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Thermal conductance measurements are sensitive to both charge and
chargeless energy flow and are an essential measurement technique in

condensed-matter physics. For two-dimensional topological insulators,
the determination of thermal Hall (transverse) conductance and thermal
longitudinal conductanceis crucial for the understanding of topological
order in the underlying state. Such measurements have not been
accomplished, evenin the extensively studied quantum Hall effect regime.
Here we report alocal power measurement technique that we use to reveal
the topological thermal Hall conductance, going beyond the ubiquitous
two-terminal conductance. For example, we show that the thermal Hall
conductance is approximately zero in the v =2/3 particle-hole conjugated
state. Thisis in contrast to the two-terminal thermal conductance that gives
anon-universal value that depends on the extent of thermal equilibration
between the counter-propagating edge modes. Moreover, we demonstrate
the utility of this technique in studying the power carried by the current
fluctuations of a partitioned edge mode with an out-of-equilibrium

distribution.

Theimportance of heat flowin electronic systems has beenappreciated
inrecentyears as agrowing number of thermal transport"?and micro-
scopy>* techniques are being developed. The significance of thermal
transportis especially apparentintopologically non-trivial materials.
Intwo-dimensional topological insulators, the bulk of the electron gas
isinsulating, whereas gapless excitations flow in one-dimensional-like
chiral or helical modes next to the sample’s edge’”. The nature of the
edge modes is amanifestation of the wavefunctionin the bulk (due to
‘bulk-boundary’ correspondence®), making edge transport experi-
ments a compelling route for studying bulk properties’. In addition
to the quantization of the electrical conductance of edge modes,
their thermal Hall conductance k,, T (T is the temperature) is also
expectze(zj tobe quantized in units of the thermal conductance quanta

k . .
KoT= %T(kb isthe Boltzmann constantand his the Planck constant)®.

Sensitive to all edge modes, the thermal measurement supplements
theelectrical one and candistinguish between competing topological
phases™. The importance of thermal Hall conductance is particularly
apparent in topological superconductors, where a half-quantized x,,,
provides a strong signature of a chiral Majorana mode®.

The most diverse playground for topological condensed matter is
the quantum Hall effect (QHE). The signature of its statesis their quan-
tized electrical Hall conductance: G, = vG,, where G, = %isthe conduct-
ance quantum (eis the electron charge) and vis the Landau-levelffilling,
whichcanbeaninteger orasimplefraction. Similarly, their thermal Hall
conductance coefficientisalso quantized: k,, = voko, Where v, isaninteger
for Abelian QHE states and a fraction for non-Abelian QHE states". For
Abelian states, the value of v, is given by the net number of chiral edge
modes, v, =ny - n,, whereny(n,) isthe number of downstream (upstream)
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Fig.1|Device configuration for measuring heat transfer. a,b, Measurement
configuration of the PM. The PM is a small floating ohmic contact connected to
three regions of 2DEG. Measuring the impinging power on the PM (a). A heated
edge mode (P) leaving a heat source (not seen) impinges on the PM, increasing its
temperature Tpy. The resultant J-N noise is measured by the amplifier connected
at Apy. Inequilibrium, the power evacuated from the PM (via phonons P, and edge
modes P,) is equal to the impinging power P. Calibration of the PM (b). T,y is
measured for aknown impinging power carried by twod.c. currents Iy and -1,

simultaneously sourced by Sfa'and Sga‘, respectively, with P, = C—"' .This

calibration allows converting T, into impinging power P.c, False colour
scanning electron microscopy image of the tested structure. The mesa (grey) is
divided into several parts by etched regions (purple). The mesa parts are
connected by the floating metallic ohmic contacts, which serve as temperature
sources (S; red) and aPM (orange). Both contacts’ capacitances to ground are
enhanced by aninsulated top plate (~0.5 pF; grounded via grey leads). The
arrows describe two downstream-propagating edge modes corresponding to
the edge structure of v =2. When currents +/and -/ are sourced from S, and S,,
respectively, the source S heats up to temperature T, measured viaJ-N noise
thatis picked up at the source amplifier at Aq. In the shown configuration, gate
down (GD; dashed yellow) is closed (by applying a negative voltage to the gate),
forcing the heated edge modes to flow from S to PM. Gate up (GU; full line
coloured yellow) is open, thus grounding the upstream modes (if present). The
edge modes heat the PM to a temperature T;,, measured by noise at the PM
amplifier Apy. Tpy is later converted into power using a calibration measurement
(asshowninb).

propagating modes (downstream being the chirality dictated by the
magneticfield)'*”. The value of u, (inanalogy tov) is aninherent property
ofthebulk’s topological order®”, andisindependent of the exact details
ofthe edge structure.

Measuring k., is essential when studying a QHE state whose topo-
logical order is not known. Its value can distinguish between Abelian
and non-Abelian topological orders and even discriminate between
competing non-Abelian orders". So far, the thermal conductance
of QHE states was measured only in a ‘two-terminal’ configuration,
K7 T. In such measurements™ %, a single floating ohmic contact was
used as a heat-current source with a known temperature (in analogy

to a two-terminal electrical conductance measurement, where one
terminal with a known voltage serves as a current source). However,
the two-terminal thermal conductance, under some conditions,
can be affected by multiple phenomena at the edge and thus differ
from topological k,, even if the bulk is thermally insulating (x,, = 0)
(refs.18,19). Thereason for this apparent contradiction is that the quan-
tization of the two-terminal thermal conductance, namely, &,; = |k,
requires, in addition, the full thermalizing of all counter-propagating
(downstream and upstream) edge modes®. If the edge modes are not
thermally equilibrated, alarger value of k,; is expected. Inthe vanishing
equilibration limit, the upstream and downstream modes carry heat
‘in parallel’, giving rise to k,1 = ko(ng + n,).

States whose edge is known to support topological
counter-propagating modes are the particle-hole (P-H) conjugated
states’?. These fractional QHE states form when a spin-split Landau
levelis more than half full, most prominently at fillings of v = — P> 1
isaninteger, in the lowest Landau level***. Charge equnhbratlorﬁ’ among
counter-propagating edge modes happens fast (in less than 5 pm in
GaAs (refs. 19,23)), allowing charge to flow only downstream and ren-
ders the upstream modes neutral***, Quantization of the two-terminal
electrical conductance G,; = G, is measured for the typical length scale
of most samples. However, intermode thermal equilibration is less
efficient and depends on local microscopic details. As a result, for
v=2/3(withcharge ny=1and neutral n,=1), thereported values of k1
span from 0.3k, to 2.0k, (whereas k,, = 0)"'**. In a recent work, the
thermal equilibration length of v =2/3 was found to even exceed
200 pmin GaAs samples”.

To reliably measure k,,, one must go beyond the two-terminal
configuration and separately apply local measurements for the down-
stream and upstream edge modes. Several local temperature measure-
ment techniques have beenreportedinthe QHE regime; these include
quantum dot thermometry?, partitioned noise thermometry®** and
upstream (neutral) noise thermometry'>?%. However, none of these
approaches offers a reliable, independent measurement of the tem-
perature of non-equilibrated counter-propagating modes. We adopt
adifferentapproach.

Here we introduce a technique that allows the measurement of
the power carried by all types of edge mode—whether integer or frac-
tional—propagating upstream or downstream. Moreover, we can meas-
ure the excess power carried by an edge mode, whether in equilibrium
with a definite temperature or having anon-equilibrium distribution.
This technique opens the path to perform multi-terminal thermal
conductance measurements and extract k,, even when the edge modes
areunequilibrated.

Thekeyidea of this technique is the conversion of energy carried
by the edge modes to the thermal energy of electronsin a floating small
metallic reservoir, which serves as a power meter (PM). Once the PM’s
temperature is calibrated against a known heating power, one can
determine the energy absorbed in the PM by measuring its elevated
temperature, Tpy. Importantly, this method relies only on the ther-
malization of electrons inthe floating reservoir and is thus applicable
to any two-dimensional topological material as long as ohmic contacts
could beimplemented along the edge.

In more detail, edge modes deliver power P (which we wish to
determine) to the PM and cause its temperature to increase. Conse-
quently, power will leave the heated PMin two ways, P, = P, + P, (P is
the power evacuated viathe QHE edge modes and P, is the power evacu-
ated by lattice phonons). The temperature T,y is determined by the net
power dissipated in the PM at equilibrium, thatis, P= P, (Tpy). In our
devices, we measure Ty, by probing the Johnson-Nyquist (J-N)
noise**?in a separate contact Ay, (Fig. 1a). Calibration of the PM—
meaning, converting the measured temperature into dissipated
power—is accomplished with a separate measurement (Fig. 1b). We
apply a known power at the PM by sourcing two opposite-sign d.c.
currents, /., and -/, from two contacts, Sfa' and Sga‘, respectively, and
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Fig.2|Power carried by downstream modes. a-c, Schematic of the edge mode
configurations as a function of the voltage on GD. No gate voltage is applied to GD
and the heated modes flow from S to the ground (a). Partial pinching of GD allows
only one heated mode to be fully transmitted to the PM (b). Full pinching of GD.
Both heated edge modes emanating from S flow to the PM (c). d, Power Pcarried
by the downstream edge modes of v =2 (circles) and v =4/3 (triangles) as a
function of source temperature 7. The different coloured markers correspond to
adifferent number of heated edge modes emanating from S and transmitted
across the partly closed GD to arrive at PM. Red, two modes (c); green, one mode
(inner mode) (b); blue, zero modes (a). The observed small powerinv=4/3
corresponds to afinite k,,. The coloured lines correspond to the theoretical
prediction of P= nd%o (72 - T2). The measured data for both integer and
fractional states are in good agreement with the prediction. Here v =2 (v = 4/3)
datawere measured at amagnetic field of B=2.1T (B=9.6 T) and base
temperature of T, =11 mK (7, = 13 mK).

measure the resulting PM’s temperature. No direct current leaves the
PM since its potential is zero. An equality P, (Tpm) = Gngal defines
the equilibrium conditions for the calibration process. >

The device (Fig. 1c) consists of two floating small ohmic contacts
(each with an area 15 x 2 pm?). Each contact is connected to three
regions of the two-dimensional electron gas (2DEG), separated by
narrow etched areas. The contact on the left serves as a temperature
source (S), and the contact on the right serves as a PM. By sourcing
opposite-sign d.c. currents, /s & /s, from contacts S, and S,, respec-
tively, we dissipate electrical powerin§S, causing its temperature 75to
increase; yet, its potential is zero—ensuring that no current flows to
the PM and causes unwanted heating. Two metallic gates, gate down
(GD) and gate up (GU), control whether the heated edge modes that
emanate from S flow to the PM or to the cold ground.

Inthe experiment, Tsand T,y are simultaneously probed by meas-
uring the spectral density of the J-N noise by two amplifiers located
downstream fromSand PM (denoted as A;and Ay, respectively; Fig. 1c).
The measured low-frequency noise is proportional to the excess tem-
perature of the heated contact from which the edge modes emanate (it
isindependent of the edge modes’ temperature arriving at the amplifier

contact). A separate calibration measurement allows deducting the
impinging power on the PM. In a typical experiment, we measure the
relation between the arriving power at the PM and the corresponding
source temperature.

We start by measuring two ‘particle-like’ states, the integer QHE
state v=2and the fractional QHE state v = 4/3. Inboth, the edge hosts
only two downstream edge modes. By changing the gate voltage on GD,
we can allow either zero, one or two heated downstream edge modes
to flow from S to PM, with the remaining edge modes flowing to the
grounded contact (Fig. 2a-c). For the measurement of these states,
GU was kept open.

The measured power arriving at the PMis plotted as afunction of
the source temperature (Fig. 2d) for two, one and zero heated edge
modes transmitted to the PM. We find good agreement between the
measured power and theoretical expectation for the power carried by
each heated mode, that s, P = "7" (72 - 12), validating our measure-
ment technique. It is worth noting that in particle-like states, heat is
carried only by the downstream modes. Thus, the two-terminal heat
conductanceis equal to the Hall conductance coefficient, namely, the
power reaching the PM is P = 22 (T2 — T2). Moreover, unlike in
two-terminal measurements, where the temperature must be low
enoughtoavoid substantial heat evacuation by phonons, in our meas-
urement, there is no upper limit on 7 since the phonon contribution
istakenintoaccountin the calibration process (of the PM). Moreover,
by opening both GD and GU, all the edge modes are grounded, assuring
that there is no efficient parallel heat conductance from S to PM (for
example, due to afinite longitudinal thermal conductance k,,).

The advantage of the multi-terminal approach is particularly
apparent in states that support counter-propagating modes, such as
P-H conjugated states. It allows independently measuring the power
carried by the downstream and upstream modes. Consider a general
state with n, (n,) downstream (upstream) modes. Increasing the tem-
perature of asource contact from 7, to T will cause heat to flow down-
stream and upstream. The excess power carried by the downstream
modes after a propagation length L can be written as
_%

Tg — T(Z)) = —nNy4 (Tg - T(Z)) =Py (L), ey

L
Pay =" :

where Py, (L) is the power backscattered from the hot downstream
edge modesto the cold upstream ones along the propagation distance
L. Similarly, the excess power carried by the upstream modes (at the
opposite edge of the sample) is

"“Z(L) (B-7) =2, (2-T3) - Pia ), @
where P, isthebackscattered power from the now hot upstream edge
modes to the cold downstream (counter-propagating) modes.

As alluded above, the process of thermal equilibration among
the counter-propagating edge modes is technically uncontrolled and
is poorly understood. The power reflected to the source can depend
on microscopic parameters such as edge potential distribution, edge
roughness, modes’ velocities, temperature and propagation length.
However, under general conditions, the backscattered powerisequalin
the downstream and upstream sides of the mesa, namely, Py, (L) =P,.4
(L) (Supplementary Section 5). One can, thus, extract k,, by separately
measuring the power carried by the downstream and upstream modes
forafixed L as

Py(L)=

K4 — Ky

Py—Py= =

(R-T) =g~ 2 (12 -72) = 22 (12-73),
3)

We tuned the magnetic field to the v =2/3 P-H conjugated state.
This state supports (in the absence of edge reconstruction) a single
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Fig. 3| Thermal conductance of thev = 2/3 P-H conjugated state. a, Device
configurations used to measure the power carried by the downstream mode.

b, Similar configuration for measuring the power carried by the upstream
mode. The arrows mark the edge modes of the v = 2/3 state: full (dashed) arrow
corresponds to the downstream charged mode (upstream neutral mode). Ina,
GDis closed (negative voltage applied on the gate) and GU is open. Excess power
is carried to the PM by the heated downstream mode. Inb, GU is closed and GD is
open. Only the upstream mode carries power to the PM. ¢, Downstream power
P, (purple markers) and upstream power P, (green markers) measured as a
function of the source’s temperature, in the configuration depictedinaandb,
respectively. By linear fitting Py, = %Kd/u (7% - T2), wefind k,/k, = 0.43 £ 0.03
and k,/k, = 0.39 £ 0.03 (purple and green straight lines, respectively), and
consequently, k,, = k4 — K, = (0.04 £ 0.03)k,, with the latter in good agreement
with the expected k,, = 0. The light blue circular markers, linearly fitted with the
light blue line, were measured when both GD and GU were open. Here the minute
power arriving in the PM (the slope corresponds to k,,/k, = 0.03 + 0.02) is either
due to heat propagating through the bulk or due to slight reflection from the
‘open’ gates. The data were measured at B=8.2 T and base temperature

To =13 mK. The dark blue triangles are data points measured at v =2 in the
upstream configuration (b). The vanishing upstream power flowinv =2is
expected due to the absence of an upstream neutral edge mode.

downstream charge mode and a single upstream neutral mode cor-
responding to ., = 0. By closing GD and opening GU, we measure
the power carried from S to PM by the downstream side of the mesa,
namely, P, (Fig. 3a). Similarly, we measure the power carried by the
upstream side of the mesa by closing GU and opening GD (Fig.3b). We
extract the downstream (upstream) thermal conductance k; (k,) by
the separate linear fitting of the measured downstream (upstream)
power arriving at the PM as a function of source temperature squared
(Fig. 3c). Here we find k4= (0.43 £ 0.03)k, and k, = (0.39 + 0.03)«,,.

The thermal conductance of the separately upstream and downstream
modes is smaller than that of a single chiral mode (1«,) due to the
presence of counter-propagating modes that enable heat to
backscatter (P4, (L) > 0). Applying equation (3) gives k,, = K4 — K, =
(0.04 £ 0.03)k,, which is very close to the expected value of k,,= 0.
The two-terminal thermal conductance could also be extracted
from the measurement as a sum of the downstream and upstream
thermal conductance coefficients, thatis, k,; =k, + k4= (0.82 + 0.04)k,
(Supplementary Section 6). Evidently, only partial thermal equilibra-
tion (between the counter-propagating modes) has been reached,
indicating that the propagation length is shorter than the thermal
equilibration length.

So far, we considered energy carried by edge modes with anequi-
librium distribution (the excess power results from an elevated tem-
perature of the modes). Our configuration allows measuring energy
transport by edge modes with anon-equilibrium distribution. A simple
example of a non-equilibrium distribution is a double-step distribu-
tion*"*2. 1t can be formed by partitioning abiased edge mode ina quan-
tum point contact (QPC) constriction. The distribution of particlesin
the outgoing mode will be the statistical sum of the partitioned biased
and unbiased incoming modes, namely, F = tF{® + (1 - t) F}°, where
F{P (F5P)is the Fermi-Dirac distribution of the particles in the biased
(unbiased) mode and ¢t is the QPC’s transmission probability. This
out-of-equilibrium distribution supports current fluctuations, witha
low-frequency spectral density given by the well-known shot noise

formula®™** S, (f - 0) = 2e*It(1 - t) x ( 2k:;éﬂ ),wherelistheimpinging

d.c. current, e* is the particles’ charge and x (x) = coth (x) — }( The

excess power carried by the partitioned edge mode has two contribu-
tions: thetrivial electrical power due to the transmitted direct current,
Pyc = % (tl)z, and the power stored in current fluctuations at all
frequenciés, thatis,

-1 - pra-
Pac = 50 [ 451(9) = 36-Pea-0 @

(Supplementary Section 7 provides the derivation of equation (4) and
further discussion). Interestingly, the quasi-particle charge e*and tem-
perature T drop out from the expression. The total power is
P=Py. +P,c = ﬁtﬂ.

The device used to measure the energy carried by the partitioned
modesis similar to the one employed above (Fig. 4a-d); however, we no
longer use a heated source contact to excite the edge modes. Here we
source current/from S, partition it by a partly pinched QPC (located
atthe centre of the GD), forming an energy distribution that supports
energetic fluctuations. The partitioned beam propagates for approxi-
mately 5 pm before being absorbed in the PM.

Tomeasure the energy storedin the current fluctuations, we added
agate arm (GA) that allows pinching off the region to the right of the
PM.Whenthe GAisclosed, current conservation dictates that the total
low-frequency noise that flows to the amplifier is the partitioned shot
noise generated at the QPC (Fig. 4a). In this configuration, the heating
of the PM will not cause any J-N noise (Supplementary Section 4).
However, when the GA is open, J-N noise will be generated on top of
the shot noise due to the elevated temperature of the PM (Fig. 4b). By
subtracting the shot noise, we are able to isolate the thermal fluctua-
tions and determine T, (Methods). A calibration process (similar to
the one described above) enables the extraction of the impinging
power from T, Here we source unpartitioned current /., from S, to the
PM (by opening the GD) and measure T, as a function of dissipating

__! 2 (F
power P = o F,, (Fig. 4c).

We concentrate onfilling v = 2. At first, the GD was tuned to parti-
tion the outer edge mode, whereas the inner one was fully reflected to
the ground. From the total power measured by the PM, we subtract the
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041
t(1 - t)> (1078 A?)

Fig. 4| Measuring power carried by out-of-equilibrium edge mode
distributionsatv = 2.a-c,Schematic of the three measured gate
configurations. Configuration for shot noise measurement (a). A biased edge
mode (thickline) is partially transmitted through a ‘split-gate’ QPC located at the
centre of the GD, forming a ‘double-step distribution’. The associated shot noise
passes through the PM to amplifier Apy,. Since the gate arm (GA) is closed, no
low-frequency fluctuations are added. Configuration to measure the power
carried by the double-step distribution (b). By opening GA, we enable the J]-N
noise, which is excited due to PM heating, to be added to the shot noise. The noise
is picked up at Ay. This noise is used to extract the PM’s temperature Ty,
(Methods). Setup for calibration measurement (c). The GD is unbiased (open),
and the biased edge modes are fully transmitted towards the PM, heating it by a

2
known dissipated power P= #. Measuring Ty, against aknown power manifests
2T

the calibration process and enables to infer the absorbed power from the

t(1 - t)1> (1078 A?)

measured temperature. d, False-colour scanning electron microscopy image of
the device used to measure the power carried by out-of-equilibrium
distributions. The PM (orange) is connected to two regions of 2DEG, which are
otherwise separated by etched regions (purple). The lines represent the edge
modes of v =2 (thin, unbiased; thick, biased; broken, partitioned beam). e,f, The
a.c. power is carried by the double-step distributions of the outer (e) and inner (f)
edge mode. The power is plotted against the impinging current squared
multiplied by ¢(1 - ¢) (the error bars correspond to statistical uncertainty), and
theblack line with slope 2%2 is expected according to equation (4). The different
coloured markers correspond to various transmission coefficients of the QPC.
The differential transmission is shown as a function of current (insets of e and f).
We find that the power carried by the fluctuations in the outer edge mode agrees
well with the expectations without any fitting parameter (e). On the other hand,
we measured alower power (f) when the inner mode s partitioned.

dissipated d.c. power, thusisolating the power carried by the fluctua-
tions P, . (Methods). P, . is plotted as afunction of impinging current for
four different transmission probabilities of the QPC (Fig. 4e). Indeed,
the measured power P, . agrees well withits expected value without any
fitting parameters. This resultisindependent of any prior knowledge
of charge, temperature or even gain of the amplifier (Supplementary
Section 4).

However, when the GD was tuned to partition the inner edge mode,
asmaller value thanthe predicted power (by as much as 40%) arrives at
the PM (Fig. 4f). The missing energy of the partitioned inner edge mode
of v=2isunexpected, asequation (4) isindependent of the partitioned
charge and temperature. We note that our measurement techniqueis
neither sensitive to charge redistribution along the edge* nor to energy
transfer to the outer edge mode® (since the PM is coupled to both
modes). Three possible reasons may account for this discrepancy: (1)
the inner mode loses power to the bulk; (2) the PM contact is not cou-
pledwelltotheinner edge mode; (3) power is lost at the QPC, possibly
to excited non-topological neutral modes*. We note that the first two
reasons are in contradiction with our observation of the correct k,, of
v=2 (which implies that both edge modes carry the expected power
when thermally biased). More research is required to understand
this discrepancy, and its relation to other unexplained observations

regarding the innermost edge modes, such as vanishing interference
and non-Gaussian noise”.

We have described amethod of local power measurement carried
by one-dimensional edge modes in the QHE regime. It allows an accu-
rate determination of the topological (not the ‘two-terminal’) thermal
Hall conductance coefficient k,,. Our approach utilizes edge transport
techniques to measure a fundamental bulk property, independently
of the physical properties of the edge itself (for example, the thermal
equilibrationlength or the actual size of the device). This measurement
technique is adequate in measuring the power carried by any energy
distribution of charge or neutral modes.
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Methods

Sample preparation

The ohmic contacts and gates were patterned using standard
electron-beam-lithography-based liftoff techniques. The ohmic con-
tact consists of (from the surface and upwards) Ni (7 nm), Au (200 nm),
Ge (100 nm), Ni (75 nm) and Au (15 nm), alloyed at 440 °C for 50 s. After
the preparation of ohmic contacts, the sample was covered (using
atomic layer deposition) by 20 nm HfO, deposited at 200 °C. The ohmic
contact (HfO,) and the gate evaporated on top to form an ‘on-chip’
capacitor with a capacitance of c= 0.5 pF. The enhanced capacitance
(£ < k,T) guarantees that the contacts are ideal metallic reservoirs™.
Towirebondthe sample, we etched the HfO, (from the bonding pads)
using abuffered oxide etch. The gate electrode consists of 5 nm Tiand
15nmAu.

Noise calculation: multi-terminal thermal conductance

Inthe thermal conductance measurements, the noise measured by the
PM amplifier is associated with the temperature of the PM. However,
thereis noise contribution that originates from the elevated tempera-
ture of the source and must be subtracted. We consider the general
case where the source is at temperature T5 and the PM is heated to
temperature Tpy. The two-terminal electrical conductance from the
source to the PM (or to ground) is Gs.py (Gs,c). The spectral density of
the current fluctuations flowing to the PMis given by

Gs—pmGs—c

Ss—pm = 2kpa (Ts = To), (5)

Gs-pm + Gsoig

where ais a pre-factor that accounts for a smaller noise in P-H conju-
gated states when edge modes are unequilibrated”. For the measured
states,wehada=1forv=2andv = fanda = ;for v= E(Supplementary
Section 6). The excess fluctuations are split at the PM contact among
all the arms. As a result, the current fluctuations arriving at A,y have
two uncorrelated contributions:

GPM—)A GPM—>AGPM—>G

— (Tom — To) - (6)
Gpr—c + Gpmoa Mo

2
Spm = ( ) Ss—pm + 2kpa

Gpm—a + Gpmoc

Here Gpysa (Gpuse) is the conductance from the PM to A,y (ground).
As the temperature of the source is separately measured by means of
noise in A, the first term is known. Equation (6) allows extracting Tpy
from the noise picked up at A;y. Supplementary Section 3 provides a
step-by-step analysis of the raw data.

Noise calculations: double-step distribution

The noise measured at the amplifier has two contributions, the firstis
theJ-N noise emanating from the PM contact due to its elevated tem-
perature and the second term is the shot noise generated at the QPC
(Ssno)- Similar to equation (6), we can write the total noise as

2

Gpm—a ) Gpm-aGpm—c
—— ) Sqhot + 2k —————————(Tpm = Tp). (7)
Gpm—G + Gpmoa shot ® Gpr—a + Gpv—c Moo

Sem =
Since we measured at v =2 and our device has two arms, we can
writeitinacompactformas

1
Sem = Zsshot +kpGor (Tom — To) 8

where G,1 = 2 Inthis experiment, we used only one amplifier; there-
fore, Sqnoc cou’]d not be simultaneously measured. We measured the
shot noise separately by closing the GA (Fig. 4a). In this configuration,
the noise arriving at the amplifier is the partitioned shot noise gener-
ated at the QPC (Supplementary Section 4).

Power carried by d.c. currents
Considering a“‘double-step distribution’, the total power dissipated in
the PM has two contributions: the power carried by the fluctuations at
allfrequencies P, . and the dissipated part of the power carried by the
d.c.currents. The second contributionis subtracted from the measured
power to extractP, ..

When an edge mode carrying current / impinges on a floating
contact, it does not dissipate its full power PI' = ﬁ,z on the

contact. One has to subtract the power carried by the d.c. currentsin
the outgoing edges as

) ) N
pis =Py, - Jv°G,, ©)

where Vis the contact’s potential and N is the number of outgoing

edge modes (here N=4). When we partitioned the outer edge of v =2

withtransmission¢, the dissipated power becomes P = % (¢e2When
<. 3

theinner mode s partitioned, P = £ (3 + 3¢ — 2¢)(Supplementary
Section 4.4).

Data availability

The raw noise measurements (and other) data generated and analy
sed during the current study are available from the corresponding
author on reasonable request. Source data are provided with this

paper.
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