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The heat problem in quantum circuits

Phillips et al., Nature (2022) 

« Future work must focus on understanding 
and mitigating heating effects leading to 
frequency shifts and reduced dephasing times, 
as we find this to be the limiting factor in 
executing complicated quantum circuits on 
many qubits. »

6 qubit device with electron spin in Si/SiGe

From quantum technologies   …                 to quantum thermodynamics

• Landauer principle (1961) !"#$%&'%&()*+&,(%$#'&-./0.1

Fmax (Methods). The second cycle in Fig. 2a corresponds to the reversed
protocol, which brings the particle from state 1 to state 0 (Methods).

We use a fast camera to record the successive positions of the bead
during the erasure process. A typical measured trajectory of the particle
for a transition 0 R 1 during a cycle is shown in Fig. 2c. A trajectory for
the transition 1 R 1 is depicted in Fig. 2d. In this case there is an
instantaneous jump to the other well induced by thermal noise, but
the final state is 1.

Thermodynamic quantities are stochastic variables at the micro-
scopic level of our experiment, because thermal fluctuations cannot
be neglected. The dissipated heat along a given trajectory, x(t), is given

by the integral29 Q~{

ðtcycle

0
dt _x(t)LU(x,t)=Lx. According to the laws

of thermodynamics, the mean dissipated heat obtained by averaging
over many trajectories is always larger than the entropy difference:

ÆQæ $ 2TDS 5 kTln(2) 5 ÆQæLandauer. In practice, we average over
situations in which the memory is either initially already in state 1
or is switched from state 0 to state 1. We typically average over more
than 600 cycles. It is inconvenient to select randomly the initial con-
figuration during two erasure cycles, so we treat the two cases indepen-
dently. When the state of the memory is changed, we use a series of
double cycles (Fig. 2a), which bring the bead from one well to the other,
and back. In the opposite case, when the state of the memory is un-
modified, we apply a series of double cycles containing a reinitialization
phase (Fig. 2b). This series is useless in the erasure process itself, but is
necessary to restart the measurement by keeping the bead in the initial
well (Methods). We determine the dissipated heat during one erasure
cycle as follows. We first note that the bead necessarily ends up in the
initial state after completion of both double cycles. Because the modu-
lation of the height of the barrier occurs on times much slower than the
relaxation of the bead, it is quasi-reversible and does not contribute to
the dissipated heat. We therefore only retain the contribution stemming
from the external tilt, averaged over the cycles corresponding to the
change of state and over the cycles in which the memory is unchanged.

A key characteristic of the erasure process is its success rate, that is, the
relative number of cycles bringing the bead in the expected well. Figure 3a
shows the dependence of the erasure rate on the tilt amplitude, Fmax. For
definiteness, we have kept the product Fmaxt constant. We observe that
the erasure rate drops sharply at low amplitudes when the tilt force is too
weak to push the bead over the barrier, as expected. For large values of
Fmax, the erasure rate saturates at around 95%. This saturation reflects the
finite size of the barrier and the possible occurrence of spontaneous
thermal activation into the wrong well. An example of a distribution of
the dissipated heat for the transition 0 R 1 is displayed in Fig. 3b. Owing
to thermal fluctuations, the dissipated heat may be negative and
maximum erasure below the Landauer limit may be achieved for
individual realizations, but not on average16.

Figure 3c shows the average dissipated heat, ÆQæ, over a large number
of erasure protocols as a function of the duration of the cycle, for
various success rates. For each cycle duration, t, we have set the
amplitude, Fmax, of the tilt such that the erasure rate remains constant
to a good approximation. For large durations, the mean dissipated
heat does saturate at the Landauer limit. We observe, moreover,
that incomplete erasure leads to less dissipated heat. For a success
rate of r, the Landauer bound can be generalized to hQirLandauer~
kT½ln (2)zr ln (r)z(1{r) ln (1{r)". Thus, no heat needs to be pro-
duced for r 5 0.5. In that case, the state of the memory is left unchanged
by the protocol and the transformation is quasi-reversible. For ideal
quasi-static erasure processes (t R ‘), the dissipated heat is equal to
the Landauer value. For large but finite t, we can quantify the asymptotic
approach to the Landauer limit by noting, following ref. 30, that
ÆQæ 5 ÆQæLandauer 1 B/t, where B is a positive constant (Methods). For
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Figure 2 | Erasure cycles and typical trajectories.
a, Protocol used for the erasure cycles bringing the
bead from the left-hand well (state 0) to the right-
hand well (state 1), and vice versa. b, Protocol used
to measure the heat for the cycles in which the bead
does not change wells. The reinitialization is
needed to restart the measurement, but is not a part
of the erasure protocol (Methods). c, Example of a
measured bead trajectory for the transition 0 R 1.
d, Example of a measured bead trajectory for the
transition 1 R 1.
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Figure 1 | The erasure protocol used in the experiment. One bit of
information stored in a bistable potential is erased by first lowering the central
barrier and then applying a tilting force. In the figures, we represent the
transition from the initial state, 0 (left-hand well), to the final state, 1 (right-hand
well). We do not show the obvious 1 R 1 transition. Indeed the procedure is such
that irrespective of the initial state, the final state of the particle is always 1. The
potential curves shown are those measured in our experiment (Methods).
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Fmax (Methods). The second cycle in Fig. 2a corresponds to the reversed
protocol, which brings the particle from state 1 to state 0 (Methods).

We use a fast camera to record the successive positions of the bead
during the erasure process. A typical measured trajectory of the particle
for a transition 0 R 1 during a cycle is shown in Fig. 2c. A trajectory for
the transition 1 R 1 is depicted in Fig. 2d. In this case there is an
instantaneous jump to the other well induced by thermal noise, but
the final state is 1.

Thermodynamic quantities are stochastic variables at the micro-
scopic level of our experiment, because thermal fluctuations cannot
be neglected. The dissipated heat along a given trajectory, x(t), is given

by the integral29 Q~{

ðtcycle

0
dt _x(t)LU(x,t)=Lx. According to the laws

of thermodynamics, the mean dissipated heat obtained by averaging
over many trajectories is always larger than the entropy difference:

ÆQæ $ 2TDS 5 kTln(2) 5 ÆQæLandauer. In practice, we average over
situations in which the memory is either initially already in state 1
or is switched from state 0 to state 1. We typically average over more
than 600 cycles. It is inconvenient to select randomly the initial con-
figuration during two erasure cycles, so we treat the two cases indepen-
dently. When the state of the memory is changed, we use a series of
double cycles (Fig. 2a), which bring the bead from one well to the other,
and back. In the opposite case, when the state of the memory is un-
modified, we apply a series of double cycles containing a reinitialization
phase (Fig. 2b). This series is useless in the erasure process itself, but is
necessary to restart the measurement by keeping the bead in the initial
well (Methods). We determine the dissipated heat during one erasure
cycle as follows. We first note that the bead necessarily ends up in the
initial state after completion of both double cycles. Because the modu-
lation of the height of the barrier occurs on times much slower than the
relaxation of the bead, it is quasi-reversible and does not contribute to
the dissipated heat. We therefore only retain the contribution stemming
from the external tilt, averaged over the cycles corresponding to the
change of state and over the cycles in which the memory is unchanged.

A key characteristic of the erasure process is its success rate, that is, the
relative number of cycles bringing the bead in the expected well. Figure 3a
shows the dependence of the erasure rate on the tilt amplitude, Fmax. For
definiteness, we have kept the product Fmaxt constant. We observe that
the erasure rate drops sharply at low amplitudes when the tilt force is too
weak to push the bead over the barrier, as expected. For large values of
Fmax, the erasure rate saturates at around 95%. This saturation reflects the
finite size of the barrier and the possible occurrence of spontaneous
thermal activation into the wrong well. An example of a distribution of
the dissipated heat for the transition 0 R 1 is displayed in Fig. 3b. Owing
to thermal fluctuations, the dissipated heat may be negative and
maximum erasure below the Landauer limit may be achieved for
individual realizations, but not on average16.

Figure 3c shows the average dissipated heat, ÆQæ, over a large number
of erasure protocols as a function of the duration of the cycle, for
various success rates. For each cycle duration, t, we have set the
amplitude, Fmax, of the tilt such that the erasure rate remains constant
to a good approximation. For large durations, the mean dissipated
heat does saturate at the Landauer limit. We observe, moreover,
that incomplete erasure leads to less dissipated heat. For a success
rate of r, the Landauer bound can be generalized to hQirLandauer~
kT½ln (2)zr ln (r)z(1{r) ln (1{r)". Thus, no heat needs to be pro-
duced for r 5 0.5. In that case, the state of the memory is left unchanged
by the protocol and the transformation is quasi-reversible. For ideal
quasi-static erasure processes (t R ‘), the dissipated heat is equal to
the Landauer value. For large but finite t, we can quantify the asymptotic
approach to the Landauer limit by noting, following ref. 30, that
ÆQæ 5 ÆQæLandauer 1 B/t, where B is a positive constant (Methods). For
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Figure 2 | Erasure cycles and typical trajectories.
a, Protocol used for the erasure cycles bringing the
bead from the left-hand well (state 0) to the right-
hand well (state 1), and vice versa. b, Protocol used
to measure the heat for the cycles in which the bead
does not change wells. The reinitialization is
needed to restart the measurement, but is not a part
of the erasure protocol (Methods). c, Example of a
measured bead trajectory for the transition 0 R 1.
d, Example of a measured bead trajectory for the
transition 1 R 1.
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Figure 1 | The erasure protocol used in the experiment. One bit of
information stored in a bistable potential is erased by first lowering the central
barrier and then applying a tilting force. In the figures, we represent the
transition from the initial state, 0 (left-hand well), to the final state, 1 (right-hand
well). We do not show the obvious 1 R 1 transition. Indeed the procedure is such
that irrespective of the initial state, the final state of the particle is always 1. The
potential curves shown are those measured in our experiment (Methods).
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• Maxwell demon 

• Thermal engines 
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Metal Quantum dot

Must not be Fermi-Dirac 
if out-of-equilibrium! 
Pothier et al., PRL (1997)

ΔE ∼ 10 K

Superconductor

ΔE ∼ 1 K

Qubit

ΔE < 1 K

ΔE ≪ 1 K

Where is temperature experimentally meaningful?



Superconducting Electron Thermometry
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Quantum Dot Thermometry
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Quantum Dot Thermometry
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Electron noise thermometry

8

?*&@6<#"+&83A&%3':6:&-./0B1&
C*&86'##'&D#E$5&(%&2.,

#.$'%(0+>+4.6)+,624$



Heat detectors
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Quantum dot in an InAs nanowire 
Collab. V. Maisi (U. Lund)
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Heat detectors: heat transport
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Heat conductance of a single-electron transistor
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Real time thermometry of transients 
Q'(:$#67D&W$(7%$4&%3'#4ES97(46X&I)$X%$(%6E7:

15

Quantum Trajectory Analysis of Single Microwave Photon Detection by Nanocalorimetry

Bayan Karimi 1 and Jukka P. Pekola 1,2

1QTF Centre of Excellence, Department of Applied Physics, Aalto University School of Science,
P.O. Box 13500, 00076 Aalto, Finland

2Moscow Institute of Physics and Technology, 141700 Dolgoprudny, Russia

(Received 7 January 2020; accepted 9 April 2020; published 29 April 2020)

We apply quantum trajectory techniques to analyze a realistic setup of a superconducting qubit coupled
to a heat bath formed by a resistor, a system that yields explicit expressions of the relevant transition rates to
be used in the analysis. We discuss the main characteristics of the jump trajectories and relate them to the
expected outcomes (“clicks”) of a fluorescence measurement using the resistor as a nanocalorimeter. As the
main practical outcome, we present a model that predicts the time-domain response of a realistic
calorimeter subject to single microwave photons, incorporating the intrinsic noise due to the fundamental
thermal fluctuations of the absorber and finite bandwidth of a thermometer.

DOI: 10.1103/PhysRevLett.124.170601

Quantum trajectories provide a way to predict the sto-
chastic behavior of an open quantum system experiencing
the subtle influence of the environment via a non-Hermitian
Hamiltonian, and jumps between eigenstates. Initially devel-
oped about 30 years ago as a computational aid [1–4], the
trajectories are nowadays routinely used for interpretation of
experiments even in modern macroscopic quantum systems
[5–11]. For instance, in the currently active field of quantum
thermodynamics, quantum trajectories provide an invaluable
tool to describe the stochastic thermodynamics properties of
open quantum systems [12–17]. In this Letter, we present an
analysis of an archetypical basic setup: a two-level system
(qubit) coupled to a heat bath. In particular, we take a
concrete system of a solid-state superconducting qubit [18]
and resistive environment forming an equilibrium heat bath,
which is readily realizable experimentally [19,20]. We focus
here on the expected outcomes of a fluorescence measure-
ment based on observing emitted and absorbed microwave
photons by a nanocalorimeter that presents a circuit reali-
zation of a photoreceiver discussed in general terms, e.g., in
Ref. [21]. We verify that the common interpretation of the
outcome of a projective measurement (“collapse”) is con-
sistent with the analysis of our system based on quantum
jump trajectories. We present a stochastic simulation of the
output of this detector in the presence of qubit-calorimeter
interaction and coupling of the calorimeter to the phonon
heat bath including thermal noise on the detector. This
analysis illustrates the feasibility of such an experiment
under realistic conditions and its potential to detect not only
the arrival times but also the energies of the quanta in a
continuous measurement in the challenging regime of
microwave photons.
We consider a qubit coupled to a heat bath as schemati-

cally shown in the inset of Fig. 1(a). The stochastic wave
function of this system,
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FIG. 1. Two-level system (qubit) coupled to a heat bath, shown
in the inset. (a) Time evolution of the qubit initially prepared in
the state jψð0Þi when coupled to zero temperature bath. We
assume jhejψð0Þij2 ¼ 0.9. The red dashed line indicates the time
dependence of jhejψðtÞij2 when there is no jump. In general,
jhejψðtÞij2 follows the red dashed line until the stochastic jump
occurs. We also present ρeeðtÞ and J̄eeðtÞ, an estimate of
JeeðtÞ ¼ jhejψðtÞij2, by averaging 100 trajectories. These two
curves are almost identical apart from small fluctuations of the
latter one due to the finite averaging. (b) Same as (a) at finite
temperature βℏωQ ¼ 0.5. J̄eeðtÞ is averaged in this case over 105

realizations, making it practically equal to ρeeðtÞ. Pno-jumpðtÞ
[Eq. (4)] shows double-exponential decay.
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hδ _Q2
avðtÞi ¼ S _Qð0Þ=Δt; ð15Þ

where the low frequency spectral density is, according
to the fluctuation dissipation theorem [25,26] S _Qð0Þ¼R
dt0hδ _Qðt0Þδ _Qðt00Þi¼2kBT2

0Gth in equilibrium. Introducing
dimensionless time u ¼ t=τwith τ ¼ C=Gth the thermal time
constant and discretizing it in steps Δu ¼ Δt=τ leads to a
coarse grained version of Eq. (14) as

δTðuþΔuÞ¼ð1−ΔuÞδTðuÞþ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT2

0

C

r
ξðuÞ

ffiffiffiffiffiffiffi
Δu
p

: ð16Þ

Here, we have normalized the noise as δ _QavðuÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffi
hδ _Q2

avi
q

ξðuÞ, where ξðuÞ has a Gaussian distribution with

unit width PðξÞ ¼ ð1=
ffiffiffiffiffiffi
2π
p
Þ expð−ξ2=2Þ. The obtained

results are not expected to depend explicitly on the value
of the time step as long as Δt ≪ τ.
Equation (16) forms the basis of Monte Carlo simula-

tions of temperature history of the absorber with ξðuÞ as the
Gaussian distributed stochastic variable. On top of this

evolution we add in Eq. (14) the effect of stochastic energy
absorption events δ _QðtÞ ¼ %ℏωQδðt − tiÞ at the time ti
of each quantum jump causing a sudden temperature
change of the absorber with magnitude ΔT ¼ %ℏωQ=C,
where þ (−) refers to a qubit making a transition to jgi
(jei). For low T only the former transitions occur, as in
Fig. 1(a). For numerical simulations (Fig. 3), we assume a
microwave photon with ℏωQ ¼ kB × 1 K ¼ h × 20 GHz
energy, a constant heat capacity C=kB ¼ 100 of the
absorber, which is consistent with C ¼ γVT0, where
γ ∼ 100 Jm−3K−2 for a typical metal, V ¼ ð0.1 μmÞ3,
T0 ¼ 10 mK, and Δt ¼ 0.01τ. These numbers are based
on assuming a superconducting qubit and a metallic resistor
formed of the Fermi gas of about 108 electrons with fast
internal relaxation and weak coupling to the superbath via
electron-phonon interaction, which are all experimentally
feasible [24,27,29]. We see in Fig. 3 that the signal-to-noise
ratio for observing such a photon is about 10 under these
conditions (top panel), which is consistent with our earlier
estimates [27]. The time trace of the lower panel is a
reference with no photon absorption.
To model the actual temperature probe, we incorporate in

the analysis its finite bandwidth. We do this by para-
metrizing it using a response time τth, such that the
measured temperature θðtÞ follows the actual temperature
TðtÞ calculated above via

_θðtÞ ¼ −τ−1th ½θðtÞ − δTðtÞ': ð17Þ

Then with the time step Δu we obtain

θðuþ ΔuÞ ¼ θðuÞ − τ
τth
½θðuÞ − δTðuÞ'Δu: ð18Þ

Naturally, for τ=τth ≫ 1, θðuÞ ≃ TðuÞ, i.e., the thermometer
follows the actual temperature, and for τ=τth ≪ 1,
θðuÞ ¼ const, meaning that it does not respond to the
changes of T. Figure 3 shows numerical results of θðtÞ with
a few values of τ=τth. If one were to consider the noise of
the thermometer itself, one could add a Langevin term to
Eq. (17) with proper noise characteristics, but we feel
including this would be beyond the scope of this Letter in
the absence of actual experimental data. Finally, we note
that the results can be generalized to calorimetric fluores-
cence detection acting on an arbitrary quantum system. In
particular, the measurement of single emitted photons as
described in the previous paragraph and in Fig. 3 stays
unaltered. The calorimeter thus presents a continuously
operating detector capable of registering the clicks due to
single photon events, with the additional bonus of being
able to measure (linearly) the energy of the quanta.
In summary, we have presented a model for a calori-

metric fluorescence measurement of an open quantum
system based on the stochastic quantum trajectory theory.
We demonstrate explicitly that quantum thermodynamic
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FIG. 3. Expected response of a calorimeter. Time traces of
absorber temperature based on qubit dynamics shown in
Fig. 1(a). In the simulations we use ℏωQ=kBT0 ¼ 100 and
C=kB ¼ 100. These parameters are for a copper absorber of
ð0.1 μmÞ3 volume and T0 ¼ 0.01 K, which are realistic based on
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The black solid lines show the exact absorber temperature for one
realization of the experiment, and the red lines are outcomes of a
noiseless measurement with three different response times τth of
the thermometer. Inset: Model of the measurement setup.
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Real-time thermometry: RF readout
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Dissipation from a phase slip in a Josephson junction
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3

Figure 2. Hysteretic RF-SQUIPT. (a) Device schematics, including a false-color scanning electron micrograph (scale bar 5 µm)
of the SQUIPT loop (yellow area) and the rapid flux line (pink). The zoom highlights the SNS junction (Al = blue, Cu =
grey), connected laterally by the tunnel contact (cyan) (scale bar 200 nm), connected to the resonator. (b) Bias spectroscopy
Pout(Vb) at cryostat temperatures 50 mK (blue) and 400 mK (red). (c) Calibration of Pout(Vb = 0) versus cryostat temperature
at equilibrium, under two di↵erent phase drops. The grey shaded region thus covers all possible values of Pout(T,'). (d)
Resonator response at Vb = 0 as a function of increasing applied magnetic flux, at three cryostat temperatures (50 mK, blue;
200 mK, black; 400 mK, red). The dark red line exemplifies the response to a downward sweep of the flux. The dashed line is
a calculation (see text). (e) Temperature dependence of the screening parameter �, extracted from (d), and theoretical fit (red
line, see text).

son energy EJ of the tunnel junction, and thus a decrease
of G(0), that is, an increase of Pout. When the switch-
ing point in the �x(') relation is reached, ' suddenly
relaxes to a smaller value (modulo 2⇡), restoring EJ and
thus leading to an abrupt drop in Pout. As expected, the
same pattern is repeated with period �0 in the applied
flux and mirror symmetric under inversion of the sweep
direction [29]. At higher temperatures, � / Ic decreases
and the modulation amplitude of Pout(�x) shrinks, while
the �0-periodicity of the signal is preserved.

For a quantitative understanding of the RF-SQUIPT,
we use the quasi-classical Usadel equations [27, 30–32],
with a single consistent set of microscopic parameters,
described in detail in the Supp. Info. file. The density
of states in N is known to display a minigap, which de-
pends approximately on ' like Eg(') = Eg(0) | cos('/2)|
[27]. The tunnel junction connecting the condensate in
N to the superconducting probe electrode has a Joseph-
son energy EJ(', T ) and thus a zero-bias conductance

G(', T ), which can be drawn back analytically to Eg(')
and the critical current Ic of the SNS junction. In com-
bination with Eq. (1) and the relation between G and
Pout, the calculation provides an accurate description of
the applied-flux dependence of the RF signal (Fig. 2d),
the only adjustable parameter being the magnitude of �.

The temperature dependence of � extracted from the
data in Fig. 2d is plotted in Fig. 2e, following the trend
expected for Ic(T ) in an SNS junction. The solid line
shows the calculation from the same model as above,
yielding a 5.9µA zero-temperature critical current in the
SNS junction. The parameters entering the calculation,
and in particular the minigap, are determined indepen-
dently using the tunnel spectra (Fig. 2b). We attribute
the slight underestimation of � by theory above 300 mK
to the temperature dependence of the kinetic inductance,
which was not accounted for.

The data discussed so far, and summarized in Fig. 2,
provide a consistent physical understanding of the RF-
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