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The amount of heat an integer quantum Hall edge state can carry in equilibrium is quantized in universal

units of the heat flux quantum J, = %‘i’TZ per edge state. We address the question of how heat transport
in realistic one-dimensional devices can differ from the usual chiral Luttinger liquid theory. We show that a
local measurement can reveal a nonquantized amount of heat carried by the edge states, despite a globally
equilibrium situation. More specifically, we report a heat enhancement effect in edge states interacting with
Ohmic reservoirs in the presence of nonlocal interactions or chirality-breaking diffusive currents. In contrast
to a nonequilibrium, nonlinear drag effect, we report an equilibrium, linear phenomenon. The chirality of the
edge states creates additional correlations between the reservoirs, reflected in a higher-than-quantum heat flux
in the chiral channel. We show that for different types of coupling the enhancement can be understood as static
or dynamical back action of the reservoirs on the chiral channel. We show that our results qualitatively hold
by replacing the dissipative Ohmic reservoirs by an energy-conserving mesoscopic capacitor and consider the

respective transmission lines for different types of interaction.
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I. INTRODUCTION

One-dimensional systems, especially quantum Hall (QH)
systems, provide an interesting platform to build quantum
thermoelectric devices due to the chiral nature of their edge
states. The theoretical framework of QH edge states contains
a lot of seeming paradoxes due to the fact that, on the one
hand, edge states show many signature properties of one-
dimensional (chiral) states, such as a quantized charge or
thermal Hall conductance [1,2] and a quantized heat flux in
thermal equilibrium [3-5], but on the other hand it is not in-
tuitively clear how strong interactions in mesoscopic devices
affect this common knowledge.

It was demonstrated that interactions introduced by cou-
pling the edge states to metallic granulas show a violation of
the perfect quantization [6,7] of heat if the system is driven out
of equilibrium. Recently, experiments found a deviation from
this perfect quantization due to unknown mechanisms [3-5]. It
was an open question whether dissipation due to the naturally
present disorder in the edges can be an explanation for this
loss of heat in the edge [8]. This motivated us, in a previous
paper, to develop an effective model of a chiral edge in the
presence of intrinsic dissipation [9]. We surprisingly found
that even in the presence of dissipation of arbitrary strength
in equilibrium the energy flux carried by the edge retains the
universal value. The dissipated heat is exactly canceled by the
back-action effect of the dissipative degrees of freedom on the
chiral edge state, guaranteeing perfect quantization.

One effect which has been studied in conventional meso-
scopic devices is the mutual electron drag effect [10,11]. A
device with an active part, driven out of equilibrium, induces
a current in a passive part of the system. Various mecha-
nisms for the drag of charge currents are known, such as
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combined electron-phonon, electron-photon, and electron-ion
interactions [12-14]. In contrast to this is the thermal drag
effect, where a temperature imbalance in the system induces a
heat current, mediated by a Coulomb interaction between the
active and passive parts of the system. Recently, a similar drag
effect has been found in a chiral system consisting of two QH
edge states interacting cross capacitively through two metallic
granulas [15]. The effect leads to a heat drag if the active part
of the system is driven out of equilibrium, but it is a linear
phenomenon; it does not rely on the rectification of noise due
to a nonlinear element, as seen in other similar drag effects.

The idea of cross-capacitive coupling as a form of nonlocal
coupling was also realized in a nonchiral system and led to
a Brownian gyration effect, where the coupling leads to a
persistent current, similar to a heat pump or ratchet, where
heat was pumped from the hot to the cold reservoir by the
current [16,17].

In this paper we focus on QH edges at integer filling factors
subject to strong interactions. The goal of this paper is to
analyze the reason for the perfect quantization of heat flux
in chiral edge states with intrinsic dissipation and show how
it can be broken in equilibrium drift-diffusion systems. Our
main result is that a local measurement of heat can reveal a
nontrivial amount of heat current carried by the edge states in
a globally equilibrium system. To understand this statement,
we start from a physical model of the QH edge.

In real systems, the edge of a QH system is typically
disordered by lumps and defects, as shown in Fig. 1(a). We
assume that the disorder is characterized by a typical disorder
length scale & and leads to a decay of a collective mode
present in the edge [8,9] with a decay rate proportional to
£~'. We refer to a certain class of experiments with the ex-
perimental setup shown in Fig. 1(b) [3-5]. A quantum point

©2023 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.045403&domain=pdf&date_stamp=2023-01-05
https://doi.org/10.1103/PhysRevB.107.045403

FLORIAN STABLER AND EUGENE SUKHORUKOV

PHYSICAL REVIEW B 107, 045403 (2023)

(2) é' /

FIG. 1. (a) Microscopic image of a disordered edge. The edge
of a quantum Hall state can be disordered and form lumps and
puddle defects. The disorder is assumed to have a characteristic
length scale £&. We explicitly model the interaction between these
edge structures and show that a local measurement of the effective
temperature (indicated by the orange arrow) could reveal an unex-
pectedly high temperature. (b) Experimental setup to measure the
effective temperature of the edge. The experiment is done by cre-
ating a nonequilibrium distribution function in the edge, by mixing
two edge states at different chemical potentials at a quantum point
contact. After the equilibration length L., we assume that the edge
retains a local equilibrium temperature Toq > Tiuk. The subject of
this paper concerns the effective temperature after the equilibration
has taken place and in a part of the edge subject to interactions. As we
show, Te is not necessarily equal to T¢y, depending on where and how
one measures. Since we are in a local equilibrium, we assume that our
system is subject to a boundary current with a correlation function
in local equilibrium with the corresponding temperature T¢q for the
two-node setup or periodic boundary conditions for the transmission
line setup. The latter is justified since the collective mode decays and
we assume an infinite system.

contact (QPC) creates a nonequilibrium distribution function
in the edge. We do not study the equilibration in this paper
but assume that after some equilibration length L., the edge
reaches a local thermal equilibrium temperature Tcq. We can
view this as a boundary condition for the edge state and
assume that somewhere upstream of the detector we have a
boundary current with a thermal noise power corresponding to
the temperature 7T¢q. Furthermore, the experiments show that
the edge is thermally isolated from the bulk, but this does not
exclude the possibility that the energy of the collective mode
can be dissipated to unknown degrees of freedom, e.g., to the
creation of electron-hole excitations in the edge. We will refer
to this as intrinsic dissipation.

A first attempt to study this system with a hydrodynamic
model of the edge with intrinsic dissipation [8] led to the
nontrivial problem that the definition of energy flux is not
intuitively clear. We could show that the proposed flux of
potential energy neglects the energy of electron-hole exci-
tations that is eventually given back to the edge [9]. This
back-action effect is responsible for a perfectly quantized heat
flux even in the presence of intrinsic dissipation. We showed
this by introducing a transmission line model of the disorder
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FIG. 2. The transmission line (a) and the equivalent circuit of a
single reservoir of the transmission line (b). The longitudinal current
is chiral, indicated by the diodes, which have a quantum resistance
R, = 2:2”. Each node has a self-capacitance C and is assumed to be
floating.

at the edge, i.e., a Caldeira-Leggett-type model where impu-
rities are represented by periodic heat baths interacting with
an edge state. More specifically, we modeled a transmission
line consisting of Ohmic contacts connected via chiral edge
states; see Fig. 2(a). The main advantage of this model is the
unambiguous definition of the energy flux carried by the edge
state, since in between the reservoirs the flux is described by
free chiral bosonic edge states. The exact cancellation of the
dissipated energy and the back-action effect is a direct conse-
quence of the chirality of the edge channels. In the following
we will introduce a two-node model and a transmission line
model similar to our analysis in Ref. [9] with the difference
that we introduce nonlocal interactions or chirality-breaking
diffusive currents between the reservoirs. “Nonlocal” refers to
interactions with a range of the order of the disorder length
scale £. This breaks the chirality of the system locally and
allows heat to be passed from one reservoir to the next directly
without the help of a chiral edge state. The consequence of
this is that the edge state carries an anomalously high heat
flux, compensated by a deficit current passed by the nonlocal
interactions or chirality-breaking diffusive currents mediated
by quantum point contacts.

II. BACK-ACTION EFFECT OF LANGEVIN
SOURCES AND ITS EXACT CANCELLATION

Let us consider a QH edge state as a chiral, one-
dimensional channel. Each of the edge states carries heat
proportional to the bosonic current-current correlation func-
tion [18]

R
J =S 0) = (P 0)r=ol, @)

where T indicates the temperature. For the free noninteracting
edge, J evaluates to a universal value of a heat flux quantum

Jy = TTkéTz. In this paper, we will distinguish two different
models to describe the edge defects; see Fig. 1. At first, we
will model the edge defects by dissipative Ohmic contacts;
see also Ref. [19]. In a second model, we will revert to the
mesoscopic capacitor as a fully energy-conserving approach
using scattering theory. Under these assumptions we intro-
duce dissipation in the system effectively by considering the
edge states interacting with a lattice of heat baths, modeled
as Ohmic reservoirs [19]; see Fig. 2(a). This can be under-
stood as a variant of the Caldeira-Leggett model [20,21],
where we assume a strong system-bath coupling. A finite
coupling between the system and bath will be considered
separately.
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FIG. 3. Dynamics inside the reservoir. The capacitive interaction
mediates scattering between the incoming current ji,, the Langevin
source j¢, the current that is dissipated inside of the Ohmic contact
Jou and the outgoing current ji,. The scattering is energy conserv-
ing, which can be seen by the unitarity of the scattering matrix before
tracing out the sources.

The dynamics of the Ohmic contacts are effectively gov-
erned by three relevant energy scales: The level spacing of
the reservoir Ejyj, the temperature of the reservoir T, and the
charging energy E. due to the finite capacitance C of the impu-
rities. Physically, a reservoir falls into either of two categories:
A small impurity has a large level spacing and resembles a
two-level system; however, if the impurity is large and hence
the level spacing is small, it resembles a many-level system.
We will consider the limit of infinitely small level spacing.
Finite-level-spacing effects are addressed later in this paper,
and the two-level system limit will be discussed elsewhere.
Furthermore, we assume that we are in the Coulomb blockade
regime and the following separation of energy scales holds:
Elvl < kBT < Ec'

Each Ohmic reservoir is connected to the next one via a
chiral edge state. The incident current creates electron-hole
excitations, which heat the reservoir and in turn lead to the
emission of thermal (neutral) current fluctuations, alongside
charge fluctuations; see Fig. 3. This allows us to use the
Langevin equation approach. The equivalent circuit represen-
tation of each node is shown in Fig. 2(b).

Each reservoir is characterized by a self-capacitance C and
a longitudinal (quantum) resistance R,. The corresponding
Langevin equation tells us that at each node the outgoing
(longitudinal) current emitted by the reservoir has two con-
tributions,

1 .
Jout(r) = ;Q(f) +J(0), T =R, (@)

where all correlations between nodes are encoded in the col-
lective mode Q(¢r) and j°(r) is the Langevin source. This
implies that the heat in the connecting edge state where the
system is free and chiral consists of four contributions.

1 1
J~ Ccc + ;(ch + ch) + ?qus (3)

where we defined the source correlation function C.. =
(j°@)j°(t)), the source-charge correlation functions C., ~
(jS(0)Q(t)) and Cye ~ (Q(2)j¢(t)), and the charge correlation
function C,y, ~ (Q(¢)Q(t)). Note that the vacuum contribution
at T = 0 needs to be subtracted.

We found the exact cancellation of the source-charge and
charge-charge correlation functions upon integrating over the

bandwidth of the system introduced by a Fourier transforma-
tion of the discrete lattice of reservoirs.

1
- / dk Cyyk, ) = — / dk(Ceq(k, ) + Cpelk, ). (4)

This is one central result of Ref. [9]. The exact cancella-
tion of correlation functions implies an energy balance: Heat
absorbed by a reservoir ~C,, will later be reemitted as thermal
fluctuations ~C., + Cy4c. This back-action effect guarantees
that the heat carried by the edge state is always an equilibrium
heat flux quantum J ~ C.. = J, independent of the strength
of dissipation introduced by the transverse interaction.

The result above can be understood in yet another way and
is a direct consequence of the local nature of heat transport.
Imagine cutting the transmission line into a segment, like the
one shown in Fig. 2(a). No matter where the transmission line
is cut between reservoirs, if the incoming current is in equilib-
rium, the outgoing current is also going to be in equilibrium
due to energy conservation.

However, nonlocal interactions, i.e., an interaction between
nodes at different sites, or introducing a second nonchiral
channel change this picture dramatically. Energy conservation
only requires that the total longitudinal cross section carries an
equilibrium amount of heat, but it is not clear how the energy
will be distributed between the chiral channel and the second
channel introduced by some nonlocal interaction or diffusion.
Intuitively, this already explains a potential enhancement or
impediment of the heat flux in the chiral channel. To reveal
this effect, a local measurement of the correlation function in
the chiral channel subject to the special interaction or diffu-
sion is necessary. In this paper we will introduce two types of
nonlocal interaction or diffusion between the nodes and their
corresponding transmission lines and compute the heat carried
by the edge state in the presence of these extra correlations of
reservoirs.

III. THEORETICAL MODEL:
NONLOCAL ENERGY TRANSPORT

We will demonstrate that an edge channel can carry a
nontrivial amount of heat in the presence of nonlocal inter-
actions. The implications of this will be discussed later. We
start from the simplest possible nontrivial model involving
two Ohmic reservoirs which are connected by an intermediate
edge channel and are coupled via some nonlocal interaction.

A. Cross-capacitive coupling

The first example we would like to consider is a cross-
capacitive coupling of strength Cx between the charge
fluctuations in each reservoir. This can be seen in Fig. 4.
The starting point of our analysis is Kirchhoff’s law and the
respective Langevin equations for the outgoing currents of the
following form:

d
EQl(t) = Jjin(t) — Jou (), %)
d
ZQZ(I) = jin2(t) - jout(t)s (6)
1
Jouz(t) = ;(Ql(t) +A0x () + j5(t), 7
1
Jou(t) = ;(Qz(l)+)»Q1(t))+jC(t), 3
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FIG. 4. Cross-capacitive coupling of reservoirs. The Hamilto-
nian density obtains additional terms of the form Cy'Q;Q; with
Jj # j, directly coupling the charge fluctuations of the reservoirs
capacitively. One can formally solve the equations of motion inside
of the reservoirs, i.e., of the edge states subject to the long-range
Coulomb interaction, in terms of the boundary currents indicated in
the figure. The equations of motion for the bosonic fields or currents
are equivalent to Langevin equations (5)—(8).

with A = C/Cx € {0, 1}, which can be solved for the outgo-
ing currents ]Om = (Jout> Jout2s ]Om, joutz) as a function of the
incoming currents and sources Jm = (Jin, Jin2, JS, J2)T Note
that the index c refers to the neutral current propagating in-
side the Ohmic contact. This gives the following relationship
for the Fourier transformation of the currents in terms of a
scattering matrix Jom =M- jm

B A —-A C
M=l-a ¢ B af ®
C -A A B
iATw
A= 2 —(1—itw)? (10)
B=1-¢, (11)
C— itw(l —itw) ‘ (12)

22— (1 —itw)?

One can easily check that this scattering matrix is unitary,
MM = 1, reflecting the energy-conserving nature of the
scattering matrix before the Langevin sources are traced out.
Note that this is the same scattering matrix as the one obtained
in Ref. [15]. We implement the additional constraint that
Jin2 = exp(ioW/vr)jour and solve for the outgoing currents
as a function of the incoming boundary current j;, and the
sources j¢, and j5, respectively. We give the resulting matrix
(jouts joutZ)T = M,(jins jc’ JE)T for W — 0 [22].

M _(D+5 F g)’ (1
A —1+irto
D= , 14
A2 —irtow — (1 —itw)? (14)
ITw — IATW
&= , 15
A2 —idtw — (1 —itw)? (13)
IATW
F=—- (16)

A2 —irtw — (1 —itw)?’
itw(l —itw)

G = . (17)

A2 —idtw — (1 —itw)?

Note that M is not the scattering matrix of the system, since
it contains the intermediate current j,. and is thus not unitary

[23]. This means that part of the heat is passed by the nonlocal
interaction.

Next, we assume that the incoming currents and Langevin
sources are in equilibrium with the same temperature g = o
[24]. This assumption is justified since the energy balance be-
tween absorbed and emitted heat J§,, = J¢ is trivially fulfilled
by the assumption of equal temperature for each reservoir. The

current-current correlation function is given by
(8jx(@)8jy(@) = 278(w + @3y, S(w), (18)
Rq_lhw(l —

exp(—Bhw))~". Using Eq. (1), we are able to compute the heat
flux carried by the edge states after and between the reservoirs.

x,y € {in, ¢, c2}, with the noise power S(w) =

1. Heat flux carried by jo

The unitarity of the scattering matrix guarantees en-
ergy conservation for the total system. This can be best
seen from the outgoing current-current correlation function
(Jout(@) jour(—)) = S(w), which translates into a full quan-
tum of heat carried by the outgoing current. The same
is true for the correlation functions of the internal states
(J5ut(@) Gy (=) and ([0 (@) o0 (—@)). Tnserting Eq. (18)
into Eq. (1) indeed reproduces the equilibrium result J = J,.

2. Heat flux carried by jou

The result for (jour(w) jourr (—®)) # S(w) is different. The
edge state obtains additional correlations due to the nonlocal
interactions. We find

(Jou (@) jour (—w)) = f(w, A)S(w), 19)

A2 =12+ Q2+ D) 1%e? + the*
(A2 =12+ Q2+ 1Br — 41202 + T40*’

where f(w, X) is always larger than 1 and for low tem-
peratures tkgT /(h) < 1, (1 — A?) can be approximated as
flw,A) —1=~2A2 — V(A2 = 1)"272w%. Note that this ex-
pansion breaks down if A — 1 is sufficiently close to the
strongly interacting limit. If we look at the strongest possible
interaction, we find

flw,2) = (20)

3+ 20?

flw, 1) = T ~ 3 —27%0?, (1)
signifying the emergence of a new regime with a different
enhancement already starting in the constant order O(1). One
can estimate a critical temperature 7. at a given A or vice
versa by comparing the coefficients in the expansions at low
temperatures and A = 1. This emergence of a strongly inter-
acting regime is crucial to understanding the physics of the
corresponding transmission line, where this enhancement can
be attributed to the emergence of a second “soft” collective
mode.

We conclude that there is a negative heat drag in a system
with a cross-capacitive coupling. This can be seen explic-
itly, by performing the integration necessary in Eq. (1) using
Eq. (19) in the limit we have just demonstrated. In leading
order the heat flux will be threefold larger than the equilib-
rium flux, which corresponds to an increase of the effective
temperature by a factor of Tog ~ \/§T0 where Tj corresponds
to the temperature of the injected equilibrium heat flux. We
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FIG. 5. Transmission line with cross-capacitive coupling. We ex-
tend our two-node model by introducing nearest-neighbor capacitive
interaction between reservoirs. Similar to before, the equations of
motion can be found either from solving the Hamiltonian equa-
tions of motion directly or by solving the corresponding Langevin
equations.

n+1

conclude that the correction to the equilibrium heat flux for
low temperatures appears as a (kzgT)* correction for weak
interactions and as a (kgT')* correction for strong interactions
and has a positive sign, independently of A. The enhancement
stems from additional correlations due to out-of-phase fluctu-
ations of the charge in the two different reservoirs resulting in
a correlated state in the chiral channel.

B. Cross-capacitive coupling: Transmission line

We note that the transmission line (TL) model is not just
a simple extension of the two-reservoir model, but it contains
some additional physics, namely, the appearance of a second
collective mode, which has important implications for the
transport of heat. Let us consider a TL of reservoirs coupled
via cross-capacitive interactions; see Fig. 5.

Every chiral edge channel is now accompanied by a second
nonlocal channel in each cross section of the infinite line. The
equations of motion for this case are given by

d . .
EQn(t) = Jin,n — Jout,n» (22)

. I
Jout,n = ;Qn(t) + ]ou[,n(t)’ (23)

Q@) = (1) + MQu—1(t) + Q1 (1)), (24)

where the first equation implies charge conservation at each
node and the second equation is a modified Langevin equa-
tion takeing into account the nonlocal interaction as a function
of the dimensionless parameter A = C/Cx. We promote these
equations to transmission line equations, by demanding that
Jinn (@) = jout.n—1(w). Since the dissipation leads to a decay
of the collective mode, we will consider a large number of
nodes and assume periodic boundary conditions, which allows
us to use the discrete Fourier transformations

N—-1
dw .o
Xu(t) =) f %e’z%"*'w’xk(w), (25)
k=0

N-1
1 kL
Xi(w) = N Z / dt e*’sz”*“"’Xn(t) (26)
n=0
and take the large-N limit

N—1

1 & dk
lim —Z—>/ =
N—oo N — /& 27

where we introduced the distance between the nodes &. The
general procedure to compute the heat flux carried by the
edge state, in between reservoirs n and n + 1, involves the
following steps: (1) Solve Eqgs. (22)—(24) using a Fourier
transformation for jou(k, w). (2) Compute the correlation
function Ciyer(k, ®) = {Jout(k, ®) jour(—k, —w)) and integrate
over frequencies and momenta. (3) Solve the momentum
integral, by mapping it onto a unit circle contour with the
transformation z — exp(ik&), and pick up the residues inside
of the contour. The outgoing current-current correlation func-
tion is given by

w*S(w)
Cinter(k, ) = , 27
inter (K, @) (@ — e(b)(@ + £(—k)) (27
where the spectrum of the collective mode is given by
(k) = (e * — 1)(1 4 2 cos(kE)). (28)
T

The eigenvalues of the capacitance matrix C,,, = C -1 Gum +
ABpm—1 4 8umy1)) [25] are given by C~'(1 4 21 cos(k§)),
which have to be positive definite. This limits A € {0, 1/2}.
The integral over momentum over the unit circle contour has
the form

() % dz »*S(w)
inter (W) = . = = ’
¢ 2mi (zw — Z8(2))(w + E(1/z2))

with (@)= (1 =D + A +71). where Ciner(@) =
f %Cimer(k, ). In general this integral has six poles with
a complicated pole structure. We solve the integral exactly
for the noninteracting (A — 0) and strongly interacting
(A — 1/2) limits, and we compute low-temperature
deviations from that point and compute the crossover energy
scale between the two limits. In the following we will analyze
the heat flux J = f—; f dw Cier() in the limits of weak and
strong coupling.

29)

1. Noninteracting limit . — 0

In this limit the integral reduces to the one given in Ref. [9].
There is only one pole inside of the contour at z; = (1 —
itw)~! and one pole outside of the contour at z, = 1 + itw.
We pick up z; and immediately find that C~0m(a)) =1, which
gives a heat flux quantum, due to the local nature of the
interaction and unitarity of the scattering matrix, as seen in
Ref. [9].

2. Strongly interacting limit . — %

In the opposite limit of strong interactions, the poles of
Eq. (29) follow from the two cubic equations

1—22 =2 4 2(1 4+ 2itw) = 0, (30)

14+z-2 —22(1 = 2itw) = 0. 31)

We find that one pole is always outside of the contour, one
pole is always inside of the contour, two poles are only inside
for @ > 0, and the other two poles are only inside for o <
0. A detailed discussion of the pole structure is provided in
Appendix A. We pick up the poles inside of the contour and
find that for low temperatures the correction to the heat flux
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quantum is given by

®dw JTw
= —(1 - = — Ovac
! /o 27T< * 2«/§>(S(w) Sc(@))

3 |nm (5 s T
=J;+ g\/; (5>(kBT)~\/hj, (32)

oo
where ¢(s) = Y n~* is the Riemann zeta function.
n=1

3. Crossover between the two limits

It can be easily seen, e.g., by a perturbative expansion in
small X, that corrections to the A &~ 0 regime will come with
an additional factor of 72w? and thus the heat flux will obtain
a correction that scales as k37*. However, we can go beyond
this perturbative expansion by assuming that kg7 /(/i) <
1, (1 — 2A) is small and look for corrections proportional to
72w?. This gives the following contribution to the heat flux,
which, as we note again, is only perturbative in temperature,
but not in A:

drielkiT?
J=J,+ ——2—7J0), 33
it YW (33)
A AL —2)
JR) = (1+21)% (1= 21)%2(1 +21)5/2° G4

Upon analyzing 7 (X), we see that it diverges as A — 1/2.
This signifies the breakdown of the perturbative expansion
since the difference 1 — 21 may become smaller than the
energy scale set by the temperature. This is the point where
a second soft mode emerges. This can be seen from the pole
structure of the propagator, the inverse Fourier transformation
of (—iw — e(k))™", with the spectrum from Eq. (28). In the
strongly interacting limit there will be an additional pole at
w =0, k=m besides the pole at v« =0, k=0. We can
estimate the crossover from the single-mode solution to the
two-mode solution by comparing the coefficients of Eqs. (32)
and (33). This gives the crossover value for the temperature 7,
at a given value of A or the crossover value for A, at a given
temperature if the expression is inverted:

zkgn_@c@))”( ) e
oo 8 \gmw)

Note that the nonlocal effect due to the cross-capacitive
coupling is a dynamical effect. In the limit where the collec-
tive mode is frozen out (t — 0) the heat flux vanishes and is
blocked by the Ohmic reservoirs. The nonlocal heat transport
can thus be understood as out-of-phase fluctuations (“k = 7”)
leading to an enhancement of heat in the edge state. Qualita-
tively, the limits of strong interactions give different results for
the TL model and the two-node model. This is reflected in the
fact that for Aynoge = 1 the two-node model can be written as a
single node with charging energy % Q1+ 0, )2, while it can-
not be written like that for the transmission line at A, — 1/2.
The Hamiltonian of the system contains only the product of

neighboring charges 5 (07 +0,0j41) # %(Zj 0))%.

4. Work done by one reservoir on the neighboring reservoirs

To find the part of the heat passed by the nonlocal inter-
action, imagine drawing a virtual box around a single node
of the transmission line shown in Fig. 5. Let this box have
length L and choose it such that the bosonic current den-
sity j(x, 1) = —5-0,¢(x, ) at the boundaries corresponds to
J0,1) = jina(t) and j(L,t) = jou.n(t). Next, write a conti-
nuity equation for the Hamiltonian density of the section of
the transmission line inside of the box 0, (ﬁ,,) + 0J, =0,
where n labels the node. Note that in the reservoir model
we take L — oo at the end. For a detailed discussion, see
Sec. IV. The Hamiltonian reads

FZUF L 2
Hy=—— [ dx(0:pn(x,1))” + Hc, (36)
4 0
_0Mt) | Q)00 (1)
He = < T e , 37

where Q;(t) = i fOL dx 0,¢,(x,t) is the integrated charge
density of the reservoir. The total energy current density in
the box J, = —09,(H,) = 0 is zero since the total energy is
conserved, but we are able to express everything in terms of
incoming and outgoing heat fluxes plus some additional term.

R,
Ty = §[<j2(L, ) — (j2(0,1))]

+ 21{Qj(1)8,Qj-1(1) — Q;(1)8,Qj11(1)). (38)
The first two terms correspond to the heat flux outgoing from
the reservoir Jyu ~ (j>(L,t)) and incident to the reservoir
Jin ~ (72(0, t)). In the absence of the cross-capacitive cou-
pling these two terms cancel exactly, due to the cancellation
of Joule heating and the back-action effect of the Langevin
sources discussed in Sec. II. In the presence of cross-
capacitive interaction the two additional terms in Eq. (38)
describe the work done by one reservoir on its neighbors and
vice versa. For the two-node model it is easy to see that

—iwA(Q1(@)Q2(—w)) —H.c. ~ 1 — f(w, ), (39)

which exactly compensates the extra heat in the chiral chan-
nel. Each cross section thus carries only one flux quantum of
heat as expected from thermodynamic arguments. However, a
local measurement might reveal an anomalous amount of heat
in the chiral channel despite a globally trivial heat flux.

Note that Eq. (36) is the same Hamiltonian as the one used
in Ref. [15], where heat drag was studied in chiral systems.
Our analysis thus holds also for this case, and we can com-
pute the heat passed by the cross-capacitive coupling for all
regimes considered in Ref. [15].

C. Tunnel coupling

The second example of nonlocal interaction we would like
to consider is a direct tunnel coupling of the reservoirs through
a quantum point contact (QPC); see Fig. 6.

The equations of motion are given by the following set of
equations:

d
EQl(l) = jin(@) — jou () — jor(t) + jra(?), (40)

d
EQz(f) = jin2(t) — Jou() — jor(t) + jra(), 41)
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. q .
Jout2 Jin2

7— ' C jout

JrRQ JoL

FIG. 6. Direct tunnel coupling of the reservoirs. We consider
QPCs in the regime where the transmission probability is energy in-
dependent. The tunneling of bosonic currents is in general nonunitary
there; however, the partitioning noise adjusts in a way that the energy
balance between in- and outgoing heat at the QPC is respected.

where the two equations are Kirchhoff’s law satisfying charge
conservation of the two reservoirs. The two incoming cur-
rents, jro and jro, which passed the QPC are given by an
energy-independent scattering matrix (7 € {0, 1}) at the QPC
(261,

jra@®) = Tjar(t) + (1 — T)jar() + j2(), (42)

Jjra@®) = Tjor() + (1 = Tjart) — j2@),  (43)

which is in general nonunitary; however, the QPC introduces
partitioning noise j¢, whose noise power is determined in
such a way that the whole QPC is energy conserving and thus
Jra +Jre = Jar +Jar.

Finally, all the currents outgoing from the reservoir are
given by the Langevin equations, respectively.

Jor = 100 + i), (44)
Jou = £ 020 + 50, (45)
o ©) = T0I(0) + 510, 46)
Jou®) = 2Q2(0) + ). )

We assume no retardation for the intermediate current
Jin2(t) = jourz(¢) and solve the system of equations for the
Fourier transformation of the currents. As before, the tem-
peratures of the reservoirs are equal to the temperature of
the boundary current to the left, due to the unitarity of
the scattering matrix inside of the reservoirs. Furthermore,
each cross section contains an equilibrium amount of heat,
which can be seen by adding up the heat of the individual
channels, e.g., Joun + Jor — Jra = Jy OF Joup +Jor — Jio =
Jg, using Eq. (1). However, each individual channel, between
the reservoirs, carries a nontrivial amount of heat. The corre-
lation function of the outgoing intermediate current is given
by

(2o(@) = (1 + g(o, THS(®), (48)

2T (T — 0?t?)

D) = B T+ Dore o'

(49)

n—= 1 jin,n n jout,n n + 1
C JQRn-1 JjLam C JQRn JLom+1 C
T T
JROn-1 | JoLn JROn JorL,n+1
Jjqpc,n

FIG. 7. Transmission line with tunnel coupling. We extend our
two-node model by introducing nearest-neighbor tunneling between
reservoirs in the form of a QPC. Similar to before, the equations of
motion can be found either from solving the Hamiltonian equa-
tions of motion directly or by solving the corresponding Langevin
equations.

where 7 = 1 4+ 7. In contrast to the cross-capacitive coupling
we can safely perform a perturbative expansion for small
frequencies tkpT /(h) < 1 and find

2T 2T (3 +4T)t%w?
1+T (1+7)
The correction thus starts already at the constant order and
hence represents a direct correction to the value of the heat
flux quantum. The heat carried by this channel is given by
2T ) _ 2T(3+47)
L+7 )77 (1+T)7?

8w, T)~

(50)

Jo, (5D

Jout’ = (1 +

where J; = ’f—;;—i(kBT)“. There is a frequency-independent
part of the correction. The term 12+—7;—Jq survives in the limit
where all dynamics are suppressed, T — 0. In contrast to
the cross-capacitive coupling where the enhancement was
dynamical, this represents a static contribution, a frequency-
independent neutral excitation of electron-hole pairs, which
create additional correlations on the chiral channel.

D. Tunnel coupling: Transmission line

Similar to before, we promote the two-reservoir model to
a transmission line. The modified equation of motion has the
following form:

d
EQn(t) = jin,n(t) - jout,n(t) + jQPC,n, (52)

where n labels the position of the node in the line and jgpc,, =
jLQ,n(t) - jQL,n(t) + jRQ,n(t) - jQR,n(t) is the total net cur-
rent incoming and outgoing from the left and right QPC; see
Fig. 7.

To obtain the transmission line equations, we demand that
Jinn(@) = jou.n—1(w). Since the dissipation leads to a decay
of the collective mode, we will consider a large number of
nodes and assume periodic boundary conditions, which al-
lows us to use the discrete Fourier transformations (25) and
(26). Solving for the heat flux follows the same steps already
presented in Sec. III B. The outgoing current joy ,(f) satisfies
a normal Langevin equation. The QPC current, however, sat-
isfies a special Langevin equation of the following form:

2T
Jope(k, ) = ——=(1 — cos(k§)Q(k, w) + Jopes (53)
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with a noise power Sopc = (2R,;/Rqpc)S(w) with R(SEI,C =
27'Rq’1( 1 — cos(k&)). Note the difference of factor 2 due to
nonchirality of the Langevin source. The sign in Eq. (53) is
due to the convention of the definition of current; however,
R(Srl’c can be understood as the eigenvalues of the capacitance
matrix of the system and are defined to be positive definite.
The spectrum of the collective mode is given by

e(k) = %(e*”‘é —-1) - ?(1 — cos(kg)). (54)

The outgoing current-current correlation Coy ,(k, ®) =
(Jout.n(k, @) journ(—k, —w)) function in the large-N limit is
given by

Sopc(w)

Coutn(k, ®) " 22w + e(—k)) (@ — (k)

| Sl + X [iT(— w + e(k)) — 1]1(H.c.)

3w + e(—k))(w — €(k))
(55)

‘We map this onto the unit circle contour by doing the transfor-
mation z — ¢*¢ and pick up the poles inside of the contour.
We find in total six poles, but in contrast to the capacitive
coupling they stay inside or outside independently of w. For
low temperatures we find the following correction to the heat
flux:

Coutn(@) ~ 1 + 12+—TT —6(T +27H1%0*,  (56)

which is exact in 7, but perturbative in small frequencies. This
gives a heat flux of

B 2T )
Jout,n = <1 + g T)Jq 6(T + 2T )s, (57)

where Js = ’IT—; ;—j (kgT)*. The heat flux is qualitatively similar
to the one obtained for the two-node case. Note also here the
emergence of the direct enhancement of the heat flux quantum
in the chiral channel. The heat carried by the QPC current is
negative and exactly compensates the excess heat.

IV. MESOSCOPIC CAPACITORS:
ENERGY-CONSERVING APPROACH

One assumption we rely on is that all dissipative degrees
of freedom lie in the Ohmic reservoirs, which typically repre-
sent a metallic system with an infinitely small level spacing.
The noise power of the Langevin sources can be represented
as an infinite number of harmonic oscillators. This condi-
tion can be relaxed by replacing the Ohmic reservoirs with
mesoscopic capacitors [27,28], a fully Hamiltonian and thus
energy-conserving system without dissipation. A mesoscopic
capacitor is a loop of an edge state, which interacts via long-
range Coulomb interactions with itself; see Fig. 8.

The advantage of this is twofold. One the one hand, this
mesoscopic capacitor is an easily realizable mesoscopic de-
vice: A building block to re-create our theoretical predictions

FIG. 8. Mesoscopic capacitor. A loop of an edge state subject
to Coulomb self-interaction. The Hamiltonian inside of the loop
acquires the additional interaction term Q?/2C, where Q is the total
charge inside of the loop.

in experiments. On the other hand, this mesoscopic capacitor
might be a more realistic approximation of the shape and form
of disorder and defects inherent to QH edges, as shown in
Fig. 9. Our original motivation was to consider an effective
model that includes dissipation intrinsically. However, the
assumption of modeling this as an Ohmic reservoir remained
an open question up until now. As we will show, many of our
results for the reservoirs qualitatively apply also to the energy-
conserving approach and might be an inherent property of QH
edges.

In Appendix B we briefly revisit the cases of cross-
capacitive coupling with mesoscopic capacitors instead of
Ohmic reservoirs. Note the difference. The former does not
rely on the Langevin formalism, but on scattering theory,
and it is a fully Hamiltonian system without any dissipation.
As an example we considered two mesoscopic capacitors
subject to cross-capacitive interaction, but the special role
of the mesoscopic capacitors can be directly generalized to
tunnel coupling and the respective transmission lines. The
main results are that a large capacitor L — oo in equilibrium
is equivalent to the reservoir model considered in this paper.
The reason for this is that correlations between the currents
propagating inside of the capacitor are lost, similar to the
way in which current is dissipated in the Ohmic reservoir,
which leads to the same physical situation and prediction
for the correction of heat flux due to nonlocal interactions.
Our analysis holds if the following separation of energy scale
holds: hvr/L < kT < E., where temperature T is larger
than the level spacing but smaller than the charging energy
of the capacitor.

For a finite length L the result remains qualitatively the
same as for the reservoirs; however, the correlation function
develops additional resonances due to interference effects be-
tween the charge fluctuations of the reservoirs.

FIG. 9. Defects in the edge.
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V. CONCLUSIONS

We model chiral systems with effective intrinsic dis-
sipation in the form of Ohmic reservoirs. We rely on a
combination of scattering theory and Langevin equations and
have full access to equilibrium and nonequilibrium situations.
In thermal equilibrium, there is a cancellation between the
Joule heating of the reservoirs and a back-action effect of the
Langevin sources. This cancellation is the reason for a robust
quantization of heat carried by the edge state in the presence of
dissipation and in the absence of chirality-breaking nonlocal
interactions or diffusion.

We have shown that nonlocal interactions or diffusive cur-
rents between the reservoirs in a chiral system create highly
correlated and nontrivial states, leading to a negative heat
drag effect: an enhancement of the heat flux above the quan-

tized value of the heat flux quantum J, = %’%Tz and thus a
violation of the aforementioned energy balance in the chiral
channel. This nonlocal passage of energy is in full agreement
with the second law of thermodynamics, since every cross
section of the system only carries an equilibrium amount
of heat. This enhancement can be attributed to out-of-phase
fluctuations for cross-capacitively coupled reservoirs and to
an enhancement through the Coulomb blockade effect in the
case of tunnel coupling.

We have shown that neither dissipation nor the specific
choice of our model for a reservoir is the cause for this phe-
nomenon. The same effect can be found by replacing the reser-
voirs with mesoscopic capacitors, a fully energy-conserving
system, consisting of a loop of the edge state subject to
Coulomb self-interaction. For large mesoscopic capacitors the
predictions are the same as for the reservoirs. For small meso-
scopic capacitors the current correlation function develops
resonances, but the effect remains qualitatively the same.

Our results show the nonuniversality involved in heat trans-
port experiments already in equilibrium, and this paper can be
understood as a toolbox to construct and detect these highly
correlated and nontrivial states in mesoscopic experiments.

To proceed further, one needs to look into the physics of
probing the correlated states. The states are highly correlated,
and thus in the tunneling Hamiltonian approach one needs to
define an electronic operator which is not just the bosonized
vertex operator but goes beyond the bosonization formalism
due to correlations through the collective mode if a tunnel
probe is connected. It is an open question whether one has
experimental access to the charge of the excitations, e.g.,
by Aharonov-Bohm-type experiments [29]; to the quantum
statistics, e.g., by nonequilibrium measurements [30]; or to
the correlation function directly by tunneling to a quantum
dot [4].

Finally, the formalism developed in this paper can be easily
applied to construct mesoscopic devices showing anomalous
heat transport, unusual statistics, and more interesting phe-
nomena.

ACKNOWLEDGMENT

The authors acknowledge financial support from the Swiss
National Science Foundation.

g
N

Im[z] ;

1
.: Re|[z]

(a)
1
(b)
—1

{ Re[z]

A

—1

FIG. 10. Poles of the heat integral in Eq. (29): (a) Roots of
1 =22 =2 4 z(1 + 2itw) = 0 and (b) roots of 1 +z — 2 — 22(1 —
2itw) < 0. The dashed lines indicate w < 0, and solid lines indicate
> 0. The blue and purple poles are always present. In the noninter-
acting limit . — 0, we only pick up the purple pole. The other poles
around z = —1 — k = 7 correspond to the second soft mode, the
out-of-phase fluctuations of the collective mode. For finite A these
poles move towards the center of the contour, i.e., the momentum
obtains a finite imaginary part. The excitation becomes gapped, and
we can rely on our low-energy expansion, where the smallest energy
scale is set by temperature, given by Eq. (33).

APPENDIX A: EVALUATION OF CORRELATION
FUNCTIONS FOR CROSS-CAPACITIVE COUPLING

1. Strongly interacting limit > — 1
In the strongly interacting limit A — % the poles of Eq. (29)
follow from the two polynomials

1— 22— 2 4+ 2(1 + 2itw) = 0, (A1)

1+42—2"—22(1 = 2itw) =0, (A2)
where 7 — ¢/*¢. We refrain from writing the poles explicitly,
but the structure of the poles can be seen in Fig. 10(a) for the
first polynomial and Fig. 10(b) for the second polynomial in
Eq. (29).

Note the structural difference of the poles in quadrants I
and IV, belonging to the collective mode contribution at k —
0 and the two poles in quadrants II and III, which appear due
to the nonlocal coupling and approach k — 7 for w — 0 indi-
cating the closing of a gap of a second mode, which becomes
soft sufficiently close to this point. Upon picking up all three
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FIG. 11. Cross-capacitive coupling of mesoscopic capacitors.

poles inside the contour for @ > 0 and w < 0 separately and
assuming small temperatures, we find an intermediate result,
which if integrated over frequencies directly yields Eq. (32).

2. Corrections to the regime 27 « 1 —2)

If, however, temperature is the smallest energy scale in
the system, this means that the two additional poles are suffi-
ciently far from the kK = 7 point, and we can use the method
of intermediate asymptotics, where we do a perturbative ex-
pansion at small temperature around the pole at z & 1 in the
first and fourth quadrants, up to the necessary accuracy. This
gives the first term of 7 (1) in Eq. (34). For the other two poles
we can simply set @ — 0 in the denominator and pick up the
other poles at

1 1
=—— -1
BA=Tn TV
Since the whole correlation function is already proportional
to T2w?, we immediately find the correction from this pole by
setting @ = 0 in the denominator. This gives the second term
of (1) in Eq. (34).

(A3)

APPENDIX B: EDGE STATES WITH LONG-RANGE
COULOMB CROSS COUPLING

A loop of an edge state of length L interacts with itself viaa
long-range Coulomb interaction with self-capacitance C. We
introduce a nonlocal Coulombic cross coupling Cx between
two of these mesoscopic capacitors which are separated by a
distance W; see Fig. 11. The Hamiltonian of the edge state in-
side of the interaction region acquires the following additional
terms:

h
H; = ﬁ f dx(dep;(x, 1))

03(1) Q1011
+ 2C + Cx ’

(BD)

where Q;(t) = 5= fOL dx 9:¢j(x,t) is the integrated charge
density of the loop and j = 1, 2 labels the left or right node.

The equation of motion of the bosonic field ¢;(x, 1) is given
by

By (x. 1) + vpdypj (x. 1) = —%Q,-(n, (B2)

with Q;(t) = Q;(t) + AMQ,;—1(t) + Qj41 (1)), Where we in-
troduce the relative coupling strength A = = € {0, 1} and
Qo(t) = O3(t) = 0. We assume that the system is connected
to a large reservoir without charge fluctuations and hence

no capacitive cross couplings. The reservoir to the left has
temperature 7 and emits the equilibrium current ji,. We solve
the equation of motion inside of the red interaction regions
in terms of their boundary currents jin, jin2, jout, jourz, Which
allows us to express all currents as a function of only the
equilibrium current j,. As expected we find that ( jgm(t)) =
( jfn(t)) This is not necessarily the case for the intermediate
current Jourz. The Fourier transformation of the outgoing cur-
rent jout = (J Jom, joutz) as a function of the incoming current
= (jin, jim2)" is given by

> - B
Jou=8"Jn S= (g‘gg;; AEZ’)))), (B3)
— 2(w
A IATwx (2) = (B4)

(1—xr2— tra))xz( ) + tox(w) + T2wle”

— 2 Py
B (1 —2%)x? ( )+th(a))+r w? . ®5)

(1—-2x2— lra))xz( ) + tox(w) + T2w?e”
. (oL
x(w) = 2sin (—), T =R,C. (B6)
VF

The scattering matrix S is unitary, but there is another chan-
nel where heat can propagate. With the additional constraint
that ji, = exp(ioW/vp)jouz, We can express the outgoing
currents as a function of the boundary current j;, only and
compute their respective current-current correlation functions,
i.e., the heat carried by the edge state. We analyze the nontriv-
ial correlation function ( jgmz (1)) of the intermediate current in
different limits of W and L.

1. Trivial limits

We discover several trivial limits of the parameters L and
W. In the limit L — O there is no accumulation of charge in
the capacitor and hence no interaction between the reservoirs.

lim (12,00} = Jg. (B7)

In the limit W — oo the phase factors exp(+iowW /v ) are
fast oscillating, and we average them over a period. We do this
by mapping the average integration onto the unit circle con-
tour C with the transformation z — exp(iwW/vr) and include
only the residues inside the contour.

o _ fidz {jp@)B@)
@)= § o A oncdw =D ®
which evaluates to
Jim(j0 () = Jy. (B9)

This means that the correlation between the outgoing and
incoming intermediate currents is lost, the cross-capacitive
interaction does not influence the system, and the current is
in equilibrium everywhere. For the rest of this paper we will
thus consider the opposite limit of strong correlations between
the intermediate currents and consider W — 0.

2. Limit of L — oo

Similar to the case of W — co, we average over the fast
oscillations as a function of L by the following transforma-
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tion: z — exp(iwL/vr). This gives a slightly different integral
compared with Eq. (B8) of the form

(@) 7{ idz  (jn(@)B:(@)B1(~w)
Jou 1= )2 2wz (1= Ay (—o)) (A (@) — 1)
where A.(w) and B,(w) are given by Egs. (B4) and (B5)
with the replacement z — exp(iwL/vr); note especially that
x(w)=z+ % Ai(—w) and B%(—a)) indicate the complex

conjugate. The iniegral has three poles which are always in-
side the unit circle contour at

(B10)

20 =0, (B11)

. A2 —1+irtw
T =D+ A+ ite) + itoVAh + ito)
=D+ tite)+ito/r( +itw) (B13)
2= 2+ ot — (1 + iwT 2 ‘
Picking up the residues of this pole gives the nontrivial
result for the heat per frequency carried by the intermediate
current

21 (B12)

(j2a(@) = f(@, V{2 (@)),

A =122 + 2+ 1) 1%0? + the?
A2 =12+ 24+ 1061 —4))T2w? + T40*’
(B15)

(B14)

f((,l), )\,) =

where f(w, 1) is the same correction as Eq. (20), the one we
found with reservoirs instead of mesoscopic capacitors.

3. Equivalence to the reservoir model

We note that the same equations, Egs. (B14) and (B15), can
be found by replacing the large (L — 00) mesoscopic capaci-
tors by Ohmic reservoirs [19]. Note that the same corrections
follow from solving Eqgs. (5)—(8) directly.

The reason for this equivalence is the following. The cur-
rent entering the mesoscopic capacitor propagating towards
infinity loses the correlation with the current propagating from
infinity towards the end of the capacitor. This means that an
equilibrium source current, i.e., a Langevin source, satisfies
this condition.

4. Finite L or W

In general, finite L or W will introduce different kinds
of oscillations of the heat carried by the intermediate edge
state. This is natural and expected, since the negative drag
effect arises from correlations between the charge in different
nodes, which can be tuned by adjusting the retardation of the
intermediate currents or the correlation of currents inside of
the nodes themselves. This will lead to a modulation of the
heat but cannot change the sign of the correction to the heat
flux.
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