PRX QUANTUM 3, 020305 (2022)

Steady-State Heat Transport and Work With a Single Artificial Atom Coupled to

a Waveguide: Emission Without External Driving

Yong Lu®,"" Neill Lambert®,>T Anton Frisk Kockum®,' Ken Funo,? Andreas Bengtsson®,!
Simone Gasparinetti,' Franco Nori®,>3 and Per Delsing!-!

1Microtechnology and Nanoscience, MC2, Chalmers University of Technology, Goteborg SE-412 96, Sweden

> Theoretical Quantum Physics Laboratory, RIKEN Cluster for Pioneering Research, Wako-shi,
Saitama 351-0198, Japan

3Department of Physics, The University of Michigan, Ann Arbor, Michigan 48109-1040, USA

® (Received 18 August 2021; revised 25 January 2022; accepted 16 March 2022; published 7 April 2022)

We observe the continuous emission of photons into a waveguide from a superconducting qubit without
the application of an external drive. To explain this counterintuitive observation, we build a two-bath
model where the qubit couples simultaneously to a cold bath (the waveguide) and a hot bath (a secondary
environment). Our results show that the thermal-photon occupation of the hot bath is up to 0.14 photons,
35 times larger than the cold waveguide, leading to nonequilibrium heat transport with a power of up to 132
zW, as estimated from the qubit emission spectrum. By adding more isolation between the sample output
and the first cold amplifier in the output line, the heat transport is strongly suppressed. Our interpretation
is that the hot bath may arise from active two-level systems being excited by noise from the output line,
and that the qubit coherence can be improved significantly by suppressing this noise. We also apply a
coherent drive, and use the waveguide to measure thermodynamic work and heat, suggesting waveguide
spectroscopy is a useful means to study quantum heat engines and refrigerators. Finally, based on the
theoretical model, we propose how a similar setup can be used as a noise spectrometer which provides a

solution for calibrating the background noise of hybrid quantum systems.
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I. INTRODUCTION

Over the past 20 years, superconducting qubit coher-
ence times have increased from less than 1 ns to more
than 1 ms [1-4]. Many studies have shown that such coher-
ence times are limited by two-level systems (TLSs) [5—7]
and that quasiparticles can also contribute [8—11]. More-
over, excessive thermal population of a qubit, arising from
nonequilibrium quasiparticles, has been observed exten-
sively, with effective temperatures in the range 30-200
mkK [12—14]. More recently, ionizing radiation due to high-
energy cosmic rays and radioactive decay has been shown
to reduce qubit coherence [15—17]. Therefore, isolating
superconducting qubits from all possible sources of noise
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will be crucial for realizing fault-tolerant superconducting
quantum computers [16,18,19].

In addition, in the field of quantum thermodynamics,
alongside the study of quantum heat engines [20—23] and
refrigerators [24,25], steady-state heat flows, mediated by
phonons or photons, have been investigated in solid-state
circuits [26], nanostructures [27,28], and superconducting
circuits [29,30]. More recently, the potential for significant
quantum effects was introduced into such studies in the
form of a superconducting qubit coupled to cavities [31—
35]. In particular, a heat valve for energy transfer between
two artificial heat baths constructed from resonators has
been realized, where the transferred power was obtained
indirectly from the temperature difference between the two
baths which is measured by thermometers [34,36]. The
direct coupling of a qubit to a waveguide, a setting known
as quantum electrodynamics (QED) [37,38] has been sug-
gested as a platform for studies in thermodynamics [39],
but has not yet been extensively explored experimentally.

Moreover, even though numerous studies in circuit
QED imply the presence of nonequilibrium processes (i.e.,
multiple environments at different temperatures), often
due to quasiparticles [8—11], experimental results directly
demonstrating and characterizing intrinsic nonequilibrium
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processes are lacking. Waveguide QED, in particular, is
promising for analyzing nonequilibrium processes as it
avoids the problem inherent in circuit QED for such stud-
ies, where the resonator, far detuned from the qubit fre-
quency, may filter out the noise mechanism that we are
interested in.

In general, in contact with a single environment, and
without driving, a quantum system reaches equilibrium
with its environment after a long cooling time, and in this
steady state there should be no net heat flow from the
system to the environment. However, in this work, even
though our quantum system, consisting of a superconduct-
ing qubit coupled to a waveguide (which can be regarded
as an continuous many-mode environment), was cooled
for 1 month at the 10 mK stage of a dilution refrigerator,
we nevertheless observed continuous steady-state nonequi-
librium emission from the qubit into the waveguide. We
attribute this effect to thermal excitation of the qubit by
an additional intrinsic hot environment. The qubit we use
was intentionally engineered to have a small decay rate
into the waveguide, so that the thermal spectrum from the
qubit emission due to the additional hot bath is observ-
able. By the use of a theoretical model, we characterize
this hot environment and investigate its potential origin.
We also show how the qubit emission spectrum and reflec-
tivity can be used to measure the heat and work rates (the
latter in the presence of a coherent drive). Finally, based on
our analysis of the nonequilibrium process in our exper-
iment, we propose a noise spectrometer operating in the
quantum regime which would enable us to investigate the
environment noise over a broad frequency range.

II. SYSTEM AND MODEL

To model our experiment, we introduce a two-bath
model where the qubit is simultaneously coupled to a
cold (radiative) waveguide bath and a hot auxiliary (non-
radiative) environment. Thus, “radiative” refers to energy
exchanged with the waveguide, which is observable at
the waveguide output, and “nonradiative” refers to the
fact that energy exchanged with the auxiliary environment
that is not directly observable. We also include a coherent
drive, at frequency w,, through the waveguide in the sys-
tem. Thus, we have a qubit and two bosonic environments
described by the Hamiltonian

H=H,+H +H, (1)
with

H, A +S2 2

h - 20.2 20.)(5

where the qubit Hamiltonian is in the rotating frame with
A =w, —wo and Q as the probe strength. The radia-
tive (waveguide) Hamiltonian H, and the nonradiative bath

Hamiltonian H,, including couplings to the qubit (under
the rotating-wave approximation), are given by

H
El - Z wk’iaz’iak”’ + ng’i (G*alt,i + U+ak,i) , (3)
k k

where gi; is the coupling strength to mode % in envi-
ronment i € {r,n} at frequency wy;, ak,,'(a,z,i) is the cor-
responding annihilation (creation) operator of the mode,
and o_ (o) is the lowering (raising) operator of the qubit.
Hereafter, we treat both environments under the standard
Born-Markov secular (BMS) approximations [40], and use
this model to fit the single-tone spectroscopy and power
spectrum. Under the BMS approximation (Appendix D),
we define I', and I',, as the radiative and the nonradiative
decay rates, respectively, and #, and », as the thermal occu-
pations at temperatures 7, and 7T}, respectively, for the two
baths. A corresponding explanatory diagram is shown in
Fig. 1(a), where we also illustrate that the hot bath is poten-
tially from TLSs excited by high-frequency noise from the
waveguide via a nonlinear process, as discussed further in
the following.
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FIG. 1. Sketch of the experimental setup. (a) Schematic show-
ing how the two-level artificial atom (]0) and |1) are the corre-
sponding ground and excited states of the atom) absorbs energy
from the hot TLS bath surrounding the atom, where the hot
bath is heated by high-frequency noise from the waveguide
with an unknown coupling strength between the bath and the
waveguide Ty, (yellow arrows). Therefore, the excited atom
emits photons to the cold waveguide (red arrows). We have T,
and I',, as the emission rates of the atom into the waveguide
and the nonradiative bath, respectively. (b) False-color micro-
graph of the superconducting circuit realizing the setup in (a):
a transmon qubit consisting of a cross-shaped superconducting
island shunted by a superconducting quantum interference device
(SQUID) capacitively coupled to a microwave coplanar waveg-
uide (blue). The inset shows a close-up of the SQUID. Further
details on the measurement setup are given in Appendix A.
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Our device is a frequency-tunable transmon-type artifi-
cial atom [41] coupled to a one-dimensional (1D) semi-
infinite waveguide, terminated by an open end, acting as a
mirror in Fig. 1(b) [42—44]. We operate the qubit at the 10
mK stage of the mixing chamber of the dilution refrigera-
tor at its maximum frequency wg; /27w ~ 5.5 GHz, where
the qubit is flux-insensitive to first order, thus minimizing
the pure dephasing rate.

II1. QUBIT SPECTROSCOPY AND POWER
SPECTRUM DENSITY

We first characterize our qubit by single-tone spec-
troscopy where we send a weak coherent tone to the qubit
(2 « T'}) and then measure the coherent reflection coeffi-
cient 7. Sweeping the probe frequency across the resonance
of the qubit we observe that the reflection coefficient shows
a dip in the amplitude [Fig. 2(a)] and a 7w phase shift
[Fig. 2(b)]. According to input-output theory (Appendix
E) with two baths under a weak probe, the reflection
coefficient is

1-2I',/T
=1, L2200 4)
A+il,

where 'y = n,[', +n,.I,, T'y = (1 4+ 2n,)T, + (1 + 2n,)
Iy, and 'y =T'1/2+T'y. The pure dephasing rate I'y
can also be affected by the thermal excitation of the
third level of the transmon (Appendix H). By using Eq.
(4), we calculate the theoretical solid curves with I",.(1 —
2l /T)/2m =214 kHz and ", /2w = 147 kHz shown in
Fig. 2.

Without sending any signal from room temperature to
the sample, we observe a power spectral density (PSD)
emitted from the qubit into the waveguide, shown as blue
dots in Fig. 3(a) (more measurement details are presented
in Appendix A). The Lorentzian shape centered at the
qubit frequency indicates that the environment surround-
ing the qubit is hotter than the waveguide, and is causing
heat flow into the waveguide through the qubit. In order
to justify this statement, and fit the data, we use stan-
dard input-output theory for the output of the transmission

line bou(?) = bin(1) — i/T,0- (1), where bin(f) = fin() +
Q/24/T| includes thermal noise f;,(f) and the coherent
drive ©/24/T, for the cases when such applied. It is nec-
essary to take into account the fact that the thermal input
fin(?) to the waveguide can become correlated with the
qubit emission operator o_ (f) to evaluate the correct output
spectrum [45], given by (Appendix G)

how 0 , ,
S<w>=2—7j‘ dt e (bY (Dbt () w00y (5)

with

<bzut(t)bout(tj)) = 1_‘r (nr + 1) (0+(t)0_ (t/))

— Ty (o (D)o (D) + (] (Ofin(?))

i / iQ ; |2
7 {(o_( ))+7<0+())+ T

(6)

This expression is easily generalized to include more
levels within the artificial atom. Importantly, if we
define the Fourier transforms of the first two terms of
Eq. (6), 5] (w) = [ dt (o (o_(£))e™™" and s, (w) =
[ dt (o (Yo (H))e™™', then the limited detailed bal-
ance that arises for a qubit coupled to a single BMS
environment, e.g., the waveguide, tells us that s, () =
efrotst(w), where B, = 1/kpT,, and kg is the Boltzmann
constant. Hence, in equilibrium situations (no drive and no
additional environment H,), the first two terms in Eq. (6)
cancel, resulting in S(w) = 0.

Explicitly evaluating the correlation functions for the
qubit using our two-bath master equation [omitting both
delta-function coherent contributions [46] and the back-
ground thermal black-body spectrum of the transmission
line in Eq. (6)], we find the thermal spectral density output
(2 = 0) is given by

w) = hwy — —————,
th Mo (Sa)gl + F%

FIG. 2. Weak-power spectroscopy

under a coherent drive: (a) magni-
tude and (b) phase response of the
reflection coefficient r as a function of
the probe detuning. Blue dots are the
experimental data with the red solid
curves calculated from Eq. (4).
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Thermal spectrum. (a) Power spectral density (PSD) of the output field where the results with and without a strong drive are

Son and Sy, respectively. Units are yW/Hz=10"2* W/Hz and S = 27S(w). The solid curves are the corresponding fits to Eqgs. (7) and
(8). The Rabi frequency used for Sy, on the [0) <> |1) transition is 2 /27 = 8.8 MHz. (b) PSD from Autler-Townes splitting. The solid
curve is calculated from theory. In both (a) and (b), dots are from the experimental data. The Rabi frequency used for the drive on the
[1) <> |2) transition is /27 = 1.5 MHz. Note that the PSD in (a) is subtracted by the background when tuning the qubit frequency
away through the external magnetic flux, whereas in (b) the PSD is the difference between the thermal spectra with and without the

drive on the |1) <> |2) transition.

where An = n, —n, and dwy; = w — wy;. In Eq. (7), we
find that Sy, (w) = 0 if n, = n,, as expected from detailed
balance. Without the additional nonradiative bath to ther-
mally excite the qubit, we would not observe a thermal
response (even in the presence of thermal input to the
transmission line). As shown in Fig. 3(a), Su(w) # 0
in the experiment, which implies that the waveguide
and the bosonic bath surrounding the qubit are not in
equilibrium. Fitting Eq. (7) to the data in Fig. 3(a)
gives I',T,An/(2nT1) = 5.6 £ 0.2 kHz corresponding to
a transported power f_oooo St(w)dw = 132 £ 5 zW with the
given I', value from the reflection-coefficient measure-
ment. We note that in the on-resonance case with I', >
Iy, Ty, Eq. (7) becomes Sy(w) ~ 2hwoi I An/(xT,).
Therefore, the value of Sy, (w) will be suppressed when T',.
is much larger than I';,, making it difficult to measure the
thermal spectrum.

We also send a strong drive on resonance with the qubit
(/27 ~ 8.8 MHz > I'}), where such a large Rabi fre-
quency ensures that there is no overlap between the side-
bands and the center of the Mollow-triplet PSD [47,48].
For the middle peak from the elastic scattering, we have

Son(®) = hwy — (3)

By fitting the data with the drive on [black dots in
Fig. 3(a)], we obtain ', /27 = 227 + 4 kHz and I", /27 =
143 + 4 kHz. Compared with Eq. (7), the height of this
spectrum is mostly independent of the thermal occupation
difference An, due to the saturation of the first excited
state.

IV. HEAT TRANSPORT AND WORK

Another straightforward way to evaluate the heat trans-
port between the two baths is to measure the lost power
Pioss due to the nonradiative decay. Shown as black in
Fig. 4(a), we find that when the coherent drive is weak,
the thermal noise dominates the qubit dynamics. There-
fore, the qubit absorbs photons from the hot bath and
then decays into the cold waveguide with a higher prob-
ability compared with the overall emission back into the
hot bath, resulting in a negative lost power. When we
increase the photon-flux occupation in the waveguide by
increasing the drive intensity, the absolute value of Pjog
is reduced. At Qgqpi/27 & 95 kHz, we see that equilib-
rium is reached, with zero lost power. However, beyond
this value, the waveguide occupation becomes larger than
the nonradiative environment. Thus, the qubit is excited by
the photons in the waveguide and then dissipates into both
environments via nonradiative decay. By increasing the
drive intensity further, the qubit is saturated, with the pop-
ulation reaching the maximum value of 0.5 in the steady
state. Therefore, Pioss = Pin — Pscatter ~ hwo1 (I',,/2) where
Pycater includes both incoherent and coherent scattering
from the qubit and the mirror. Theoretically, the lost power
is given by

Pioss = ot (bybin) = (bhubour)

out

2

o e 2208 o
Q7+ LI

By fitting Eq. (9) to the data using the values of I';

and I', extracted from the fit of Eq. (8), with Q cal-

ibrated by the Mollow-triplet (black solid curve), we

obtain I',/2mr = 55+3 kHz with An = 0.135 photons
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FIG. 4. Power loss, work, and heat. (a) The lost power Pjo as a function of the Rabi frequency (£2) of the drive with two and four
isolators. (b) The magnitude of the qubit emission as a function of Q2 of the drive with two isolators. (c) Work (W) performed and heat
(0) generated by the drive as a function of €2. In all panels, the stars are the experimental data and the solid curves are from theory,
where the green dots in (c) are from the difference between the values of the black stars in (c) and (a) according to Q, = Ploss — W.

and I'y /2w = 299 kHz. The transported power from the
hot bath is about 132 zW which is consistent with the
integral of the thermal spectrum in Fig. 3(a). Without
an external drive (2 = 0) with a large value of I',, Eq.
(9) becomes Pjyss & hwo ', which is independent of the
radiative decay, enabling the possibility of observing the
heat flow even when the radiative decay rate is much larger
than the nonradiative decay rate.

To obtain the temperature of the waveguide and the bath
separately, we combine the value of An with the result
from the reflection-coefficient measurement where we can
obtain the thermal population of the qubit p!" =T/~
2.86% from the extracted parameters. Consequently, we
obtain n, ~ 0.004, n, ~ 0.03 and n, ~ 0.139 correspond-
ing to 7, &~ 50 mK for the cold waveguide, 7, ~ 78 mK
for the qubit and 7, =~ 131 mK for the hot bath, respec-
tively. Therefore, we can obtain the value of I'y = (1 +
2n,)T, + (1 4+ 2n,)T, = 2w x 299 + 7 kHz which is very
close to 2I',, indicating that the pure dephasing rate I'y is
negligible at the flux sweet spot.

In order to make sure that the environment is not affected
when changing the external magnetic flux to tune the qubit
away from its maximum frequency, we send a strong drive
on the transition between the second and third levels of
the transmon, inducing an Autler-Townes splitting [49].
Then, we obtain the PSD subtracted from the reference
with the drive off, where we observe two peaks and one
dip [blue in Fig. 3(b)]. The two peaks are the thermal spec-
tra from the thermal emission of the dressed states when
a strong drive is applied on the |1) <> |2) transition. The
distance between these two peaks are twice of the corre-
sponding Rabi frequency: 22 &~ 27 x 3.0 MHz. When the
drive is off, as we discussed, we have a thermal spectrum
St at the undressed qubit frequency. Importantly, we have
a dip at that frequency when we subtract the data with the
drive off from the data with the drive on. We find that the
numerical result from the master equation [red in Fig. 3(b)]

matches well the data [blue in Fig. 3(b)] with parameters
[,/2m =227 kHz, T',/2nr =55 kHz, and An = 0.135.
These parameters agree fully with those extracted from the
power-loss measurements.

When we drive the qubit, the external field is doing
work on this single-atom quantum system. Defining Hy =
(hwo1/2)o, as the bare Hamiltonian which measures
the internal energy of the qubit, and H; = (h2/2)0, as
the drive Hamiltonian, the work performed on the qubit by
the coherent drive can be extracted [33,50] and it is defined
as (see also Refs. [51,52] for an alternative definition)

= hQN[i{o_)].

. hQ
W = Tr (=ilHo, Hilp} = =~ (o) (10)

Therefore, the work W only depends on the qubit coher-
ent emission (o_) with (0_) = i({(bowt) — (hin))/~/T». In
particular, when the drive is on resonance with the qubit
[see Eq. (D9)], it leads to W = ihQ(o_) = hQ2|(o_)|. We
obtain (o_) from the values of (b, and (b;,) which are
measured with and without the qubit by tuning the qubit
frequency. The results match well with theory [black in
Figs. 4(b) and 4(c)], where the work increases with the
drive intensity and then saturates around 3.2 aW due to
the saturation of the qubit.

In addition to the work, the heat from the waveguide
and the hot bath can be derived from O = Tr {H,L[p]} =
O, + O,, where L[p] is the dissipative part of the Liouvil-
lian for the interaction with both baths (Appendix D), and
0; = oo (Tinio—0) — Ti(m; + 1){o0-)) i € {n, 7). In
particular, we find from Eq. (6) that Qr = Ploss — W [blue
in Fig. 4(c)], where the negative values of Q, means that
the waveguide is heated up due to the qubit emission.
Interestingly, when the drive is off (¥ = 0), and in the
steady state (the change of the internal energy of the qubit
U=Tr {Hod:p()} = 0), the first law of thermodynam-
ics O, + 0, + W= U implies that we have 0, = —0,,
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indicating the heat exchange between these two baths,
consistent with what we observed.

In a separate cooldown, we observe that improving the
isolation between the sample and the first amplifier in our
chain (Appendix A) leads to a strong reduction in the
nonequilibrium heat flow, and a reduced thermal popula-
tion of the qubit [red stars in Fig. 4(a)]. This observation
suggests that the temperature of the nonradiative environ-
ment has been reduced, with I',,/27 = 53 £ 4 kHz, and
that the two baths are in thermal equilibrium without exter-
nal drive. Therefore, we have a reduced thermal population
of our qubit: pt ~ 0.4%. It is possible that noise from
the high-mobility electron transistor (HEMT) amplifier at
the 4K stage induces quasiparticles [53,54] or active TLSs
[11,55] where TLSs are typically located in the dielectrics
of the surfaces of the substrate and the Josephson junc-
tions, and possibly in the tunnel barrier of the Josephson
junctions.

Quasiparticles may, in principle, be generated from stray
thermal noise propagating to the sample from the output
line. These “hot” quasiparticles with energy higher than
Ag + hawg could excite the qubit [12,53,54], where A, is
the superconducting gap. However, from the thermal pop-
ulation of our qubit pit &~ 2.86%, we can infer that the
quasiparticle-induced nonradiative decay rate should be
Fop/2m ~ 84kHz > I, (see Appendix B), in conflict with
our observations. Moreover, if the excitation was domi-
nated by the quasiparticles, the value of ', should decrease
when we decrease the temperature of the hot bath which is
not the case in our experiment. Conversely, we do not see
a substantial increase either, as might be expected for a
purely TLS bath (see Appendix B). Thus, we believe our
hot bath is primarily from excited TLSs. In addition, we
have measured the total attenuation from the isolators and
the filters between the amplifier and the sample [Fig. 6(a)].
According to the attenuation, we find that at the qubit
frequency (wg; /2w =~ 5.5 GHz), the reduced noise temper-
ature is 34 mK [Fig. 6(b)], less than the measured qubit
temperature 7, = 78 mK. This implies that the hot bath is
activated by noise at higher frequencies. In Ref. [56] it is
shown that the first transistor in the amplifier is overheated
to temperatures of tens of kelvin which will generate high-
frequency noise up to several hundred gigahertz. At those
frequencies, filters and isolators may become more trans-
parent and this is the likely source of radiation that heats
up the bath of TLSs (see Appendix C for a detailed discus-
sion). We also point out that our model makes it possible
to study the energy exchange between “hot” quasiparticles
and a cold waveguide, if the waveguide is cold enough (see
Appendix B).

V. NOISE SPECTROMETER

Based on the model we developed here, we propose that
our study also enables the construction of a practical noise

spectrometer. In detail, we could engineer two waveguide
channels coupled to the qubit, similar to the setup in Refs.
[57,58], but with equally strong coupling on both sides
with I'y = 2I", (I, > T',). One channel, acting as a probe,
could be used for inputting noise while the other, acting as
a detector, is for measuring the noise PSD. In this setup, the
noise can be very well isolated from the detection channel
because the direct capacitive coupling between the probe
and detection channels can be designed to be extremely
small [57,58].

In this scenario, the thermal spectral density in Eq. (7)
becomes

I I'An

Sih(w) = hw —_—
th (@) 015 S0k, + 12

(11

where An = ny, — n,, with ny, (n,), the temperature of the
probe (detection) channel. We note that Eq. (8) is still
valid. Thus, we can evaluate the value of An at the qubit
frequency according to An = Sy (@) /2Son () if Sty (w) and
Son(®w) are measured. Furthermore, by taking the integral
of the spectra, we have the powers Py, = hwo ', An/2 and
Pon = hwo T, /4 for Sy, and S,,, respectively. Therefore,
we obtain An = Py, /2P,,.

Compared with measuring the whole spectra, the sec-
ond method will reduce the measurement time by a factor
proportional to the number of data points in the spectra.
However, by observing the symmetry of the spectra, we
can check whether the bandwidth of the noise is larger than
I, or not, which can be possible when a qubit strongly
couples to some resonant TLSs [59]. Note that it is not
necessary to calibrate the system gain with these two mea-
surements. Moreover, because the method is insensitive to
', this insensitivity makes the method robust against flux
noise, which introduces excess dephasing when the qubit
frequency is tuned away from the sweet spot. As a result,
the spectrometer can be reliably operated over a broad fre-
quency range. Combined with the reflection coefficient,
we will have r = ny + n,, when I'y < T',.. Thus, we can
obtain ny, and n,, separately.

Compared with thermometers based on tunnel junctions
[60] and a proximity Josephson junction [61], our pro-
posal does not require additional calibration and enables
the possibility to obtain the noise spectrum by sweeping
the qubit frequency. Circuit-QED radiometers [25,62] have
also been developed, where the bandwidth is limited by the
cavity. Very recently, a thermometer based on the reflection
coefficient of a qubit in front of a mirror was demonstrated
[63], where it has a single bosonic bath in the waveguide,
namely, [, # 0 (n, # 0) with ', = 0 (n,, = 0). Compared
with Ref. [63], the thermometry method suggested here,
based on PSD measurements, can tolerate a higher noise
background in the probe waveguide, and, unlike Ref. [63],
is insensitive to the pure dephasing rate. Finally, separat-
ing the detection and probe channels can make it easier
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to connect our thermometer chip directly to other hybrid
quantum systems [64—67].

VI. DISCUSSION AND CONCLUSION

In summary, with the system parameters listed in Table
I, we have constructed a two-bath model to explain the
heat transport via a superconducting qubit. Our study indi-
cates that the qubit excited-state population is increased up
to 2.9% due to interaction with a hot environment, prob-
ably from excited TLSs, with an equivalent temperature
of about 131 mK. This temperature can be reduced by
adding more isolation between the sample and the out-
put line, leading to the thermal population of our qubit
being reduced by almost one order of magnitude. Our
results point at the necessity of providing sufficient iso-
lation between the sample and the HEMT amplifier to
mitigate residual thermal occupation of qubits, which
adversely affects state preparation in quantum computing
applications [18,19].

Moreover, as presented in the master equation, the noise
will increase the intrinsic qubit relaxation rate by I'y =
n,I', + n,[,. Thus, I'; is reduced from about 9 kHz with
two isolators to 1 kHz with four isolators, which is about
15% of the nonradiative decay rate. Such a large improve-
ment will be important in circuit QED, where generally the
radiative decay I, is negligible and I';, dominates the qubit
decay. Our study shows that waveguide spectroscopy may
be a useful tool to understand the origin of various noise
sources, which will be crucial to improve qubit coherence
in future devices. More importantly, in addition to increas-
ing the qubit coherence by reducing the number of the
TLSs [5-7,55], our study implies that it is necessary to
reduce the high-frequency noise away from the qubit fre-
quency which can excite TLSs to affect the qubit state and
reduce the qubit coherence.

We also emphasize that it is nontrivial to observe
this nonequilibrium phenomenon because it is difficult to
observe and study the heat transport we observed in our
device when the nonradiative decay is very small com-
pared with the radiative decay rate, which is typically the
case in other experiments. In addition, even though one
can measure the thermal population of a qubit in stan-
dard circuit QED, which can allow us to extract one bath
temperature or the sum of temperatures of several baths,
it is difficult to separate each bath temperature in the

TABLEI. Summary of the system parameters including differ-
ent qubit decay rates and temperatures of the qubit, waveguide
and the hot bath.

r,2r T,2rx T\2nr T2n T, T, T,
(kHz) (kHz) (kHz) (kHz) (mK) (mK) (mK)
227+4 55+£3 299+7 143+4 78 50 131

multibath case. Here, by measuring the power spectrum
and the reflection coefficient, we can obtain information
on both bath temperatures. Note that our model can be eas-
ily extended to a multibath case by adding more coupling
channels between the baths and the qubit.

We also showed that, under strong drive, we can use
the waveguide to measure work and heat rates. While our
quantum system is operating in a regime where the drive
only increases the heat rate to both environments, having
direct access to the work, from measuring the coherent out-
put, and the heat, from the power loss, is a powerful tool
for the future study of regimes where useful tasks such as
cooling or work extraction can be performed.

Finally, from the two-bath model, we developed a noise
spectrometer which can be regarded as a quantum ther-
mometer. As this thermometer works through the power
spectrum density of the qubit emission, it enables the pos-
sibility to investigate not only the bath temperature at
different frequencies but also whether the qubit is strongly
coupled to some TLSs, which may give rise to asymmetry
and side peaks in the spectrum [59].
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APPENDIX A: MEASUREMENT SETUP

Figure 5 shows our measurement setup, where a
transmon qubit is weakly coupled to a 1D semi-
infinite transmission line. To measure the reflection
coefficient, a vector network analyzer (VNA, not shown)
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FIG. 5. Experimental setup. Setup inside the dilution refriger-
ator. The signal from the input port is attenuated and fed into
the waveguide through a low-pass filter (LP), Eccosorb, and a
—20 dB directional coupler. After interacting with the transmon,
the signal from the sample goes through the directional coupler
again, passes another LP, two isolators (Iso), and a high-pass fil-
ter with amplification from a HEMT amplifier (LNA056 from
Low Noise Factory). The qubit frequency can be changed by
sending a current to the magnetic flux coil to generate an exter-
nal magnetic flux & through the SQUID. The isolators are from
Low Noise Factory where we used two single-junction isolators
(LNF-ISC4-8A) when we observed the hot bath. To suppress the
noise from the HEMT amplifier, instead of connecting the two
isolators to the HP filter, we add a two-junction isolator (LNF-
ISISC4-8A) with 40 dB isolation (dashed line). All the isolators
are mounted at the 10 mK stage.

generates coherent continuous microwaves which are sent
into the input line. This signal is attenuated, passes through
a 20 dB directional coupler, and then reaches the qubit.
After the interaction with the qubit, the electrical field is
reflected back, and passes filters, isolators, and a HEMT
amplifier. Finally, it goes back to the VNA to obtain
the reflection coefficient with some room-temperature
amplifiers.

To measure the PSD from the thermal noise, turning off
the VNA, we use a digitizer to measure the voltage from
the output port in the time domain where the sampling
rate is 3 MHz and 4 MHz for Figs. 3(a) and 3(b), respec-
tively. Such rates are large enough to capture the signal

around the qubit in the frequency domain. The measured
voltage is then normalized to the system gain based on the
Mollow-triplet spectrum [47]. Afterwards, we calculate the
PSD according to the Welch method [69], where the back-
ground noise is subtracted by the reference found by tuning
the qubit frequency away using the external magnetic flux.
Experimentally, in order to remove the background and
the gain drift, we first measure the PSD for 1 s with the
drive either on or off, as required. After that, we tune the
qubit away by changing the external flux and repeat the
measurement to obtain the background reference. Finally,
we just take the difference between these two measure-
ments to obtain either S,, or So, if the drive was on or
off, respectively.

APPENDIX B: QUASIPARTICLES AND
TWO-LEVEL SYSTEMS

In addition to the hot bath we discussed, nonequilib-
rium quasiparticles could also excite and decay the qubit
with rates I'y and I' |, respectively. Therefore, we add two
additional dissipators (I'y D[o_]p and I'; D[o ] p) into the
master equation used for our model (Appendix D). By
solving the master equation without external drive, we
obtain the lost power, which contains the effects from both
the hot bath and quasiparticles as

P loss
ha)m

_ L. Tu(ny — ny) — [ (0 + I)FT - nrr¢]
1_‘1 + F¢ + Fi

. (B1)

When I', =0 and n, = 0, the qubit population due to

r
FT-‘:F Ve
mentally, we can increase the capacitive coupling between
the waveguide and the qubit in order to make the non-
radiative decay negligible (I', > I',)). By suppressing the
noise from the output line, as we did in the main text,
we have n, ~ n,. In these conditions, the lost power is
mainly from the quasiparticles. Depending on the value
of the waveguide thermal-photon occupation, we have
three regimes: if n, > 'y /(') — T'4), Poss > 0, the qubit
is thermally excited and prefers to be dissipated due to the
quasiparticle tunneling through the Josephson junction; if
n. < I'y/('y = Ty), Ploss < 0, the quasiparticles excite the
qubit, and then the qubit emits a photon into the waveg-
uide; if n, = 'y /(I") — T'4), Ploss = 0, we can consider the
effects on the qubit from the quasiparticles and the thermal
photons in the waveguide are the same.

The quasiparticle-induced excited-state population can
be approximately written as [53]

n A 3.65
P&~ 217=E (—g> ,

the nonequilibrium quasiparticles is p?lp = Experi-

B2
nep \ hiwor (B2)

in which ngp (ncp) is the density of all quasiparticles
(Cooper pairs) and A, is the superconducting energy gap.

020305-8



STEADY-STATE HEAT TRANSPORT AND WORK...

PRX QUANTUM 3, 020305 (2022)

Combining this with the quasiparticle-induced decay rate
for a transmon qubit [9,53]

N V2 nor { Ag 1.5 )
¥ 7 RyC nep \ hooy ’
we have
—2.15
~ V2 (A - (B4)
v 2.17RNC hwm 1

where the normal resistance of our SQUID is Ry ~
6.3 k€, the total capacitance of the qubit is C = 78 fF
and Ag = 170 peV for aluminum. By assuming that our
thermal population is solely from the quasiparticles, i.e.,
P = pih A~ 2.86%, we have ', /27 ~ 87 kHz. There-

fore, we have I'y ~ ,olQlPFL ~ 2w x 3 kHz. Thus, the
quasiparticle-induced nonradiative decay rate would be
Iop =Ty, —I'y ® 27 x 84 kHz > I',,, see the discussion
in the main text.

Finally, as discussed in the main text, we do not observe
any considerable decrease in I',, as the temperature is low-
ered (by the addition of isolators). Conversely, we also
note that the value of I', does not observably increase. If
we assume that [, is solely from TLSs, then, when we
decrease the bath temperature from 131 to 50 mK, the
value of T, is expected to increase by about 10 kHz accord-
ing to the relationship I',tLs = 'y tanh(hwe /ksT) [7]
(see also Appendix D), where I', is the nonradiative
decay rate due to TLSs at zero temperature. It may be
that the high-temperature noise from the output may also
generate some quasiparticles. Assuming that the noise tem-
perature is the same as that of the TLS bath, namely, 131
mkK, the corresponding quasiparticle-induced decay rate is

about 8 kHz, as given by I'gp = “2 %pr with the

0 W A (@)

—lso-trans.
—100 —1lso-Iso.
Filter
—150 —T?tal | |
0 5 10 15 20
wl27 (GHz)

A IZHAngTe_Ag/kBT

normalized quasiparticle density xqp = x,

[9,70], and said rate would decrease as the noise temper-
ature is lowered. In total, it is possible that we do not
see a change in I', after suppressing the noise because
these two effects (TLS rate increasing due to less satu-
rated TLSs, quasiparticle rate decreasing due to a lower
quasiparticle density) mitigate each other, according to
I'y = Tyaes + Dop. Such behavior has been observed in
superconducting resonators [71].

APPENDIX C: NOISE ANALYSIS

In order to investigate where the noise is from, as shown
in Fig. 6(a), we measure the isolation and the transmis-
sion for two isolators, and the filters with a low-pass and
high-pass filter at 77 K. We find that from 4 to 8 GHz,
which is the bandwidth of the isolators, the isolation of the
isolators can be up to 40 dB. Outside the bandwidth, the
filters can suppress the noise well up to 20 GHz. Accord-
ing to the noise temperature of the HEMT amplifier from
the datasheet, we can calculate the corresponding thermal
photons nygyt. Therefore, the reduced noise temperature
to the sample is given by [72]

ng = A(w)ngemr + [1 — A(@)]n(w, Tvux), (ChH

where A(w) is the total attenuation [black curve in
Fig. 6(a)]. n(w, Tyx) = 1/[e"/®™X) _ 1] is the thermal
photons from the 50 & terminators of the two single-
junction isolators, where we simply assume that the ter-
minator has the same temperature as the mixing chamber
of the dilution refrigerator, namely, Tyx = 10 mK and its
contribution to the total noise temperature is shown as the
red curve in Fig. 6(b).

80 (b) |
< 60 |
E
< 40
5
20
[
O L L L
2 4 6 8 10
wi27 (GHz)

FIG. 6. Noise temperature. (a) The response of filters with a low-pass and high-pass filters and two single-junction isolators shown
in Fig. 5, as a function of the input frequency w. The data is measured by a VNA with dipping the microwave components into liquid
nitrogen. Iso-trans. and Iso-Iso denote the transmission coefficient and the isolation coefficient of the two single-junction isolators,
respectively. The green curve is the filters’ transmission coefficient. The black curve represents the total attenuation from the filters and
the isolators. (b) The corresponding effective noise temperature 7y, reaching the sample from the HEMT amplifier after the isolators
and filters (blue curve). The red curve is the noise temperature from the 50 2 terminators of the isolators.

020305-9



YONG LU, et al.

PRX QUANTUM 3, 020305 (2022)

In Fig. 6(b), we find that the noise temperature is mainly
dominated by the noise from the HEMT amplifier com-
pared to the 50 2 terminators. However, it is far away
from the hot-bath temperature (130 mK), especially at the
qubit frequency; the value is 34 mK, much lower than the
actual qubit temperature (7, = 78 mK). Moreover, from
10 GHz to 20 GHz, the low-pass filter will suppress the
noise strongly up to 80 dB. Therefore, we suppose it is
likely that the noise heating up the TLS bath is above
20 GHz. According to the datasheet, the filter can work
until 40 GHz. Above that, it will have a frequency where
it stops to suppress the high-frequency noise. Thus, the
high-frequency noise possibly heats up the TLS bath by
some nonlinear process. A possible scenario is that the
TLSs are excited to metastable states that decay and emit
photons over a broad frequency range, including the qubit
frequency. This secondary radiation then excites the qubit,
leading to a partially excited qubit that can emit radia-
tion to the amplifier at the qubit frequency. After adding a
two-junction isolator, even though the isolation at the high
frequency may be not so effective, it can still attenuate the
high-frequency noise, leading to a lower bath temperature
as we observed in the main text.

APPENDIX D: MASTER EQUATION

The dynamics and steady state of the qubit in contact
with two bosonic heat baths can be found, in the weak-
coupling and Markovian approximations, by solving the
equation of motion

d i
—ps(t) = —[Hg, (0] + L[p D],

ot h ®n

where
T, r,
Llp®)] = 5 (n, +1)Dlo_]p + ?nrD[cu],o

r, r,
+ > (n, + 1) Dlo_]p + 7nnp[<f+]0

+ %D{az]p, (D2)

where the Lindblad operator is D[o;]p(f) = 20,0 (t)aiT —
{afa,», p(H)}, and the thermal occupation of the bosonic
baths are given by n; = [exp(hwo /ksT;) — 117!, where kg
is the Boltzmann constant.

The qubit Hamiltonian is

H A Q
— = ——=0; + 0y,

h 2 2 D3)

where the detuning A = w, — wq; is the energy differ-
ence between the drive at frequency ), and the bare qubit
frequency wy; .

In the above, we explicitly assume that the qubit only
has two levels, and that the radiative (transmission line)
and nonradiative baths are bosonic, and obey the BMS
approximation. The influence of a third level is described
in the following.

The second assumption, the bosonicity of the nonra-
diative bath, can be replaced by assuming a TLS bath.
This simply changes the temperature dependence of the
Lindblad operators for that bath, such that

r, r,/1+n,
" (n, +1)D[o_ on
y (A DPlo-1= = (1—1—211,,

) Dlo_], (D4

(D5)

T, 'y "
L 1) Dlos] > - (1 . 2,%) Dios).

Ultimately, this implies some ambiguity in the temper-
ature ascertained from the height of the thermal peak
in the spectrum calculation. For simplicity we use that
obtained from the bosonic assumption, but note that a
TLS bath requires a larger temperature to produce the
equivalent thermal peak in the spectrum, because kg T}, =
hwo/[In(1 £ n,) — In(n,)], where &+ = + for a bosonic
bath, and & = — for a TLS bath. For example, for the
An = 0.135 observed in the main text we would find,
assuming n, = 0, kg T,/ hwo; = 0.47 for a bosonic bath and
0.54 for a TLS one.

It is convenient to use the Heisenberg equations of
motion generated by Eq. (D1) for the operators s,(¢) =

(0-(0), s7(1) = (04(0)), and 52(1) = (o4 (Do—(1)):

S1 S1
— st =M]|s7|+B, (D6)
dt . .
where
iAN—T, 0 i
M = 0 —IiA—-T, —iQ* (D7)
i*/2 —i2/2 I
and
—i2/2
B=|iQ*/2 (D8)
Iy

and where, as in the main text, [y = n,[', +n,I,, '} =
(1 +2n,)T,+ 1A +2n)T,, and I'y =Ty + I'; /2. For the
steady state t — oo this gives

o (1 > ooy = 201 =200 (A =il

— D9
2Q2T, +2(A2 + AT B9

QT + 2T (A% + )2
(010 (t — 00)) = [S2°T5 + 2T ( +22) (D10)
2|1QT; +2(A%2 + )TN
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|QI’T, +2I'_ (A% +T',%)

o_o4L(t > 0 = ,
oo+ ) 2IQPPT, + 2(A2 + [T

(D11)

where in the last equation I'_ = (n, + DI'), + (n, + DT,

APPENDIX E: REFLECTIVITY

According to the input-output theory [73,74], the output
coherent field b, is the sum of the input signal by, and the
coherent field scattered by the qubit:

Bout = bin — iy/T,0_(t = 00), (E1)

where (bi,) = 2/24/1',. To calculate the reflectivity, we
use Eq. (D9) with

2,

r= =1- (o_(t > 0)), (E2)
(bin)
where assuming weak drive Q2 < I'} gives
1-2r,/T
r=1-— ir,(—f/‘). (E3)
A+l

APPENDIX F: POWER OUTPUT

Recalling from the main text, we employ input-output
theory for the output of the transmission line, where
bin(t) = fin(t) + /24/T includes the thermal noise fi, ()
and coherent drive €2/24/T. To obtain the correct expres-
sion for the output power (and the PSD) we need to
calculate correlations between the input thermal field in
the waveguide and the qubit of the form (o (£)fin(¥')). We
can evaluate these using the result from Ref. [45], where,
assuming the effect of the waveguide on the dynamics of
the system obeys the standard BMS approximation, it is
possible to show that for ¢ < ¢, the input field has not yet
interacted with the qubit, so (o, (8)fin(¥)) = 0. Fort =+¢
and ¢ > ¢, the thermal input can be correlated with the
qubit, and the following holds:

(04 Ofia(@)) = =i/ T 0t — ) {[o1(),0-(t)]) (F1)
and
o (1)) = iyTim® — (o4 (0,0-D)]). (F2)

Splitting the input field into thermal terms and coherent
terms, one can evaluate the output field intensity correlator

as

(Bl Obou(@)) =T\ (n, + 1) (o4 (o (1))
— Ty 0_ ()04 (D) + (fi (Ofin(?))
QP

AT,
(F3)

TO*

2

i2

(o_()) + — (o) +

With this we can also evaluate the equal-time terms for the
power output, but it is more instructive to show the evalu-
ation more explicitly, following the steps outlined in Ref.
[75] modified to accommodate a qubit instead of cavity.

As described in the main text, we start with the full sys-
tem Hamiltonian for the qubit and the two environments,

Hsys = Hq+Hr+Hn~ (F4)

The radiative (H,) and nonradiative bath Hamiltonians
(H,) are

H, ;
5= Z wk,ia,tiak,i + ng,i (0 —a;{,i + G+ak,i> . (F5)
k k

and include the interaction with the qubit.
First, we absorb the nonradiative bath into the qubit
Hamiltonian,

This gives us Langevin equations for the system operators
coupled to the waveguide (setting 7 = 1 in the following
steps for simplicity),

o_ = —ilo_, Hsys]

= ~ilo—, H;) —ilo_,04] ) grakr.
k

(F7)

We then define the spectral density for the transmis-
sion line as J(w), = Y, |g |8 (@ — wy,), insert the
definition of the integral of the transmission-line modes
into Eq. (F7), and make the standard Markovian approx-
imation J (w), = I',. Evaluating the result gives

r,

6-=—ilo-, Hl - = o_+io./T,bin (D).

p (F8)
To obtain correlation functions between the thermal input
and system operators, we omit the coherent contribution
to bin(t) = fin(9) + 2/24/T"1 and multiply the equation of
motion from the left first with o, and then with the required
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system operator for the correlation function we wish to
evaluate, say o . Rearranging gives the form

T, .
T osfu) = —(046-) = S {oroo) = iloy o Hy])

(F9)
To evaluate the term (o, 6_) we use the formula

d
(0107) + Tr{02L:[pO1] — 0, L[O2p]},

200102 = =
(F10)

where p is the system density matrix after tracing out
the waveguide, and L, is the Liouvillian describing the
evolution of the system in contact with the waveguide,

r,
L,[p] = —i[Hys, p] + 5 (- +1)Dlo-Jp

L,
+ 5 nDlo]p. (F11)
Evaluating this gives
. . / 1_‘Il‘
(046-) = —ilo [0, HJ) = F{ow0-)
yn,
- — o0 (F12)
Combining this with Eq. (F9), we find
I')n,
W0 fu) = =S [0 0-]). (F13)

Performing the same steps for the other system-thermal
noise correlator, and inserting into the output-power for-
mula, we find, as expected

(B! wbout) = T (np + 1) (030_) — Tonp(o_04) + {f, fin)
iQ* i 12

5 (o=l e TR

(F14)

One can use this to show that the power loss Py =
huwor ((b;bin) - (bzutbout)> under zero drive (2 = 0) is
given by

thl 1_‘rl_‘n (nr - nn)

Ploss = 1_,1

(F15)

APPENDIX G: POWER SPECTRAL DENSITY

As described in the main text, to evaluate the PSD

haor [ it /
S(CI)) - 2_ dte (bout(t)bout(t ))(t/—>oo) (Gl)
T —00

we need to evaluate the correlation functions contained in
Eq. (F3) for the system operators. In some simple cases,

this can be done by hand. For example, in the zero-drive
limit, one can easily show that

(0L (No_(1))r—0e = e 2™ (0,0 (1))
and
(0 (oL (D)pooe = € 2™ o o, (1)),

where (040 (f))r—~oc =/ and (0_04.(1))r—o0c =
I'_/T';. Combining these results with Eq. (6) and Eq. (G1)
gives Eq. (7).

A general solution can be conveniently found by com-
bining Eq. (D6) with the quantum regression theorem to
define the two-time correlation functions, and the Fourier
transform can be performed following the approach used in
[46,48]. The result is cumbersome, but taking the strong-
driving limit we obtain the result in Eq. (8).

APPENDIX H: THREE-LEVEL MASTER
EQUATION

To evaluate the influence of higher levels in the
transmon on our results, we consider a three-level
master-equation model. We describe the energy difference
between levels 1 and 2 with the parameter w,, such that
the anharmonicity is given by §/2m = (w2 — we1) /27w =
—250 MHz.

To describe the Autler-Townes splitting in the main text
we apply two drives at two different frequencies, and in the
rotating frame of the two-drive terms we find the system
Hamiltonian to be

Hg
5= (o1 — @S (1] + (@12 + wor — wf"

Q 19))
— o221+ Tl + V202, (H)

where o is the drive frequency of input drive i, and
we define 0" = [i)(j| + [j){il, 07 = |i)(j|, and 07 =
) (il

As we are in a regime where the anharmonicity of the
qubit is larger than the decoherence rates [63], our master
equation is now
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3 i
8_t'0S(t) = _ﬁ[HS:p(t)]
Iy (01) (01) I 01) (V)
+ 5 (1 + 1) Dlo 1o (0 + S VD[ 1o (1)
Cw o o1 L o1y 01
+7(nn + 1) Do o) + o, Dlo} 1
+ T, (n!? + 1) D10 (1) + TP Do ?10(1)
+ T, (n? + 1) Do "1p(1) + T,nP Do 1p(0)

+ % ZDW) (il1p (.

The output power can be extended to consider two inde-
pendent coupling operators associated with oV and 0 "?.
Importantly, the |1) <> |2) transition has a dipole moment
which is v/2 times larger than the |0) <> |1) transition,
and which enhances the coupling to the transmission line,
increasing both the Rabi drive term and the dissipation
rates.

For weak drives on the |0) <> |1) transition alone we
can observe that the main influence of the third level
is to induce an additional dephasing on the qubit pro-
portional to the thermal excitation rate from the second
to the third level. To evaluate the reflectivity and power
spectrum in this case, it is convenient to again work
with the Heisenberg equations of motion, where in the
limit of €, =0 we obtain a closed set of equations
for the operators wi(2) = (6" (1)), wi(®) = (" (1)),
wa(0) = (0 0oV (0) and wi() = (0P MV @),
using the normalization condition <afrm)(t)aﬁm)(t)) +
@0 @0) + (0P (P () = 1:

w1 w1
d | wt wk
21" =0 [ M| 4B, H3
prll 2| s 2 (H3)
w3 w3
where
in—-T] 0 £ =
. T —iﬂl in
M 0 —ia-TIp = 2
= iQ —iQ2 O)  (12) =0 (12
& d2 pO_p plh_pd
—iQ iQ (Y] 01)
-2 2 - —T
and
0
0
By = 2 (H4)
0

(H2)

and where we use '] = Fém) + FS:Z), indicating the added
dephasing from thermalization of the |1) <> |2) transition,
and where I'Y'V =T, +T"/2, 1" =1 +1%,
rY =rn? + 0w, T =0 + D + 0, +
1), and Ay = (wo — a)él)). Note that here we have
accounted for the larger rates in the |1) <> |2) transitions
in Eq. (H2), hence parameters such as Fﬂ:z) are just for
convenience, and differ from the actual thermalization rate
of the |1) < |2) transition by a factor of two.

Evaluating the reflectivity of the |0) <> |1) transition
with these equations, in the limit of weak drive 2, gives

it (1 =20 /reh)
r=1- 0D 12 g,
A+ i) + 112

(H5)

where

1-‘(12)F§01)

~ 1. (H6)
@OOr{? 4 i)

Similarly, for the output power spectrum, we can obtain
the strong-drive (large €2)) result by generalizing the steps
used in the two-level case. For the central peak, around the
|0) <> |1) qubit transition frequency, we find

hwm Fr Fg

S(w) = F,
@ 21 (@ — wn)® + (M])?

(HT)

where

rd?

(12) (12)
or? 4 rf

01 01
= [(o®V g OD

oo _(O_(Ol) (01)

)(IHOO)_ - U+ >(t%oo)]§21%oo'

Intuitively, we see here that under a strong drive 2, we
still observe the added dephasing (I'] = F;Ol) + Fﬂz)), as
well as a small change in the steady-state population, on
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top of the expected result from the two-level model under
strong drive, which captures the thermalization with the
third level.

For no drive, ; — 0, we find the thermal spectrum as

hwoi T, 2T, An
S(@) = —2 L), (H)
2 (0 —wo))” + (I'y)?
where
r
Yy (H9)

= F(_IZ)F§OI) n FE:Z)FEBI)

and An = n®) — O,

The side-peak contributions to the Autler-Townes data
presented in the main text are based on applying a drive
on the |1) < |2) while monitoring the emission from
the |0) <> |1) transition. We can also obtain these side
peaks analytically, in a similar fashion as the above cal-
culations. The Heisenberg equations of motion in this
case, for ) = 0 and 2, # 0, form a closed set of equa-
tions for the operators z; (f) = (092) ),z = (ailz)(t)),
20) = (0P 0o @), 0 = (07 0o 1), 2=
@), zr= "), z5=(@®), and zi=
(afroz) (®)). The full equations of motion and the full result
for the output spectrum are cumbersome, but evaluating
the side peaks for the limit of large drive 2, we find

2(rf+r{?)

27 7. o]
40)—0)()1:|:\—f2 + F2+F2

P 4 [ — 202

2 [F 4 @] -

hawo T,

Sw)e=——

(H10)

Here we introduced a parameter which describes the
dephasing rate of zs, Féoz) =TIy + Ffl)/Z +1r%,

If we assume 7%V = n{1? and n®V = ! the second
term in the numerator simplifies to

(r 0 [P —2r®]) =2r,an. (1D

The various analytical results obtained in this supplemen-
tary material were checked against numerical simulations
using QuTiP [68].
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