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We report a proof-of-principle experiment for a new method of temperature measurements in waveguide
quantum electrodynamics experiments, allowing one to measure separately the temperature of global and
local baths. The method takes advantage of collective states of two transmons located in the center of a
waveguide. The Hilbert space of such a system forms two separate subspaces (bright and dark) that are
coupled differently to external noise sources. Measuring transmission through the waveguide allows one to
extract separately the temperatures of the baths responsible for global and local excitations in the system.
Such a system would allow for building a new type of primary temperature sensor capable of addressing
both local and global baths.
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Characterizing and controlling the coupling between
quantum systems and environmental degrees of freedom
is one of the central problems in modern quantum systems
engineering [1–10]. This coupling might be useful in
quantum sensing [11], quantum thermometry [12], or quan-
tum engines [13], while in other applications it is harmful,
e.g., for quantum computation protocols, leading to an
additional dephasing as well as excess qubit population.
The coupling of one quantum system to multiple baths
attracted significant attention during the last years on both
the theoretical and experimental sides, including the field of
superconducting quantum circuits [14–21].
Thermalization of a many body system coupled to

various baths is especially relevant in the context of super-
conducting devices whose effective temperatures are
known to plateau at 30–50 mK [22–24]. Various possible
reasons for this behavior have been revealed, including
poorly thermalized attenuators in the input lines of the
cryostat [25,26] as well as nonequilibrium quasiparticles,
perhaps produced by stray infrared radiation [27] or cosmic
rays [28,29]. Continuing research in this area during the last
few years resulted in several proposed and realized proto-
cols for qubit temperature measurements [23,24,30] and
techniques for its reduction [31].

To understand the thermal baths that a superconducting
circuit is coupled to, one has to perform thermometry on
the circuit. Several protocols have been recently proposed
[32–35], including realizing a primary thermometer by
measuring the scattering parameters of a transmon coupled
to a waveguide [36]. The field of thermometry recently
expanded to the quantum regime, where entanglement can
be used to overcome fundamental limitations of classical
thermometry [12]. For instance, exploiting bath-induced
correlations may enhance thermometry precision [37].
This Letter introduces a new method for the individual

extraction of temperature associated with two noise sources
affecting a system of two superconducting transmons,
and demonstrates it through a proof-of-principle experi-
ment. Leveraging the inherent symmetry of the system, our
approach employs multiprobe spectroscopy to measure
separately the temperature of a collective, global bath
and of a more localized noise source. In this context, we
will employ the term “global” to denote a thermal reservoir
symmetrically coupled to both transmons, whereas “local”
refers to a noise source that is more strongly coupled to
one transmon, thereby inducing an asymmetry in the
dissipation channels. The latter scenario encompasses
purely localized baths extensively examined in theoretical
studies [16,17,38–40], wherein noise sources exclusively
affect a single transmon.
Our method introduces a contribution to the toolbox

of existing cryogenic thermometry protocols, offering a
novel capability of dealing with both local and global
noise sources. Our approach holds the potential to emerge
as an indispensable tool for detecting different noise
sources influencing superconducting qubits. Such a tool
allows the design of countermeasures and leads to a better
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understanding of the complex thermalization of extended
circuits.
Our experimental setup is shown in Fig. 1(a), where two

capacitively coupled flux tunable transmons (Q1 and Q2)
are located in the center of a rectangular waveguide (see
[41,42]). The waveguide cutoff frequency was close to
6.5 GHz for the fundamental mode and 13 GHz for the
second mode. For the experiment, the system was equipped
with two electromagnets thermally anchored to a base
plate of a dilution refrigerator (not shown), allowing for an
independent control of the transmons frequencies from
around 4 to 8 GHz. The transmons were fabricated with
a standard Al=AlOx=Al bridge-free technique [43] on
330 μm-thick sapphire substrate.
Owing to the symmetry of the system, we separate the

two-transmon Hilbert space into a dark or subradiant
subspace, which is effectively decoupled from the noise
coming through the waveguide, and a bright or super-
radiant subspace [9,14,44] [see Fig. 1(b)]. In addition, a pin
mounted on the side of the waveguide weakly couples to
both transmons. This line is used to engineer a controlled
thermal bath acting on the transmons, whose effective
temperature can be varied in a broad range (roughly from
100 mK to 60 K with the noise source we used). Crucially,
owing to the asymmetry of the evanescent field of the pin,
this bath couples to both dark and bright subspaces.
In the following, the bath associated with the pin line will

be referred to as “local” in contrast to the bath associated
with the fundamental mode of the waveguide, which
we will call “global.” A 3D waveguide QED setup was
chosen to have an alternative way to engineer the local bath
with a heater affecting only one qubit [see details in
Supplemental Material (SM) [45] ]. The system was
designed in a way to have unequal couplings to different
baths: γloc1 < γloc2 ≪ γglob. A more strongly coupled global

bath corresponds to a typical experimental situation in
waveguide QED, while local baths can be associated with
internal losses. Having the transmon pair coupled strongly
to the global bath of a continuous mode environment makes
the system more sensitive to its temperature, in turn leading
to a higher residual temperature for the transmons. For this
proof-of-principle experiment this situation is acceptable as
this residual temperature, associated with the microwave
photons in the input line, can be easily included in the
model. Even more so it is close to a relevant measurement
scenario where one wants to determine the mode temper-
ature of a transmission line connecting to an experiment to
ensure proper filtering and attenuation. A waveguide setup
allows a directly measurable coupling to an incoming
thermal radiation field and an absolute temperature meas-
urement [36] of this mode. Here, the local bath (e.g., a
residual bulk temperature) would be a detrimental influ-
ence, limiting the measurement if one uses a single trans-
mon, which is eliminated in our setup.
The system illustrated in Fig. 1(a) has three ports: input

and output of the waveguide, connected correspondingly to
standard 50 Ω input and output lines, and the side pin line,
connected to a second standard 50 Ω input line. A detailed
microwave wiring can be found in SM [45]. To couple our
system to a bath (local or global) we apply controlled white
noise to the corresponding port, produced by amplifying
the Johnson noise of a 50 Ω load with a room temperature
amplifier chain combined with a digital attenuator. By
changing the settings of the attenuator we effectively
regulate the noise temperature.
As we can send noise separately to the different input

ports, we are able to independently study the global and
local baths. The effect of each bath is obtained by
measuring the transmission through the waveguide, which
depends on the steady state of the transmons [56], and thus
their temperatures. Because of the presence of a dark
subspace with respect to the global case, the transmission
coefficient in this scenario will be crucially different from
the local bath case where the dark state is broken. Through
a suitable fit of these coefficients we can then extract the
temperatures of the baths independently.
For a theoretical description of our model (see details

in SM [45]), we will model the effect of the baths on the
two-transmon system through a Bloch-Redfield master
equation in a partial secular approximation [17,57],
whose Markovianity is justified by the approximately
flat spectral density of the baths (see SM [45] for some
related considerations) and by the weak coupling between
transmons and reservoirs, combined with input-output
formalism [56]. We can understand the behavior of the
transmission coefficients in the global and local scenarios
by looking at the simplified level scheme in Fig. 1(b) (a
more detailed scheme can be found in SM [45]): under the
action of a perfectly symmetric global bath, the levels jDi
and jD0i are decoupled from the other levels as the
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FIG. 1. (a) Experimental setup: a rectangular waveguide (global
bath) with two transmons. (b) Simplified level scheme of the two
transmons with the corresponding states (normalization omitted).
Solid lines correspond to allowed transitions in the global regime,
while dashed lines correspond to prohibited ones. Only one level
with two excitations jD0i is shown. Levels jD0i and jDi belong to
the dark subspace, while j00i and jBi belong to the bright
subspace. Notations: 2β < 0, anharmonicity of the transmons
with frequencies ωq; g > 0, capacitive coupling between the
transmons.
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transitions are prohibited by symmetry. These levels there-
fore will not be populated by a global bath, regardless of the
temperature of the bath. On the other hand, a bath that is
coupled only to one transmon (or asymmetrically to both
transmons) breaks the symmetry and therefore can populate
the jDi state.
Note that the jDi → jD0i transition is allowed even

under the action of a symmetric global bath, and therefore
can be probed through transmission measurements. The
visibility of this transition depends directly on the steady
state coherences induced by the drive field between jDi and
jD0i (see more details in SM [45]), which are zero if the
state jDi is not populated. These coherences effectively
result in a coherent scattering of the weak incoming field
such that one has destructive interference between the
scattered and incoming field in forward direction, effec-
tively resulting in low (negative dB value) transmission.
As a result, the transmission through the waveguide for
frequencies corresponding to the j00i → jBi and jDi →
jD0i transitions can be used to extract the temperatures
of both global and local baths independently. In our
experiment, the anharmonicities of the transmons are
nonidentical [58], therefore the coupling to the global
bath is not perfectly symmetric. Measuring the transition
rates and fitting them with an adequate model, allows an
independent temperature estimation also in such a nonideal
real-life setup.
First, we calibrate the power reaching the transmons

from the two input ports, using a simple Autler-Towns

experiment (see SM [45]). For this, we apply a coherent
tone to the corresponding input in resonance with one of the
transmons while the other transmon is detuned below the
cutoff of the waveguide. As a result, the transmon fre-
quency splits and the width of the splitting is proportional
to the Rabi frequency. Then, we fit the effects of the noise
source power on one of the transmons (Q2) to calibrate the
effective temperature of the bath. The model has two fitting
parameters: residual temperature Tres and conversion coef-
ficient α between the power of the source and added noise
temperature, i.e., T ¼ Tres þ αP, where P is the power we
send into the fridge. We estimate these values by getting the
best possible fit of our theoretical model to the experi-
mental transmission coefficients as a function of temper-
ature of the global bath for the main transition j0i → j1i
(see SM [45]) for a bath with temperature T. The results of
the experiment and their best theoretical fit are shown in
Fig. 2(a). The extracted value of Tres is 95 mK with a base
temperature of the fridge of 14 mK. We associate this
relatively high value with the influence of a residual global
bath, i.e., photons coming from the input port of the
waveguide. This result is expected in waveguide QED
experiments, where the transmons are placed in a continu-
ous 50 Ω environment.
Then, we compute the transmission coefficients of

different transitions for the single- and two-transmon
systems as a function of temperature using our theoretical
model with the fit values for Tres and α, and compare them
with the experimental results. The good agreement between

FIG. 2. Transmission measurements (dashed red) and corresponding fitting curves (solid blue) for (a) single transmon, only global
bath applied; (b) two transmons in resonance, only global bath applied; and (c) two transmons in resonance, only local bath applied.
(d) Bright-dark diagram obtained from (b) and (c). Dashed red (blue): transmission measurements with a global (local) bath. The color of
the solid lines (theoretical predictions) reflects the temperature of the corresponding bath.

PHYSICAL REVIEW LETTERS 134, 213602 (2025)

213602-3



the experimental and theoretical lines shows that our
theoretical model is a good description of the experiment,
as can be seen for instance in the inset in Fig. 2(a) for the
transmission coefficients of the j1i → j2i transition or
Fig. 2(b) for the j00i → jBi transition. The behavior of
the transmission coefficients as a function of temperature is
discussed in more detail in the End Matter.
Next, we set both transmons in resonance at 7.8 GHz and

vary the noise temperature of both global and local baths. In
this case we are interested in two transitions: j00i → jBi
and jDi → jD0i; see Fig. 1(a). We start by varying the
temperature of the global bath and monitoring the trans-
mission at the f00B and fDD0 frequencies with a weak
probe. The result of the experiment and the corresponding
theoretical lines are shown in Fig. 2(b). We refer to the End
Matter for a discussion on the temperature dependence of
these transmission coefficients.
In a device with a perfect symmetry, the global bath

temperature would not affect the transmission through the
waveguide at the jDi → jD0i frequency fDD0. In our setup a
dependence on temperature appears both in the experiment
and the theoretical fit (the transmission coefficients are
lower than 1), as demonstrated in the inset of Fig. 2(b). This
is due to experimental imperfections and additional levels
and is discussed further in the End Matter.
Finally we use the side pin to apply a local bath, affecting

the transmons asymmetrically. Performing an Autler-
Towns experiment, but applying the pump tone from the
side pin, we were able to extract the ratio of the couplings
between the transmons and the side pin, obtaining
γloc2=γloc1 ¼ 1.78. This ratio was used in the model, while
the coupling itself was kept as a fitting parameter. To
extract the coupling we again fit only single-transmon data,
which in this case is fitted simultaneously for both trans-
mons. For the details on this procedure see SM [45]. After
extracting the coupling, we plot the experimental and
theoretical results for the two transmons and local bath
experiment in Fig. 2(c). As before, the theoretical lines are
obtained with the values of Tres and α fitted in single-
transmon experiments.
We observe that for the local bath the transmission drop

is deeper and occurs when the j00i → jBi transmission is
far from reaching saturation (more discussions about this in
the End Matter). This can be better illustrated with what we
call “bright-dark diagram”; see Fig. 2(d), where the axes
correspond to the transmission values at the frequencies
f00B and fDD0 . Experimental frequency sweeps in SM [45]
further illustrate the difference between the effects of global
and local baths on the transmission.
From this diagram one can see that local and global bath

saturate the transitions jDi → jD0i and j00i → jBi very
differently. Thus, a combined measurement allows us to
assess the influence of a local bath on a temperature
measurement using the j00i → jBi as a calibrated sensor.
In our proof-of-principle experiment, where both baths

have been calibrated, we can actually determine the
temperature of both uniquely by measuring the depth of
both spectroscopy peaks. This works for a temperature
range of 50 mK to about 500 mK for the global and 100 mK
to about 2 K for the local baths. Using the qubit pair as a
sensor to determine the effective mode temperature of an
incoming coaxial line (a global bath) one would not be able
to determine the temperature of the local bath as the
coupling would not be known. Still our method would
allow one to extract its influence on the measurement
signal, correct for it, and determine the actual mode
temperature.
To illustrate the measurement process further we have

run simulations of a system based on our experiment that is
suitable to detect the desired low input mode temperatures
(≈20 mK) of a circuit quantum electrodynamics system.
The results of this simulation can be seen in Fig. 3. Here,
we change the global bath temperature from 10 to 300 mK
for a pair of 2 GHz transmons inside a waveguide. We
assume a local bath coupling of 1 kHz with other para-
meters corresponding to our current experiment. Again, a
combined measurement of both transitions allows one to
determine the temperature of the global bath and extract the
influence of the local bath.
From the level diagram [see Fig. 1(b)], one can see

that the local bath has a very strong influence on the
temperature measurement using the transmission on the
j00i → jBi, leading to a wrong inference of the global bath
temperature when only this transition is used. This is the
same situation for thermometry methods based on a single
transmon: local and global baths cannot be differentiated,
making it impossible to definitively identify the origin of
excess temperature in the system. From the measurement of
the jDi → jD0i one can determine the residual excitation
of the transmons due to a local bath and correct for it in
the global bath measurement. In other words for a well
calibrated two-transmon sensor with a verified model, each
“line” in the bright-dark diagram can be uniquely asso-
ciated with a combined measurement of the jDi → jD0i and

FIG. 3. Theoretical bright-dark diagrams for an experiment
with low frequency (2 GHz) transmons. All lines correspond to
Tglob change from 10 to 300 mK.
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j00i → jBi lines. Two dashed lines in Fig. 3 corresponding
to global bath temperature 14 and 30 mK serve as guide to
the eye and correspond to typical base plate temperature
of a dilution refrigerator and a lowest residual transmon
frequency typically observed experimentally. Some more
details are provided in SM [45].
In conclusion, we have demonstrated a proof-of-princi-

ple setup that allows for the separate temperature estimation
of either a local or global bath coupled to a quantum sensor
by measuring two transitions of the coupled system. We
achieve this by exploiting system symmetries combined
with a good calibration of the system and a fit to a theory
model. Developing this proof-of-principle experiment into
a useful thermometer that would accurately measure
the input mode temperature of a system and be able to
correct for undesired local bath couplings would require
switching to a coplanar waveguide architecture as manu-
facturing tolerances leading to asymmetries and impedance
matching could be improved. We believe the approach
presented in this Letter opens a promising avenue for a new
type of primary temperature sensor capable of separately
deal with local and global baths for temperatures as low as
∼20–30 mK, enabling more accurate temperature
measurements.
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End Matter

Behavior of the transmission coefficients vs T—The
behavior of the transmission coefficients as a function of
temperature can be understood as follows (for a detailed
theoretical description, see SM [45]). These coefficients
reflect the presence of coherences between transition
levels in the steady state of the two-transmon system,
induced by a drive field near the transition frequency. At
high temperatures, all transmission coefficients saturate
at unity transmission (0 dB) as the system reaches a
maximally mixed state, making the output field equal to
the input field. For the j0i → j1i transition, the
transmission coefficient is much lower than that at low
temperatures. Essentially the qubit can coherently scatter
a weak incoming field such that one has destructive
interference between the scattered and incoming field in
forward direction. For higher temperature the incoherent
mixture of j0i and j1i results in a smaller amplitude of
coherently scattered light such that this destructive
interference does not happen and the transmission
increases smoothly toward 1 (0 dB) at infinite
temperature, as shown in Fig. 2(a). In contrast, since the
j1i level is unpopulated at zero temperature, the
transmission coefficient for the j1i → j2i transition is
unity at both zero and infinite temperatures, varying
only in the intermediate range, as depicted in the inset
of Fig. 2(a).
The same temperature dependence of the transmission

coefficients for the transitions j0i → j1i and j1i → j2i
applies to the transitions j00i → jBi and jDi → jD0i in
the two-transmon system. Their behavior at T ¼ 0 and T ¼
∞ is the same, regardless of the bath type. This explains the
transmission coefficient limits in both Figs. 2(b) (global
bath) and 2(c) (local bath). In the local case, the weak bath-
transmon coupling leads to saturation at 0 dB only for very
high temperatures, which are not shown in the inset.

In contrast, their behaviors for intermediate values of
temperature are quite different. For a perfectly symmetric
global bath, the transmission coefficients would always be
equal to 0 dB. However, we know that global bath in the
experiment is not perfectly symmetric, due for instance
to slightly different anharmonicities. Nonetheless, while
the global bath is not perfectly symmetric and the dark
subspace is not completely isolated, the fact that the latter
is only weakly coupled to the bath is reflected in the
structure of the steady state, as the transition coefficients
for the jDi → jD0i transition are closer to 0 dB than in the
local case. This can be observed by comparing Fig. 2(b)
with Fig. 2(c).

Temperature dependence of the jDi → jD0i
transmission in the global case—There are two reasons
for the temperature dependence of the transmission
coefficient at the jDi → jD0i transition frequency for the
global bath. First, the spectrum of allowed transitions in
the bright subspace is richer than the one shown in
Fig. 1(b), and it includes transitions that are close to
fDD0 in higher excitation manifolds; see SM for more
details [45]. Second, no physical system displays perfect
symmetry. In our experiment the symmetry is broken by
the imprecise location of the transmon pair inside the
waveguide and by slightly different anharmonicities
of the transmons 2β. In our setup, the transmons
have anharmonicities 2β1 ∼ −225 MHz · 2π and 2β1 ∼
−232 MHz · 2π, respectively, for Q1 and Q2, i.e., their
difference is of the order of ∼2.6%. Spectroscopic lines
appearing in the system with up to three excitations and
the difference in β between the transmons have been
taken into account in the model. As one can see from the
figure, the observed transmission at fDD0 is well described
by the curve obtained with the theoretical model.
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