and listed below
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(e,e,e,e) (caseI)
(0,0,0,0) (case II)
(e,e,0,0) (case III)
(0,0,e,e) (case IV),

(hl,hlh2,n?) = (7.27)

where e stands for even, while o stands for odd. The total
partition function is the sum of the partition functions corre-
sponding to each combination above.

In case I, we can introduce new integer quantum numbers

hc(s)—2lc(s) and compute the corresponding partition function
7l gNN E 2l ( = = 2
g El “rg El
g { B !
3 gNN E (1/2gJ%t] K\2+1/2gs|2, A1<,|) (7.28)
" 4gg. @)’

where the second equality is obtained by multidimensional
modular transformation (Appendix B) and ¢ tis are arbitrary
integers. Similarly, one can execute the calculation for case
11 by introducing h/ «(s) —216(y +1. Upon the modular transfor-
mation, the partition function is given by

11 3
NN =

gNN E (l/2g(|21r]K\2+1/2g3|Ejt£KJ\2) —m(zi+tl+t?+zf)
4885 mq)*

(7.29)

with arbitrary integers tc(s For cases III and 1V, the similar
parametrization of £/, leads to the following portions of
partition function:

w3 gy Swos (1128 [S K 24112 S K )
" 4g.0,ma)’
8c8s g de

1.1
—z‘rr(tc+t3)’

(7.30)
3 g 2 P
1V _SNN_ E |/2g(\zjrgl<j\ +l/2g3\21t/vl(]| —im(+y)
W dg.g, ma)* S 0
(7.31)

By adding contributions from each part, the full partition
function is given by

33NN E’ (K228 420K, Pr2g)

st (7.32)
2:8sm(q)*

Zyy=

Observe that the unit vectors K; form a triangular lattice. In
general, the scaling dimensions can be calculated by finding

the length square of linear combinations of K with the con-
straints #+#=0(mod 2) for both j=1,2. The dimensions of
the boundary operators corresponding to the leading order
perturbation is given by

A 1 1 2 2 (7.33)

NN: -+ o _, ) .
28c 28 & &

which are the same as that for the junction of two quantum

wires with NN BC and agree with the results from the DEBC
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method. Moreover, the ground state degeneracy is gy
=88/ 3.
2. DD boundary condition

The corresponding boundary state with DD BC takes the

form with n(/=0,

LT =R =Lt >R
|DD>=gDDeXp|:_(Ea/ﬁc(lrt];-'-E nTs ni):|

X2 1(0,0,m!,m?)) ® [(0,0,m!,m?)),  (7.34)

with the proper gluing conditions indicated by the prime over
the summation. The diagonal partition function is

Zpp = (DD|e”4|DD)

2
_ 8pp ! 2l i
= 77(2[)42 ex |: 4,3( EmCK,»

% 2)] (7.35)

Let us investigate the reduced glulng conditions here.
Agam condition a of Eq. (7.23) and nc(f))—O lead to even

mi); hence, ml=2w/ for arbitrary integers w/,. Then,
condition b of RGC can be written in terms of «/ ) as

2

o+ =0(mod2) forj=1,2. (7.36)

Similarly to the case of the NN BC, there are four possible
combinations of (w!,w!,w?,w?) categorized by even or odd
integers and listed below

(e,e,e,e) (caseI)
(0,0,0,0) (case 1I)
(e,e,0,0) (case III)

(0,0,e,e) (case IV).

1 2 2):

(0}, 0!, w0, o (7.37)

Again, we will investigate the contributions to the parti-
tion functions of each combination. In case I, we can intro-
duce new integer quantum numbers /=21, and compute
the corresponding part of the partition function

8 DD 8wl 1
7 E ( —
= l B \g.

i

2
- gcgy 8pD 2 gL/S‘EJz‘RJ‘2+gA/8|EJzRJ‘ ) (738)
12 77(q)4

> lilzj

J

+—

8s

for arbitrary integers 7 ) Smce R forms a triangular lattice

c(s

with the lattice spacing IR, |==, it is convenient to introduce

scaled vectors R’ ——R with umt length |R’ |=1. Hence, the
partition functlons in terms of these unit vectors are given by

155422-25



CHANG-YU HOU AND CLAUDIO CHAMON

2
8 g 8pD 2 7
IDD_ c8s o )42 gL/e\zﬂR i +g3/6|§3]trR j|) (7.39)

For other cases, we can introduce new quantum numbers # (s)
such that w’(v)—Zlc( y+1 for odd integers and w’(v)—ZlC(Y) for
even integers. Hence, the partition functions for each case
are given by

2 -
1 g(gs 8bp 4 16/S 7R’ 4 OIS TR ) —im(Tiaty +T47)
DD = (g )42 A y /e

(7.40a)

2
2 N e |
g]D gcgr g(D[))4E (g(/6|2/}7R +g,/6]3 7R ! )emimieH )

(7.40b)

2
v gcgr 8pp_ 2 (g(/6|2/7R P+g /613 7R \2) —im(i +t)
DD = g )4

(7.40c)

Now, let us add all contributions and obtain the full par-
tition function

2
Zopy = SEEDD S SR o SR 0 (7,41
37(q)

with the constraints t +7, '=0(mod 2) for j=1,2. The scaling
dimensions of boundary operators for leading order pertur-
bations can be read off directly from the partition function

Ay, Sey 8 2B 28

7.42
6 6 3 3 ( )

Again, the results agree with that obtained by the DEBC
method. Finally, the ground state degeneracy of the DD
boundary state reads g,p=v3/g.&.

3. ND and DN boundary conditions

We will focus on the ND BC first. (The scaling dimen-
sions and partition function corresponding to the DN BC can
be calculated by exchanging the charge and spin sectors of
the ND case.) The boundary state corresponding to the ND
BC can be constructed with mi(z):O and nS'Q):O,

0

IND) = gnp exp| + >, a-taki -

n,c-n,c

E a1 > |(nln2,0,0))

(7.43)

n=1

® |(0,0,m;,m3)>,

with proper constraints and ground state degeneracy gN%)
Since the gluing condltlon a in Eq) (7.23) implies that n,
and m, '@ are even when m! )—n =0, we shall parametrlze

l(2)—2hl(2 and m1(2)—2w1(2 The partition function thus
can be computed as

PHYSICAL REVIEW B 77, 155422 (2008)

2 / 2wl g,
(~)4 AR
zﬂ

with the gluing conditions 4/ +w/=0(mod 2) for j=1,2.
After some algebra, similar to the case of the DD and NN
boundary conditions, one obtains the full partition function

Znp = (ND|e"IHB|ND) =

S HR|
i

2 wilzi

i

+ L (7.44)

8s

2 2
Znp = %2' (21K Pr2g v TR P16)

(7.45)
with the constraints t’;+?§=0(mod 2) for j=1,2. Then, the
leading order boundary operators have the scaling dimen-
sions

1 2 2g,
Ayp: — +85 = s

7.46
2g. 6 ge 3 ( )

which match the results from the DEBC scheme. Moreover,
the ground state degeneracy reads gyp=g./g,.

Due to the symmetric structure between the charge and
spin parts of the boundary states, one can exchange ¢+« s in
Eq. (7.45) and the corresponding constraints to obtain the
partition function given the DN BC. Then, the dimensions of
boundary operators of leading order perturbations with the
DN BC are given by

1 g 2 2g
ADN: —+ -, .
2, 6 g 3

(7.47)

The results agree with that of the DEBC scheme. Further, the
L Sch
ground state degeneracy reads gpy=Vg,/ g

4. X+Xs and x.Xx= boundary conditions

We will first study the case of y,x, boundary condition.
The x_x_ boundary condition can be calculated in the same
manner. Indeed, one can show that the relevant scaling di-
mensions exactly have the same structure for both x. -
boundary conditions. Then, we will comment on the case of
X+=X=-

Generically, a conformally invariant boundary condition
can be expressed as

cos § —sin €

" =Ryp"  with R;= ( ) (7.48)

siné  cos &

Since the winding along the boundary can be written as

I . A6,
A(ﬁf’(s) = 5( N@Aq)c(s) + \/g—() ) , (7493)

A6, ) (7.49b)
Ve ) ‘

c(s)

- 1 -
R
A d)c(s) = E( N gc(x)ACDc(s)

arbitrary conformal boundary conditions satisfy
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Aém)>
VEec(s) .
Observe that Aéc(x)=0 for the NN BC leads to é=0 and

A(I;C(S):O for the DD BC leads to é=a. For £#0,, it is

clear that we need both A(f)c(s) and AC(S) nonvanishing.
Moreover, R; is a rotation matrix which preserves the length

c(\') =
V& A e(s) = —/— _Rf(\gc(s)ACDc(s) +

VEec(s)

of the vector; hence, ACISC(S) and A@C(S) have to be mutually
orthogonal. For satisfying this constraint, the general oscilla-
tor vacua can be constructed from

l(aemts ez Bt Bod)) © [(agmt, a7, Byt Bo))s

for arbitrary integers 7/;((32)) with proper gluing conditions on
a and B. For instance, condition a in Eq. (7.23) leads to
@ (5)=PBe(s)(mod 2). Moreover, the chiral rotation angle is
fixed by (ac(s)’ﬁc(s)) as

> |2
> ﬂi-&
i

‘2

gX+X+ 2l 8c
B > exp[‘?(z

4gc

g)(x , wl, |~ - (/-
R I S

n@*

where the second equality holds because K;-R;=¢; and the
new vectors are defined as

- -

- R KZ'
Ajc(s) = VgC(Y /_

, (7.53)
2 2 \/zgc(x)

These new vectors form a triangular lattice with lattice spac-
ing

i 8e(s 1
ALl = Oy —. (7.54)
6 2gc(s)
Using Eq. (7.23), there is only one constraint,
7.=7/(mod2) forj=1,2. (7.55)

Therefore, there are four possible combinations of the wind-
ing numbers classified by even or odd integers, which are
listed below

(e,e,e,e) (case )

(0,0,0,0) (case II)
1 1 .2 2

) 7.56
(7> 55 e 775) (e,e,0,0) (case II) (756

(0,0,e,e) (case IV).

> ik,
l

27212
5 + 77SAA‘ i| >

PHYSICAL REVIEW B 77, 155422 (2008)

@ _ :80(5) \““’3

. (7.50)
2 e(s) gc(s)

Notice that the chiral rotation angle is “quantized.”

As shown in Ref. 7, the y, fixed point corresponds to the
choice of a,(;=B,(;)=1, while the x_ fixed point corresponds
to the choice of a,=-pB,=1. Hence, the boundary state
corresponding to the y,y, boundary condition can be con-
structed as

XX = 8y x, €XP| 2 s Redn +Ea ‘Reay’

n=1

!

X2 (b el ) ® (b 7t by 7)), (7.51)

where the prime over the summation indicates the gluing
conditions. The diagonal partition function is given by

ool - il

R
2

>

(7.52)

Again, parametrizing the even and odd variables as
n=21 and n=2[+1, respectively, we are able to compute the
diagonal partition function corresponding to each set. Upon a
modular transformation, the partial partition function for
each case is given by

2
; 12608 Sxoks v s alwipajsy P
T (34603 +g) na)*

)EZ
(7.57a)
2
i _ 12g.8, Ex.x,
YT (34 D)3+ ¢7) mlg)*
% 2 = r’W’\2+\E t’W’\2 "“(Tr*":”ﬁ’s)
té(x)EZ
(7.57b)
2
I _ 12¢g g, gX+X+ 2 F t’W/\2+\E W/\z —tw(t?ﬂf,)

X 3+ g3+ g) n(q)“ :

(7.57¢)
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2
1V 12g.8, 8xxe

_ Iz t’W’|2+|E r’W’l2 —171'([ + )
T (34 g3+ gD nla)t

JsTs

2 g

)eZ

(7.57d)

where W{, and W are the dual vectors of A£ and A/, respec-
tively, and form two sets of dual trian g ular lattices with dif-

. . 28,
ferent lattice spacings, /5 and /53, respectively. With

the identification of the ground state degeneracy as &y x,
_ (+gd)(3+gd)

83,2, , the full partition function is

W
7”(q)!
with the constraints #+#=0(mod 2) for j=1,2. Hence the
dimensions of the boundary operators can be directly read
off and the leading order perturbations have the dimension

! ‘E]téW]C|2+|E HWJ\Z

(7.58)

ZX+X+ =

28, 2g,
g§+3 gf+3'

(7.59)

XXy

The only difference of the boundary state of the y_x_
boundary condition comes from the parametrization of a,
=—P.(s)=0. Consequently, the partition function is similar to
the case of the y,x, BC with a minor variation,

Al = Ay =8 E~ == (760
- A=\ ©5 72 \%

in Eq. (7.52). Also, the A'/ )’s form a triangular lattice with

lattice spacing equal to |AC(v |. Moreover, the constraint,
7.+ 7/=0(mod 2), still holds. Hence, we can conclude that
the partition function upon the modular transformation has a
similar structure to the .y, case. Hence, the leading order
perturbations have the same scaling dimension.

Since the scaling dimensions of the boundary operators
are the same for the cases of x.+x+ BCs, one may wonder if
the x.x= boundary conditions will have similar behaviors.
However, one can see from the argument below that the scal-
ing dimensions of the boundary operators are rather differ-
ent. We have learned that the nontrivial scaling dimensions
come from the gluing conditions. Even in the case of the

P
Zp,p,= (DaD4le”"8DAD )

PHYSICAL REVIEW B 77, 155422 (2008)

same dual lattice structure and spacing, the gluing conditions
may provide nontrivial constraints. In the case of the y. x=
BCs, the only gluing condition 77,,,=0(mod 4) will not lead
to any constraint on the integer #..). As a result, the leading
order perturbations have scaling dimensions

2g.
gz +3°

28,
gf+3’

(7.61)

X+Xz°

which are always smaller than 1 for any g, and lead to an
instability of the fixed point. So, we conclude that the y- x=
fixed points are not stable.

5. D4D4 boundary condition

From the results of the DEBC approach, the asymmetric
boundary conditions could be stable in some regions of the
interaction parameter space. Hence, it becomes important to
construct the corresponding boundary state for checking the
instability of the D,D, boundary condition. Without loss of
generality, we choose to impose the Dirichlet boundary con-
dition on the dynamical field, (I%(S):(goi(x)—gog(x))/ V2, be-
tween the first and second wires and the Neumann boundary
condition at the third wire. Indeed, this set of boundary con-
ditions is equivalent to having D BC on <I> 5 and N BC on
CDC(s) Using the parameters deﬁned in thlS sectlon the D BC
of the dynamical field leads to nc(Y C(Y) o(s)» While the N
BC of the cpf(s) leads to mim M) = M) Hence the re-
duced boundary state can be constructed as

o0
> a,

n=1

RAanC+2a RAa

|DAD ) = 8p,D, exp|:

><El|(nc,nc,mc,mc)) ® |(ng,n,mg,my)), (7.62)

with the rotation matrix and the appropriate gluing condi-
tions written as

(—10
0 1

The partition function is given by

n.=ng=m,=mgymod 2),
A ne+ng+me+m;=0(mod 4).

(7.63)

gDADA 2ml( 1 -2 gl e = |2 27l 1 -2 g lnea = |2
e DK+ =R e —— K| +2|22R
05 |- L SR 2| LA ool - 2 L SR [ | 28R
gDD 2l o’ 2al( m*  gn’
22 [ L ( g—c)}exp{— —7T< s 8l , (7.64)
) B \4g. 12 B \dg, 12
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where we use [S,K2=1 and [S;R,/2>=1/3 for the second
equality and the prime over the summation indicates the con-
straints of the integers.

Now, we can separate n(;) and m,(, into two independent
sets, all even or all odd,

nc(s) = 2hc(s)’ mc(s) = ch(s) (set a),

Nes) = 2hc(s) + 1, me) = 2006(5) +1 (set b), (765)

with a constraint
he+ w,+h;+ o,=0(mod 2). (7.66)

Hence, the partition function can be decomposed in terms of
new variables as

2 !

0400 ™ i

+ é‘(ZwC +1)%8g,48.(2h. + 1)%24+ Q2w + 1)%/8g +g,(2h, + 1)2/24}
(7.67)
Upon the modular transformation, one obtains
2
38D 1Dy

_ " [go(T)H8+3(1,) /88 +g,(7)/8+3(1)%/8g,]
o= g 2 ’

(7.68)

with the constraint

t=t,=1.=1(mod 2),

to+t,+ 1. +1,=0(mod 4). (7.69)

Then, the scaling dimensions of the boundary operators cor-
responding to the leading order perturbations can be read off,

2 2
gc+3+g‘v+3

DyDy-

8¢,  8g
gs gs 3 -1 -1
-+, —(g. + .
)t 2(& g)

.3 .3
&+— &+— 28, 2g,.

, , (7.70)
2 2g, 2 2g.

These results agree with the conclusions from the DEBC
method. Moreover, the ground state degeneracy is 8p,p,
=1/43.

We conclude this section with the discussion about how to
determine the instability of the phases by using the ground
state degeneracy of the boundary states. Recall the ground
state degeneracy of the different boundary states,

8c8s 3
8NN = » 8pp= -
3 88

coS8
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DN

1 2 3g 4 5 6

FIG. 9. (Color online) The areas with red, green, blue, orange,
purple, and white indicate the regions in parameter space where the
ground state degeneracy corresponding to the NN, DD, ND, DN,
X=X=, and D4D, boundary conditions, respectively, is the mini-
mum. The borders with black lines are determined by the condition
that the ground state degeneracies for adjacent regions correspond-
ing to two different boundary conditions are equal.

_(B+g)B+gd)
ST g,

The universal noninteger ground state degeneracy 885, al-
ways decreases under the renormalization from a less stable
to a more stable fixed point in the same bulk universality
class®® (g theorem). If there are two stable phases for a given
value of interaction parameters (g.,g,), then an unstable
fixed point must lie in between these two stable points (with
a value of 88,3, that is larger than those at the two stable
fixed points). While one cannot resolve to which fixed point
one flows in these overlapping regions of stability (it de-
pends on the strengths of the bare couplings), it is instructive
to look at the phase boundaries, as determined from the con-
dition of minimal boundary entropy. The phases with mini-
mum ground state degeneracy 885, [computed from Eq.
(7.71)] for a given (g.,g,) are shown in Fig. 9. Comparing to
the phase diagram proposed based on the scaling dimensions
of the leading order perturbations in Fig. 7, the borderlines in
Fig. 9 are located where there is overlap between two or
more phases.

. gnp, =103 (171)

VIII. CONCLUSION

In this paper, we studied the problem of a junction of
three quantum wires for spin—% electrons connected by a ring,
through which a magnetic flux can be applied. The bulk of
the wires was formulated as Tomonaga—Luttinger liquids
with interaction parameters g, and g, (for charge and spin
sectors, respectively). The problem was studied by using two
different methods: delayed evaluation of boundary condi-
tions and boundary conformal field theory. These methods
bypass the difficulty that normally occurs with the inclusion
of Klein factors to ensure the proper fermionic statistics for
different species of fermions. We reached consistent results
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for the stability of the phases obtained from the two different
methods.

We computed the low energy and low temperature charge
and spin conductance tensors corresponding to the fixed
points for the junction as a function of the interaction param-
eters g.(,). These conductance tensors, G(g,.,g,), which are
presented in Sec. V (and summarized in Sec. II), characterize
the response of the junction to the externally applied volt-
ages. We have presented a simple one-to-one relation be-
tween the conductance tensor and the rotation matrix R that
encodes the types of boundary conditions in the DEBC
method.

When the Y junctions are attached to Fermi liquid leads,
the fixed points are still controlled by g. and g, in the wires.
However, the conductance tensor is altered due to the contact
resistances at the lead-wire interfaces. Similarly to what was
found in Ref. 7, the conductance tensor in the presence of the
leads is the one determined by the appropriate BC (which is
controlled by the g, and g,) but evaluated at g.=g,=1 in-
stead. For instance, in the case when the chiral fixed point is
the stable one, one plugs g.=g,=1 into Eq. (2.13). Interest-
ingly, for the chiral fixed point, the switching of the current
in the presence of the leads is then perfect, circulating the
current from one lead completely into one of the other two
leads. Indeed, this renormalization of the conductance tensor
is the three-wire analog of what was found in the experi-
ments of Tarucha er al. on Luttinger liquids coupled to
reservoirs®* and explained theoretically in Refs. 35 and 36.

The phase diagram, as a function of the interaction param-
eters g.(y), is contained in Fig. 7. Among the possible phases,
we find one corresponding to a chiral fixed point similar to
the case of spinless electrons. In this phase, the flow of cur-
rent is sensitive to the flux through the ring, and we find that
the charge and spin degrees of freedom must circulate with
the same chirality.

We have also found that the inclusion of the spin degree
of freedom allows for the existence of a stable fixed point
where current only flows between two wires, while the third
remains uncoupled. Such fixed point was always unstable in
the case of spinless electrons. Thus, in more realistic models
that include the electron spin into account, it may be possible
that controlling small anisotropies in Y junctions of quantum
wires may lead to sensitive current switches.
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APPENDIX A: BOUNDARY CONDITIONS
AND CONDUCTANCE

We will show in this section how the conductance tensor
is extracted from the boundary conditions. Within the linear
response theory, we obtain the Kubo formula for the conduc-
tance tensor of multiple wires introduced in Eq. (2.1) as in’

PHYSICAL REVIEW B 77, 155422 (2008)

62

G (o= lim
Jhe(s) w0t ML

X‘Ik,c(s)(xvo» P

L 0
f dxf dTei“’T(TT]j’L.(S)(y, 7)
0 -0
(A1)

where the currents J(x, 7)=—i \E(?TGC(S)(X,T). The currents
can be separated into two chiral currents, Jﬁc(s)=V’2ﬁQi,L-@
= (3,—10,) 0 o(/ N2 and 7 =\206) () = (9,+10,) 6 () / 2.
In terms of these chiral currents, J; .= ﬁc(s)— L y and the

J Jrc(s
Kubo formula [Eq. (Al)] becomes

N
Gtee = lim J dre'”
w0t hTToL ) _,

L
X f dx[<T7Jf,c(v)(y’ T)Jf,c(s)(x’o»
0

+ <T7JJL-C(S)(y’ T)‘]é,c(s)(x’o»
—(TJ f,c(s) (v, 7 é,c(s)(X, 0))

(Tl o (. DI ) (1. OD)]. (A2)

We will use the rotation matrix R corresponding to the
boundary conditions in the DEBC method to evaluate the
correlation functions.

1. Boundary conditions and correlation functions

We first consider the correlation functions of the chiral
currents in an infinite quantum wire. The off-diagonal com-
ponents <Jﬁc(s)J,L',c(x)> vanish and the diagonal components are
given by

<Jf(5)(y’ T)Jf(s)(x’0)> == 2(?2< ec(s)(z’z) 0((3)(O)> > (ASa)

(T 0 DI (3,0)) = = 2% 0.9(2,7) B (0)), (A3b)

where z=i7+(y—x). Since the #-correlation function is

- 8
<0L'(S)(Z7Z) 0((5)(0» == 5 1n|z 2’ (A4)
we obtain
R R _ gc(s)
<Jc(s)(y’ T)Jc(x)(x»o» = Zz > (Asa)
L I _ 8c(s)
<JC(5)()’, T)Jc(y)(fﬂo» = ?2 . (A5b)

Let us recall how the boundary conditions can be written
in terms of the rotation matrix R,
¢ (x) = RT¢" (%), (A6)

where gZR and (;SL are defined as
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R L
d)l,c(s) ¢1,c(x)
¢§(S) = : and ¢(Ij(s) = : ’
L
¢N,c(s)

for N quantum wires. Because 0C.(S)=\f'g(.(s)(cﬁf(x)—qﬁf(s)), the
boundary conditions can be translated to

(A7)
d’fl,c(s)

L(A (0) RJL(s)(O) (AS)

A convenient trick to respect boundary conditions is to ana-
lytically continue the right mover currents to x <0 and iden-
tify

y)(-x T) R jC(s( x9T)9

for x>0. With this identification, the chiral current correla-
tion functions between different wires can be evaluated in
terms of the matrix elements

(A9)

gc(.&
S (A10a)

]

<J§C(J)(y7 T)J L(S)(x 0))=

8e(s)

()0 DT (x,0)) = = (A10b)

for the diagonal correlation functions (RR) and (LL), while

Rjigc(s)

E )3 D (x,0)) = TR (A10c)
Ri i8c(s
<J11:c(s)(y’ T)J c(s)(x O)> = #_:;)]2 (AlOd)

for the off-diagonal correlation functions (RL) and (LR).
2. Conductance tensor

Now, we can insert the correlation functions [Egs.
(A10a)—(A10d)] into the Kubo formula [Eq. (A2)] to evalu-
ate the conductance tensor. With the aid of the integral for-
mula

* ) 1
f dre'™——— =27w0 (u)e ", (A11)
(iT+u)

—00

where O(u) is the Heaviside step function, the Kubo formula
reads

2gc(s)ez
Gij,c(s) = T

R;O(x+y) - R;0(-x-y)}.

L
f de{3,[O(— y) + Oy~ )]
0

(A12)

The integration of the combined first and second © functions
gives a constant L. In addition, since both x,y>0, the inte-
gration over the third ® function gives a constant L, while
that over the fourth one vanishes. The conductance tensor
evaluated from the Kubo formula is therefore given by

Gijc(s) = 28c(s) h ( le') . (A13)
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As an example of this generic formula for junctions of
multiple quantum wires, let us compute the conductance for
a junction of two wires. First, the N BC is governed by the
rotation matrix Ry ;;=J;;. Hence, all elements of the conduc-
tance Gy vanish, indicating a total decoupled junction. Sec-
ond, the D BC is governed by the rotation matrix

R (0 1) (A14)
P71 o)
Inserting this into Eq. (A13), one obtains
Gp=2 ez<1 _1> (A15)
D— gc(s)h -1 1
and
2
11=—12=2gZ(V1— Vi), (A16)

from the definition I;=G;;V;. This is, as one would expect,
the conductance for perfect transmission in a 1D quantum

wire.

APPENDIX B: MULTIDIMENSIONAL MODULAR
TRANSFORMATION

Since modular transformations are useful in calculations
using BCFT, we will in this appendix define and provide the
general formulation of the multidimensional modular trans-
formation.

Generically, a d-dimensional partition function Zz is pro-
portional to

E (i _ E —(IW/B)MZ

(q)duEA 71(@ neA
4l/ B

(B1)

where g=e~ and A indicates the lattice points. In order
to check the finite-size spectrum with a given boundary con-
dition, we have to rewrite the partition function in terms of
g=e" ie., perform a modular transformation. First, the
modular transformation of the Dedekind # function reads

~_ B
7(q) = \/;77(4)~

Then, the modular transformation of the summation in Eq.
(B1) can be achieved by using the Poisson summation for-
mula, which replaces the summation by an integration with
the periodic & function, &;c(x),

(B2)

7=

f x5z A (D)e TP (B3)

1
7(g)*
The & function can be further written as the sum of A’,
reciprocal lattice of A,

> expli2m(i’ - 9],

i e

8ilx) = (B4)

Vo(A)

where V(A) is the volume of the unit cell. The partition
function becomes
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2 t2frr(ﬁ' X) —(177/3)|x‘2 (BS)
VO(A) 7g)" i eA’!

cast using a standard Gaussian integral.
To proceed, we shall use the following identity:

d

f o LS wtai 7 | = 200 explwii)]
xexp| - =2, xA;x;+b-X | = ex ,
P 2,',]'=1 T Vdet A P

where A;; is a dXd matrix and W(b)=1 Eu 1bi(AT) b, In

our case [Eq. (B5)], one can identify that A;;= 2;1 d;; and b
=27’ and obtain

PHYSICAL REVIEW B 77, 155422 (2008)

27l —d/2 dr2
(det A)™12 = ( ;) (%) : (B7)
T
- Q2m)? B Py 70, .,
Wb ===~ ll ===l (B8)
Inserting these results into Eq. (B5), the partition function
becomes
dr drn
=ﬂ(£>/ S i
VoM m(@)\2al) 7
2 dr2 .,
B s g, (B9)

VoMl S

where the identity in Eq. (B2) is used for second equality.
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