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Tunneling into a Luttinger liquid coupled to acoustic phonons out of equilibrium
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The renormalization of conductances in a Y junction of spinless Luttinger-liquid wires additionally coupled to
acoustic longitudinal phonons is investigated in fermionic representation. This system corresponds to geometry
of a tunneling experiment and exhibits the interplay between the Coulomb repulsion and the attractive retarded
interaction mediated by phonons. The retardation effects related to the propagation of phonons through the
junction with arbitrary transmission and reflection amplitudes are taken into account. The appearing logarithmic
corrections to conductances of the junction are treated in a renormalization group approach, and scaling
exponents are calculated up to infinite order in the interaction after RPA-type summation. The fixed points
and corresponding scaling exponents are considered in various nonequilibrium regimes. We show that the
boundary exponent and the bulk anomalous dimension of fermion operator are characterized by two different
Luttinger parameters, referring to the main wire, thanks to nonlocal character of phonon-mediated interaction.
In the limiting case of the junction of only two wires, the scaling exponents found by our method are in exact

correspondence with previous bosonization analysis.
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I. INTRODUCTION

One-dimensional quantum systems with electron-phonon
interactions have been extensively studied in the literature
[1,2] for their remarkable transport properties and practical
implementations in carbon nanotube devices. It is also well
known that embedding a potential impurity into the quantum
wire with the repulsive electronic interactions leads to the
power-law renormalization of its scattering amplitude and
suppression of transparency, as was initially discussed within
two complementary theoretical approaches, bosonization [3]
and conventional fermionic one [4].

Recently, the effect of electron-phonon interactions on
the electrical conductance and transport properties of one-
dimensional strongly correlated electronic systems was dis-
cussed in the context of helical edge states of two-dimensional
topological insulators [5,6], quantum Hall edge states at filling
factor v = 1 [7] and topological insulator nanowires [8]. It
was emphasized that preserving time-reversal symmetry in-
elastic scattering processes due to phonons can drastically in-
fluence the topologically protected transport properties. Such
dissipative mechanisms induce backscattering in the presence
of the Rashba spin orbit coupling [5] or the spin-polarized
tunneling tip [9] which, in principle, might lead to significant
corrections to measurable conductances or even to the exis-
tence of new fixed points in renormalization group sense.

The later possibility was considered in [10] by means of
the functional bosonization formalism. It was argued that a
Luttinger liquid (LL) with the electron-phonon interaction and
a single impurity exhibits an intermediate state related to the
new unstable fixed point in which the system can flow either
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to the metallic or insulating limit, depending on the impurity
strength.

In the present paper, we further investigate the renormal-
ization group structure of one-dimensional electron-phonon
liquids and extend it to the nonequilibrium case with more
complicated geometry. Specifically, we estimate the conduc-
tance scaling of a Y junction of spinless Luttinger-liquid
wires additionally coupled to acoustic longitudinal phonons
as functions of bias voltages applied to three independent
Fermi-liquid reservoirs.

We adopt the fully fermionic approach [4] with naturally
incorporated thermal Fermi reservoirs which allows us to
avoid, by construction, difficulties arising in the bosonization
technique when interactions are considered only within a
finite segment of wires [11-13]. Perturbative fermionic theory
of RG, formulated in the paper [4], has been effectively used
in a variety of problems, for instance for a double barrier
[14,15] and Y junctions in LL [16-19].

The system exhibits the interplay between the Coulomb
repulsion and the attractive, retarded interaction mediated by
the phonons. We take into account nonlocal effects that cor-
respond to the propagation of phonons through the impurity
with arbitrary transmission and reflection amplitudes. In these
conditions, we at first analyze corrections to conductances
due to the electron-phonon interaction at the one-loop level
in the Keldysh formalism and treat the appearing logarithmic
singularities by means of renormalization group scheme de-
veloped in Ref. [20]. Furthermore, we extend our results to an
arbitrary interaction strength by summing an infinite series in
perturbation theory (RPA-type summation).
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FIG. 1. Setup of the Y junction between a main wire (horizontal,
blue) and a tunneling tip (vertical, red). The yellow wave represents
the elastic degrees of freedom (acoustic phonons). The arrows cor-
respond to the matrix elements of electrons and phonons scattering
processes.

In particular, we obtain that the electron-phonon coupling
drastically changes the phase diagram of the system. If the
coupling parameters are sufficiently large then the relevant
and irrelevant parts of the flow diagram interchange and
the different “metallic” scaling behavior appears. Various
nonequilibrium regimes are considered. Scaling exponents for
conductances are calculated in all orders in the perturbation
theory both in the electron-phonon and electron-electron inter-
actions. In the limiting case of a two-wire junction the scaling
exponents found by our method are in exact correspondence
with previous bosonization investigations [21].

We also discuss how the boundary exponent and bulk
anomalous dimension of the fermion operator are modified in
the presence of nonlocal processes associated with phonons
in a Y-junction geometry. Previous studies show [22] that
in the presence of only local interactions it is possible to
independently extract from both of these quantities a single
Luttinger parameter which solely governs renormalization of
conductances. In contrast to that, we demonstrate that in the
tunneling experiments, where the phonons pass unhindered
the vicinity of Y junction, this commonly accepted procedure
is ill-defined and rather requires two effective Luttinger pa-
rameters.

The paper is organized as follows. In Sec. II we formulate
our model for a Y junction in the presence of fermion-phonon
interactions. Nonequilibrium RG equations for conductances
up to the first order of perturbation theory are discussed in
Sec. III along with our general RG formalism. The RPA-type
summation to infinite order in the interaction is described
in Sec. IV. Section V is devoted to the derivation of RG
equations at strong coupling out of equilibrium. The solution
of RG equations at strong coupling is presented in Sec. VI.
Section VII is reserved for conclusion.

II. THE MODEL
A. Scattering state description of one-dimensional fermions

We consider the following setup (see Fig. 1): a system
of spinless fermions in one dimension, interacting via a
short-ranged screened Coulomb interaction in each of three
quantum wires in the regions £ < x; < L, j = 1,2, 3. These

regions are assumed to be adiabatically connected to the
Fermi-liquid leads at x; > L.

There is a junction in the narrow region |x| < £, which
scatters the fermions as described by the unitary S matrix (up
to overall phase factors in the individual wires).

r b
S=|tu n t]. (D
h hh n

Currents flowing towards a junction, /;, and the chemical po-
tentials,  ;, are related by I; = G;; j, with the conductances
matrix, Gj;.

In the absence of interactions this quantity is connected
with the § matrix by the Landauer formula G;; = §;; — |S;; 2.
It follows from this formula that Kirchhoff’s rules are obeyed
due to unitarity of § matrix. The interactions lead to renor-
malization of the conductances which is of the main interest
in this paper.

We study interacting fermions in Tomonaga Luttinger
model, described by the Hamiltonian

00 3
Hyp = / dx Y [H)(x) + H" (x)O(x; ¢, L)),
0

j=1
HY(x) = o[y}, )iV i) — Y] iV (0],
HI" (x) = 2mvg; ¥ |1, OV jin GO, 1y OV (0). (2)

Here v is the Fermi velocity, g; is the interaction constant in
the lead j and ®(x; ¢, L) = 1 in the interval £ < |x| < L and
zero elsewhere. The fermionic field operators w}tm (x) create
particles at position x in scattering states |j, n;; w) of energy
w, in wire j and with chirality n; = %1, labeling incoming
(nj = —1) and outgoing (n; = +1) states. For simplicity we
use the compact definition j, = (j, 7;). The outgoing fermion
operators are connected with the incoming ones by the §
matrix, ¥;,ou (0) = Sk ¥,in(0).

B. Coupling to the acoustic phonons

In this paper we consider fermions coupled to one-
dimensional acoustic phonons. We assume that the phonon
spectrum is linear up to a cutoff at the Debye energy wp.
Phonons are linearly coupled to the electron density and
the electron-phonon interaction takes place within the same
region £ < x; < L in each wire and are described by the
following Hamiltonian

00 3
Hopn = / dxz[H,‘.’*Ph(x)+H7""“(x)®(x;€,L)]v
0

j=1

HP(x) = mva;eVui) Y gl w, @). 3)

n==1

Here ¢ is the speed of sound, «; is a dimensionless
electron-phonon coupling constant. The phonons are also
scattered by the vicinity of the junction, which is encoded
below in the Green’s function for the displacement operator
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FIG. 2. The diagram leading to the current correction due to
interaction. Wavy line is the sum of bare Coulomb and electron-
phonon interactions in case of first-order correction computation.

uj(x) in the j wire; see Appendix A for more details. The
effective electron-electron interaction via phonons, with the
energy transfer below the Debye frequency |w| 2 wp, takes
the form

LEO,, xlmy, y)

= U/ (Vi (X)e Vit (y))5,

= —mva8,d(x — y)

A0y, (ei%lx_ylslm + ei%(x+y)Blm)a (4)

where the retarded Green’s function for the gradients of
deformations was obtained from Eq. (All). The matrix B
strongly influences the results for the electrical conductance
and is some analog of the squared scattering matrix |S;;|%.

We focus on the symmetric Y-junction geometry which
corresponds to a tunneling experiment: the electron-phonon
interaction is present only in two wires (which together form a
“main wire””). Another wire (‘“tunneling tip”) contains only the
electron-electron interaction and the role of phonons is negli-
gible there, it implies the absence of phonon transport between
the main wire and the tunneling tip. All these conventions can
be encoded by writing a; = a(1 — §;3) and by the following
form of the B matrix:

lwmTv

p v O

B=|7 p O0]. o)
0 0 1

We assume below that the phonon transmission, t, and re-
flection, p, coefficients to be constrained by the “unitarity”
condition T 4+ p =1 (see Appendix A), which will signifi-
cantly simplify our calculations. However, our formalism is
not restricted to this case and more general form of Eq. (5)
can be used as well.

III. FIRST-ORDER CORRECTIONS TO CONDUCTANCES

A. General formalism

We employ the fermionic approach for the calculation of
interaction-induced corrections to the currents. It was devel-
oped in the paper [23] by using the Keldysh technique for
steady-current, off-equilibrium case of the leads maintained
at nonequal chemical potentials. The first-order corrections to
the currents are described by the diagram in Fig. 2. Solid lines
correspond to the fermions Green functions which in Keldysh

space (denoted by an underbar) have a structure

GrR GK
G= ( 0 GA). ©)
The Green’s function in chirality index space have a struc-
ture of 2 x 2 matrix denoted by square brackets and a hat

Gy (L, Y1js ) = G, 1, Yo mjs %),

ag(l,yl‘],x) — _ie(r)eiwr 81.1‘ 0 ’
v Sij by

GL(yj.x) = SO [53 gj{]’
v lj
~K . _ _i (1034 8ljhl S;flhl
Gw(l, )’|J’ x) - ve |:S[th S;fmslmhm ’
T = (my — nx;)/v. ™

Here, hj(w) = tanh[(w — w;)/2T] is the equilibrium distribu-
tion function in the lead j with the chemical potential ;.

The wavy line in Fig. 2 denotes the full interaction between
fermions in the system. It is diagonal in Keldysh space and
originates from two contributions. The first one is the electron-
electron part of interaction

f§?2)<l,x|m,y>=2nvg,6,ma(x—y>[} ﬂ ®)

We consider the junction of a main wire and a tunneling tip
so that we put g; = g» = g with g3 # g. The second contri-
bution is the electron-phonon interaction with the retarded
component Eq. (4). Combining Egs. (8) and (4) together,
we obtain the full interaction propagator for symmetric Y-
junction geometry in the following form:

Lﬁ’(O)(ln’ x|mn’ }’)
= Lgi)O)(l'7v x|my,y)
AL O Ly, xlmy, y) = 18 = y)8im
+io¢ (€8, (1 = 83) + < “By,),  (9)

where A, =2nv(g—a/2), A3=2mvg;, and ¢ =
—nav/2c. The parameter & = v/c is the ratio of plasmon and
phonon velocities. The advanced component of interaction
propagator is given by

LY = LP) oy (10)

We emphasize that the Keldysh components of interactions, in
fact, do not produce logarithmic corrections to currents [23]
due to the dominant role of virtual processes in renormaliza-
tion. Moreover, retarded and Keldysh components do not mix
with each other upon the RPA-type summation of higher order
diagrams allowing us to concentrate henceforth only on the
retarded component of the interaction.

Let us now briefly remind a way to calculate a one-loop
correction to the currents. The corresponding diagram is de-
picted in Fig. 2 and can be expressed as

dw
(1) —
Jj, (z)—l/Efdxdy E

Ly my

x Trg [T, (my, ylly, X3 jins LL 1y, x|my, Y1, (11)
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where we sum over all wire indices, chirality components,
and Trg is the trace over the Keldysh indices. In addition, we
introduced the structural part 7' of the diagram corresponding
to the triangle of fermion Green’s function

Ta‘))H(m’HyllnaX;jr)vZ)
ds . »
=v; gTrK[@QQ(J,,, zlmy, )7
% Gy (i, Yllys )Y "G Ly XL iy D1 (12)

This fermionic triangle 7 turns out to be a function of two
external points with different wire indices and coordinates
due to the presence of the retarded and matrix parts of the
interaction Eq. (4) (in contrast to the case of the screened
Coulomb interaction out of equilibrium previously discussed
in the literature [20]).

External and interaction vertices are defined as

(1 1

-1 —-1)
I /1 0

1 52—

Z‘Z‘ﬁ(o 1)’
2

1
y=7'= 7((1) (1)) (13)

The diagram in Fig. 2 should be combined with the one
where the arrows of the fermionic lines are reverted.
Integration over 2 leads to two generic integrals:

/dQ[hj(Q + ) — hj(Q)] = 2w,

/dsz[l (R + )y ()] = 2fa(w + y — 1)), (14)

where f>(x) = xcoth (x/2T). Calculation shows that 75y =
0 so that the Keldysh component of interaction does not
contribute to the current Eq. (11) as is mentioned above.
We assume that the point z lies outside the interaction
%mn In this case the dependence on z in outgoing current
)(z >L)= J( ) disappears, whereas correction to the in-

commg current is absent J;i)(z > L) = 0. One can verify the

charge conservation law ) ; J;l) =0.

By explicitly evaluating all matrix elements of Eq. (12) one
can show that the infrared (IR) regularized correction to the
current reads

J}“ —Im Z T / ZLg’de(mm)F(w, Vi),
mk
’ (15)
with
Flw,V)=[failw+V)— falw—-V)],

Ly Omlk) = / dxdyL " (m_, xlky, y)e's ),
L;"de(mlk)

=SS St S (16)

= [L5 OV omlk) — L5 k)],

m

Here wg = v/{ is the ultraviolet (UV) cutoff, € is the running
IR energy scale, and V,,, = (,n — up is voltage between the
wires m and p.

We stress that there is no contribution in Eq. (15) associ-
ated with identical chiralities at both vertices [compare with
Eq. (16)], despite the fact that the electron-phonon interaction
is independent of chirality and formally contains correspond-
ing nonzero matrix elements. Similarly to standard “g-ology,”
it just means that the forward scattering small-momentum
transfer amplitudes of the phonon-mediated and screened
Coulomb interactions do not participate in the renormalization
of conductances in the dc limit.

B. First order of the interaction

The quantity L((U de, defined in Eq. (16) and calculated
for the interaction Eq. (9), contains several terms of the
form w~!sin® wty with #) = L/v,L(1 +&)/v,2L(1 + &)/v.
The existence of these rapid oscillations ensures convergence
of Eq. (15) at small w and at the same time all such terms
can be approximated by (2w)~! at larger energies, » > ty F
L~!. Hence, in the limit L — 0o we can write

0) 27'[11)2 _
L, oaa(mlk) = + )0 + aéBi}t, (17)
where @ = 2(1"‘?

The remaining integral over energy is logarithmically di-
vergent:

[O) d
I(wo,e,V)zf fF(w,V):ZVO(e—WDln%

+20(|V| — e)[V —esgn(V)+Vin %]

~2V In <L> (18)
max{|V], €}

In the last line we neglected the contribution from the region
€ < |V| because its dependence on the running scale € is only
linear.

The upper limit of integration in Eq. (18) should be used
with caution: in processes involving phonons the UV cutoff
wp should be replaced by the characteristic energy scale wp.
From the RG point of view, it just implies that all divergent
logarithmic contributions proportional to the electron-phonon
coupling constant o should be accompanied by the step func-
tion Op(€) = O(wp — €).

Summarizing, the first-order correction to the currents
reads as

J,/('l) = — Z ((g —a(l 4+ &) + a&Buy)

mkp
@0 ) (19)

Vi RelMy ] In { i
x Vinp Re[ kp] <maX{|Vmp|’€}

It is convenient to introduce two independent currents J, j
and two independent bias voltages V, ;, as follows:

1
Ja = 5(‘]1 _JZ)’ Va = U1 — U2, (20)
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FIG. 3. RG flows of conductances in equilibrium regime (g = 0.1, v/c = 1.5): (a) full reflection of phonons, p = 1, with electron-
phonon interaction strength o« = 0.1, (b) ideal transmission of phonons, T = 1, with electron-phonon interaction strength o = 0.1, (c) ideal
transmission of phonons, T = 1, with electron-phonon interaction strength @ = 0.4. The blue line delimits the area of the physically available

conductances.

for the main wire and

Jy
V, =

U+ —203) = —1s,

3 (w1 + p2 = 2p3), (21

for the tunneling tip. The bare (differential) conductances are
then defined as

Ga = 8Ja)3Vy, Gy = Jy/dV). (22)

For the symmetric S matrix, Eq. (1), the bare conductances in
noninteracting situation are

GO -1

O =LA =P+, GY =2 (23)

Without a loss of generality, we can assume (3 = Oand V,;, >
0, so |x2| < py. The unitarity of the S matrix constrains the
domain of allowed conductances in the (G,, Gp) plane by the
straight line and the parabola 0 < G, < 4(G, — GZ) [17].

Having obtained the corrections to conductances from
Egs. (19) and (22), and assuming the scaling behavior of
G, (see Ref. [20]) we can differentiate G, ; with respect to
A = In(wp/€) to obtain a set of perturbative RG equations:

dGa _ 24,6 A,0
T = 24104(6) + Arfy (o).
dG,
d—A” = 2B,6, (¢), (24)
with
_ Gy
Ay = —[g—a(l +2E1)0p(e)] [Ga(l —G,) — ﬂ,
1
Ay = —2lg = a(l +£0)8p(O)1( ~ GGy
+?Gacbep(e) - 801-26)G,.
1
B, = —g[g —a(l+&1t)0p(e)ll2 — 2G, — GGy
- %3(1 — G,)Gy + "%TGD(e)(Gb —2G,)Gp. (25)

Here, energy scales related to voltages are defined by Heavi-
side 6 functions, 0,(€) = 0(e — V,)and 0,.(¢) = O0(e — uy) +
6(e — w1). It means that the renormalization occurs in several
steps with different right-hand side of Eq. (24) at each step.
The phonon energy scale appears in Op(¢) = 0 (wp — €).

First, we consider equilibrium limit V, , — 0 and wp —
oo. The RG equations exhibit three fixed points: point N at
G, = G, = 0 (complete junction breaking), point A at G, =
1, G = 0 (ideal transport in the main wire and the absence of
the tunneling into the tip), and point M at nonuniversal values
of conductances given by

g+g—a(l+&7)

GM —
a g+2g—a

GM — 1 w 2. (26)
b g+2g3—a

In the presence of the impurity nontransparent for phonons,
7 =0, RG flows are similar to those without phonons
[Fig. 3(a)] with a modification of scaling exponents as dis-
cussed below. When the phonons pass the impurity (tr > 0)
the saddle fixed point M appears [Fig. 3(b)]. This M point
exists in the first order in coupling constants even in the
absence of interaction in the tip, gz = 0, contrary to the
previous case of the pure local electron-electron interaction
[20].

If the electron-phonon coupling is strong enough, it is
possible for M point to first move to the top of the parabola of
allowed conductances and further pass to the left side of the
RG diagram. This is accompanied by the “metal-insulator”
transition [10] when the stability of the fixed points N and A
is interchanged [see Fig. 3(c)]. The marginal situation with the
M point located exactly at G, = 1/2 and G}, = 1 corresponds
to the existence of the whole line of fixed points at G, = 0.
This fixed line does not exist for any g, gz > 0 in the absence
of the electron-phonon interaction.

Nonequilibrium regimes of our system show variety of
RG flows. There are three energy scales related with two
bias voltages and one phonon energy scale. Depending on
the running energy scale, €, different terms in the RG

195404-5



NOSOV, NIYAZOV, AND ARISTOV

PHYSICAL REVIEW B 101, 195404 (2020)

1.0

0.8

0.6

Gy

0.4F

0.2F

0.0 . . . .
0.0 0.2 0.4 0.6 0.8 1.0

Ga

FIG. 4. Conductances RG flows in nonequilibrium regime in
limit of zero temperature and voltages but finite Debye energy
wp/wo = 0.2,0.07,0.03,0.01 (from top to bottom) for phonons
ideal transmission case, T = 1, with interaction constants o = 0.4
and g = 0.1, v/c = 1.5 and the bare conductances G,(wy) = 0.43,
Gb(a)()) =0.37.

equations may contribute the behavior of conductances. The
main difference from the previous nonequilibrium study of
the Y junction [20] is the presence of the Debye scale: for
the running energy € below wp, phonons start to contribute to
the effective interaction.

The importance of the intermediate scale, wp, (we assume
that wp < wp here and below) is perhaps best illustrated by
the change in the position of M point, which is not universal
and is determined by the values of the coupling constants.
Indeed, at high energies (temperatures or voltages greater than
the Debye frequency wp) there are no phonon contributions to
RG, and the position of the M point is determined exclusively
by the constants g and g3. However, as the energy decreases
below wp, the phonon corrections shift the M point or even
lead to its appearance in case gz = 0. This situation results in
the nonmonotonic RG flow depicted in Fig. 4, and, potentially,
to a change in its direction for strong enough electron-phonon
interaction.

The effects of finite voltages were discussed previously in
the literature and remain qualitatively the same. As before, the
hierarchy of energy scales is important. For example, in the
regime V, < € < up < u; < wp the RG flows for conduc-
tance Gj terminate. Fixed points in this case form the parabola
curve. The direction of flows is defined by the “metallic” or
“insulator” character of the main wire.

C. Fixed-point analysis

Let us first discuss the N fixed point. Linearizing Eq. (24)
and introducing G, = G, — %Gb, we arrive at the following
set of RG equations:

‘f\ = —2[g — a(l +257)0p(e)Gcba(e),
dG,
Ta = ilet g — el +E00 ()]G (e). (27)

The renormalization occurs in several steps with different g
functions at each step. In addition to three different regimes
discussed in Ref. [20] the new scale wp gives rise to further
possible behavior of conductances.

What concerns the behavior of G,, one can easily obtain
the solution for V, < wp in the similar way as it was done in
Ref. [20]. The renormalization of this quantity stops ate <V,
so that

v, \*
G.(0) = Gc(wO)(_a> , wp <V
wo

KN,1 VN1
=Gc<wo>(@) (1) . Ve<op, (28)

wo wo

with scaling exponents yy; = 2g — 2&(1 + 2&7) and «ky,; =
28— vn.1-

The behavior of G, is more involved, depending on the
relation between wp and V. = . Solving the corresponding
equation for G, in case of wp > @y > || one gets

Gy(0) (@)KN'2<«/MIH2)VN'Z’ 29

Gp(wo)  \ @ wo

with YN2 =8+ 8 — a(l+£&t)and KN2 =8+ 83 — VN2 In
the opposite case 1, > wp > || we obtain

Gy(©) _<&)‘<¢m>y' 0

Gy(wy)  \wp wo

Let us now describe the infrared character of this fixed
point in equilibrium. For yy; > 0 and yn, > 0, the fixed
point N is attractive, and the instability with respect to the for-
mation of a charge density wave (CDW) renormalizes Friedel
oscillations at the junction until all three wires are completely
separated [17]. It is the situation when the M point is on
the right-hand side of the parabola of allowed conductances.
Moreover, renormalization of the tunneling density of states
leads to the vanishing of the conductance of the tunneling
probe at ;t; = 3 =0or upy = u3 =0.

For yy.1yn.2 < 0, the fixed point N is a saddle point. The
point M moves to the left-hand side of the RG diagram, but
has not yet merged with the N point. Because we always
have yy1 < 0 < yn.2, the zero-bias anomaly still suppresses
the conductance in the third wire, however G, starts to grow
below a certain scale. For yy; < 0 and yy 2 < O the point N
becomes unstable, because M passed through the N point at
wv2 =0.

Next we analyze the nonequilibrium scaling near the A
fixed point, G, = 1, G, = 0. We introduce the small displace-
ment G, = 1 — G, and the combination G, = G, — %G;, and
obtain

dG, _ o

& =2lg—alb. +b,)0p(e)ICcb (o).

d

d—i” = —1[gs + @bebp(€)]Gyb, (€). 31)

This set of equations has the same structure as Eq. (27),
thus one can easily obtain renormalized G, and G, by simply
replacing all scaling exponents to the following correspond-
ing quantities: Y41 = —yn.1, ka1 = —KN.1, Kap = —0ET,
and y40 = g3 — ka. Introduced coefficients obey several
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symmetry relations such as yny,1 = 2(yn2 — Ya2) and ky| =
2(ka2 + Kn,2).

One can notice that the presence of the repulsive interaction
g3 in the tunneling tip affects the renormalization in the same
way as the phonon attraction in the main wire. Thus, to obtain
a nontrivial M point in the lowest order RG consideration,
the interaction in the tip is not required at all and phonon
exchange through the junction in the main wire effectively
induces competition between the instability with respect to the
formation of a charge density wave in the main wire and the
renormalization of the tunneling density of states. Therefore,
the A point in the presence of the electron-phonon interaction
is either a saddle point or attractive (when the electron-phonon
interaction is strong enough).

IV. RPA-TYPE SUMMATION TO INFINITE ORDER
IN THE INTERACTION

So far we have obtained the 8 functions for the conduc-
tances in the Y junction of quantum wires in the first order
of perturbation theory with respect to the coupling constant of
the electron-phonon interaction o Eq. (24). The solution of the
resulting RG equations is equivalent to summing the leading
sequence of logarithms of the form o” In"(wy/€). We now
turn to the investigation of higher-order corrections describing
relevant scale-dependent contributions to conductances. Our
goal is to include strong-coupling screening effects to the
RG equations in framework of “RPA-type approximation,”
as proposed in Ref. [23] for the case of the short-range
interactions out of equilibrium. The result of this procedure
allows us to take into account the subleading logarithmic
contributions from higher orders of perturbation theory.

The RPA-type approximation involves dressing the local
bare interaction with polarization fermionic loops. In systems
with translational invariance, such a series of diagrams is re-
duced to geometric series and is easily summed up. However,
in the scattering states formalism employed here the momen-
tum is not conserved, and the summation of this RPA-like
sequence is rather nontrivial. In the presence of interactions
with nonlocal character and retardation effects, Eq. (4), the
summation procedure becomes even more involved due to the
complicated form of the bare bosonic propagator.

The explicit form of the integral equation which describes
the summation of the RPA sequence of the diagrams is as
follows:

LA (xly) = LOGly) — / dzidzy LO(x]z))

N |:1'I(—z1| —2)1 0

Mzl —2)Y H(Z1|Z2)1:|LR(Z2|y)’ (32)

where Y;; = |S;;|*, and LO(x|y) is defined in Eq. (9).
We dropped all unimportant labels here and introduced
a dynamical factor II(x|z) = QCrv>) ws(x — z) + iwb
(x — 2)e!"*=9]. The kernel in Eq. (32) corresponds to the
fermionic loop calculated with Green’s functions Eq. (7) (see
Ref. [23] for details).

This section is devoted to exact solution of the integral
Eq. (32), which allows us to analyze the strong-coupling limit.

The result of this rather cumbersome calculation is given by
Egs. (54) and (59) below.

As a first step of our calculation we set ¥;; = 0 in Eq. (32),
thus discarding all contributions containing matrix elements
of the S matrix. The remaining sum defines an auxiliary inter-
action C, which incorporates strong-coupling effects taking
place far away from the junction. In contrast to the previously
studied cases of short-ranged interactions [23], the quantity
C cannot be fully attributed to the “bulk” of the main wire
because of the presence of the boundary terms in Eq. (32)
proportional to the B matrix. These terms describe phonon
scattering processes in the vicinity of the junction and lead
to the off-diagonal structure of C in wire space. In terms of
this new propagator, the full dressed interaction L® can be
represented as

B2 (xly) = Cxly) — / dz1dz Clxlz)

x |:H(ZI|O—Z2)Y 8} Lfzly).  (33)

Since the integral kernel for Cis diagonal in wire indices
and the bare line itself does not connect the main wire and the
tip, then the equation is essentially split. It allows us to focus
on the main wire in the analysis of C and assume all matrices
reduced to their 2x2 subblocks (and set A1 = A). Further we
note that C does not depend on the chiral structure, and we can
write C = C(z° + 7). Itis helpful to introduce the symmetric
combination

I (x]y) = M(x]y) + M(—x| —y)

5o (208G = y) Hiw SN, (34

in terms of which the integral equation acquires the form
Clxly)

= LO(x]y) — )\/dzl'ls(xlz)C(Zl}’)

—iw¢ f dz1 21T (z1|22) (€ € 9111 4 /2 “FUB) C(za |y),
35)

with dz; 2 = dz1dz,. Thus, we have reduced the initial prob-
lem to the set of two integral Eqgs. (33) and (35) with a
transparent physical meaning: Eq. (35) describes screening
processes in the bulk of the main wire, and Eq. (33) includes
scattering events at the junction encoded in the Y matrix.

Before proceeding further, let us highlight two main dis-
tinctive features of these integral equations as compared to
purely local interactions (o« = 0) discussed in Ref. [23]. First
of all, the bare interaction L depends on coordinates and fre-
quencies in a nontrivial way capturing retardation effects due
to scattering on phonons. This fact complicates the integral
Eq. (35) in the “kinematic” sense.

Second, the bare interaction L is now nondiagonal in wire
index due to the propagation of phonons through the junction
with transmission and reflection amplitudes, By, (generally
independent of electrons amplitudes, S;,,,). This property has
important consequences as discussed below. Figure 5 depicts
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FIG. 5. Integral equations for the auxiliary quantity C are shown
in the“main wire” space: indices corresponds to wire labels. Vertical
lines 1-1, 2-2 correspond to the “local” processes in the same wire.
Horizontal lines 1-2 are proportional to the nondiagonal elements
of B matrix Eq. (5) and correspond to the “nonlocality” of the
phonon-mediated interaction. Fermionic loops contain only diagonal
components with Y = 0.

concrete nondiagonal processes taken into account in Eq. (35).
We employed there the following diagrammatic rules: all ver-
tical lines (loops) correspond to diagonal matrix elements of
propagators (polarization operators) with the same wire index,
and horizontal lines represent off-diagonal contributions due
to nonzero 7 in Eq. (5). The integration over positions is
assumed for each vertex.

A. Reduction to the linear differential equation

Despite the apparent complexity of Eq. (35), it can be
reduced to the linear ordinary differential equation by repeated
differentiation with respect to x. As an intermediate step we
introduce the following integral quantities:

Iy = /dz FFCGly), Ty = /dz ¢FIBC(Y).

Q= [ dzyae TR L SR Caly),

(36)
with the omitted explicit coordinate dependence in I, J, and
Q. One can verify the following relations for the derivatives

2iw w?
o71p = ﬁzlﬂ 5 —C. s = ﬂzJﬂ’
2iw
22Q = ——Q “1 (37)

Using these relations, we can express the integral Eq. (35) in
the compact way as

2n0?2d*C = 20?10 — iwAl, — 2iwve (1. + J,.) + 0°¢Q,

(38)

where d> =1 +2gand g = g — /2.

We notice that the kernel in Eq. (38) has a jump in its
derivative at x = z, which we use by twice differentiating it
with respect to x. We thus arrive at a second-order integro-
differential equation

2mv?C? = 2nv2(L0)(2) +40*yC + 2iw3zlu
v

— o*c [ =2iwve (I + Jo) + 0*¢Q], (39)

where, for simplicity, we introduced y = A/2v + {v/c. The
label (n) in C™ stands for the n-th derivative with respect
to x. The combination in the square brackets in Eq. (39) is
eliminated by using Eq. (38) and we obtain

270’3 C? = 270 (L) 4 2w P06

+w2(4y - chz)C + i’ (2)/1)’1 — Ac’z)lv.
(40)

The last equation still contains I,. Differentiating it again
twice, we find

2 v’ CW
_ 2nv2(L°)(4) + 2nw2v2(L0)(2)c_2
+w?(4y — xc?)C? = 20* /v (2yv~! — Ac7?)C
—io*'v 2 (2yv™" — AL, (41)

We can eliminate I, here by expressing it from Eq. (40).
Then we finally arrive at a linear inhomogeneous ordinary
differential equation of fourth order

~ 2¢ 1 1 w*
2 (4) 2 (2)
d°C" +w <§+C—2+v2>c v2c2C

11 ¥
=(L°)(4)+w2<ﬁ+C—2>(L°)(2)+%L°. 42)

Remarkably, this equation can be represented in terms of
differential operators Dy = 82 + w?/v? in the very compact
form

v. Dy C(xly) = d>D,D.L°(x]y). (43)

A key feature of the obtained differential equation is that
its homogeneous solution can be expressed as the sum of
exponents e=*/¥+ with characteristic velocities given by

vl = %[dzvz +c* \/ (@202 — c2)’ + 4av262], (44)
where d? =1+ 2g. The obtained characteristic velocities
[Eq. (44)] are nothing else but two hybridized polaron modes
that arise in the nonperturbative bosonization treatment of the
problem [10].

In passing, the structure of the electron-electron interaction
Eq. (8) in chirality indices implies that g4 = g, = gin g-ology
vocabulary of one dimensional studies. The above renormal-
ization factor of the Fermi velocity has a well known form
d?> = (1 + g4)* — g3, and for g4 = 0 one obtains d*> = | — ¢
in full agreement with Ref. [22].

We now turn to the analysis of the nonhomogeneous solu-
tion of the Eq. (42). First, we find the explicit expression for
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its right-hand side (see Appendix B for further details):
D,D L (xy)

A A 2
=Y x — 1+ o? ( +———§)
c

Xymx_w1+w%}£_—z£)ax—wl (45)
v ?

We seek the solution C(x|y) of the inhomogeneous differential
Eq. (43) in the form
Clxly) = kod(x — y)1 + Z kpe o KL (46)

After some algebra we obtain coefficients «; explicitly as

2w vg v (02—l (gv] — &c?)
o="25, xi==—§< 5 f) S @
d e \vy — vy VU4
Accordingly, the full solution for Eq. (43) reads as
Y T 2 byl
C(x|y) = kod(x — y)1 + 7 {;ng " 1
_inw
I WOY L 48)

o,g=%

with yet unknown matrices A, which should be determined
from the initial integral Eq. (35). The first two terms in
Eq. (48) are translationally invariant and, thus, independent
of the junction and should be associated with bulk effects.
However, the last term has a factorized coordinate dependence
and originates not only from the fermionic S matrix in Eq. (7)
but also from the phonons’ B matrix.

Now we substitute the ansatz Eq. (48) into the initial
Eq. (38) and compare coefficients corresponding to different
linearly independent x-functions. This procedure is straight-
forward, albeit cumbersome, so we just present the result-
ing linear equations here. Further details are given in the
Appendix C.

We find that the matrices A, satisfy the following set of
boundary conditions:

Z Ko ¥ = v o g

D A A (y) =

o,8=+
Z szvgvuAGg(y) Z Ko % ~vv,,
o,8=%
Z Do Aog(y) = Z Kn¢i+e W1,
o.8=% o=+
Y BiAg,0) =) ko Ble, (49)
o.8=% o=+

with the following scalar coefficients:

X{Slﬁz — B2 , Xglﬂz — Xlﬂl,—ﬁzeiwl‘(ﬁ+é)’
pr— B2
2 ~U,—SC ~V,8V5 ~V,8V4

C
¢; = zo% 4 sz P SRS

(50)

~V,—C =5 V,—C
X

A matrix entering the last equation in Eq. (49) is defined as

B =¢7, el —¢7_e i B, (51

Despite the apparent progress, the linear system Eq. (49)
still looks rather complicated. Further progress is achieved by
diagonalizing all matrices in the wire space with the unitary

transformation
0
o— 1:>' (52)

R 1 _(ptT
b0 ) e

After that the diagonal A, ;(y) can be replaced by its corre-
sponding diagonal matrix element A, ;(y). Next simplification
comes from the representation

Z sbl, e, (53)

s,g=+

Aaj(y)

Indeed, for the new variables, b , the system Eq. (49) fac-
torizes into four decoupled sectors parametnzed by indices s
and g. The appearing sets of algebraic equations can be easily
solved by means of computer algebra methods (for instance,
in Mathematica). The explicit form of all coefficients b, is
presented in Appendix D.

The final expression for C which solves Eq. (35) exactly
for an arbitrary set of parameters is given by

ITw o
C(xly) = kob(x — y)1 + 2 Z P Al |
o=%

17T60 Z ej’,j':f Z KjUb‘;ng egiv%y, (54)

o,j==% s,g=%

where by%; = diag [b}}}| R bl

Summarizing this subsection, we have solved the integral
Eq. (35) for the main wire. We stress that the resulting “bulk”
propagator has a nondiagonal form, Eq. (54), which should
be understood as a 2x2 subblock of the full 3x3 matrix C.
The remaining diagonal matrix element corresponds to the
tunneling tip and can be obtained from Eq. (54) by setting

« = 0 and replacing g by gs.

T], see Appendix D.

B. Full equation for L

Now we have everything at hand to solve Eq. (33) exactly.
The nondiagonal structure of C significantly complicates the
set of scattering processes contributing to the fully dressed
propagator L which is depicted in Fig. 6. The diagrammatic
rules here are slightly more complicated compared to Fig. 5
because we include interwire parts of polarization loops pro-
portional to fermionic transmission and reflection amplitudes
encoded in Y. As before, we use vertically orientated objects
(propagators and loops) to describe processes diagonal in
wire indices, and horizontally oriented (or tilted) ones for off-
diagonal contributions. The full Eq. (33) mixes contributions
from different wires, including a tunneling tip, which was
previously decoupled in Eq. (35), therefore we also consider
diagrams with tunneling processes through a third wire, see
caption of Fig. 6 for additional details.
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FIG. 6. Integral equations for the fully dressed bosonic propagator L in the wire-space representation. The double-dashed line is the
auxiliary quantity C given by the integral Eq. (35). Vertical lines 1-1, 2-2 correspond to the “local” interaction in the same wire screened by
all bulk effects. Horizontal lines 1-2 are proportional to the nondiagonal elements of B matrix Eq. (5). In addition, horizontal and diagonal
fermionic loops represent scattering processes of the junction. The label “Y” stands for the contributions to the fermionic loop originated from
matrix elements of Y. Square brackets represent the processes involving tunneling into the third wire. Explicitly shown equations should be
accompanied by one extra equation with a similar structure for the 1-3 components of the propagator L.

The integral Eq. (33), however, has a separable kernel and
we can easily solve it by rewriting it as

L (xly) = Clxly) + / dz1> Cx|z1)V(@112)C(@ly), (55)
where we introduced the summation of all fermionic loop

contributions proportional to Y with the propagator C as a new
kernel

S _ iw i (x4y) 0 0 _ iw % 0 0
Yoly) = =5 5¢ [Y 0| " 2z’ Y 0
« / dz12 ¢ )V @ly). (56)

The full solution to Eq. (56) has a form

Y _ o i@ty y _ b )0 o 57
Y(xly) L 1+.2cy)[l of (37)

where the integrated quantitiy C; is

C, = /dxdy C(x|y)ei%(X+y)’ (58)

and label “s” standing for“simplified.” We note that the
full propagator does not depend on chirality indices LR =
LR @Y + 1), so we can analyze LX.
As a result, the fully dressed interaction propagator is
obtained in the following form
R iw 1 -
L*(xly) = C(xly) vazv(x) Y<1 n %CJ)VO)’

, (59
with V(x) = [dz C(x|z)e™ and V(y) = [dz C(zly)e™ . In-
stead of the full form Eq. (59), we can use its simplified form
integrated over the coordinates similarly to Eq. (58),

. 1
Lf=—0——|C. (60)
1+ 22, C,Y

v?

The quantity LR (m|k) introduced in Eq. (16) and entering the
equation for currents Eq. (15), is simply given by the corre-
sponding matrix element (LX),,. Schematically, this formula
has the same structure as reported in Ref. [23] for the case
o = 0, although the main difference lies in the concrete form
of C;.

The quantity LR (m|k) allows the decomposition

2imv? 1
Lf=— Us| >
w P-1 +Us;YU;

where we diagonalized C; by means of the unitary transfor-
mation

>U3, (61)

| 1 1 0
U;=—|1 -1 0],
V2o o0 2 (62)
iw .
P= —2U3CSU3 = dlag [P], P, P3]
2mv

From Eqgs. (54) and (C14) we obtain the explicit form of P;:
1 AVVs ~ UV, —gVs og
b= DR (stj _5m‘38+)’ (63)
0,8,5=% J

where 6, is defined in Appendix D. The only w-dependence
of P; comes from coefficients bff containing oscillatory expo-

nents e @L/V+ both in their numerator and denominator.

V. RG EQUATIONS FOR CONDUCTANCES

Let us briefly summarize the progress that we have done
so far. The main result of Sec. IV is the resummation of an
infinite series of relevant scale-dependent contributions to the
bare bosonic propagator L introduced in Eq. (9). The most
general expression for this quantity is given in Eq. (59).

Now let us make use of the general formalism described in
Sec. III B to extend the perturbative treatment of corrections
to the currents into the strong coupling regime. Specifically,
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(a) (b) \QQ
A L(w) <x

FIG. 7. (a) The diagram leading to the current correction due to
the self-energy renormalized interaction. Double-wavy line is the
solution of the integral Eq. (33) depicted in Fig. 6. (b) The typical
diagram included in Eq. (64) in terms of bare interaction propagators
(wavy lines) and fermionic loops.

we substitute the bare propagator LR in Eq. (15) by its
fully dressed version which corresponds to the self-energy
renormalized one-loop contribution. The resulting expression
takes the form

j @o dw
‘]j = Z Re [Mmkp] ?F(a)’ VmP)
€

mkp

1
Re| Uz ——————— |U , 64
* e<3(F”+Uﬁ“B>3)m 4

where we took into account that P depends on frequency w
only through exponents and, thus, P(—w) = P*(w). All other
parts of this equation were defined in Sec. III B. Diagram-
matically, this correction can be represented as Fig. 7(a). Ac-
cordingly, the typical diagram included in this resummation is
depicted in Fig. 7(b).

We want to evaluate the integral in Eq. (64) with log-
arithmic accuracy in the limit L — oo and at 7 = 0. The
most problematic part here is related to the incommensurate
oscillations in P with several characteristic frequencies. It
implies that the averaging over one period of oscillations,
presented in Ref. [23] for a single characteristic frequency
v/L, is not useful in our case since P is not truly periodic.

However, this difficulty can be overcome by shifting the
contour of integration in the upper half-plane w — w + i6,
with § 2 v/L — 0. Upon this deformation we do not en-
counter any poles in the upper half-plane of complex w in
view of the retarded nature of propagator and of the possibility
to use the analytic digamma function [—ix/2m T'] instead of
coth(x/2T) in F (w, V) in Eq. (16).

More precisely, we note that Eq. (64) initially contained
the integration over negative and positive w. The odd-in-w
property of F(w, V') leads to picking the odd-in-@ component
of LE, Eq. (61). The oddness of latter quantity allows one
to add an even function to F(w,V) without changing the
result of integration. On the real axis of w we use the iden-
tity x coth(x/27T) = 1/2 + xIm ¥ [—ix/2n T] and eventually
replace Im ¢ [—ix] by ¥[—ix], because Rey/[—ix] leads to
even-in-w term in F (w, V') which is integrated to zero.

By examining Eq. (63) we notice that upon this shift, © —
w + i8, the dominant contribution to P in the denominator
of Eq. (64) will be determined by terms with the exponents
e iLU/v-+1/v) " acquiring additional factor eF8U/v-+1/v4)
1. The overall factor w™! gives a logarithmic divergence at
low energies, which is regulated by F (w, V},,,) with the voltage
[Vinp| acting as an infrared cutoff scale.

Therefore, the leading logarithmic divergence is simply
given by Eq. (64) with the following replacement:

1 AUV sV, —Vs [ TO
B P= o kol (B ). (65)

and the only reduced matrix elements which survived the pro-
cedure described above are given as b1 = (F1)"'F,,b7T =
(F)'F, byt = —(F1)'Fl,,, . and b=t = (F) 'K
(see Appendix D for definition of F;). After some algebra one
can obtain the following transparent form of these eigenval-
ues:

5o K:|r:0 — 1 >

5 K-1 . K-1
1—K|T=0+17 2

Tkt T K+l

(66)

where K53 = (1 + 2g3)’1/ 2 and we introduced the modified
Luttinger parameter

T(K+&)+ (1 —-1)WK i| 67

K= —
|:rWK + A —-1)K+EK/K)
which is expressed in terms of original Luttinger parameters,

1 _ 1
K=——, K=——«F«~—, 68
J142g V142 -« (68)

where K is the Luttinger parameter in the absence of retar-
dation effects, which formally corresponds to the limit of the
infinite phonon velocity with & = 0. We also defined one extra
combination W = (v4+ + v_)/c which can be represented as

W= (1 +K 16} +26(R — K1), (69)

It will be convenient to use a different parametrization of the
form

P=—diag{q;". 05" q;"} (70)

to match the notation introduced in Ref. [24].

Thus, we only need to evaluate the logarithmic divergence
in the remaining integral over frequency identical to that we
discussed in Eq. (18).

Finally, we obtain

1
J, =2 Uzl =———— |U
! Z[ 3(P_' +U3YU3> 3i|mk

mkp
@0 ) (1)

J
X Vinp Re[Mmkp] In (maX{mel, )
where P is given in Eq. (66).

We note that in case of finite temperatures the large
logarithms remain finite even for € = 0, as the low-energy
cutoff is provided by the function F(w, V) taken at finite
T. Then Eq. (18) should be replaced by Z(wy, T,V) =
2VO(T — c«|[V]) In 52%, where ¢, is a number of the order of
unity given in Ref. [20].

The corrections to the currents, Eq. (71), translate into
the corresponding corrections for conductances Eq. (22). The
conductances scaling hypothesis allows us to write nonpertur-
bative RG equations in the same way as in the first-order case
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(see Sec. III B):

dG,

T 2A10,(€) + Az, (),

dG,

ﬁ = 2B,0, (), (72)

where the strong-coupling counterparts of Eq. (25) are given
by

., Gu(1 = G,) = Gy /4

A= -2 s
g — (1—2G,)
A __@ 1 41 - 2G,)
2T U8 - (0-2G,)  0—-(1-2Gy ]’
Bzz—@[ 1 -2G, 4(1 — Gp) j| (73)
41lg—(1-2G,)  0—(1-2Gy

and we defined (compare with notation in Ref. [22])

0= 4q193 —2q1 — 3q3 + 1 74)
21 +q3 -3 ’
We note that in the fully nonequilibrium setting the electron-
phonon coupling constant o encoded in Eq. (73) is assumed
to be proportional to the step function 6p(€) = 0(wp — €), in
agreement with our convention introduced in Sec. III B.

General 8 functions Eqs. (72) and (73) derived for arbitrary
parameters of our model (such as electron-phonon coupling
constant, coefficients of B and S matrices, etc.) describe renor-
malization of dc conductances due to interaction effects. This
is the central result of our derivation. In the next section we
will discuss physical implementations of these RG equations
in different limiting cases.

It is worth to comment here on the completeness of the
derived set of RG Eq. (72). Based on the intuitive similarity
of the fermionic S matrix and the phonon B matrix, one might
ask if it is necessary to construct analogous RG equations for
the B matrix as well. Somewhat related questions were raised
in Ref. [21], where it was proposed that phenomenologically
imposed correlations between fermion and phonon scattering
matrix elements could potentially lead to the existence of
new unstable RG fixed points. In our formalism, we didn’t
find any contributions to the phonon propagator that could
be interpreted as separate scale-dependent corrections of the
phonon B matrix. Logarithmic corrections to the phonon
propagator emerge from diagrams containing fermion loops,
they correspond to iteration of RG equation for the S matrix
together with the above RPA-type summation. Hence, no
additional scaling equations for the B matrix are required.

VI. SCALING EXPONENTS AT STRONG COUPLING

The above calculation provided us with the nonequilib-
rium strong-coupling RG equations for conductances. As we
show now, they are in agreement with all previously known
limiting cases: electron-electron strong coupling in equilib-
rium regime for Y -junction [22], electron-electron weak cou-
pling in nonequilibrium regime for Y -junction [20], electron-
electron strong coupling in nonequilibrium regime for impu-
rity case (when the tip is absent) [23], electron-phonon strong
coupling in equilibrium regime for impurity case near the
conductances fixed points [21].

1.3r . IC‘TZO
1.2r IC 1

1.0 mmmm e m e e D e e e e e

0.9k
0.0 0.2 0.4 0.6 0.8

«

FIG. 8. The modified Luttinger parameter K for t = 0 (blue line)
and for T = 1 (orange line) for g = 0.1 and £ = 1.5.

Nonequilibrium RG equations in the first order of in-
teraction were discussed to some length in Sec. III B. The
sophisticated summation of Sec. IV does not qualitatively
change the above off-equilibrium picture. So let us to focus
instead on the equilibrium case: V,;, — 0 and wp — oo,
where nonperturbative treatment of interactions reveals new
phenomenon.

A. Wire with an impurity

Earlier, the case of the wire with the impurity was studied
by the bosonization technique in the presence of electron-
phonon interaction [21]. For Y junction this means the de-
coupled tip: 1, =0, r, =1 for S matrix (1), i.e., G, =0
[Eq. (23)]. The only RG equation in this case is

G0 _ yp, = - 200 =Ga) (75)
dA g — (1 —2G,)
Only two fixed points exist: N point, G, = 0, and A point,
G, = 1. In the vicinity of these points the linearized equations
have the standard form

dG,

=2(1-KHG, G,«1,

A ( ) <

dG . .

dA“ =2(1-K)G,, G,=1-G, <« 1. (76)

This result is in exact correspondence with Yurkevich et al.
[21]. The fixed point N corresponds to the total loss of
conductance. It is stable for IC < 1, while the fixed point A
corresponds to the ideal transmission case and is stable in the
opposite situation, C > 1. The renormalization is absent for
K = 1, though the coupling constants might not be zero in this
case; see Fig. 8. Another interesting point is that in a certain
range of parameters the modified Luttinger parameter can be
K < 1 for T = 0, while by increasing T one can continuously
increase /C up to the values greater than one.

Without the electron-phonon interaction, & = 0, one has
the well-known result K = K with the scaling exponents
K and 1/K for the weak scattering and weak link limits,
respectively. In this case K < 1 for the repulsive interac-
tion between electrons, g > 0, and K > 1 for the attractive
electron-electron interaction, g < 0.
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Let us also discuss the role of the kinetic asymmetry
between bosonic and fermionic modes. For & = 0 (phonon
velocity tending to infinity) we get X’ = K which corresponds
to the absence of any retardation effects (purely screened
local interactions). In the opposite case & — oo (phonon
velocity tending to zero) one obtains C = K and phonons
are incapable to modify renormalization. In the intermediate
regime K is a monotonic function of &.

B. Y junction

In the equilibrium limit the strong coupling RG equations
read as

dG,
=2A 2A5,
A 1+ 24,
G,
9O _ 4B, 77
IA o )

with the above definition Eq. (73). Two universal fixed points
of this RG system, N and A, can be characterized by two
independent scaling exponents corresponding to different di-
rections in the space of conductances, (G,, Gp): along the line
Gy = 0, and along the boundary G,/4 = G,(1 — G,). In ad-
dition to above fixed points at the line G, = 0 (corresponding
to the detached tip), the saddle-type fixed point M appears. As
discussed in Sec. III B the position of the latter point M at the
parabola of allowed conductances is not universal. In this case,
the associated scaling exponents are naturally related to two
directions, one along the parabola and another perpendicular
to it. Their exact form is rather cumbersome and given by Eqgs.
(33) and (35) in Ref. [22] where parameters g and Q (which is
a function of g and ¢3) should be replaced by our expressions
for g, and Q (as a function of ¢g; and ¢3), given by Egs. (70)
and (74), respectively.

The first set of exponents for the fixed points N and A can
be read from Eq. (76) and is given by

i =20K71 = 1),
ya1 = 2(K—1). (78)

The second set of scaling exponents is found as
1
R i WY B

VA,2 =K;1 ~|— %(K71’1:0+K)_2’ (79)
and additional exponents defined in Egs. (28) and (29) can
be obtained as «, ; = ¥ jl,_o — Vp.j With p=N,A and j =
1, 2. In the weak coupling regime, these scaling exponents
coincide with the ones presented in Sec. III C.

Let us discuss Eq. (79). The fixed point N is characterized
by the exponent yy,», determined by the sum of the boundary
exponent for the third wire Kj ! and the new combination
Acgee = (K79 + K~1). We will refer to this combination
as an effective boundary exponent for the main wire. The
fixed point A has the exponent y,,, which is controlled
by the boundary exponent of the third wire Kj I and the
effective bulk anomalous dimension of the fermion operator
Apuik = %(IC’1|,:O + K). This quantity corresponds to the
well-known zero-bias anomaly and controls the suppression

1.15¢ 1

1.10

1.05

1.00

0.95

0.90+

FIG.9. The boundary exponent Aege = 3(K'[,_g+K")
(blue line) and the bulk exponent Apyx = %(IC‘1 l.—o + KC) (orange
line) for g = 0.1, v = 1, and £ = 1.5. The fixed point M exists when
Aedge > 1 and Abulk > 1.

of the tunneling density of states [17]. Both exponents are
depicted on Fig. 9 as a function of the electron-phonon
coupling constant «. We note in passing that the condition for
the existence of M point reads as yy.2ya2 > 0.

The way how two modified Luttinger parameters K~!|,_,
and K enter scaling exponents can be understood as follows.
The first term in expressions for Acgee and Apyy is always
associated with the direct tunneling processes from one of the
arms of the main wire to the tip, and thus, has a characteristic
form of the weak link exponent, i.e. is inversely proportional
to the Luttinger parameter. Additionally, since in our model
we assume the absence of phonon transport between the
main wire and the tunneling tip, then undergoing this process
fermions are not affected by the interwire interactions associ-
ated with the transmission coefficient T, which in turn results
in K|, _, for both fixed points. The second contribution to
the boundary and bulk exponents corresponds to scattering
processes within the main wire and has a tunneling or weak-
scattering form for N and A points, respectively. However,
in both cases propagating fermions can interact through the
exchange of phonons across a junction, and consequently, this
term comes fully dressed with nonzero t.

An important statement is the following. Contrary to what
was obtained in the previous studies of Y junctions in the
absence of phonons, the scaling exponents now can not be
written in terms of a single modified Luttinger parameter. This
fact may have consequences for possible attempts to recover
the strength of interaction from two experimentally observed
exponents, Acgge and Apyk. In the anticipated situation of non-
interacting tip, K3 = 1, one can naively extract the effective
Luttinger parameter from two alternative definitions [25]:

1 1{ 1
K — + KO — Ak (80)
eff Aedge 2 Ke(?fmk) eff !

These effective Luttinger parameters are depicted on
Fig. 10 as a function of t. They coincide only for the phonon
ideal reflection case, T = 0. However, in the tunneling ex-
periments where the phonons pass through the vicinity of
Y junction, t # 1, our Eq. (79) show that in the physically
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FIG. 10. Two effective Luttinger parameters K s (blue line)
and Ke(?f“'k) (orange line) [see Eq. (80)] as a function of t for o« = 0.2,
g=20.1, and £ = 1.5. They do not coincide for 7 > 0, contrary to
naive expectation following from all previously known Y -junctions
studies.

relevant range of parameters Ko is smaller than Ke(gfd ¢ and
thus, K. should be determined differently.

In fact, in certain experimentally studied low-dimensional
systems exhibiting LL-type behavior the similar mismatch
between measured Luttinger parameters was observed. For
instance, in artificial atom chains [26] Ke(gfige) extracted from
experimental data was found to be larger than Kég“lk), in
agreement with our predictions. Our calculation shows that
the difference between two Luttinger parameters Eq. (80)
can be at least partially due to the strong electron-phonon
interaction.

Instead of a single effective Luttinger parameter we pro-
pose to characterize tunneling experiments in Luttinger lig-
uids by using both ~!|,_, and K which can be determined
from observable boundary and bulk exponents as follows:

K |r:O = Apulk + Acdge — \/1 + (Apuk — Acdge)?

K = Apuik — Acdge + \/l + (Apuk — Acage)? -(81)

Thus, experimental measurements of the conductances
scaling behavior near the two fixed points N and A (i.e., for
two different junction regime: ideal reflection and transmis-
sion case, correspondingly) allow us to obtain interwire inter-
actions contribution to the electron transport in the junction.

It worth noting that the boundary and bulk exponents can
be equal to each other on some nontrivial surface in the
parameter space (for T = 0 or without phonons it can happen
only in the noninteracting case K = 1). This situation is
accompanied by the M point being located exactly on the top
of the parabola of allowed conductances and the emergence
of the line of fixed points located at G, = 0 as was discussed
in Sec. III B. We note that these two exponents equal to each
other (Acgee = Apu) exactly at the point where the condition
IC =1 is satisfied.

It is straightforward to show that scaling exponents pre-
sented in this section can be easily generalized to account for
the additional electron-phonon interaction present in the third
wire (o3 # 0) with the same B matrix [Eq. (5)]. Physically,

it corresponds to the situation when an ideal tunneling tip is
replaced by an electrode made from the same material as a
main wire with large electron-phonon coupling. The Luttinger
parameter K3 then should be simply replaced by K3 with
T = 0 (since the corresponding matrix element is B3z = 1).

Finally, we note that although the scaling exponents de-
rived within our approach are significantly modified in the
presence of the electron-phonon interaction, the RG Eq. (77)
do not exhibit any new fixed points in addition to already
described cases [22]; see also Ref. [21]. It can be understood
in terms of the full integral Eq. (32). The bare interaction
propagator plays a role of the “starting point” for the RPA
dressing procedure (see Sec. IV). If one starts with just a
local interaction, then already the first iteration of the integral
equation results in the new kernel with the form structurally
resembling the phonon propagator where B matrix is replaced
by matrix elements of the fermionic S matrix. Thus, away
from N and A fixed points, then conductances are finite, this
decoration of the interaction potential effectively “smoothens”
the difference between initial bare bosonic propagators. As
a result, the standard classification of fixed points applies.
However, in the proximity of the fixed point N the corre-
sponding tunneling matrix element #, renormalizes to zero,
and the terms proportional to 7 in Eq. (59) are the only
nondiagonal contributions that survive and drastically change
scaling exponents.

VII. CONCLUSIONS

In this work, we have studied the effect of the electron-
phonon interaction on the renormalization of conductances in
the Y junction of the Luttinger liquids out of equilibrium. This
problem setup corresponds to the geometry of a scanning tun-
neling microscopy experiment of one-dimensional quantum
systems, for example, carbon nanotubes [27] or helical edge
states of topological insulators [28,29].

Within the fermionic approach enforced by the Keldysh
diagrammatic technique, corrections to charge currents were
calculated at the infinite order of the perturbation theory in
the electron-phonon coupling constant, and scale-dependent
logarithmic contributions were determined. This allowed us
to apply the renormalization group formalism and derive the
B functions at strong coupling for two characteristic conduc-
tances G, and Gj, which correspond to the current in the
main wire and the tunneling tip, respectively. The obtained
renormalization-group equations were solved analytically in
the vicinity of the fixed RG points, and the corresponding
scaling exponents, as well as various nonequilibrium regimes,
were analyzed in details.

The system exhibits two typical transport behaviors in cor-
respondence with two possible fixed points for the RG flows
in the plane of conductances. When the attractive electron-
phonon interaction is small enough in comparison with the re-
pulsive Coulomb interaction then the conductance G, tends to
zero (fixed point N, “insulator” behavior), in opposite case for
certain parameters G, tends to ideal conductance value (fixed
point A, “metal” behavior). Additionally, there is a saddle-type
fixed point M. The physical reason for the appearance of
the nonuniversal M point in the absence of electron-phonon
interaction was the competition between the renormalization
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of the tunneling density of states and the instability with
respect to the formation of a charge density wave in the
main wire [17]. We show that the influence of phonons on
M point is twofold. One effect is induced attraction between
electrons, which in the absence of interaction in the tip would
lead to disappearance of M point, see Fig. 4 in Ref. [22].
Another effect favors the existence of M point and concerns
the nonlocality of phonon-mediated interaction, in particular
the interaction over the barrier, T > 0. We emphasize that,
although the repulsive interaction in the tunneling tip, g3,
leads to the appearance of M point [20], it cannot move the
fixed point M to the left half of the RG diagram. In case of
only two quantum wires with an impurity (limit G, = 0), the
calculated scaling exponents for fixed points coincide with
those reported in Ref. [10] within the bosonization framework.

We also demonstrated that the presence of an additional
ultraviolet scale in the model, determined by the Debye fre-
quency wp, enriches nonequilibrium transport regimes. As a
result, rather complicated RG trajectories may exist: conduc-
tances RG flow can change the direction from the fixed point
N (insulating behavior) to the fixed point A (metallic behavior)
with running energy € decreasing due to the nonuniversal
position of the M point. Specifically, at high energies (temper-
ature or voltages greater than the Debye frequency wp), the
contribution originating from the electron-phonon coupling
is irrelevant, and the M point is located on the right side
of the RG diagram. At energies lower than the Debye scale,
the contributions of inelastic scattering with phonon transfer
begin to play a crucial role in renormalization. If the junction
is transparent for phonon transport T > 0, then the tunneling
density of states is suppressed, and the M point changes its
position and affects the directions of RG flows (see Fig. 4). As
aresult, the dependence of conductances on the infrared cutoff
(for example, temperature) turns out to be nonmonotonic.

Finally, we show that the scaling of conductances of Y
junction is governed by two effective Luttinger parameters, re-
lated to the main wire. For the geometry of the Luttinger liquid
wire with impurity (detached tunneling tip) only one Luttinger
parameter, /C, appears in equations. Rather unexpectedly,
the scaling exponents for the tunneling tip conductance are
defined by both the previous K, and K|.;—o, calculated in ge-
ometry of Y junction impenetrable for phonons. It means that
the Luttinger parameter, /C, naively extracted from the bulk
tunneling exponent of tip conductance will show systematic
deviation, due to phonons, from /C, determined in other types
of experiment.
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APPENDIX A: PHONON PROPAGATOR WITH A SINGLE
IMPURITY

For simplicity we consider a mass defect model of impu-
rity, while similar calculations can be performed for the pin-

ning or elastic defects [30]. We introduce the causal Green’s
function for the lattice deformations u(x). In the (w, x) repre-
sentation it reads

i - |o|
e

Ulw,x,x)=— =], (A1)

2c|w|

We solve the Lippmann-Schwinger equation accounting for
multiple phonon scattering. The solution has the following
form:

Ulw, x,x')=U%w, x,x")

A
_ A 50, x. 0)U (@, 0, 1),
F(w)

(A2)
for x, x’ # 0. The appearing pole corresponds to the localized
vibrational mode
A
F@) =1+ 2" 020%0,0,0) = 1 - 2,
m )

m

(A3)

with the characteristic frequency w,, = 2mc/Am. In the main
text we use the mixed wire and (w, x) representation, so bare
phonon propagator reads

i ol ol /
(el‘ |x xlo,O _I_ezr(erx)O_l}ﬂ)’

UO l, , /
( x|m x)—_ | | Im
(1‘ )

for x, x’ > 0. The complete solution is
Uy,(1, x|m, x")

i ( ilx—x] 0
= — e c (o}
2¢|w| m

ol , ol ,
—p(lwheS Hgh 1 T(whe’ g ), (AS)

and the reflection and transmission coefficients have the form

i|w|/wpm

p(o)) = — t(|o)) =1—p(lw)). (A6)

1 —ilwl/w,’
There are two simple limiting cases: first, if Am = 0, then we
obtain p = 0, T = 1; and second, if Am = 400, then we get
p=1,1=0.

We notice the continuity condition at x = 0 of the Green

function of deformations
U,(1,x|1,0%) = U,(1,x[2,07) (A7)

and for the full reflection case (o = 1) we obtain the following
boundary condition:

Uy(1,x]1,01) =0 <« u(0)=0. (A8)

For the electron-phonon interactions we need to consider

the Green’s function for the gradients of deformations,
D(x,t,x',1") = —i(TcVu(x, t)cVu(x', 1))

= 23,0y U(x,t,x, 1), (A9)

for x, x’ # 0. This definition can be reformulated in terms of

our mixed wire and (w, x) representation as
Dy, xIm, x') = (o), — 07,03 Usy (I, x|m, X'), (A10)

for x, x’ > 0. Therefore, we obtain the following expression
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for the Green’s function:

D, (1, x|m,x') = —8(x — x')o),
_M(ei““‘u 4P 0 ) 4 Bie i‘(x+x)) (A11)
2c
here the phonon B matrix is an analog of electron |S;;|* matrix
(P T -
B_<r ,0)’ T+p=1 (A12)

The retarded Green’s functions is given by Eq. (4) in the main
text.

APPENDIX B: USEFUL OPERATOR IDENTITIES FOR D,

In this section we present several useful identities for
differential operators D, defined in the main text as D, =
32 + w?/v2.

We are mostly interested in the result of action of D, on
various exponential functions because of the structure of our
bare bosonic propagator in the mixed frequency-coordinate
representation Eq. (9). For instance, one can easily derive

w 1 1Y e
Dv vy = w2<$ _ W)elvx’

D, v = Zlﬁg(x) 4 @? i - L el (B1)
! 4 v2oV2 '
Another important simplification is coming from the com-

bination D, = D, D, introduced in Eq. (43). By using
Eq. (B1) one can obtain

Y 1 1 1 1Y o
D, V' = w4<— — —> <— — —>e’v", (B2)
v2 vz Wt V2

and we get

D, VI =

N AYZ R R Y
+w E—W E—‘ﬁ [ (B3)

It is useful to derive how D, operator acts on a § function:

5()6)

(B4)
Now let us consider these relations for the specific case of
vy. From Eq. (B2) one can see that D, vanishes on the
propagating exponents '+

1
D, 5(x) = 89(x) + ‘“2(—2
v

1
+ )5<2>(x) +
.V

vl

Dy =Dy F =0. (B5)
Moreover, we obtain
l*‘x‘ 2[(,() 2)
Dye 5 (x )+ 8( ). (B6)
vt
Finally, we consider the case with V = c:
o 1 1 1 1Y\ .o
i%x _ 4 ix
Dzei —a)(v—z—§><z—g)€ s (B7)

‘w 2iw 2iw? 1 1 1
D ZT\X\ — 8(2) —_ —_— 8
e W+ (st 2 )i

co( LY e
oMN5 -5 )= -5 )M
v o 2 )\vi ¢?

APPENDIX C: BOUNDARY CONDITIONS FOR
MATRICES A,,

In this section we outline important steps in the derivation
of the set of equations for matrices A,,(y) [Eq. (49)]. As
it was explained in the main text, we can use the ansatz
Eq. (48) for the integral Eq. (38) and compare coefficients
corresponding to different linearly independent x-functions.
Thus, it is convenient to first evaluate integrals Eq. (36) in
terms of matrices A, by using Eq. (48). We obtain

I (xly) = oe 7P+ 22 Z Ko gpu, (X[Y)

ma)
= D Ave() S0, (), (C1)
o g_:I:
Ja(x]y) = K elﬁ(x+y)B+ ol ko 25, (01y)B
prly) = ko pE Z gpv, (O1)
ITw o,
e’ Y BAO)fp.0, (0), (C2)
o,g=%
where we used the notation
8pu, (xX1y) = / dz & FF el il = gl i
Jop o | 9()
soprneiolies), o
with coefficients
-2
9{31/32 — %’ 951/32 — 9{32/31 — _éefﬁﬂz’
CU(,BI - :32) ﬂl
9/31/32 — _M’ Qflﬂz 9,31,32 le(ﬁ[ ﬂz) (C4)
(B + B)

In these calculations we set the lower limit of integration
to zero a = 0 because all diagrams are IR finite. We also
introduced

Top ) = /dz e e L

_}_93{31,—1326!'%/\7 +Qf|ﬂze*lﬂx (C5)

The last remaining integral in Eq. (36) reads as

Qi) = [ dz (atrl2) + B @) Ol

= 0L (xy) + 05V L, (x]y) + € <*0J . (0]y)
+ 0T (0y) + € X [65" B~ + 03], (Oly)
+e BT, (0ly), (C6)

where we used the property gg, 5, (0ly) = f3,5, ().

195404-16



TUNNELING INTO A LUTTINGER LIQUID COUPLED TO ...

PHYSICAL REVIEW B 101, 195404 (2020)

Now we are ready to combine all contributions originating
from integrals J, I, and Q together in the integral Eq. (38).

Prefactors before the exponents with modified velocities
vy €% are exactly zero. The only contributions that remain

intact in the Eq. (38) are related to exponents e~ and e*<*.
By matching factors in front of exponents e** we obtain
two equations for matrices Ag:
00T A () = Y ka0,
o,g=% o=%
(&)
D 0 A () = Z o0y e
o,g=%
Similarly, in the case of e+¢Y we obtain two additional
equations,
D05 A ) = ) ko571 = Ti(),
o,g=+ o=+
» (C8)
D O A = Y ke 1 = D)L,
o,g=*% o=%

where we introduced quantities T1(y) and 75(y) which should
be evaluated explicitly in terms of matrices A. The rest of this
Appendix is devoted to simplification of Eq. (C8).

The contribution for the first equation in Eq. (C8) that we
need to calculate is given by two terms,

d2
_ e gy o+ TOG). (©9)

where the first term is proportional to the identity matrix
[check the definition Eq. (C2)]. In contrast, the second term
is linear in B and defined as

id*/m

T(l)
)= Wb — 2iv

[63°3.01y) + 633, 01y

+6,°J,(0ly) + 27iv’ e B/w — ZIUJL(OIy)/w]
(C10)
For the last term in the second equation in Eq. (C8) we obtain

ic?zc(v —c)

iwL(%-ﬁ-%)B—l 0
Vi e J_»(Oly).

L(y) = (CID

We can further simplify Jz by making use of the first two
Eq. (C7) as follows:

Z Ao'g(y)fu,gvu (O) =

o,g=+

[ <y — 2y
+ E K037 v + E kg0, e "
o=%4 o=+

We notice that f_g, 4,(0) = e 7" f5 4, (L) and obtain

> 03 Age(y)

o,g=%

(C12)

Z AUg(y)ffv,gv{, (0) = Z Qg»voAag(y)eiwL(i_%)

o,8=% o.g=+

CER _9je —i2y
+ E Ky03" €'i0? 4 e H VL E kg0, e "
o==% o=%+

(C13)

Substituting Egs. (C12) and (C13) into Eq. (C2) one can show
that
id*
—B7'J,(0ly) =
Tw

D0 Ag(y) - Z:«ae“’"

o,g=%
(C14)
and consequently
@ gy Oy) = e 3" 07" Agg(y)edin "
Tw - 2 s

o.8g=%+

—e Y k03 el Y (C1S)
a

These two relations allow us to simplify 75(y) defined in
Eq. (C11). Rearranging all terms in the second equation in
Eq. (C8) we represent it in the form

D Avs0e] = ) ko@fe i,
o=+

0,8=%
. o _ nC.8V c(v=c) nvv, m)L( 48
where we introduced g = 6,7 + =55-0, e < Tw .

Finally, we are ready to address the first equation in
Eqg. (C8). All terms containing ¢'<” are exactly canceled there.
The rest of T( can be simplified with the use of Eqgs. (C12)
and (C13) so that we arrive to the following compact repre-
sentation

(Cl16)

2 .
iwv (1)( )= Z [%elvuu _ (pge_le(l+£’)i|BAog(y)
og
o o —ioL(1=:L) =3
B )
78 (C17)

Now we are in a position to combine the results of this section
together. For clarity we redefine all coefficients as X,s P =
—iwff P 7P = —iwe)'?, and bg, = —iwpg. After a
series of stralghtforward algebraic manipulations equations
(C7), (C16), (C8), and (C17) can be reduced to Eq. (49) in

the main text.

APPENDIX D: FULL FORM OF THE SOLUTION FOR bf,gj

In this section we present the explicit form of all matrix
elements b)*.. They are classified by four distinctive sectors
which do not mix with each other in the integral Eqgs. (33) and
(35). We first describe our notation and then define all sectors.

The common factor appearing in all matrix elements has
the form

X = Mt R )FF, - M )R,
(E-%)ER + Ry,
(D1)

Four quantities F; are defined as
F=20Y ox) (x5
o

+c209” ””_”"[(B+ e + (B — 1)v]

BXC v,,)
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FZ—ZU ZO‘~UUU"~C (rv,a_’_Czo_euv(,»«v—zrv,,,(c_v)’
Fg—2v Za~cuv+<~vav+8+ ~ U, av+)

+eB Zg*vg’” [(B e+ (B — l)v],

Fy=

S U,C

Ole

8c3viviv_d? [ v? —¢?
qv% —

2
2~) [(B+ )c + (B — ],
g

where 077 = —iw0f'”, and B corresponds to one of the
eigenvalues of the B matrix; i.e., it can be either p + 7 or
p—T.

In addition, we defined two operations acting on quantities

Fi= Fil g (D2)

~B.-vp .
<x

The first sector corresponds to g = +,s =+, and the
matrix elements have the following form:

ia)L(fvifvi)—
- W/ FF,,

xpt = M RE
x5yt = MR F, - MR

- F3F2|v+~>v,v

j 1 _ 1 —
Xbrt = _oL(=t v+)F3F2 ~F B, .,
i 11 )— —
Xblu—r _ ele(U’ v+)F3F2 +F1F2|u_~>v+'

The second sector is represented by the choice of indices g =
—, § = +, and the matrix elements are defined as

Xbt, = e"“L< v7+v+>F1F L(fJ’ﬁ)Fle
- Félmr—w, F2|v,—>v+’
Xb~ = —eiwL(_i+i)Flfz + eiwL(iJrﬁ)F]Fz,

_ jwL(—-L 4+ L = ~
XbJ_r+ — ( v*+V+)F3|U7~>U+F2+FIF2|U7‘>U+’

i 14t ~ =
Xbir: = —ele(L-hur) F3|v,~>v+F2 - Fl lev,%wr'

The third sector is defined by indices g = +,s = —. The
corresponding matrix elements are given by

iwL(fif !

Xbi=e H)Fﬂuﬁv_ﬂ +F PRy, .y s
xbit =~ )~ AR
Xb—t = e"“L( . v+)FIF2 — & ol (- Lfﬁ)F,Fz,
xbt = —e )RR + ) pE

- F3|u+~>v_ F2|v_%v+‘

Finally, the last sector for matrix elements with g = +, s = —
has the form

—— ioL( -1 —
Xb++:_e (U_ U+)F3|U+—>U,F2_F1F2|v+—>v,’

. ioL (L +-L . =
Xb+_ — (”—+“+)F3|v+~>u_F2 +F1F2|u+~>v_’
i LI ~ i 1 1) .
Xb=; = _e“"L(v-+v+)FlF2 + e’”’L(v- v+)F1F2
- F3|v,»v+F2|v+evJ

1

Xb_~ = em)L(l +l+)F1F2 — e L(E_i)Fle.
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