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We propose the use of a quantum thermal machine for low-temperature thermometry. A hot ther-
mal reservoir coupled to the machine allows for simultaneously cooling the sample while determining
its temperature without knowing the model-dependent coupling constants. In its most simple form,
the proposed scheme works for all thermal machines which perform at Otto efficiency and can reach
Carnot efficiency. We consider a circuit QED implementation which allows for precise thermom-
etry down to ~ 15mK with realistic parameters. Based on the quantum Fisher information, this
is close to the optimal achievable performance. This implementation demonstrates that our pro-
posal is particularly promising in systems where thermalization between different components of an

experimental setup cannot be guaranteed.

Introduction.— Accurate sensing and measuring of
temperature is of crucial importance throughout natu-
ral science and technology. Increased capabilities of con-
trol and imaging on smaller and smaller scales have led
to the need for precise thermometry down to millikelvin
temperatures at sub-micron scales. Conventional tech-
niques are not applicable in this regime, resulting in the
development of a broad range of new methods over the
last decade [1]. Many of these employ probes which
are so small that quantum effects become relevant in
their design and sensing capabilities, e.g. quantum dots
[2—4], nitrogen-vacancy centers in diamond [5-7], super-
conducting quantum interference devices [§], and even
biomolecules [9]. At the same time, the study of thermal
processes in the quantum regime has recently seen in-
creased interest fueled by tools developed in quantum in-
formation theory [10, 11]. This approach has led to novel
insights into the limitations of measuring cold tempera-
tures posed by quantum theory [12-16], showing that co-
herence can be beneficial for low temperature thermom-
etry [12, 17-20].

In a standard approach to thermometry, a probe is
brought into thermal contact with the sample and the
system is allowed to equilibrate [3, 4]. The temperature
is then read out through some observable on the probe
whose relation to the temperature is known. The mea-
surement can possibly be improved by letting the probe
interact with the sample for a finite time only, making use
of the transient dynamics [17, 21], or by increasing the
coupling strength between sample and probe [22]. Both
of these approaches lead to a non-equilibrium state for
the probe. Another approach to thermometry, which is
employed to measure electronic temperatures, makes use
of a voltage bias that creates an out-of-equilibrium situ-
ation. The temperature can then be determined through
the current-voltage characteristics [23-25]. We note that
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FIG. 1. Sketch of the thermometer. In order to measure the
temperature of the cold bath, a quantum thermal machine is
operated as a refrigerator, inducing a heat current from the
cold bath to the hot bath. This requires energy from the work
source W. The hot temperature is then increased until the
machine reaches the Carnot point where its power consump-
tion and the heat flows vanish (i.e. P = J. = J, = 0). For
machines that perform with a well known efficiency (e.g. the
Otto efficiency n = 1 — Q./Q4), the cold temperature can
then be deduced from the hot temperature through the rela-
tion n = n¢ = 1 — T¢/Th, without the need of knowing any
model-dependent coupling constants. In this way, a low pre-
cision measurement of a hot temperature is converted into a
high precision measurement of a low temperature. Operating
the thermal machine as a refrigerator avoids any heating of
the cold bath.

these strategies generally lead to unwanted heating of the
sample.

In this letter, we connect thermometry to quantum
thermal machines. Such machines are extensively studied
to investigate fundamental as well as practical aspects of
quantum thermodynamics [10, 26-29]. By construction,
these machines constitute out-of-equilibrium systems in-
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cluding a temperature gradient. Here we consider a quan-
tum refrigerator to simultaneously cool the sample and
estimate its temperature. This way, the proposed ther-
mometer does not induce any heating of the sample, even
if it is at the coldest temperature that is experimentally
available. Our proposal thus makes use of a thermal bias
to create an out-of-equilibrium situation that is favorable
for thermometry. This idea goes back to Thomson (Lord
Kelvin), who considered the use of a Carnot engine to
determine an absolute temperature scale [30] (see also
Ref. [31]). Note that albeit the thermal bias, the sample
is assumed to remain in local equilibrium throughout the
measurement.

The main idea is illustrated in Fig. 1. The sample
to be measured is a thermal bath at a cold temperature
T.. Through a small quantum system (the machine), the
sample is coupled to another bath at a higher tempera-
ture T, and an external power source (which in principle
could be provided by a third thermal bath [32-35]). Note
that this setup can operate either as a refrigerator, with
the power source driving a heat flow from the cold to
the hot bath, or as a heat engine, where work is gen-
erated using a heat flow from the hot to the cold bath
[27, 36-41]. Since we are interested in determining T,
the whole setup, apart from the cold bath, should be
considered as the thermometer. By operating the ma-
chine as a refrigerator, the sample will be cooled during
the measurement of T, avoiding any undesirable heating.
Furthermore, by approaching the Carnot point, where
the machine approaches reversibility, the need for knowl-
edge of the coupling constants can be eliminated, just
as for thermalizing thermometry. We note that some
knowledge of the hot bath temperature is required for
our scheme. However, the cold temperature can be de-
termined with high precision even if the hot temperature
measurement is noisy. Our scheme can thus be seen as
a method to turn an uncertain measurement of warm
temperatures into precise measurements of cold temper-
atures working similarly to a Wheatstone bridge, where
resistors of known resistances are used to determine an
unknown resistance.

The rest of this letter is structured as follows. After
describing the working principle of the proposed ther-
mometer in more detail, we discuss an implementation
in a circuit QED architecture, which allows for precise
thermometry of a microwave resonator down to ~ 15 mK
using realistic parameters. Finally, we investigate the
precision of the thermometer using the quantum Fisher
information.

Scheme.— We now turn to a more detailed description
of our thermometer. The thermal bias and the power
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TABLE 1. Realistic Parameters for operating the proposed
thermometer. Here k = kj, = ke and A = A\, = Ac.

source induce energy flows denoted by J. (heat flow into
the cold bath), J, (heat flow into the hot bath), and
P (power consumption, see Fig. 1). The power con-
sumed by the machine will in general be a function of
the temperatures as well as the model-dependent param-
eters. Inverting this relationship, the cold temperature
can be written as

T. = f(P,Th). (1)

Here, f might have a complicated dependence on the cou-
pling constants or any other model dependent parame-
ters. However, the relation simplifies for machines that
perform at the Otto efficiency and exhibit a Carnot point
[43]. When the machine is operated as a heat engine, the
efficiency is defined as n = P/J;,. The Otto efficiency is
given by n = 1—Q./Q;, where Q., Q, are frequencies that
depend on the architecture of the machine (see Fig. 2).
For thermal machines that exhibit a Carnot point, set-
ting the frequencies and temperatures such that

Q. T.
n o 7, =l (2)

results in vanishing energy flows. Examples of thermal
machines which operate at the Otto efficiency and exhibit
a Carnot point are discussed in Refs. [28, 44-49]. We note
that whenever the frequencies and temperatures are such
that > ne, the machine operates as a refrigerator. At
the Carnot point, we find the simple relation

T~ 5o 3)
implying that f(P = 0,T,) = Tp./Q;, is independent
of any coupling constants. Thomson proposed to use
the above relation to determine an absolute temperature
scale [30]. Here we use the same relation as a key ingredi-
ent in low temperature thermometry (see supplemental
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FIG. 2. Circuit QED implementation of the thermometer.
Two harmonic oscillators with frequencies 2, and Q. are cou-
pled to thermal baths at temperatures T, and T}, respectively
and to each other through a Josephson junction. The exter-
nal bias voltage V ensures that the cold bath is being cooled
while determining 7.
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FIG. 3. Performance of a circuit QED implementation. (a) Charge current as a function of the hot temperature T}, for fixed
T. = 15mK. The refrigerator is initiated at 75 below the Carnot point (dotted circle) leading to cooling of the cold bath. T}
is then increased until the current vanishes (solid circle). This point can only be determined up to a certain error AI which
induces an uncertainty in the final T}, (shaded area) reducing the accuracy of the measurement of T.. The bigger |91, I|, the
smaller the induced error. (b) Error in the temperature estimation. Two sources of error limit the accuracy of measuring Te.
The Carnot point can only approximately be reached due to a finite resolution in the current measurement AI [see panel (a)]
and the hot temperature can only be measured with an accuracy ATj. The total resulting error AT is given in Eq. (4) and
plotted as a function of T.. Measurement errors of Al = 0.3pA and AT} = 10mK lead to AT, < 2mK down to temperatures
of 15 mK. Blue (solid) lines are numeric solutions, green (dashed) lines are obtained analytically using a simplified model [42].

material for a discussion on imperfections that prevent
Eq. (3) [42]). In order to reach the Carnot point, one can
either modify the frequencies ), or the temperature T}
associated with the thermometer. Here we focus on the
case where the frequencies remain fixed but one has some
control over Ty, > T,.. The cold temperature can then be
determined using the following strategy (see Fig. 3)

1. Initiate the machine to act as a refrigerator, i.e.
Th < T.Qp /2, and monitor P

2. Increase Ty until P = 0 is reached
3. Measure T},
4. Determine T, using Eq. (3)

In this scheme, two quantities are measured to determine
T.: The power consumption P and the hot temperature
Ty. Both of these measurements are accompanied by
errors, AP and ATj,. Simple error propagation yields
(assuming independent errors)

ot () wrr () o w

The error thus depends on the derivatives of f which gen-
erally depend on model-specific parameters. Note how-
ever that Op, f|p=o = Q/Q, implying that the error in-
duced by the measurement of T}, only depends on the
frequencies. Any uncertainty in the measurement of T}
can thus be compensated by increasing the ratio /.
and thus does not represent a fundamental limit.
Clircuit QED implementation.— We now turn to an im-
plementation of these ideas, considering the heat engine

proposed in Ref. [48] and sketched in Fig. 2. In this ma-
chine, the quantum system consists of two LC-oscillators
with frequencies €. and €2}, coupled to each other through
a Josephson junction. Such a system has recently been
implemented experimentally, investigating the emission
of non-classical radiation [50]. See also Refs. [51-53] for
related experiments. Each oscillator is coupled individu-
ally to a heat bath, one of which is the sample at temper-
ature T., and the power source is provided by an external
voltage bias V. We note that a similar setup (without
any temperature bias however) has been considered for
thermometry in Ref. [54]. The Hamiltonian describing
the system reads (in a rotating frame)

H= % <a;AhAcac + H.c.), (5)

where E; is the Josephson energy, a, annihilates a pho-
ton in the oscillator with frequency 2, and the non-linear
operators A, are defined as

(L) y2
o —ox2 Ly, (4>\a)
A, = 2)\,e ngz m‘naxna‘a (6)

with Lglk) () denoting the generalized Laguerre polyno-
mials and where we defined the Fock states a),aq|n.) =
Na|na). We note that Eq. (5) is derived using a rotat-
ing wave approximation which holds under the resonance
condition (for details, see Ref. [48])

2eV = Qh — Qc. (7)

The evolution of the system in contact with the thermal



baths is captured by a local Lindblad master equation

0ip = —i[H, p] + kn(nly + 1)Dlan]p + ranpDlaf]p

8
+ ke(n% +1)Dlac)p + knngDlal)p, ®)
where we defined D[A]ﬁ = ApAt — {ATA,[)}/Z Ko de-
notes the energy damping rate associated with the bath
a, and n% = [exp(kgi) — 1]~ the corresponding occu-
pation number. In accordance with existing theory [55]
and experiment [53], we neglect voltage fluctuations aris-
ing from a low-frequency environment. We note that the
local master equation, Eq. (8), was recently shown to
capture the thermodynamics of the considered heat en-
gine very well [56, 57]. Alternatively one may also con-
sider a master equation based on a Floquet formalism,
see Refs. [58-60].

The power consumption of the machine is P = IV,
where I = (I) is the (dc) electrical current with the cur-
rent operator

7 Ic AT A A A
I = ~% (alAcAhah — H.c.>7 (9)
i
and I. = 2eE; the critical current. The mean heat cur-
rents are defined as

Jo = Qaka ((Na) — %) . (10)

All averages are taken with respect to the steady-state
solution of Eq. (8). For a more detailed discussion on
the working principle of the heat engine and the involved
approximations, we refer the reader to Ref. [48]. It can
be shown that this machine does perform at the Otto
efficiency and can reach the Carnot efficiency at vanishing
power. Furthermore, a tunable hot temperature could be
implemented by heating one of the LC-oscillators using a
microwave antenna. Therefore, this circuit QED engine
exhibits all the features required to perform thermometry
as discussed above.

Fig. 3 (a) shows the electrical current as a function of
the hot temperature and sketches the scheme for mea-
suring 7.. The error of the measurement is plotted
in Fig. 3(b), where the parameters (including the un-
certainties) are given in Tab. I. We find a precision of
AT, < 2mK for temperatures down to 7, ~ 15mK.
In accordance with Ref. [48], we find good quantitative
agreement with an approximate model obtained from
Eq. (5) by replacing the non-linear operators A, by con-
stants times the identity [42]. This model can be solved
analytically and is used below to estimate the perfor-
mance of our scheme using the quantum Fisher informa-
tion. We note that instead of the electrical current, one
could also measure the heat currents to determine the
Carnot point.

Throughout this paper, we consider the thermometer
as a device to determine the temperature of the cold
bath. However, in this particular implementation, the
thermometer measures the temperature of the microwave
mode with frequency . (see supplemental material for a

14}
12}

10f

AT, [K]

\ Txa/ﬂ

2t M (AT,)orr 1

0 10 20 30 40 50 60
T, [mK]

FIG. 4. Single-shot precision from a current measurement
(blue solid) and from the QFI (blue dashed) at the Carnot
point, for the simple model with oscillator frequencies and
couplings given in Tab. I, and fitting parameter g = E;/8.

discussion where this temperature is not equal to the bath
temperature [42]). In situations where thermalization be-
tween different components of an experimental setup is
difficult to achieve, our proposal thus provides a promis-
ing route to determine the physically relevant tempera-
ture. Another possibility for measuring the temperature
in the circuit is to perform shot noise thermometry, where
a magnetic field needs to be applied to bring the junc-
tion to the normal state, possibly influencing the temper-
ature. Such a measurement was performed in Ref. [53] to
determine the temperature of a microwave resonator cou-
pled to a Josephson junction. In general, the precision
obtained in our proposal compares well with electronic
out-of-equilibrium thermometry [24].

Quantum Fisher information.— As already men-
tioned, the measurement error resulting from the hot
temperature measurement is not of a fundamental nature
since we can in principle reduce it by increasing Qy, /.
(note however that this implies an increase of T}, at the
Carnot point). In order to understand how well the cur-
rent measurement is doing in terms of temperature esti-
mation, we turn to the quantum Fisher information.

The steady-state solution of Eq. (8) defines a family
of states as a function of T, (as well as all the other pa-
rameters in the setup). The quantum Fisher information
(QFI) w.r.t T, is a measure of the sensitivity of the state
to changes in this parameter [61]. Through the quantum
Cramer-Rao bound, it provides a lower bound on the
mean-squared error in estimating 7, from any possible
measurement [62]. Specifically,

1
VFTC

(ALY 2 —— = C(AT)Sp, (1)

where Fr, is the QFI w.r.t. 7T, and v is the number of
independent repetitions of the experiment. The bound is
relevant (and can be saturated) in the local estimation
regime, where the prior on the estimated parameter is
narrow and many repetitions are performed. In the same



regime, for measuring a specific observable O, the attain-
able precision is given by the error propagation formula

(A0)2 (12)

1
S(AT)2 = —— 2
v O vjor(0),?

Hence, by substituting the current operator for O and
comparing (AT.)qrr and (AT,); evaluated in the steady
state at the Carnot point, we can get an idea of how close
the current measurement is to being optimal. Note that
this neglects any errors in other parameters as well as the
fact that our strategy is based on continuous measure-
ments rather than projective measurements considered
in Eq. (12). Although we should thus not expect this
calculation to give us the actual uncertainty obtained in
an experiment, it does tell us whether the current is a
good choice of observable for estimating 7.

To perform the comparison, we first need to find the
steady-state solution of Eq. (8). This can be done ana-
lytically for the approximate model discussed in the sup-
plemental material [42] yielding

2 ra,
(ATe);, = aQ—C sinh <2Tc> , (13)
and
7
(AT )grr = ﬁQ—c sinh (2Tc> , (14)

where the parameters a and § depend on the coupling
constants and are given in the supplemental material
[42]. We see that the current-measurement precision
and the optimal precision from the QFI have exactly the
same functional behavior with temperature and energy,
but depend differently on the coupling constants. For
any choice of couplings, a > B such that (AT.); >
(AT.)grr. Both expressions are plotted in Fig. 4. The
reason that the current operator is a good observable for
determining T, is ultimately due to the fact that the cur-
rent is very sensitive to the occupation number in the os-
cillators. Although the occupation numbers depend only
very weakly on temperature at sufficiently low tempera-
tures, measuring occupation numbers is in many scenar-
ios still the optimal choice [63].

The smallest possible value of « is 4\/5, attained for
Ke = Kp = 2g (where ¢ is the interaction strength in

the approximate model). For the parameters in Tab. I,
af 4y/2 ~ 1.02, and so the current measurement is close to
its best performance in this regime. Furthermore, o/ =
2.55, hence it is also not far from the optimal precision
obtainable by any possible measurement. The smallest

possible value of o/ is V/2 + /2 ~ 1.85, however it is
attained in the weak coupling limit k. — 0, where no
information about 7T, can be extracted and both « and
(8 diverge. In the opposite limit where the hot reservoir
is disconnected, k, — 0, we have a — oo while 8 — /2
reaches its minimal value. This reflects the fact that the
current vanishes if the system is coupled to a single bath
only, while even if there is no coupling to the hot bath,
the steady state of the system still contains information
about T,.

Conclusion.— In conclusion, we investigated the use of
thermal machines as thermometers. The non-equilibrium
nature of the steady state in these systems allows for si-
multaneously cooling the cold bath while determining its
temperature. Furthermore, our scheme only requires the
measurement of the power consumption and the hot tem-
perature, both of which do not require any projective
measurements on the quantum system which are diffi-
cult to implement. For realistic parameters, an imple-
mentation in circuit QED allows for precise thermome-
try (AT, < 2mK) of a microwave resonator mode down
to small temperatures (T, ~ 15 mK). While lower values
have been reported (see e.g. Ref. [24] where precise ther-
mometry down to 6 mK has been reported) our scheme
is of particular interest when thermalization between dif-
ferent components of an experimental setup cannot be
guaranteed and heating of the sample has to be avoided.
Our proposal can be readily adapted to other architec-
tures.
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Supplement: Quantum Thermal Machine as a Thermometer

I. APPROXIMATE MODEL

Here we consider the approximate model that is obtained from the master equation in the main text by the
replacement (E;/2)A A — g, leading to the Hamiltonian and current operator

Hr =g (d%dc + H.c.) , Ir = i2eg (alan — H.c.), (S1)
where g is treated as a fitting parameter. Such a model has first been investigated as a heat engine in Ref. [44]. An

analogous engine that is based on coupled qubits instead of harmonic oscillators was introduced in Ref. [29]. The
time-evolution of the harmonic oscillators is described by the local Lindblad master equation

% = —ilflr, f] + n(ny + 1)Dan]p + sanDag]p + re(nfy + 1)Dlac]p + sangDlallp, (82)
with
DIAp = ApAT — J{AVA, ), (53)
and the Bose-Einstein distribution
ng = ekg;a_l. (S4)

As usual, differential equations for averages of operators are obtained by
0i(A) = Tr{Ad;p}. (S5)
Here we are interested in steady state values, where 5}(/1) = 0. For the mean current, this yields

R 4k Keg? (n}J}g — nCB)
Ir) = -2 , S6
(I) Tt o) (e T 407) (S6)

which is plotted in Fig. 3 (a). The uncertainty in the temperature measurement plotted in Fig. 3 (b) is obtained using

(gf,) (AP)? = <ag?c>> (AI)?, (S7)

and
8<fT> 2knKeg? eQe . o Q.
= h
oT. (K + Ke)(Bnke + 4g9%) kT2 St 2kgT. )’ (58)
which yields the error
_ kgT2 . o Q. (kn + Ke)(Kekn + 492) 2 2 Q. ? 2
AT, = \/{ . sinh (2/€BTC> Srering? (AI)? + o (ATy)2. (S9)

A. Steady-state solution

The steady state solution of the master equation in Eq. (S2) is Gaussian because the equation is bi-linear in
creation and annihilation operators. It is therefore completely characterised by the first and second order moments
of the quadrature operators

(&a + d:g)v Do = s - &L) (SIO)



Furthermore, since no term in the master equation induces displacements, the state is centred in phase space, (i) =
(Po) = 0, and is thus determined by the second moments alone.

We note that because the evolution is not unitary, it is not possible to determine the second moments simply by
solving the equations of motions for the quadrature operators (working in the Heisenberg picture). While for unitary
evolution, the time evolution of a product of operators is equal to the product of the time-evolved operators — e.g.
(ZaPa)(t) = &4(t)Pa(t) — this is not true in general. Hence, we need to derive the equations of motion for each of
the second moments separately. We consider the 10 second moments (&2), (Zcpe), (P2), (23), (Znbn), (P1), (Fcdn),
(ZcDh), (Den), (DePn) (the remaining six are determined by the commutation relations). From (S2), we find

o, B ) 3
o7 (82) =29 () — ke (2) + reny + 3),

a ,. . A R R i
% <13cpc> = _g(<xcxh> - <pcph>) — KeZePe + 5“0,
1

=29 (Pen) — Ke <pc> + Ke(np + 2)

1
5)7

pz)
<xi>

gt (Znpn) = —g((Zcdn) — (Pebn)) — K (Trpn) + %Hh7

(Peln) — Kn <;i’%> + rp(nly +

0 B . o (S11)
e i) = =29 (Zcpn) — kn (Py) + kn(ng + 5)5
D (i) = g(8be) + Bnin) — ) — 3 (s + ) (Ben)
O (o) = —a(22) — () — & (s + mn) (i)
O (pen) = —g((#5) — (B2)) — & (s + mn) ().
O (et = —0({eb) + @) —1) — 5 (e + ) (5en).
The steady state is found by setting all the derivatives to zero. We then get
62 =62 = (45 + 3) + e s oy — )
(@) =) = <n% " ;) T et mf;;; o) 1B B (S12)
(#cpn) = = {pein) = S (nh — ).

(Ke + Kn) (g2 + Kekn)

(Zcdn) = (Pein) = 0.

N| =

<jc}3C> = <£hﬁh> =

We note that for g = 0 this is indeed a product of thermal states at temperatures T, and T} as expected. Also note
that at the Carnot point we have n% = n/s, which also results in a product of thermal states.

II. COMPUTING THE FISHER INFORMATION

From the first and second moments of the quadratures — i.e. from the covariance matrix, and the displacement
vector (if the latter is non-zero) — it is possible to compute the QFI, with respect to a given parameter of interest (in
our case this is the cold bath temperature T;.). Various works have considered this problem, e.g. [64—67]. Here, we
will follow the method of [67].

We define a vector of the quadratures r = (&, &p, e, prn) (note that this ordering is not the same as in [67],
nevertheless their method still applies, see also [65]). We restrict ourselves to the case where the first moments vanish,
and define the covariance matrix as

1

Tij = = (Rifj + 757) . (S13)



The canonical commutation relations are given by [;,7;] = i€;;, where the symplectic matrix  with this ordering
of the r; is

(S14)

|

—

o
R e R e R
oo~ o

To compute the quantum Fisher information following [67], one needs to find a symplectic diagonalisation of the
covariance matrix. That is, one needs to find a transformation S such that

S0sT = q, (S15)
and

SrsT =T, (S16)
where I'g is diagonal. One can then proceed to define the matrix g by

(QTrsfsrsﬁ + irs)”
2M2X% — ¢ ’

(@) = (517)

where the dot denotes derivation with respect to 7., and A\, are the eigenvalues of I'. One further defines ® =
S71®5(ST)~1 and the QFTI is finally given by

Fr, = Te[QTTQa). (S18)

The symplectic diagonalisation is the most involved step of computing the QFI. For the steady-state solution in
Egs. (S12)

a 00 —c
T = 0 bec O 7 (819)
0 ca O
—c 00 b
where
1 . 1 h 1
a=—=(142n% — vk.), b==(14+2n% +veKn), C = —FKeRpl, (S20)
B 2 4g
and

8¢%(ng — nlp)
= . 21
. (Kc + Kp) (492 + “cﬁh) (S )

Denoting the normalized eigenvectors of I" as row vectors by v;, i = 1,2, 3, 4, a symplectic transformation diagonalizing
I" can be constructed as

Im(vy)
g | fmlvs) | ($22)
Re(vy)
Re(vg)
where Re and Im denote real and imaginary parts respectively. One finds that
a 000
0 00
I'g =STST = , S23
5 00d 0 (523)
000V



with

1 1
- 2 2 —— _ 2 2
—2(a—|—b+\/(a b) —|—4c>, b 2<a—|—b (a —b) —|—4c>. (S24)
From Eqgs. (S17) and (S18), and by using that close to the Carnot point

c h 1 1
ng —Ng = —
B B ch/Tc —1 ch/Tc"rG —1

~ng(ng + 1, (S25)

the expression for the QFI at the Carnot point can be found by taking the limit ¢ — 0 and reads

K2 (892/<;h (Ke + 26p) + K7 (ke + kp) 2+ 3294) 02 1
P, = 2 2)2 i - (526)
4 (ke + kn) 2 (Kekn + 4g?) T¢ sinh®(Q./2T.)
The parameter 5 in the main text thus reads
2 (ke + k1) (Kekn, + 4¢2
( n) (Kekn +49°) (s27)

B Iﬁ:c\/gg2l€cl€h + k7 (k2 +16g%) + 2k.k7 + 329* + K} '

III. COMPUTING THE UNCERTAINTY FROM A CURRENT MEASUREMENT

We aim to use Eq. (12) for the simple model given in Eq. (S1) in the steady state. The mean current (Ir) and its
derivative with respect to T are given in Eqs. (S6) and (S8) respectively. The variance (Alr)? = (I2) — (I7)? reads

8g%(ny — n%)
(Hh + Kc)(ﬁhﬁc + 492)

(Alr)? = (20)%0° (ncBmig T 1) 4 nly(n 1) + [rn(nly +1/2) — (s + 1/2)]

528
_ 32¢*knke(n — n%)? ) (528)
(Hh + KC)Q(Kh”fc + 492)2
which simplifies to
N 1
(AIT)? =2(2¢)%¢*n%(nG + 1) = 2% ¢* ——5——— (S29)

sinh?(Q./2T,)’
at the Carnot point where we have ng = n%. Hence, we get that with a current measurement at the Carnot point

Kn + ke)? (Knke + 492 T
(AT)? = (s Q)H(:g r o sinh?(Q/2T.), (S30)
h'vVe

c

which results in

2
o = Uin T fe)(Kntic & 497) (S31)
V26pkey

IV. HEAT LEAKS AND SPURIOUS MODES

Heat leaks, connecting the hot and the cold bath, as well as spurious modes which couple to the Cooper pairs can
lead to an efficiency that deviates from the Otto efficiency, impeding the measurement of the cold temperature. Here
we discuss these issues in detail, showing that they do not pose a major problem.

In the absence of heat leaks, the oscillators thermalize to the bath temperatures whenever the back-action of the
Cooper pair current can be neglected (this is the case at the Carnot point, or if the voltage is not at resonance
2eV # Qp — Q,, or if either Ey or A\, go to zero). The thermometer then measures the temperature of the cold bath
as discussed in the main text. In the presence of heat leaks, the oscillators will not necessarily thermalize to the bath
temperatures even when the back-action of the current can be neglected. Denoting the temperatures of the oscﬂlators
in the absence of a Cooper pair current as 77, the corresponding occupatlon numbers read nf = [1 — ea/FBTa]~1
Importantly, the power consumption of the engme will go to zero when n} = nj which 1mphes QJTF = Q)T If
the hot temperature measurement required for our proposal measures T}, our thermometer will thus determine 7}.



Since this is the steady-state temperature of the oscillator with frequency €. (in the absence of a current), this is
arguably the temperature of interest. If the hot temperature measurement still measures the bath temperature T},
any difference T}, # T} can be accounted for in the error ATj,. We note that only heat leaks that involve the oscillator
degrees of freedom will lead to 7% # T,,. Any additional heat currents in or out of the baths that do not involve the
oscillator degrees of freedom do not change the results of the main text in any way. This is important since in practice
the baths will be stabilized with heat flows that are not taken into account in the analysis.

Spurious modes which have a finite density of states at the Josephson frequency €2, — €2, lead to a finite current
Iy (dissipating power) even when (7i.) = (). This could in principle be detrimental to our thermometry scheme.
However, by sweeping the voltage, the environment that couples to the Josephson junction can be characterized fairly
well. Experiments suggest that spurious modes at the Josephson frequency can be avoided [50, 53]. Even if such
modes are present, one can in principle determine I if their presence is known. In this case, one can correct for the
dissipative current.



