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We theoretically study Coulomb drag between two helical edges with broken spin-rotational sym-
metry, such as would occur in two capacitively coupled quantum spin Hall insulators. For the
helical edges, Coulomb drag is particularly interesting because it specifically probes the inelastic
interactions that break the conductance quantization for a single edge. Using the kinetic equation
formalism, supplemented by bosonization, we find that the drag resistivity pp exhibits a nonmono-
tonic dependence on the temperature T'. In the limit of low T, pp vanishes with decreasing T as a
power law if intraedge interactions are not too strong. This is in stark contrast to Coulomb drag in
conventional quantum wires, where pp diverges at T' — 0 irrespective of the strength of repulsive
interactions. Another unusual property of Coulomb drag between the helical edges concerns higher
T for which, unlike in the Luttinger liquid model, drag is mediated by plasmons. The special type
of plasmon-mediated drag can be viewed as a distinguishing feature of the helical liquid—because it
requires peculiar Umklapp scattering only available in the presence of a Dirac point in the electron

spectrum.

I. INTRODUCTION

The helical Luttinger liquid (HLL) emerges at the edge
of a two-dimensional quantum spin Hall (QSH) insula-
tor'® and consists, in its most conventional form pro-
tected by time-reversal symmetry, of two counterpropa-
gating Kramers conjugate modes. In an “ideal” helical
edge, the electron spin is conserved for each of the chi-
ral modes (“S,-conserving models”). Electron-electron
backscattering between the modes, as well as backscatter-
ing by nonmagnetic inhomogeneities, is then prohibited
by the combination of the spin-axial and time-reversal
symmetries. As a consequence, charge transport through
the ideal helical edge is characterized by a quantized con-
ductance Gy = 2¢2/h, independent of the temperature T,
also in the presence of nonmagnetic disorder. Experimen-
tally, the conductance quantization has been observed at
the edges of HgTe/CdTe”® and InAs/GaSb® ! quantum
wells.

In a more realistic description of topological insulator
materials, spin-rotational invariance is not preserved in
the helical edge. One perturbation that violates the in-
variance is Rashba-type spin-orbit coupling induced by
broken inversion symmetry about the plane of the semi-
conductor heterostructure. In the presence of nonmag-
netic disorder, elastic backscattering between Kramers
partners remains exactly forbidden by time-reversal sym-
metry, irrespective of the presence or absence of spin-
rotational invariance. As a result, the 7' = 0 conductance
is given by G independently of the strength of disor-
der (as long as the two-dimensional bulk is insulating).
However, at nonzero T, inelastic backscattering is gener-
ically triggered beyond the S,-conserving models'? and
gives rise to dissipation, even in the absence of disorder,
modifying significantly the transport properties of both a
clean and disordered helical liquid'3. In the limit of low

T, inelastic backscattering leads to T dependent correc-
tions to the quantized edge conductance'?'4 7. These
behave, generically, as power laws of T', similar to the
conventional Tomonaga-Luttinger liquid (TLL). In the
thermodynamic limit, the corrections to the conductance
convert into a finite conductivity'® 2! that is a power-
law function of T22. Strong repulsive interactions are
expected to block zero-T transport through the edge by
spontaneously breaking time-reversal symmetry and gap-
ping the edge modes??. Experimental evidence pointing
towards the importance of the TLL effects in transport
through a strongly interacting HLL has recently been re-
ported?4.

In this paper, we investigate Coulomb drag between
parallel clean (no disorder) edges of two identical QSH
insulators, brought in proximity to each other, in the case
of broken spin-rotational invariance. We assume that
each of the edges consists of a single pair of Kramers
partners with a linear dispersion relation. In a Coulomb
drag measurement, current is driven in an “active” con-
ductor (active edge in our setup), inducing an electrical
field or current in a “passive” conductor (passive edge),
with the frictional force being due to electron-electron in-
teractions, without transfer of electrons between the sub-
systems. As such, Coulomb drag is a sensitive probe of
inelastic electron-electron scattering. For helical edges,
Coulomb drag is particularly worthy of study because,
as already mentioned above, inelastic electron-electron
scattering is the only source of dissipation inside a single
edge.

The key quantity characterizing friction is the drag
resistivity,

pp = —Ez/j1, (1)

where j; is the current density driven in the active
conductor and Ey is the electric field applied to the



passive conductor to compensate for the friction force
and maintain zero current therein. In conventional
one-dimensional (1D) systems (single-channel quantum
wires), Coulomb drag has been intensively studied both
theoretically?® 3% and experimentally®46. In general,
Coulomb drag in one dimension, independently of the
particular form of the electron dispersion relation, can
only occur in the presence of scattering that changes the
chirality of electrons®®. Therefore, there is no Coulomb
drag between clean ideal HLLs, in which scattering be-
tween left- and right movers is strictly prohibited. Con-
versely, Coulomb drag between HLLs is only possible if
there is a perturbation that breaks spin-rotational invari-
ance of the edge modes.

One possibility to break the axial spin symmetry and
lift the restriction on backscattering interactions between
two helical liquids is to apply an external magnetic (Zee-
man) field (the magnetic field also breaks time rever-
sal symmetry and generically gaps the edge modes).
Coulomb drag between helical liquids in the presence of
a magnetic field i perpendicular to the spin-locking axis
was studied in Ref.4”. Above the temperature at which
a zigzag-ordered charge density wave is formed (and for
sufficiently small h, so that the electron spectrum can be
approximated as linear), Ref.*” found pp oc A*T4E-—3,
where K _ is the Luttinger constant for the relative charge
mode. The power-law exponent of the T dependence
is here the same as for Coulomb drag between spinless
TLLs, but pp is strongly suppressed, compared to the
TLL case, in the limit of small A.

Another possibility to destroy the spin-rotational in-
variance originates from spin-orbit coupling in the bulk
of the spin Hall insulator. This is the model that we study
in this paper, within the framework introduced in Ref.'?
for a single helical edge. Of central importance to us is
that, in contrast to the magnetic field-induced drag®”,
time-reversal symmetry is preserved in this model, so
that the topological nature of the edge states as Kramers
partners remains intact. The significance of this distinc-
tion is that Coulomb drag between helical liquids, if it is
facilitated by spin-orbit coupling, differs in an essential
way both from Coulomb drag induced by the Zeeman
field and from Coulomb drag between TLLs.

Regarding this distinction, two most important points
to emphasize are the following. First, the strong sup-
pression of electron-electron backscattering in the limit
of low T makes the formation of a strong-coupling ground
state, which is a hallmark of the TLL with repulsive in-
teractions (where a zigzag-ordered charge density wave is
inevitably formed in the low-T" limit), only possible if the
strength of interactions exceeds a critical value. Below
the critical value, pp vanishes with decreasing 7', in con-
trast to the TLL case. Second, time-reversal symmetry
necessitates the existence of a Dirac point in the HLL
spectrum. In the vicinity of the Dirac point, Umklapp
scattering contributes to Coulomb drag in addition to
backscattering. This results in the emergence of a pecu-
liar regime of plasmon-mediated Coulomb drag at higher

T.

To make a systematic treatment of the peculiarities
of Coulomb drag between helical liquids, we formalize
our approach from two complementary perspectives. We
first study the kinetic equation for weakly interacting he-
lical fermions. Having established—for the case of weak
interactions—the vanishing of pp in the limit of low T
and the dominance of plasmon-mediated drag for higher
T, we proceed to bosonize the model and include the TLL
renormalization effects using the Kubo formula.

The paper is organized as follows. In Sec. II, we formu-
late the model of two capacitively coupled helical edges
with broken spin-rotational symmetry. Section III is de-
voted to the study of Coulomb drag between weakly-
interacting edges within the kinetic equation approach.
We write down the kinetic equation for two-particle scat-
tering in the helical edges in Sec. IITA. The high- and
low-frequency regimes of Coulomb drag are considered
in Secs. IIIB and IIIF, respectively. In Sec. IIIC, we
discuss dynamically screened interaction in the helical
edges. In Secs. IIID and IITE, we obtain, respectively,
the electron-hole and plasmon contributions to the drag
rate. In Sec. IV, we address the effects of strong intraedge
interaction on the drag resistivity within the bosonization
framework. The renormalization of the first- and second-
order backscattering amplitudes is analyzed in Secs. IV A
and IV B, respectively. Section IV C deals with the renor-
malization of the drag resistivity. The strong coupling
regime is discussed in Sec. IVD. Section V concludes
with a summary. Some of the technical details are moved
to the Appendices.

Throughout, we use the abbreviation fk = [d&

27 ”

II. THE MODEL

We start by formulating our model for two helical lig-
uids with broken spin-rotational invariance coupled by a
screened Coulomb interaction. In substance, we employ
the model proposed—for a single helical edge—in Ref.!?
and extend it to the case of two edges. We consider two
identical QSH systems at the same chemical potential
1, each with one Kramers pair at the edge, as shown
in Fig. 1. Tunneling between the two QSH systems is
neglected. The transverse size of the edge channels is
assumed to be much smaller than the interedge distance
d. We focus on Coulomb drag between infinitely long
edges, i.e., the wavevector of the external perturbation
in the response functions is sent to zero before taking the
dc limit: this is the order of limits that defines the dc
resistivity in general, and the dc drag resistivity pp in
particular.

The kinetic part Hy of the Hamiltonian is given by

o= 3 | k=) ooy 2)
on

where 14, is the electron operator at the momentum
k in edge o0 = 1,2 with the chirality n = +, and v is
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FIG. 1. Schematics of a Coulomb drag measurement be-
tween helical edges of two QSH systems. Current [; is driven
through the active edge and, as a result of electron-electron
interactions, voltage V2 is induced in the passive edge.

the velocity in the linear dispersion relation. The sum
over k for each of the chiralities runs from —oo to oo (the
bandwidth of the edge states is assumed to be larger than
all other relevant energy scales), with the chiral spectral
branches crossing at k = 0 (“Dirac point”).

In the ideal helical edge, the spin-locking axis is inde-
pendent of k, so that the electron state ¥g,s with a given
spin projection s =7, ] coincides with ¥yq,. As already
discussed in Sec. I, we specialize to the model in which
the spin-rotational invariance of the helical edges is bro-
ken by Rashba-type spin-orbit coupling in the bulk. In
the absence of spin-axial symmetry, 1,5 is generically
a mixture of the chiral states 14, with both chiralities
7. By time-reversal symmetry, the unitary transforma-
tion between the two basis sets (“spin” vs “chiral”) in
the vicinity of the Dirac point has a universal form, as
far as the dependence on k is concerned, to order O(k?).
Specifically'2,

~ ]{;2
wkUT ~ d}kO'Jr - ?wkaf )
0

~ 0 g
W:(m ~ d}kaf + ?wkUJr B
0

where kg is a model-dependent momentum scale which
characterizes the strength of spin-orbit coupling (taken
to be identical in the two edges). We assume that the
spin-orbit interaction is a weak symmetry-breaking per-
turbation with vk > max{|u|, T}, so that the quadratic-
in-k expansion (3) is sufficient for our purposes (here and
below, we count p from the Dirac point).

The density-density interaction term in the Hamilto-
nian is then written in the chiral basis, rotated with re-
spect to the spin basis according to Eq. (3), as

1
Hint - 5

oo’/nin2m3na

X Vgor ((Z) ,l/}};;—"-q,o"f]l ¢;t/_q,a/,,2 djk’o’n;;wkzﬂm s

~/k b771774 (k +4q, k)bmns (k, —4q, k/)
'q

(4)

where V54 (q) is the Fourier component of the interaction
potential inside (o = ¢’ equal to 1 or 2) and between

(o # o’) the edges and

ki — k3
b7I1772 (klv k2) = 6171772 - 7716771,—7]2 T . (5)
0

We assume that the interactions in the double-edge sys-
tem are screened by a nearby metallic gate. Note that—
irrespective of the relation between the distance to the
gate and the distance between the wires d—the inter-
wire potential Vi5(q) starts to decay exponentially with
increasing |g| at |q| ~ 1/d (see, e.g., Appendix A of
Ref.38). For simplicity, we take Vi1(q) = Vaa(q) to be
given by a constant V) and Vi2(q) by a simple exponen-

tial V1 e~ 194, Throughout Sec. III, we also assume that
Vo = Vo

The presence of the factors (5) in the interacting part
of the Hamiltonian for the helical liquid constitutes the
key difference between the helical and conventional Lut-
tinger models. Another difference to notice is related
to the population of the eigenstates at thermal equilib-
rium. The conventional Luttinger model is formulated
for T < |p|, where the chemical potential p is counted
from the energy at which the chiral spectral branches
meet [either at the bottom of the electron spectrum, lin-
earized in the vicinity of the Fermi energy, or at the cross-
ing point of two chiral branches with a linear dispersion
relation, similarly to Eq. (2)]. In the helical Luttinger
model, we assume that T' can be larger than the energy
difference between the Fermi level and the Dirac point, so
that the real scattering processes that involve the electron
states at and around the Dirac point are not necessarily
thermally suppressed.

III. COULOMB DRAG BETWEEN HELICAL
EDGES: KINETIC THEORY

As mentioned in Sec. I, we first consider Coulomb drag
between helical edges within the kinetic equation frame-
work in the limit of weak interactions, by neglecting the
TLL renormalization of the parameters of the system.
This is the same limit that was studied in Ref.'2 for a sin-
gle edge. As will be seen below, the double-edge system
for the case of weak interactions exhibits an essentially
richer behavior—as far as the transport mechanisms are
concerned—than the single edge, primarily because of
an important subtlety in the plasmon-mediated coupling
between the edges.

A. Kinetic equation

The kinetic equation for f,, the distribution function
in edge o, reads

atfa(l) - eEUaklfU(]‘) = Sta(l) ) (6)

where E, is the electric field (e > 0) in edge o and the
argument of f,(1) includes both the momentum and chi-
rality, with 1 being a shorthand notation for k; and 7,
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etc. As a starting point, we neglect intraedge collisions (these will be included in Sec. IITF) and write the colli-
sion integral St, (1) for pair collisions as (for o = 1)

2
Sti(1) = (2m)> > / [Viz(ky — k1, 1 — €0)] by, (b or) |2 by (ko 22 6(Ky + ko — Ky — k)
N2M1 Mt kakyskar (7)

X der + 2 — ev— ) { AL = A - L) - LML) - AONL - f2)]}

where €; = vn1 k1, etc. The collision integral St2(1) for electrons in edge 2 is obtained by exchanging the edge indices

1 <> 2 of the distribution functions. The dynamically screened RPA interaction Vi2(g, ), whose derivation is given

in Appendix A, is specified in Eq. (23) below. As will be shown in Sec. IITE, screening plays a crucial role in the

present problem for not too low T' as it opens up a peculiar plasmon-mediated scattering channel for Coulomb drag.
It is convenient to represent f,(1) in terms of the function g, (1) as

fe(1) = nr(er) = go(Vnr(e)[l —nr(e)], (8)

where ng(e;) = [1 + exp(e; — u)/T)~! is the thermal distribution function. Linearizing Eq. (6) in g,, we obtain (in
the w representation)

eF, v

—iwga(1) = m = = sto(1) ©)

where (for o = 1)

4 2 2 2
Stl(].) = ) (27T)2 E / |V12(k1/ — kl, €17 — 61)| |b772’772 (le, kg){ |b"71’771 (kl’, k1)| 5(61 + €3 — €17 — 62/)
(1) o 2k

X O(k1 4 kg — k1 — ko) np(en)np(e2)[1 — np(er)][1 = np(ex)] [91(1) + 92(2) — g1(1) — g2(2)] . (10)

and

1
cosh[(e; — p)/2T]

¢(1) = (11)

The electric current in edge o, as a linear response to the fields E,, is related to the solution of Eq. (9) by
. ev 2
b—4;m44m%w. (12
1

The dc drag resistivity pp is conventionally defined in terms of j, and E, as in Eq. (1). For the discussion in Sec. III B,
we introduce also the w-dependent drag conductivity defined as

o12 = j1/E2 (13)

under the condition that F; = 0.

B. High-frequency Coulomb drag: Scattering rate

In the limit of large w, Eq. (9) can be solved for g, (k,n) iteratively by expanding the solution in powers of 1/w.
Neglecting collisions between particles (st, — 0) gives

1 eF,v
0) (f — 7. 14
95 (kym) o 077 T (14)

By substituting Eq. (14) in st,, the dissipative part of 012 [Eq. (13)] for large w is then obtained, to order 1/w?, as

Reopg ~ —627@ wry > 1 (15)
Tw?rsy’ b ’
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FIG. 2. Momentum configurations for two-particle scattering in channels (a) and (b) [defined in Eq. (17)] and the corresponding
g-ology classification. The first row depicts the electron spectrum in edges 1 and 2. Initial and final states are shown as filled and
empty circles, respectively. Blue (red) circles denote left (right) movers. The second row shows the diagrams that correspond
to the scattering mechanisms above them. Here, the solid (dotted) lines refer to the quasiparticle Green’s functions of right
(left) movers in edge 1 or 2 and the thick dots denote the offdiagonal elements of the vertex function by, (Kin, kout) defined
in Eq. (5). For the gs1 processes (channel a), the left mover is at zero energy while the right movers are close to the Fermi
surface. As explained in the text, the contributions to the drag rate of processes (ai) and (aii) cancel each other. The drag rate
is determined by the g1, and g3, processes.

where
1 27)3
= ( ;) Z /k mne |Viz(ky — ki, er — 61)|2|b—n2,n2(k2/7k2)|2‘bn1/m (klukl)|2

minzny  Kikaki ko (16)

X (;[T]lkl + 772(](?2 —+ kg/) — T]l/kl/] 5(k'1 + ko — k1 — kg/) nF(Gl)nF(Eg)[l — nF(Ell)Hl — nF(*'UT]QkQI)} .

The symbol oo here is used to emphasize that the “drag rate” 1/77 is calculated in the high-frequency limit. Impor-
tantly, since g,(jo) is independent of k, backscattering of at least one particle involved in the collision process is required

to produce a nonzero drag rate. Specifically, the 1/75 is a sum of contributions of four scattering channels:

(al) m =mnr and n =n (bi) m = —nr and 12 = —mn , (17)
(aii) m =n1 and 1 = —ny , (bii) 1 = —n1 and 7o =1 .

The different scattering channels are depicted in Fig. 2 (together with their g-ology classification).
The scattering processes (ai) and (aii) correspond to g5, scattering in the g-ology classification, with one of the
scattering states being tied to the Dirac point. Denoting ki — k1 = ¢, we have for the two contributions to 1/75:

4
s
Rai=— Z/ |V12(q,vq)’2 £ np(e)nr(vmaq) {1 —npvn(kr + q)]} [1 — np(0)] (18)
T "~ Jkig ko
™ 2 q !
Ra; = T Z/ |V12(q711Q)| <k‘o) np(e)np(0) {1 —nplon (k1 + @)} [1 — np(—vmq)] . (19)
. Jkiky
These are seen to cancel out, R,; = —Ra;i. This is because the initial states for one of the two channels of g5

scattering are the final states for the other (Fig. 2), so that the product of the thermal factors is the same for both
channels, namely

nr(en)nr(vmg) {1 —npfvm(kr + @)} 1 = nr(0)] = np(e)nr(0) {1 — nplvm (b + @I} [1 = ne(-vmg)],  (20)

whereas the transferred momenta are of opposite sign.



The high-frequency drag rate is thus determined by the remaining sum of the contributions of the (bi) and (bii)
processes, which correspond to g1, backscattering and g3, Umklapp scattering, respectively:

1 47

_ A / @ Vala,20Q) W(a.Q) (21)
q

[e'e) 8
T Tkg
where

W(0,Q) = !

1

1

2T

and 2Q) = ky+k7/ is the total momentum of the incoming
(k1) and outgoing (ki) particles in edge 1. The energy-
momentum conservation fixes the transferred frequency
in the RPA interaction at €; — ey, = 2vQ.

The g1, and g3, contributions to 1/757 [which are
given by the first and second terms in the square brack-
ets in Eq. (21), respectively] are of opposite sign, but—in
contrast to the g5, processes, whose contribution to the
drag rate vanishes exactly for arbitrary u—they generi-
cally do not cancel each other exactly. Note that they do
so, however, at the particle-hole symmetric point p = 0.

C. Dynamically screened interaction

Before proceeding with the calculation of the drag rate,
let us elaborate on the importance of the dynamical part
of the screened RPA interaction Vi2(g, 2vr@Q) in Eq. (21).
Derived in Appendix A, Vi2(q, ) reads

Voe 414 [(vg)? — 7]
[(Q+iT )2 - Q3] [(Q+iT_)2-0Q2] "
(23)

V12(q79) =

where the dispersion relation for the symmetric (+) and
antisymmetric (—), in the edge index, plasmon modes is
given by

Q+(q) = v+(q)lq| (24)

with the velocities

v(q) = V14 az(q)v (25)

[see also Eq. (77) for the excitation spectrum of the
bosonized Hamiltonian] and

at(q) =« (1 + eilqld) , (26)

with o = Vj/mv being the dimensionless strength of in-
trawire interactions. It is assumed here that the Fourier
components of the intraedge and interedge bare poten-
tials at zero momentum [Vy and Vo1 below Eq. (5),
respectively| are the same, so that the velocity of the
antisymmetric plasmon at ¢ = 0 is not renormalized by

vg—2p vQ [ vg—2p vQ vg+2u vQ
cosh + cosh == | cosh =5=F + cosh = cosh =2=F + cosh =7

+ (¢ = —q) (22)

(

interactions; this makes the calculation less cumbersome
without changing the result qualitatively. The plasmon
damping rate 'y (¢) is induced by chirality-changing elec-
tron scattering and, at the lowest (second) order in au,
is written (see Appendix A) as

i vq
vq sinh =

(o) = 1oz () (27)

Dynamical screening in the HLL is unusual in two
key aspects. First, the very appearance of the plas-
mon poles in the screened backscattering interaction
[Eq. (23)] is a rather special feature of the HLL, which
distinguishes it—quite apart from the topological pro-
tection against elastic backscattering—from the conven-
tional TLL model. The primary property of the HLL
that is behind this distinction is that the plasmon exci-
tations (chiral polarization bubbles in the fermionic dia-
grammatic language) are only coupled to the backscat-
tering interaction, i.e., participate in its screening, by gs
scattering (see Fig. 7) which, in turn, relies on the exis-
tence of a Dirac point. That is, while the g5, processes
do not, as shown in Sec. III B, contribute to Coulomb
drag directly, they influence it by triggering the addi-
tional, plasmon-mediated mechanism of electron-electron
backscattering.

Second, the plasmon contribution to Coulomb drag is
suppressed by the topological nature of the edge states
much more weakly than the electron-hole contribution.
This can already be inferred from the observation that
1/7% in Eq. (21), being taken with the static interaction
potential Vi2(q,0), scales with the ultraviolet momen-
tum scale kg as 1/k§, whereas T'y from Eq. (27) scales as
1/kg. A consequence of this is that the plasmon-mediated
Coulomb drag, which is entirely due to dynamical screen-
ing, plays a much more prominent role in the HLL com-
pared to more conventional higher-dimensional conduc-
tors (for more detail, see Sec. IIIE).

When integrating over @, the drag rate in Eq. (21) is
represented as a sum of two terms, one coming from the
the sum over the “thermal poles” at Q = +q/2 + p/v +
im(2n — 1)T /v, where n is an integer, the other coming
from the “plasmon poles” of |V12(q,2vQ)[?. In the limit
of T+ (q) <« T, with I'1(q) taken at the characteristic ¢
that give the main contribution to 1/7%, the two terms

vgtp

vg—p
cosh T cosh o7




can be cleanly separated as, respectively, the electron-
hole (1/7en) and plasmon (1/7,) contributions to the drag
rate:

1 1 1
— s — . (28)
TD Teh Tp

These two will be calculated in Secs. IIID and IITE.

D. Electron-hole contribution to the drag rate

We first calculate 1/, the electron-hole contribution
to the drag rate, defined above Eq. (28) and obtainable by
neglecting the dynamical part of the screened potential
in Eq. (21). To find 1/7cy for |a| < 1, we substitute the
bare potential Via(q) for the static potential Via(q,0).
The result depends on the relation between three energy
scales, T, |u|, and v/d, all being assumed to be much
smaller than the ultraviolet scale of our model vkg.

In the limit of low T, for T' < min{v/d, ||}, we obtain

8 4
(1) : 1 %WQ2 e T T o—4krd
" Ten D vko 7 ’

T < min{v/d, |p|} . (29)

The main contribution to 1/7¢, in this limit comes from
911 processes, with the characteristic |¢ £ 2kp| ~ |Q| ~
T/v. The drag rate (29) vanishes for 7' — 0 as 7. Here
and below, (I), (IT), etc. label different transport regimes
to be shown in Fig. 3, etc.

In the opposite limit of high T', for max{v/d, |u|} < T,
we get

~

(37* — 3572 + 60)

8
o (T w2/ v \7
™ (L T
e <vk0> (WT) (wTd) :
max{v/d, |u|} < T . (30)

The contributions of g1, and g3, processes to Eq. (30)—
which are, as already mentioned in Sec. III B, of differ-
ent sign—strongly compensate each other, with the char-
acteristic |q| ~ 1/d and |Q| ~ T/v. The structure of
Eq. (30) in the form of a product of four T' dependent
factors transparently reflects the physics of Coulomb drag
in the high-T" limit. The 7" dependence of 1/7.}, that re-
sults from this product is seen to cancel out; that is, in
the limit of high T, the electron-hole contribution to the
drag rate is independent of 7.

For T between two other scales, || and v/d, the result
for 1/7o, reads, depending on which of the two scales is
larger:

1 512 (22
o : —~-——(=7x?+13
(Ih: =35 <157T + )

x Ta? (LZ;)B (W%)QT,

lp| <« T <wv/d, (31)

and

8
1 " vt 1 _ 21l
WV): —~1sme? () (L) —— 71
v): o =18ma (vk0> (Td) Gpd ¢

v/d<T < |p|. (32)

In both cases, similarly to Eq. (30), there is a strong
compensation between the contributions of g, and g3,
processes. In both cases, the main contribution to 1/7e,
comes from |g| ~ 1/d: the difference is that the character-
istic |Q| is given by T'/v in Eq. (31) and by kr in Eq. (32).
Note that 1/7en in Eq. (32) behaves, with changing T,
according to the Arrhenius law with the activation gap
2[pl.

The crossover between the limits T < v/d < |p| and
v/d < T < || [Egs. (29) and (32), respectively] has the
form of a sharp singularity at 7' = T, where T, = v/2d.
Specifically:

8 4
1 T,
(V): — ~1927a? (M) <) T.
Teh vko I

X 6_% Te "
T.—T ’

<T.-T<T, (33)

v
kpd?
for T < T, and
1 4 A
(V) : — =~ ﬁmf L <) T.
Teh 5 ka ‘,U/|

et (2T Y
e
T-T.) °

v
— < T-T.<T. (34
T < < (34)

for T > T, both in the “critical region” |T' — T,| < T..
The broadening of the power-law “resonance” at T' =T,
is of the order of v/kpd?® < T..

The peculiar behavior of 1/7., in Egs. (33) and (34) is
related to the interplay between two exponential factors
in the integrand of Eq. (21): exp(—2|¢|d) [from the static
interaction potential Vi3(q)] and exp(—v|q + 2kp|/2T)
(from the thermal occupation factors for T' < |p|) in the
interval —2kp < ¢ < 2kp. On the low-T' [Eq. (33)] and
high-T' [Eq. (34)] sides of the resonance, the integrand
is sharply peaked at |g| = 2kr and ¢ = 0, respectively.
Specifically, for Eq. (33), the characteristic momenta are
lg £ 2kp| ~|Q| ~ T2/v(T. — T). For Eq. (34), they are
lg| ~ T?/v(T — T.) and |Q| ~ kp. At the resonance,
the ¢ dependence in the exponential factors cancels out
and 1/7ey is determined by |g| ~ |Q| ~ kr. It is worth
noting that, despite Egs. (33) and (34) having the spike-
like power-law factors, 1/7ep, is a monotonic function of
T, namely it increases with growing 7' on both sides of
the “spike.” This is because the nonsingular (at T' = T¢)
factor exp(—2|u|/T) in Eq. (34) is a faster function of T
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FIG. 3. Electron-hole contribution 1/7en to the drag rate,
with different regimes in the T—u plane labeled according
to the corresponding equations in Sec. IIID. The sequence
of different types of the 7" dependence of 1/7en, depending
on whether the distance d between the edges is larger or
smaller than the Fermi wavelength, is shown at the very end
of Sec. IIID. In the low-T limit, 1/7en vanishes at T — 0 as
T° (regime I). In the high-T" limit, 1/7, does not depend on
T (regime II). In between, 1/7., monotonically increases with
growing T at fixed u, with the crossover temperatures given
by || and (as marked on the T" axis) Ty ~ v/d. For krpd > 1,
there is a sharp change (regimes V and VI) in the T behavior
of 1/7en at T ~ T, = v/2d.

than the singular factor [T,./(T — T.)]® in the tail of the
resonance for T — T, > v/kpd?.

As T increases, the sequence of different types of the
T dependence of 1/7.,—depending on whether kpd > 1
or krpd < 1—is as follows (see also Fig. 3). For krpd > 1,
1/7en behaves as

T° (I) — sharp crossover (V)4 (VI)
— exp(—=2|p|/T)/T? (IV) — const(T) (II) .

For kpd < 1, 1/7cn, behaves as
T° (I) — T7 (IIT) — const(T) (II) .

In both cases, 1/7e, is a monotonic function of T', van-
ishing at T'— 0 and saturating in the limit of large T

E. Plasmon-mediated Coulomb drag

We now turn to the calculation of 1/7,, the plasmon
contribution to the drag rate 1/7%°, as defined above
Eq. (28). Taking the residue of the four plasmon poles in
the lower half-plane of @ at Q = (vy/2v)q — 'y /2v and
Q = —(vs/2v)q —il'y /2v, we represent 1/7, for |a| < 1

as

5
— —aQ—/ q*2e 29w (g, q/2)

q
9\ 4
’U:t 1 1
X 1-——= ] —Re .
Z ( v? ) Ti [(vp —v_)g—iT4]* + Iz
(35)

In the derivation of Eq. (35), we assumed that the plas-
mon modes are weakly decaying. More precisely, we used
not only the condition vy|g| > T'y which is altogether
necessary to meaningfully define the plasmon modes in
the first place, but a stronger condition |atvig| > Iy.
The latter makes it justifiable to neglect the plasmon
damping in the factor ¢> — 4Q? in the numerator of
Vi2(q,2Q/v) [Eq. (23)] at the plasmon poles in Eq. (21),
not requiring at the same time that |(vy —v_)q| is large
compared to I'4.

The important point here is that the energy split-
ting between the symmetric and antisymmetric plasmon
modes |(vy — v_)g| falls off sharply with increasing |q|d,
namely as exp(—2|q|d), so that the broadening of the
modes I't—even though being small in the parameter
(q/ko)* < 1 and the additional power of a [Eq. (27)]—
can become larger than the splitting for |¢| larger than
a certain characteristic momentum ¢, > 1/d (with g,
being still much smaller than kq). As will be shown be-
low, this circumstance essentially modifies the general
picture of plasmon-mediated Coulomb drag, with fric-
tion being strongly suppressed by the overlap between
the symmetric and antisymmetric plasmon modes. For
(g — a)?v?¢* > I3 — T'2| (which includes |g| ~ g;),
the second line in Eq. (35) can be further simplified to

402 1
>t g Tl (36)
— T+ (a4 —a-)?¢* + 1612

Let us first calculate 1/7, for the case in which the
main contribution to 1/7, comes from |¢| < gp, i.e., the
plasmon damping can be neglected in the “Lorentzian”
(36) (recall that I'y is a strong function of ¢, hence the
quotation marks). Importantly, the exponential factor
e~2lald in Eq. (35) is then canceled by the same factor in
(ay —a_)? from the denominator in Eq. (36), so that the
screened interaction effectively extends beyond the scale
of 1/d in ¢ space. Specifically, Eq. (35) reduces to

3 2

sinh £
L™ v T

T 22 2T 5 —2|qld
~ « 1+4+e )
T 32 TkaL cosh?’% q q (

1 1

1 0q vg—pt
cosh o [cosh I

X

—(g— —Q)] - (37)

The radius of the bare interaction only remains in the fac-
tor 14exp(—2|g|d) that originates from the sum o +a*
and changes between 2 and 1 with increasing |g|. Cru-
cially, the strength of interaction cancels out in Eq. (36),
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so that 1/7, in Eq. (37) scales with o as o, similar to

1/Teh~
In the limit of low T, for T < |u| < v/d, we obtain

1 ™ o K ! A%
o~ i LN e lul/T
Tp 6 (vk()) (’NT) c ’

T < |u|l<v/d. (38)

(VID) :

In stark contrast to the electron-hole contribution to the
drag rate, which vanishes for 7' — 0 as a power-law of T,
the plasmon contribution in Eq. (38) obeys Arrhenius’
law. The main contribution to Eq. (38) comes from all ¢
in the interval 0 < |¢| < kp.

For |u| < T <« v/d, we have

1 G rT\* owo\2
VII): —~—7a?( — — ) T
(V1) T 24 e (vk()) (ﬂ'T) ’
|y <« T <wv/d, (39)

with characteristic |g| ~ T'/v. For v/d < max{T, |u|},
the exponential term e~2!9% in Eq. (37) can be neglected,
so that 1/7, is obtained by multiplying Eq. (38) (for T’ <«
v/d < |u|) or Eq. (39) (for |u| < v/d < T) by a factor
of 1/2.

Now, turn to the case of max{T,|u|} > T, =
vqp/2, where the plasmon damping substantially modi-
fies plasmon-mediated Coulomb drag. In this limit, 1/7,
can be represented as

1 3 9 v?

_~

sinh £ 5 1
- @ 4 3 p q
T 32 Tkg cosh a7 Jg s(q)

1 1
—(q— — 40
% cosh 52 [cosh ve—p (a q)] , (40)
where
9g\ 8
s(q) = 14 4a? <q> e?lald
ko
sinhQ%

X (41)

2 vg—p 2 vgtp
cosh” ==F cosh” =5

In fact, Eq. (40) has a broader range of applicability,
namely max{T, ||} > v/d. In particular, it gives, for
s(q) — 1, the result that follows from Eq. (37) for
v/d < max{T, |p|} < T,, as discussed below Eq. (39).
What changes for max{T, |u|} > T, is that the func-
tion s(g) can no longer be approximated by unity for
lg| ~ max{T/v,kr}. Specifically, 1/s(q) behaves as a
step function: 1/s(q) — 6(qp, — |q|), falling off sharply
with increasing |q|, as =219, for |q| — g, > 1/d, where
¢p > 1/d is defined by s(g,) —1 ~ 1. That is, 1/7, in the
limit of strong plasmon damping is determined by all ¢
in the interval 0 < |¢| < gp, with ¢, < max{T'/v, kp}.
We obtain, for three different regimes of plasmon-
mediated Coulomb drag in which the plasmon damping

is important:

1 2 T\* w2 (T, 7
IX): —~—7m?(— ) (&) () T
(X) Tp 77T7Ta (vk()) (WT) (T) ’
max{|u, T} < T, (42)

where
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where
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The term |u|/T in Eqgs. (45) and (47) for T,, appears
because, for T < |u|, the plasmon damping rate obeys
the Arrhenius law with the activation gap |u|. Specifi-
cally:

rgm:iaymT(?Y(;)i-wT (48)

for v|q| < T, which is the condition relevant to Eq. (46),
and

T4 (q) ~ %ai(q)vltﬂ <kqo>4exp (W) (49)

for T < vlq| < |u| (more precisely, as far as the right
condition is concerned, for |u| — v|g| > T), which is the
condition relevant to Eq. (44).

The plasmon damping is seen to strongly suppress
plasmon-mediated Coulomb drag when the energy split-
ting between the symmetric and antisymmetric plasmon
modes (for |g| ~ max{T /v, kr}) becomes much smaller
than their damping rate. Specifically, 1/7, for |u| < T
is suppressed in Eq. (42) compared to Eq. (39) by the
additional factor (7,/T)7" < 1. For T < |u|, the sup-
pression factor, compared to Eq. (38), is (T,,/|u])® < 1
in Eq. (44) and (T, /|u|)T,/T < 1 in Eq. (46). In all the



cases, 1/7, vanishes as a power law of T}, with increasing
damping rate.

Recall that the energy 7}, being defined in terms of the
momentum scale g, above which the plasmon damping
becomes relevant, is a function of 7. This means that the
crossover temperatures that separate between regimes
VIII and IX on the one hand and between regimes X
and XI on the other follow as the solution of the equa-
tion T,(T") = T. One of the characteristic scales of T
that emerges from this is

- v (kod)4
TpO = 27d In W . (50)

The other is

T
Tp1=§°<1+ 1+”|“|> . (51)

2d T2,

Depending on the relation between |p| and T, there
are two distinct sequences, with varying 7', of different
types of the T' dependence of 1/7, (see also Fig. 4). For
|| <« Tpo, as T is increased, 1/, first increases according
to the Arrhenius law (VII) and then keeps growing, as
T3 (VIII), before the growth changes to the 1/T* (IX)
falloff:

e~ /T )T (VIT) — T3 (VIID) — T7* (IX) .

For T,o < |p, the interval of T within which there was
the T behavior of 1/ Tp in the opposite limit shrinks to
zero. The activation growth of 1/7, with increasing T'
[(X) and (XI), with different preexponential factors in
the Arrhenius law] is directly followed by the downturn
to the 1/T* (IX) behavior:

e MTTS(T) /)T (X) — e /T (T)/T? (XI)
— T7* (IX) .

As can be seen from Fig. 4, the energy T}, also gives the
crossover scale for |u| when it varies between regimes VII
and X. The temperature T}; as a function of i [Eq. (51)]
gives the boundary between regimes X and XI.

By comparing the results for 1/7., (I-VI) on the one
hand and 1/7, (VII-XI) on the other, the most notable
differences between the electron-hole and plasmon con-
tributions to the drag rate are the following. First of all,
as already noted in Sec. III C, the two are different in the
way they scale with the ultraviolet momentum cutoff of
our theory, namely 1/7e, o< 1/k8 and 1/7, o 1/kg. This
renders 1/7., to be much smaller than 1/7, when the
three characteristic energy scales T, |u|, and v/d are of
the same order. Moreover, one can see that 1/7., < 1/7,
at T ~ |u| for arbitrary krd. This brings us to the ques-
tion of differences in the T' dependence of 1/7, and 1/7.

One of the differences is that 1/7, is a nonmonotonic
function of T', i.e., in the high-T" limit, 1/7, is indepen-
dent of T' (II), whereas 1/7, decreases with increasing
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T (IX). However, on the side of high 7', the plasmon-
mediated mechanism of Coulomb drag can be seen to
remain dominant, with 1/7, > 1/7e in the whole range
of T up to T ~ vkqy. The situation is different in the low-
T limit. Here, the T' dependence of 1/7, is characterized
by the activation gap |u| [(VII) and (X)], whereas 1/7,
vanishes at T'— 0 as a power law of T'. In fact, 1/7.p, also
behaves, similarly to 1/7,, according to Arrhenius’ law
for T < |pu|—even with the doubled activation gap 2|u|—
if kpd > 1, but only within the intermediate interval of T’
(IV). That is, the “electron-hole mechanism” of Coulomb
drag inevitably wins over the plasmon mechanism in the
limit of low T, leading to the universal T° behavior (I)
of the drag rate at T" — 0 for arbitrary krd. One of the
conclusions that follow from this comparison is that there
necessarily exists a crossover temperature 77 which sepa-
rates the electron-hole (lower T') and plasmon-dominated
(higher T') regimes of Coulomb drag. Specifically,

||

1
T"n=-—"
"7 4 n(ko/|ul) + krd

(52)

Note that the saturation of the dependence of T with
increasing |p| occurs at |u| ~ (v/d)In(kod), i.e., below
Tyo [Eq. (50)]. A similar crossover of the drag resistiv-
ity between the particle-hole dominated and plasmon-
dominated regimes was predicted in the context of two-
dimensional heterostructure bilayers of strongly corre-
lated electron liquids, within the Boltzmann-Langevin
stochastic kinetic equation approach, in Ref.%8.

F. DC Coulomb drag

In Secs. IIID and IITE, we calculated the drag rate
in the high-frequency limit 1/75°. Now we turn to
Coulomb drag in the dc limit, characterized by the dc
drag rate 1/7p (related to the dc drag resistivity pp by
pp = m/e*vTp). Generically, the relaxation rate need not
be a constant of w (when this is the case, at the model
level, the system is said to obey the Drude law). In fact,
the drag rate is known to be sensitive to the rate of ther-
mal equilibration inside each of the two conductors—to
the extent that, while being finite in the high-w limit,
the drag rate may exactly vanish at w — 0 if some of
the thermalization processes are quenched3®? (see also
Refs.39:50:51 for other examples of a failure of the pertur-
bative approach to Coulomb drag). By the same token,
the Drude law is valid for Coulomb drag if the thermal-
ization rate inside each of the conductors is much larger
than the drag rate3S.

In the HLL, the intraedge electron-electron scattering
rate 1/7ce, resulting from g5 interactions, reads!'?

1 ,( T \*
— ~ T T 53
Sna ()T WET 6
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FIG. 4. Plasmon contribution 1/7, to the drag rate, with
different regimes in the T—u plane labeled according to the
corresponding equations in Sec. III E. The sequence of dif-
ferent types of the T' dependence of 1/7,, depending on the
relation between |u| and the characteristic temperature Tpo
[Eq. (50)], is shown at the end of Sec. III E. In contrast to the
electron-hole contribution to the drag rate (Fig. 3), 1/7 is a
nonmonotonic function of T" for given p. In the low-T" limit,
1/7p vanishes at T'— 0 according to Arrhenius’ law with the
activation energy || (regimes VII and X). In the high-T limit,
1/7p vanishes with increasing T as T™* (regime IX).

for |u| < T and

4
Loa (L) e TS s
'Uk()

for T' < |p|. This is the thermalization rate that should
be compared with 1/7 obtained in Secs. IIID and IIIE.
For |u| < T, the drag rate is mainly given by 1/7,, which
is smaller than 1/7.. from Eq. (53) by a small factor
(u/T)? for T < T, [Eq. (39)] and is further suppressed
by plasmon damping [Eq. (42)]. It follows that the dc
drag rate 1/7p for |u| < T coincides with 1/7, calculated
in Sec. IITE.

For T < |u|, both 1/7, and 1/7.. obey Arrhenius’
law with the same activation gap |u|; however, the pre-
exponential factors behave with varying T differently. If
|p| < Tp, then 1/7, > 1/7, for all T < |p|. Otherwise,
the range of T within which 1/7, < 1/7.. extends, as fol-
lows from Eq. (44), down below |u| to T > |u|(T,/1)S,
but 1/7, still becomes larger than 1/7.. for lower T.
Moreover, in contrast to both 1/7.. and 1/7,, the drag
rate 1/7., behaves in the low-T limit as a power law of T
[Eq. (29)]. Asaresult, although 1/7e, < 1/7ee at T ~ |y
(independently of the parameter kpd), there exists a
crossover temperature—much smaller than |u|—below
which the relation between the two scattering rates is re-
versed. In fact, with logarithmic accuracy, this crossover
temperature is given by Eq. (52). Thus, irrespective of
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the relation between 1/7.. and 1/7, at T~ |p|, the drag
rate is larger than the intraedge thermalization rate in
the low T limit. It follows that 1/7% and 1/7p need not
coincide in this limit.

In fact, in one dimension, the relation between 1/7%
and 1/7p is largely dictated by the relative strength of
backscattering compared to scattering with small mo-
mentum transfer. If the latter is dominant, then 1/77°
and 1/7p can be vastly different from each other, as
shown in Ref.?® for the case of one-dimensional electrons
with a parabolic dispersion relation. Otherwise, 1/7%°
and 1/7p are generically of the same order of magnitude,
being only different by a numerical coeflicient. Below, we
demonstrate this by solving the kinetic equation for the
HLL in the low-T' limit, namely T < v/d < |p|. Recall
that Umklapp (g3, ) scattering is strongly suppressed for
T < |p| (Sec. IIID), so that the only scattering channel
that remains (and will only be present in the collision
integral below) is g1, backscattering. It is also worth
noting that forward (g4, ) scattering between chiral elec-
trons is exactly absent in the collision integral for the
HLL model with a linear electron spectrum. This is be-
cause of the RPA resummation that splits the electron
and plasmon velocities in the energy-momentum conser-
vation law and regularizes to zero the collision integral,
similarly to the spinful TLL model®?.

The collision integral (10) for g;; backscattering (n; =
—n1 = —1)9 = 1) reads

1
-~ 8ukd Sy,

X [g1(=n1, k1) + g2(n1, k1)
—g1(n1, k1) — g2(=n1, k1)) (55)

and sto(1) = —sty(1), at the lowest order in the static
interaction (for |a| < 1 and T' <« T3). The contribution
of intraedge (gs)) scattering to sty (1) is neglected in the
low-T" limit (for T'< T1). By introducing the functions

st1(1) Vi (ky — ky ) (K — k3¢ (=1, k)

ge k) =3[R et b)] . (56)

we define the total and relative charge components of the
distribution function

1

gi(k) = 5 [g+(+ k) = g+(= =R)] - (57)
The drag resistivity can be written as3®
FE1—F
pp=—"—2, (58)
o
where the relative current j_ = (j; — j2)/2 is expressed
solely in terms of g¢ (k):
_ev 9= (k)

i _— 59
/ 2 Ji coshQ”kT;E (59)



The kinetic equation for g¢ reads

F,—FE
—iwg® (k1) — w = st.(1),
G~ ——— V2 (ks — k) ™77
s 4vk§ Ky 2l v) cosh? Lé/;”

x [92 (=kv) + g2 (k1)] . (60)

For T < |u|, we can replace ki — k1, with 2k in the fac-
tors (k? — k%)% in the collision integral. Furthermore, for
T < v/d the argument of the interaction potential can
also be set equal to 2kr. Note that both these conditions
on temperature are satisfied for ' < T;. Taking the limit
w — 0, we cast Eq. (60) in the form of a dimensionless
integral equation

A =1~ [ay g0, (61)

cosh? y

(x —y)*  7rt 9 9 4
A(z) / y oy 150 + 7oz 4 227, (62)

for the function

27 (ke VR (2kk) T2
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The dc drag resistivity is then obtained as

2 VZ(2kr) (2kr\* (2T \"
SE LA b ASL Ay (i T (e I A 4
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with the constant

A= / de 99 0040, (65)
cosh”

We thus conclude that, for T" < Ti, the drag rate that

determines the dc drag resistivity is parametrically the
same as 1/75.

IV. INTRAEDGE INTERACTION:
BOSONIZATION FRAMEWORK

In Sec. III, we discussed Coulomb drag between he-
lical edges within the kinetic equation framework and
neglected the TLL renormalization effects. Below, we
complement the formalism of Sec. III by employing the
bosonization approach. In particular, this allows us to
proceed to lower temperatures for which the renormal-
ization leads, as is usual in one dimension, to anomalous
power-law T' dependences of the observables.

Since the renormalization effects in Luttinger liquids
necessarily involve backscattering processes, the charac-
teristic temperature scale at which the renormalization
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starts cannot exceed v/d. Indeed, the distance d between
the edges gives the characteristic radius of the interedge
interaction potential V75, so that on smaller spatial scales
one cannot treat this interaction as local. In fact, in addi-
tion to d, screening by external gates introduces another
spatial scale dy for both the intraedge and interedge in-
teraction, so that the renormalization is only operative
for T < v/max{d, dy}. Below, for simplicity, we assume
that d ~ dp.

In what follows, we first bosonize the model and ana-
lyze the resulting phase diagram for two coupled helical
edges. Next, we discuss the implications of the renormal-
ization effects for the drag resistivity.

A. First-order backscattering

For concreteness, we concentrate on the case of kpd >
1. Then, for T < v/d (which is, as mentioned above, the
range of T where the renormalization is effective) we have
also T' < |u|, so that the transitions resulting from Umk-
lapp interactions of two particles in the vicinity of the
Dirac point are thermally suppressed. Neglecting them,
the part of Eq. (4) that describes chirality-changing in-
teractions reduces to backscattering in the vicinity of the
Fermi surface. The Hamiltonian density simplifies, then,
to H = Ho + Hy + Hsp, where Hy corresponds to the free
Hamiltonian in Eq. (2) and #H;; describes forward (f)
and backward (b) scattering. Moreover, one can describe
this type of backscattering by momentum-independent
coupling constants determined by the Fourier transform
of the interedge and intraedge interaction potentials at
the transferred momentum equal to 2kp.

To write H, it is convenient to introduce the electron
operators at a given point in real space, for the right- and
left-moving electrons, in the form

Yor (@) = Ry (2)e™F%, o (z) = Ly(x)e” ™", (66)

where R, (x) and L, (z) vary slowly on the scale of kj'.
Specifically, Ho and H; are written similar to the con-
ventional Luttinger model as

Ho = —iv (RLO. R, — L}0,L,) (67)
and

Hf = Z (92”600/ + ng_(SU,—o") pRO'pLO"

oo’

1
+ 5 Z (g4H60'0'/ +g4l50,7o’) p'r]o'pr]o-’ 5

oo'n

(68)

where the chiral densities in Hy are given by pre = RIR,
and pr, = LI L, and the coupling constants read g4 =

go| = V11(0) and g4 = g21 = V12(0). The backscatter-
ing part

Ho =Y (911000 + 9100001 hbhor (g9)

oo’



is represented in terms of R, and L, differently, com-
pared to the conventional Luttinger model, with h, com-
ing from the spatial gradient expansion:

ho = [(8IRZ')LU - Rjr(aII?Lo')] a, (70)

where a is the ultraviolet cutoff in real space. As dis-
cussed above, the local representation of the backscat-
tering term is valid on spatial scales larger than d, hence
a ~ d. The coupling constants for backscattering are
given by

2 2

4k Ak
g1 = WQVH(%F), gi11 = kéial};‘/iQ(QkF). (71)

Note that the ultraviolet scale a cancels out in Eq. (69).

The forward scattering term H y can be treated exactly
by bosonization, with the fermionic fields represented in
terms of the bosonic field ¢, () and its canonical conju-
gate 0, (x) as

1 W T|ps(x)— T 72
Rg(l’) = —F——=¢€ Vlpo (2) =00 ( )]7 ( )
1 —i/T | (T)+ x
LU(ZL') =——==€ Voo (#)+0o( )] (43)

Changing from the “wire basis” (o

= 1,2) to the basis of
symmetric (+) and antisymmetric (—)

fields

1 =(p1+92)/V2, 01 = (01£0,)/V2, (74)

the bosonized Hamiltonian density reads
UX —
H=> o [Ex0:0:)° + K5 (9a02)°]

A== (75)
=+ ngl [(8.L0+)2 - (aLe—)2:| COos (2\/%410—) )

where
1-Ux

Ky = 76
=\ (76)
’Ui:uiﬁll_U}: (77)

with
U= (92 £ 921) (78)

+ = Oy 92| = 921)
1

ur = v+ o (ga £9a1) - (79)

Note that for go £ g21 = g4) Fga.1, the relation vi K1 =
v holds.

In the bosonized Hamiltonian (75), we have disre-
garded the terms arising due to the intraedge backscat-
tering (gy-terms), since they contain the fourth power
of gradients and hence are highly irrelevant in the in-
frared. This should be contrasted with the conventional
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Luttinger liquid, where such terms can be fully incorpo-
rated by shifting g, .

Because of the g; scattering processes, the coupling
constants for the double-edge system described by the
Hamiltonian (75) are subject to renormalization. Under
a renormalization-group (RG) transformation that keeps
the quadratic term in Eq. (75) invariant, the scaling di-
mension for the backscattering operator is obtained as
2(K_ —1)+2, with 2(K_ — 1) describing the renormal-
ization of the cosine term and the second term coming
from the spatial gradients. That is, backscattering is ir-
relevant in the RG sense, with the coupling constant

g1l

= 80
ab 2mu_ (80)
scaling with 7" as
Td\ 2K~
ap(T) = apo <U> ) (81)

where a4 in the bare coupling.

It is worth noting that the renormalization of g here
is governed by the forward-scattering amplitudes encoded
in K_, in contrast to the conventional spinful Luttinger
liquid, where the backscattering is renormalized by itself
(more precisely, the weak-coupling beta function for g |
is proportional to the product g; Lgln)s‘n’. The difference
stems from the inequality ga1 # go| that gives K_ < 1
for spatially distant edges and from the strong irrelevance
of the g;|| interaction.

We will return to the scaling behavior of “first-order
backscattering” in Sec. IV C, when calculating pp. For
now, we proceed with the RG treatment of Eq. (75). The
discussion above brought up an important point that the
theory with H from Eq. (75) is weakly coupled, provided
no additional couplings that become relevant are gener-
ated by the RG transformation. In fact, as we discuss in
Sec. IV B, second-order backscattering processes do be-
come relevant for sufficiently strong forward-scattering
interactions.

B. Higher-order backscattering

As already mentioned in Sec. IV A, the backscatter-
ing operator in Eq. (75), which is itself irrelevant, can
generate relevant operators under the RG transforma-
tion. These describe higher-order backscattering pro-
cesses. Among the additional backscattering terms in
the rescaled Hamiltonian, the relevancy is the highest
for the term proportional to the next-order, compared to
Eq. (75), harmonic of the field ¢_, i.e., to cos(4v/2mp_).
Importantly, the emergent additional backscattering in-
teraction is not suppressed by spatial gradient terms in
the prefactor of the cosine, in contrast to Eq. (75). Specif-
ically, as shown in Appendix B, the perturbative (in
ap < 1) RG yields the cos(4v/2mp_) term at the sec-
ond order in gi;. The resulting effective action reads



S = So + 51+ S, where

So=> / dzdr {—i0,0x0,0x
A==+

2N 2 i 2
+ D) |:K)\(a:1:9)\) +K>\(a:v90)\) :|} )

Sy =20y / dedr [(0,0,)° — (2,0-)%] cos (2v2mp_)

So zv_ﬁb/dxdT cos (4\/%4,0_) .

Ta?

(82)

Here we discarded the highly irrelevant terms stemming
from g, that modify Sy by introducing terms with higher
gradients (in this regard, their effect is similar to the ef-
fect of a finite curvature of the electronic dispersion rela-
tion). Note that the term S; couples the antisymmetric
(—) sector with the symmetric (+) one, but, as discussed
above, this term is irrelevant in the RG sense (at least,
in the weak-coupling regime). The structure of the term
So suggests its interpretation as describing the processes
of correlated four-fermion backscattering. A similar term
with doubled harmonics is generated under the RG in dis-
ordered helical edges, see, e.g., Ref.!?, where it described
a two-particle backscattering off the random potential.
Neglecting S7, the action (82) becomes identical to
that for two coupled spinless TLLs, characterized by

the Luttinger constant K T" for the antisymmetric field

©TELif one changes K — K'M/4 and rescales p_ —

T /4. One important consequence of this mapping is
that the system of two strongly correlated helical liquids
with K_ ~ 1/4 behaves similarly to weakly interacting
TLLs. In particular, there is a Berezinskii-Kosterlitz-
Thouless (BKT) transition in the limit of ¢ — 0 at
K_ = 1/4%3. Specifically, the RG equations for the cou-
pling constants K_ and 8, = g/2nv_, which characterize
the action (82), read

dK _ d
Ur=-ssrz . Uhosn-ak s, ()
where ¢ = In(Ag4/A), the ultraviolet cutoff A4 in energy
space is of the order of v/d, and A is the running cutoff.
The bare value of 8, in Eq. (83) is always smaller
than the bare value of ap. Indeed, on the ultraviolet
scales A ~ Ay, the coupling constant 5y is quadratic in
g1 and proportional to the function F(K_, K, ) from
Eq. (B10). Importantly, the function F(K_,K.) is
nonzero for Ky > 0, so that the second-order backscat-
tering is always generated. According to the weak-
coupling RG equations (83), the sign of S} is not changed
in the course of the renormalization, while the renormal-
ization of K_ is insensitive to the sign of 8, by Eq. (83).
Furthermore, for |8;| < 1, inelastic processes mediated
by second-order backscattering (see Sec. IV C below) are
also insensitive to the sign of 8. Therefore, in what fol-
lows, when discussing the weak-coupling regime, we will

use the notation S for |3
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FIG. 5. Renormalization-group flow of the coupling constant
for interwire second-order backscattering g, vs the Luttinger
constant for the relative charge mode K_. The separatrix
between the strong- (point B at K_ < 1/4) and weak-coupling
(point A at K_ ~ 1) phases (thick black line) terminates at a
strongly-interacting point with K_ = 1/4. To the left of the
dashed curve the magnitude of 8, grows monotonously.

The integral curves

B 1 1 Ko\ 12

of the RG flow for different initial conditions g and K
are shown in Fig. 5. The separatrix

BENK_) = [2 (4; —1-In 4}2) } v (85)

divides the phase space into the basin of attraction for
the line of weak-coupling fixed points with £, = 0 and
K_ > 1/4 (by way of illustration, point A in Fig. 5)
and the region in which the flow is to strong coupling
(growing B, with K_ < 1/4, point B in Fig. 5)).

Note that the behavior of 5, as a function of T reduces,
for Bpo < 1, to a simple power law (one can neglect the
renormalization of K_):

8Ko—2

B = (20) (56)

For Ky < 1/4, second-order backscattering becomes

stronger as T is decreased. The characteristic temper-

ature T at which Eq. (83) gives 8,(T™*) ~ 1 corresponds

to the onset of the strong-coupling regime. For the inter-

wire potential specified below Eq. (5), the result for this
temperature scale is given by

U g8 __krd
T dﬂbo o<exp( 1—4K_> . (87)

with K_ = K.

In the strong-coupling limit, the term S5 in the action
(second-order backscattering) tends to lock the phase
@—_ at the minima of the cosine potential in Eq. (82),
which implies the formation of a charge-density wave in



the double-wire system. This is similar to the strong-
coupling regime for two conventional spinless Luttinger
liquids with repulsive interactions2%28. At the level of
the action Sy + So, the difference is that there is a
threshold value for the strength of repulsive interac-
tions below which the strong-coupling regime cannot be
reached in helical liquids, whereas arbitrarily small repul-
sion between electrons drives the system into the strong-
coupling regime in conventional Luttinger liquids. We
will discuss Coulomb drag between helical liquids for the
case of strong coupling in Sec. IV D.

C. Luttinger-liquid renormalization of the drag
resistivity

In this Section, we calculate the drag resistivity by in-
corporating the power-law renormalization which is char-
acteristic of the Luttinger-liquid physics. The effect of
forward scattering (K_ < 1) on Coulomb drag mediated
by the first-order backscattering (described by the term
S7 in the action) can be taken into account by using a
renormalized interaction coupling constant «;(T') in the
results obtained above by means of solving the kinetic
equation (Sec. IIT). This amounts to the replacement

T\ 2= —1)
Vig = Vio (v) (88)

in the results of Sec. IIIF. In particular, for 7" — 0 this
replacement yields

1 1 Td\**~
pp ~ e—2a§(T)T ~ 6—204%0 (v> T oc T*E-+1. (89)

The dependence of the prefactor of the power law on K _
in this expression is obtained in Appendix C.

As pointed out in Sec. IV B, the backscattering oper-
ator in Eq. (75), which itself is irrelevant, can generate
relevant operators under the RG flow. These describe
higher-order backscattering processes that contribute to
the drag resistivity at order 04%0. As we will see below, one
cannot neglect these contributions, even though they are
of higher order in the bare interedge interaction strength.
This is because they may scale with a lower power of
T than the first-order backscattering contributions and
hence may overcome the lowest-order at sufficiently low
T. Moreover, for the case of sufficiently strong interac-
tion (low values of K_), these contributions lead to the
increase of pp with lowering T

The effect of second-order backscattering is not cap-
tured by the kinetic-equation approach developed above,
which includes only pair collisions and neglects interedge
correlations. To obtain the drag conductivity due to the
second-order backscattering processes, we calculate the
drag conductivity using the Kubo formula,

7 . . . .
oD (w) = _a 'L'Qr,,li>12+i0 ;ll)r%) <.71(Q7 Qn)jQ(_Qa _Qn)> )
(90)
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where j,(z,7) = eK,v,0,0(x,7)/\/7 is the current in
edge 0 = 1,2. Here, the correlation function is calcu-
lated with respect to the action S = Sy + Ss in Eq. (82),
yielding the high-frequency drag conductivity

eu_ rTd\ 573 o
Reop(w) = 7550 (v) ?T(K_),

T(K_)= % cos’(ArK_)T?(3 —4K_)T?(4K_), (91)
where I'(z) is the Euler gamma function.

The total high-frequency drag conductivity is a sum
of the contribution due to first-order backscattering and
the contribution of Eq. (91). Following the reasoning
presented in Sec. IITF, we expect that the dc drag re-
sistivity is determined by the high-frequency drag rate
extracted from the ac conductivity. A rigorous analysis
of the renormalized dc drag resistivity can be performed
in a two-step way. First, one renormalizes the bosonized
theory down to the energy scale given by T'. Second, one
refermionizes the theory and solves the kinetic equation
for the new fermionic excitations. We relegate this pro-
gram to future work. Comparing Eq. (91) with Eq. (C9),
we see that the second-order contribution scales with a
lower power of T' when the interedge correlations are suf-
ficiently strong, K_ < 1/3. Moreover, as we have already
shown, second-order backscattering becomes relevant for
K_ < 1/4. Then, the weak-coupling analysis performed
above is only valid for sufficiently high temperatures.

Summarizing, the low-T' drag resistivity is dominated
by the first-order backscattering processes, Eq. (C9), as
long as K_ > 1/3. For stronger repulsive intraedge in-
teraction, 1/4 < K_ < 1/3, the low-T drag resistivity
is governed by second-order backscattering, Eq. (91). At
K_ < 1/4, these scattering processes become relevant in
the RG sense and lead to the increasing drag resistivity
as T is lowered.

D. Coulomb drag in the strong-coupling limit

In this section, we discuss the drag resistivity at the
strong-coupling fixed point of the RG flow derived in
Sec. IVB. We remind the reader that there is a map-
ping of the bosonized theory described by the action
So+ S2 (neglecting the irrelevant term S7) in Eq. (82) to
the theory of coupled TLLs with the Luttinger constant
K = 4K_. Thus, the problem of Coulomb drag in helical
edges in the strong-coupling regime is expected to bear
similarity to the drag between spinless TLLs discussed
in Refs.?52% and to the problem of pinned charge density
waves®®®®. To keep our analysis self-contained, we will
reproduce here the main results of these works, using the
notation of Sec. IV B and only keeping the terms Sy and
So in the bosonized action.

For definiteness, we assume that 8y, is positive (for neg-
ative 0, the consideration is qualitatively similar). In the
strong coupling limit, with 8, > 1 and K_ < 1/4, the



action Sy 4+ Sy is minimized by the uniform mean-field
configurations v32r¢_(z) = ¢m = (2m + 1)w. Recall
that ¢_ describes the displacement of electrons in wire 2
with respect to electrons in wire 1, so that the mean-field
solution gives two interlocked charge density waves. At fi-
nite T, there exist massive harmonic fluctuations around
this mean-field result. However, these excitations do not
carry the antisymmetric current.

Electron transport from one end of the active wire
to the other only occurs if the mean-field value of the
field changes from ¢,, to ¢,,+1. Depending on temper-
ature, transitions between the degenerate ground states
occur due to either quantum tunneling or thermal ac-
tivation. The excitations that carry the current are ei-
ther (anti-)solitons that move along the wire or soliton-
antisoliton pairs that are formed inside the wire and dis-
sociate by the applied electric field. The energy E, and
width Wy of a classical soliton are®®

261, v_ 1
E, = o= - 2
) m™K_ a W (92)

374@&

When Wy is much smaller than the system length, the
response in the antisymmetric sector is determined by the
thermal excitation of soliton-antisoliton pairs and reads

3.854
h EgTﬂ? E,/T
Y . 93
3ore2t, \| 286K v C (93)

where /4, is the soliton mean free path.

In conventional TLLs, repulsive backscattering in-
teractions between two (spinless) wires always become
stronger as T is decreased—for arbitrary bare strength
of the interactions. That is, there exists a characteris-
tic temperature 7" at which the coupling constant for
electron-electron backscattering becomes of the order of
unity. Below T, a zigzag-ordered charge density wave is
formed, as discussed above. As a consequence, one of the
primary properties of Coulomb drag between TLLs with
repulsive interwire interactions is that pp shows activa-
tion behavior, Eq. (93), for T < T*:

po(T) ~ A

o) " T 64

with the activation gap A ~ T*26,

Based on the above mapping, one concludes that for
K_ < 1/4 the drag resistivity has a local minimum at
a characteristic temperature 7%, Eq. (87), at which the
coupling constant S for the second-order backscattering
becomes of the order of unity. Below this temperature,
pp(T) starts growing exponentially due to thermally acti-
vated transitions between neighboring ground states. On
the other hand, if K_ > 1/4, this local minimum does
not occur and the drag resistivity vanishes as a power
law as T" — 0.

We emphasize that the above conclusion is based on re-
taining only the terms Sy and Sy in the bosonized action

Ptherm —
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(82). If the mapping onto the conventional theory of 1D
Coulomb drag worked for the helical edges, for K_ < 1/4
one would obtain pp = —p12 — oo at T — 0. How-
ever, from the general structure of the resistivity tensor,
it follows that the diagonal (intraedge) resistivity should
diverge simultaneously: p1; — oco. Indeed, for clean (no
disorder) systems we have p;; = —p12°°. Thus, the di-
vergence of the drag resistivity would mean that the in-
teredge coupling destroys the topological protection of
the (otherwise) conducting helical edge states. Specifi-
cally, on both sides of the quantum spin-Hall transition
driven by the closing and reopening of the gap in the 2D
bulk of the system (gap inversion), we would then have
nonconducting edge states. However, at zero gap, the 2D
bulk state is still conducting; therefore, the delocalized
bulk state is expected to transform into the conducting
edge state at one side of the QSH transition.

We speculate that, within the framework of an effec-
tive edge theory, this “topological protection” might be
related to the difference between the HLL and normal
TLL: the former contains the additional term S; in the
action (“a-term”). While in the weak-coupling regime
this term is highly irrelevant, when the “g-term” Ss en-
ters the strong-coupling limit, the a-term might again
become important, destroying the charge density wave.
In this scenario, the topological protection is maintained
due to the competition of the o and 3 terms in the action,
leading to nonperturbative effects in the strong-coupling
regime. A somewhat similar situation was encountered in
Ref.%” devoted to the 2D surface states of a 3D topolog-
ical insulator. There, the perturbative (weak-coupling)
RG suggested a localization of the surface states, due to
the Altshuler-Aronov-type corrections, but the nonper-
turbative effect of the topological protection resulted in
the emergence of a critical state in the strong-coupling
regime®®.

To conclude this section, the behavior of pp for suffi-
ciently strong intraedge interaction, namely K_ < 1/4,
is expected to be governed by the interplay of the ten-
dency to the formation of a charge density wave because
of second-order backscattering (the term Sp in the ac-
tion) on the one hand and the topological protection
(encoded in the a-term S7) on the other. This inter-
play might lead to a nonmonotonic 7" dependence of pp
at low T, with a local minimum around 7™* and a lo-
cal maximum at yet lower 7. The behavior of pp at
finite 7" would then demonstrate an “apparent metal-
insulator transition” with decreasing K_. Based on the
weak-coupling RG formalism, we cannot make definite
conclusions about the nature of zero-T' Coulomb drag for
K_ < 1/4. We relegate the corresponding analysis to
future work.

V. SUMMARY

We have presented a theory of Coulomb drag between
clean (no disorder) helical Luttinger liquids based on the



kinetic equation approach supplemented with bosoniza-
tion to take into account Luttinger liquid renormaliza-
tion. We have assumed that the spin-rotational invari-
ance of the helical liquid is broken by Rashba spin-orbit
coupling in the bulk of the topological insulator, which al-
lows for interedge backscattering events without breaking
time-reversal symmetry. We have obtained a richer phase
diagram for Coulomb drag in helical liquids compared to
conventional 1D wires with repulsive interactions.

A peculiar feature of Coulomb drag between helical
liquids—related to the existence of the Dirac point—
is exposed in the high-T" case. We have shown that
Coulomb drag between helical liquids is mediated not
only by backscattering but also by Umklapp processes.
In the helical liquid, Umklapp scattering is special in that
the energy and momentum conservation makes it neces-
sary for one of the involved states (either initial or final)
of Umklapp-scattered particles to be right at the Dirac
point (see Fig. 2). The Umklapp processes reveal them-
selves in Coulomb drag between helical liquids in a subtle
manner. Their direct contribution to the drag resistivity
pD, actually, vanishes exactly; nonetheless, they impact
Coulomb drag profoundly by providing for coupling to
plasmon modes. In turn, Coulomb drag is dominated by
the excitation of plasmons, triggered by Umklapp scat-
tering. This results in a nonmonotonic 7" dependence of
pp, characterized by several crossovers. In particular,
in the limit of high T, the drag resistivity falls off in a
universal manner as

pp o afy T, (95)

where a3 describes the strength of interedge backscat-
tering.

In helical liquids, backscattering is much weakened
by spin-momentum locking, and one important ques-
tion pertinent to the behavior of pp in the low-T
limit, where Luttinger-liquid effects become important, is
about the outcome of a competition between strong cor-
relations and the spin-momentum locking. The impact
of the Luttinger renormalization on the drag resistivity is
twofold. First, it renormalizes the power-law exponents
in the temperature dependence of pp, depending on the
strength of interactions characterized by the Luttinger
parameter K _ of the relative charge mode. Second, for
K_ < 1/4, higher-order electron-electron backscattering
processes become strong below a characteristic temper-
ature scale T* and tend to form a charge density wave.
We have shown that, if repulsive interactions are not too
strong, namely K_ > 1/4, the spin-locking wins and pp
vanishes at T — 0 as a power law of T

9 (T 4K_+1 K /
Ao | 7 , Ko >1/3,
op b0 \ T, (96)

16K_—-3
oo (%) L 1/3>K_>1/4.

For K_ < 1/4, the system enters the strong-coupling
regime at T' < T*. We expect a nonmonotonic behavior
of pp as T is lowered further, governed by the interplay
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FIG. 6. Sketch of the T dependence of the drag resistiv-
ity pp for two helical liquids for v/d < |u| < Tpo, where
Tpo [Eq. (50)] is the temperature above which the plasmon
damping leads to a strong suppression of the drag rate. For
T > T [Eq. (52)], electron-hole excitations in two edges cou-
ple to each other through plasmon modes ( “plasmon-mediated
Coulomb drag”). For T' <« T, Coulomb drag is determined
by direct backscattering of electrons close to the Fermi sur-
face. The exponent v in the power-law T dependence of pp
at T — 0 is given by v = 4K_ + 1 for K- > 1/3 and
v =16K_ —3 for 1/4 < K_ < 1/3. For K_ < 1/4, as
T decreases, the system enters the strong-coupling regime at
T ~T* (Sec. IVB).

between the formation of the charge density wave on the
one hand and the topological protection on the other,
with a local minimum in the 7" dependence of pp at T' ~
T* and a local maximum at yet lower 7.

Summarizing, the overall picture of the dependence of
pp on T, as follows from the results of Secs. IIID-IV D, is
illustrated in Fig. 6. Viewed from a general perspective,
Fig. 6 demonstrates that Coulomb drag between helical
liquids is, as already emphasized above, peculiar in two
important aspects. One of the peculiarities, apparent in
Fig. 6, is that pp vanishes with decreasing T" as a power
law if intraedge interactions are not too strong. The
other, highly unusual, property of helical liquids that we
explored in this paper is the peculiar Umklapp-triggered
plasmon-mediated mechanism of Coulomb drag that gov-
erns the behavior of pp for higher temperatures. This be-
havior clearly distinguishes Coulomb drag in helical lig-
uids from drag in conventional 1D quantum liquids and
could be used to identify helical liquids in Coulomb-drag
experiments®’.
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Appendix A: Polarization operator and RPA
interaction for the helical edge states

In this Appendix, we derive the polarization operator
and the dynamically screened RPA interaction for a ho-
mogeneous HLL. The density of helical fermions in edge
o is written as

PU(Q) = Z /I; wliJrq,mawkanmeh (k +4q, k) y (Al)

nin2

with the matrix elements by, ,, (k1, k2) defined in Eq. (5).
The (bare) polarization operator in the Matsubara rep-
resentation,

(g, i) = — (p(q, 12m ) p(—q,

—iQm)) (A2)

(given that we have identical edges and no tunneling be-
tween them, the index o is dropped here and below),
averaged over the noninteracting ground state, is a sum

J
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II= Zm s Hnyno Of the chiral components

va (97 sz)

==Y [ Gonll+ @i+ 120) G () (43)

and the backscattering components

I, (g, i1Qm) = —TZ/k Go,—n(k + ¢, iwp +i8,)

X Goy(k,iwn)by, —n(k, k +q)b_y n(k+q, k), (A4)
where the bare fermion propagator reads
Gon(k) = (—iw, +vnk — ). (A5)
We have, then,
, 1 vng
II Qp)=——"— A
(@, ) 210 vng — i, (46)
and
, 1 [k? — (k+q)2]2
Iy, (g, i80m) = T 0
o Ji 8y + 2unk + vng
X [np(vnk) —np(—vnk —wvng)] . (A7)

After the analytical continuation to real frequencies €2, — 2+10, the retarded backscattering polarization operator

I, —,(q, ) is given by

1 q2 vko
ReHn,,n(q,Q) = _%’Ung P/ de

7’Uk0

1 (vg)*Q?

2e¢ + €4+

. Q
sinh 5T

(2¢ + eq)2

nple+p) +(Q = —-Q), (A8)

ImIL, _,(q,Q) =

4v (vko)* cosh % + cosh % ’

(A9)

where P denotes the principal value, € = vnk, and ¢, = vng + 2u. Note that the real part of the backscattering
polarization operator diverges at the ultraviolet momentum scale ko as k3 (with the dynamical part diverging log-
arithmically in ko) while having k; 4 in front of the integral, which means that the contribution of IL, _, to Rell
is much smaller than that of II,,, so that Rell can be approximated (we do not directly use the Kramers-Kronig
relation for IT anywhere in the paper) as

ReIl(g, ) ~ = (vg)*

T (A10)

For the imaginary part of II, we have

(vg)*Q* . = Q

L sin !
dv  (vkg)? 2T

o 02y
cosh o7 + cosh T

I T1(g, 9) = 3 [8(vq — Q) + 5w + )] +

+ (g — —q)] ) (A11)

We now turn to the calculation of the dynamically screened RPA interaction. The intra- and interedge components
of the interaction, V11(g, ) and Vi2(q, ), respectively, obey the Dyson equation

Vie Vig\ _ (U UL\ _ (U UL (1L 0 (Vi Vio (A12)
Vi Vi1 UL [ Ur U )\0 II) \Vi2 Vi1 )’
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FIG. 7. (a) Aslamazov-Larkin diagrams describing the lowest order contribution to drag. The solid (dotted) lines refer to the
quasiparticle Green’s functions of right (left) movers and the wiggly line denotes the dynamically screened RPA interaction.
(b) Diagrammatic representation of the Dyson equation for g1 type interaction. We note that the coupling to plasmons (chiral
polarization bubbles) is due to g5 type interaction lines unique to the helical Luttinger liquid. In both (a) and (b) we have set
g1 = 93| and g11 = g31.

where Uj(¢q) and U, (q) are the bare interactions. Solution to Eq. (A12) reads

Uj +H(Uﬁ — UJ2_)
1 +2HU|| —|—H2(UH2 — UJQ_) ’
— UJ‘
1+ 211U —|—H2(U”2 - UJQ_) ’

Vll

(A13)

Via (A14)

Within the model, as discussed below Eq. (5), we assume that Uj(q) = Vj is independent of ¢ and U, (q) = Ve~ lald,
The interedge RPA interaction Vi2(gq, Q) can then be written as

1

Vi2(q, ) = .
12(¢, ) elald [Vt + 2I1(q, Q) | + 2V; sinh(|g|d) I12(q, )

(A15)

Neglecting (ImIT)? compared to (ReIl)? in the real part of the term II? in the denominator of Eq. (A15) and using
Re Il from Eq. (A10), Vi2(g, Q) reduces to

Voe™119(vg)* — %]

V; Q) = Al6
1200, ) (22 — Q2)(Q2 — O2) + 2i(Im )V [(vg)? — Q22 [1 + 2e~1ald sinh(|g|d) (Re TT) V] ’ (A16)

where the plasmon modes 24 (¢) are obtained as the solution of the equation
[(vg)® = Q%) + 2a(vq)*[(vg)* — Q%] + 2a%e™ 174 sinh(|g|d) (vg)* = 0 (A17)

with o = Vj /v, which gives Q4 (¢) in Eqgs. (24)—(26).
Taking the plasmon damping into account, the denominator of Eq. (A16) with the inclusion of the term proportional
to ImIT is expressible as

{[Q+i0(q, Q)] — 2 (9} {[2+iT(q. Q)] — 2 (¢)} . (A18)

(

In the limit of weak damping, I'y ., T'_ < |Q4(¢)—Q-(¢)|, asin Eq. (23).

where
Iy =T(q,94) , (A19) Appendix B: Second-order backscattering
this reduces to
In this Appendix, we perform a real-space RG pro-
2 2 T2 2 )
[(Q‘FZF-F) - Q+] [(Q+2F—) - Q—} J (A20) cedure using the operator product expansion®® (OPE)



to derive the most relevant operator generated by the
backscattering term in Eq. (75):

Sy = ngJ' dzdr cos (\/ggp,) [(8,01)* — (8,0-)7] .
(B1)

The general form for an OPE for two operators O; and
Oj is

: Oi('f‘,\’l) . Oj(’f')\’g) .

B Cijk 0 <1‘A’1—|—r)\,2> .
= E — = O | ———— ) :
T Ta — BRI A 2

(B2)

where :O: denotes normal ordering, A; is the scaling di-
mension of O;, and 7\ = (z,v )\’T)T denotes coordinates in
space-time. The above equality does not hold on the level
of operators, but it is valid when used within the correla-
tion functions, i.e., when the averaging is performed with
another set of operators, at a distance much larger than
|rq1 — 72| from 71 or ;.

It is convenient to introduce the complex coordinates
(z)) and (zy) as

Zy = UAT +ix, Zy = UAT — iT, (B3)

where 7 = —it is the imaginary time variable. We further
introduce the short-hand notations 1y = (zx,1,2x,1) and
Zx12 = 23,1 — Zz,2. By expanding the partition function
of the model defined in Eq. (75) in powers of g7 , followed
by the reexponentiation, we find the effective action® to
the second order in the coupling constant,

Sy = =[(S11)* = (S3.)], (B4)

DN | =

where (...) denotes the averaging with respect to the
fixed-point action. Within the RG procedure, we increase
the short-distance cutoff a at each step by an infinitesimal
amount, a — o’ = (1+ ¢)a, which reproduces the action,
but with renormalized coupling constants, and may lead
to the emergence of new operators. To study the terms
in the effective action, we need the time-ordered @)y
correlation function of the A = = fields,

_ K ‘Z,\|2 + a2
(12 0,0) = -2 [BEZE] s
The correlation function for the 6, fields can be obtained
by using the duality relations
K)\azAQA = azﬁoh ’ Kkaixok - 782>\90A ) (BG)
which, similarly to the OPE, hold when used for the av-
erages that produce the correlation functions.
The most relevant perturbation in the effective ac-
tion (B4) is obtained by contracting all 0,6 terms for
small space time distances a < |z_ 12| < o’. Using the

20

correlation function of the bosonic fields and the duality
relations (B6), we find the OPEs

(00, 55] [oun e,

_>

1 R+ i)? (el +a\** (B7)
4K y)? (a? + |2y 12]2)* a?

x eVERlo-(1)+p-(22)]

and
[(9,0-)7 V5me-| (0,0, ) e!VSTe-]
1 2
R 1 [l (22 19+ 22 15)? (2— 12+ Z_ 12)*
(4m)2 LK2 (a2 + |z_ 12)?)* (a2 + [2- 12[?)*

K_ (a® + [2-12]?)? (a® + |2_ 12]?)?

2K _
" (|z,1z|2 +a2) iVETlp- (1) 4o (2]

— 2 2 =2
8 (z—12+72-12)° 2212+ 22 19 }

’ (B8)

Here, we neglected less relevant terms in the OPE. We
perform the integration over the relative coordinates by
introducing the polar coordinates z_ 12 = re” and
24 12 = re” " 47 cos ¢ with the parameter o = v, Jv_ —
1 = K_/K; — 1. The radial and angular integrations
decouple and we perform the radial integration over an
infinitesimal shell r € (a,d’) by setting r = a. After
integrating out the relative coordinates, we obtain the
following contribution to the effective action:

2 F(K_,K. )t
55,2291,L ( +)

/da;dzr cos[vV32mp_(z,7)] ,
ma

(2m)2v_
(B9)
with the dimensionless function
F(K*7K+):22K7 [fl(K77K+)+f2(K*)] ) (BlO)
where
iy [0 [ Pt
1 } = o
0 27 [292 + (xg — y?) cos? ¢]4 (B11)
 5a® 4 4baty? 4 Ta?yt 4+ Ty°
- 32\/5(362 +y2)7/2
and
fola) = 1/%wh—%+m2
T ), 2
—8z(1 — z) cos 2¢ + (1 — 4z + 22?) cos 49| (B12)
1 —dx+ 622
o 1622

Importantly, the function F(K_,K,) is nonzero for
Ky > 0. We thus see that, upon renormalization, the



new coupling constant is always generated in the effec-
tive action, even if it is absent at the ultraviolet scale.
The effect of the term (B9) on the phase diagram of
capacitively coupled helical edge modes is discussed in
Sec. IVB.

Appendix C: Renormalization of the drag resistivity

In this Appendix, we derive the asymptotics of the
drag resistivity at T — 0 for K_ > 1/3. We assume
for simplicity that the interedge interaction is weak. To
the lowest order in the interwire interaction, the dc drag
resistivity can be expressed as3!36:

9

2
_ - q V12
o / /d K2kz2T
(C1)

where ImIl,(q,w) is the imaginary part of the retarded
density-density correlation function of wire ¢ = 1,2.
Here, we restrict the discussion to equal edges with the
Luttinger parameter K; = Ky = K (or, equivalently,
K_ = K, = K) and the plasmon velocity v; = vy =
v. The drag resistivity obtained by this conventional
formula is equivalent to that obtained from the high-
frequency drag conductivity using the kinetic equation
approach®2.

We write the density operator of helical fermions by
employing the expansion in Eq. (3). This yields

) ImIT; (¢, w)ImIIy (g, w)

sinh? ( > )

pa( ) = wl¢wa,1~ +w;$¢0¢ ~ RTR + LTL
2 (0. R Lo — RYO:Ls] e 27 1 e ).

+ K2
(C2)
The polarization operators entering Eq. (C1) are calcu-
lated in the presence of the intrawire interaction which
would lead to the Luttinger-liquid renormalization of the
drag resistivity, but neglecting correlations between the
edges. This amounts to setting goy = 0 and g4, = 0.
Then the quadratic part of the total Hamiltonian sepa-
rates into two independent sectors in the edge basis. In
the bosonic language, the 2k p-part of the density-density
correlation function, which determines the behavior of
the drag resistivity at low temperatures, can be cast in
the form

4k%‘ —i2kpx
naky (C3)
X (0,0(x, 7)0,0(0,0)e VATl @) =200y | H ¢ |

I12kr (z,7) =

The analytic continuation to real time and the Fourier
transform to the frequency-momentum space is stan-
dard®® and yields
TI°M7 (g,w) = TI%F7 (g + 2kp, w) + T (g — 2k, )
(C4)

21

with I12#7 (¢, w) given by

2 2K
fi2ke (gw) = — kj 1 wal 1
’ ko (koa)2 v wdT?2

Ko (g 127)

(C5)

Here

1
Kico.9) = (5 +1) Tieraten) — Mol

+ Tk +1(,y) (C6)
and we have defined the functions
T, (2, y) = sin(my)227 7072
)
xB(—i(x+y)+72,—7+5+1) (C7)
xB(—i(y—x)—i—l,—'y—&—l) + (z — —x),
2
and
v .
j7($7y) = (7_‘_1—1)222’Y 4Sln(71"'}/)
. v 1
X{|:B( z(m+y)+§ 5, ’7+1>
. 1
+B <—z(m+y)+;+2,—'y+1>} (C8)
. v 1
X{B <z(yz)+2 - 2,”y+1>
- .
+B (—z(y—x)—i— 5 T3 'y—|—1>}}7

where B(z,y) is the Euler beta-function. When deriving
this result, we used

/ dX e "X sinh” (yX) = B(u/2y—-v/2,v+1),

0 21/+1

where the identity holds as long as Rey > 0, Rer > —1
and Rep > Re(yv). In our problem, there exist integrals
for which the condition Rer > —1, which ensures the
infrared convergence, is not fulfilled. In that case, the
integrals over time t are cut off at small ¢ by a/v and,
consequently, the integrals over X are cut off by nTa/v.

For T — 0, the function Im K ([¢ — 2kp]/47T, w/47T)
is strongly peaked around ¢ = 2kp with a width of the
peak of the order of T//v. Therefore, we can neglect the
term Im Kk ([q + 2kr| /47T, w/47T) in the integral over
positive momenta in Eq. (C1). Then, we find

k‘o k‘o G,)4 u
= [
0

where

Q [Im K (0,9/4m) ]
sinh?(£2/2)




with Q = w/T. As discussed in the main text, the natural
ultraviolet cutoff here is provided by the distance between
the edges, a ~ d. The parametric dependence of the drag
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resistivity obtained by means of bosonization reproduces
in the limit K — 1 the result (64) of the kinetic-equation
analysis.
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