Quantized refrigerator for an atomic cloud
Wolfgang Niedenzu1 , Igor Mazets2,3 , Gershon Kurizki4 , and Fred Jendrzejewski5
1 Institut

für Theoretische Physik, Universität Innsbruck, Technikerstraße 21a, A-6020 Innsbruck, Austria

2 Vienna

Center for Quantum Science and Technology (VCQ), Atominstitut, TU Wien, 1020 Vienna, Austria

3 Wolfgang

Pauli Institute, Universität Wien, 1090 Vienna, Austria

4 Department
5 Heidelberg

of Chemical Physics, Weizmann Institute of Science, Rehovot 7610001, Israel

University, Kirchhoff-Institut für Physik, Im Neuenheimer Feld 227, D-69120 Heidelberg, Germany

June 24, 2019

Entropy of the
working medium

arXiv:1812.08474v3 [quant-ph] 24 Jun 2019

We propose to implement a quantized thera)
mal machine based on a mixture of two atomic
species. One atomic species implements the
working medium and the other implements two
(cold and hot) baths. We show that such a
setup can be employed for the refrigeration of
a large bosonic cloud starting above and ending below the condensation threshold. We analyze its operation in a regime conforming to the
b)
quantized Otto cycle and discuss the prospects
for continuous-cycle operation, addressing the
experimental as well as theoretical limitations.
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Beyond its applicative significance, this setup
has a potential for the study of fundamental
Energy-level spacing of the working medium
questions of quantum thermodynamics.

1 Introduction
Over the past two decades, extensive studies of thermal machines in the quantum domain [1–7] have
sought to reveal either fundamentally new aspects of
thermodynamics or unique quantum advantages compared to their classical counterparts. Yet, despite the
great progress achieved, both theoretically [8–15] and
experimentally [16–22], the potential of quantum thermal machines for useful quantum technology applications only begins to unfold. In particular, new insights into thermodynamics in the quantum domain
may be obtained by extension of these studies to hitherto unexplored quantum phenomena. In this spirit,
we suggest to realise thermal machines in cold atomic
gases, aiming at their improved refrigeration.
Specifically, we propose to implement a quantized
thermal machine, which is based on a mixture of two
cold atomic gases, and employ it as a refrigerator
for one of these species. The goal would be to cool
the atomic gas starting from the thermal regime and
ending well within the quantum-degenerate regime.
The proposed cycle will be a fundamentally new avenue for cooling, only limited by thermalization and
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Figure 1: Quantized Otto cycle for refrigeration of the
cold bath: a) Schematic representation of the Otto cooling cycle. The working medium (green) is located in a strongly confining harmonic potential. During the heat-exchange strokes
1 and 3 it is coupled, sequentially to the cold bath (left, blue)
and the hot bath (right, red). The energy level spacing of the
working medium is adiabatically changed during the strokes
2 and 4. b) The quantized Otto cycle in the energy–entropy
plane of the working medium. The cycle is transversed in
the clockwise direction (refrigeration mode) between the end
points A → B → C → D → A.

not by coolant recoil or by atom loss, as do existing schemes, such as laser cooling or evaporative cooling [23]. In a simple implementation of the Otto cycle [6, 24–27] (see Fig. 1) the working medium (WM)
is realised by one species that is alternately coupled
to spatially separated, hot and cold baths of another
species. This allows for progressive cooling of the
cold bath at the expense of heat dumping into the
hot bath. Traversing the quantized Otto cycle several hundred times should then allow us to reduce
the temperature of the cold bath by an order of magnitude and even cross the phase-transition threshold
towards Bose–Einstein condensation. The proposed
cooling technique should also be applicable to other
types of baths, including strongly correlated Mott insulators or anti-ferromagnetic phases, where cooling
1

by existing techniques remains an experimental challenge [28]. We note that in our refrigeration setup
there is a clear physical distinction between the WM
and the two thermal baths (cf. Fig. 1), contrary to
the engine proposed in Ref. [29].
A multitude of diverse cooling techniques have revolutionized atomic physics over the last thirty years.
Conventional laser cooling that has founded the field
of ultracold atomic gases employs photon recoil for
heat extraction from the atomic cloud. However, the
phase-space-density is fundamentally limited by the
recoil energy of the photon [23]. Degenerate quantum gases have been realized by evaporative cooling,
whereby the highest-energy atoms are selectively removed from the cloud [30, 31]. These evaporative
techniques are fundamentally limited by the required
spatial separation of regions possessing high or low
entropy. Such separation typically breaks down in
the quantum degenerate regime. None of these limitations should apply to the Otto cycle, which we will
study now.

2 Otto cycle for cold quantum gases
The four strokes of the quantized Otto cycle can be implemented as follows in cold-atom setups. The working medium (WM) is formed by a tightly trapped
atomic gas, such that only two quantum states of the
confined system are accessible. Such a configuration
arises naturally in highly focused optical traps [32].
It can be modelled by the Hamiltonian H = Eσ+ σ− ,
where σ− (σ+ ) are the Pauli lowering (raising) operators in the effective two-level trap. The spacing
between the energy levels is varied by an external optical laser which provides the work input required for
refrigeration, analogous to a piston in common thermodynamic machine cycles [1, 2, 24, 33, 34].
In the first stroke, the WM has energy-level spacing Ec and thermalizes through its interaction with a
thermal bath at temperature Tc . Thermalization is
ensured through contact collisions between the atoms
of the bath and the WM. Such thermalization does
not involve any radiative processes, which limit the
maximal rate of laser cooling. The proposed thermalization represents the isochoric interaction with the
cold bath of the Otto cycle (stroke 1 in Fig. 1). The
cold bath is realized by an atomic species that differs
from the WM (Fig. 1a), modelled here as an ideal,
uncondensed Bose gas. However, the same cycle remains valid for more intricate baths, such as Mott
insulators, superfluids or fermionic (spin) baths. During this first stroke the WM receives from the cold
bath the heat Qc = Ec (n̄c − n̄h ), where n̄i (i ∈ {c, h})
are the thermal excitations of the two-level WM (see
Appendix A).
In the second stroke, the WM is adiabatically decoupled from the cold bath and its energy-level spacing is adiabatically raised to Eh > Ec . This realizes
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the isentropic compression stroke of the Otto cycle
(stroke 2 in Fig. 1). The work Win = (Eh − Ec )n̄h
which is needed for the WM compression is extracted
from the classical optical field which confines the WM.
We here neglect the work necessary for the compression of the atoms that remain in the ground state as
it cancels with the decompression in the last stroke of
the cycle.
In the third stroke, the WM is coupled to the hot
thermal bath at temperature Th > Tc , with which
the WM thermalizes (Stroke 3 in Fig. 1). This stroke
realizes the second isochore in the Otto cycle in which
the WM deposits the heat Qh = Eh (n̄h − n̄c ) into the
hot bath.
The fourth stroke that closes the cycle consists in
adiabatic decoupling of the WM from the hot bath
and adiabatic decrease of the energy-level spacing
back to Ec (stroke 4 in Fig. 1). This decompression of
the WM produces the work Wout = (Ec − Eh )n̄c which
is transferred to the optical field.
The Otto cycle acts as a refrigerator for the cold
bath as long as Qc > 0 (Qh < 0), which yields the
cooling condition
n̄c > n̄h

⇒

Eh
Ec
>
.
Th
Tc

(1)

The theoretically-achievable minimal temperature of
the cold bath is then limited by condition (1), yielding
Tcmin =

Ec
Th .
Eh

(2)

The ratio of the two baths temperature is hence only
limited by the tunability of the energy-level spacing
of the quantized WM. For an optically confined WM,
the energy-level spacing E is controlled by the√square
root of the confining laser intensity I, E ∝ I [32].
Since intensity ratios of Ih /Ic & 100 are experimentally controllable, it should be feasible to refrigerate
the cold-bath temperature by an order of magnitude.

3 Proposed experimental implementation
The quantized Otto refrigerator can be implemented
by employing the following state-of-the-art techniques:
(i) The spatially separated hot and cold baths can be
created within two separate harmonic traps, as originally employed in atomic tunneling junctions [35] or
more recently in atomic circuits with fermionic and
bosonic baths [16, 36]. In the proposed setup (see
Fig. 2) the two baths must be completely separated
such that no particle exchange or heat flow can happen between them, except via the WM.
(ii) The WM is formed by an atomic species, by
means of a species-selective optical lattice or tweezer.
Such schemes have been employed for single bosonic
atoms immersed in a cold gas [37, 38] or for larger
2

a)

hot bath

cold bath
Figure 2: Envisaged implementation of the Otto cycle:
The two baths are formed by large clouds of an atomic species.
The working medium is implemented by another strongly
confined atomic species. Alternate coupling of the working
medium to each bath (consecutively) is achieved by spatially
moving the working medium into the bath region.

numbers of fermionic and bosonic atoms immersed in
a Bose–Einstein condensate (BEC) [39, 40].
(iii) Control of energy-level spacing and position of
the WM can be implemented by standard optical techniques [41, 42].
(iv) The temperature of each bath has to be measured independently through in-situ measurements of
the bath profile and density correlations [43–45]. Another intriguing approach would be to employ an impurity as a local thermometer [38, 46–48], provided
the thermalization between the bath and the WM is
well at hand [49].

4 Modeling the performance
In order to quantitatively evaluate the performance
of the described cooling technique, we have simulated the Otto cycle for realistic experimental parameters [38, 39]. The simulation considers here bosonic
baths formed by Cs atoms and a WM formed by Rb
atoms. Initially, both baths are thermal clouds at
temperature Tc = Th = 1 µK. Both Cs clouds are confined in a weak trap of frequency ωT = 2π × 80 Hz for
the cold bath and ωT = 2π × 150 Hz for the hot bath.
c
h
The baths consist of Nat
= 2 × 105 and Nat
= 50 × 105
atoms, respectively, and these numbers are conserved
throughout refrigeration. The initial temperatures of
both baths are well above the BEC critical temperature, namely, the bath are initially thermal clouds.
The critical temperatures for condensation of the two
c
h
baths are Tcrit
≈ 395 nK and Tcrit
≈ 617 nK, respectively, well within the feasible refrigeration range.
After each cycle, the two bath temperatures are
adapted as follows (i ∈ {c, h}),
Nwm Qi (n)
,
i )
CV (Ti (n), Nat

(3)

where Nwm is the number of atoms in the WM. The
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Figure 3: Temperatures of the two atomic clouds: Otto
cooling of an initially thermal atomic cloud that serves as
a cold bath at temperature Tc in the proposed refrigerator.
The up- and down-ramps on the energy-level spacing have
here been terminated after 1000 cycles, consistently with
limitations on the total cooling time and tunability of the
energy-level spacing. See text for parameters and details.

explicit form of the heat capacity CV is given in Appendix B. The heat removed from the cold bath in
the nth cycle is −Nwm Qc (n), where the negative sign
indicates the direction of the heat flow from the cold
bath to the WM.
The energy-level spacing of the WM, taken to consist of Nwm = 104 particles, is initially set during
the cold and hot isochores to Ec /kB = 2 µK and
Eh /kB = 4 µK, respectively. This choice ensures that
only the first excited level of the WM has a nonnegligible occupancy, so that heat transport between
the two baths can occur according to Eqs. (1) and (2).
During the Otto cycle we have ramped the energylevel spacings up and down in a linear fashion (see
Fig. 3b) such that the occupancy of the upper WM
level is always a few percent. The up- and downramps have been terminated after 1000 cycles, when
the temperature of the cold bath becomes comparable
to the mode spacing in the cold bath, kB Tcmin ≈ 7~ωT .
The reason for this choice is our wish to avoid nonMarkovian effects, which may become prominent as
the number of occupied bath modes becomes small
(see below). We note that the minimal temperature is
calculated according to Eq. (2) from the final energylevel spacings and the final temperature of the hot
bath.
It can be seen in Fig. 3 that efficient cooling takes
place for as many cycles as needed to achieve the minimal allowed temperature. After approximately 500
cycles, the condensation threshold of the cold bath is
crossed and efficient cooling continues well into the
c
deeply degenerate regime, down to T ≈ 0.1Tcrit
, a
3

regime that is hard to reach by other methods [50].
Assuming a cycle time of roughly 10 ms we estimate
the cooling rate to be of the order of 0.1 nK/ms.

5 Model limitations
To reach our quantitative predictions we have made
the following, assumptions:
(i) The WM interactions with the baths are assumed to be Markovian, i.e., devoid of memory effects such as back-propagation of excitations to their
origin. The Markovian assumption is unquestionable
in the non-degenerate regime. In the deeply degenerate regime, where only a few modes may be excited,
non-Markovian recurrences may be encountered [51].
Such non-Markovianity is beyond the scope of the paper, but its effects may give rise to a most fascinating
experimental regime. It must, however, be noted that
the energy changes in the Otto cycle only depend on
the four end points in Fig. 1b and are thus independent of the dynamics that connects these points. We
note that this dependence of energy changes only on
the end points holds since energy is a system variable.
Importantly, in this cycle the heat transfer equals the
energy change in the respective paths (since they are
isochoric) and hence is path-independent. Generally,
this is not the case, e.g., in the Diesel and Carnot
cycles.
(ii) The discrete excitation spectrum of the bath
has been neglected here, i.e., the local density approximation has been adopted. This is an excellent
approximation for weak traps and high enough temperatures [52, 53] but it may break down at extremely
low temperatures, which is the range of possible nonMarkovian dynamics.
(iii) We have neglected interactions between the
bath modes, which is an excellent approximation
even in the condensed regime, where the excitations are well-described by non-interacting Bogoliubov modes [51, 54]. We note, however, that these
interactions must be included in a fully quantitative
study of the thermalization dynamics, which is beyond the scope of this paper.
(iv) The temperature of each bath has been assumed to be constant during each stroke [cf. Eq. (3)]
as we have a temperature change that is less than 1%
of the temperature of the bath itself. We can verify
in Fig. 3 that this approximation is well justified.
(v) For a simplified treatment of the WM, we have
assumed that only two energy levels are accessible.
Such a situation can be naturally realized in an optical
trap, which is anisotropic and singles out the direction
of propagation of the laser [32].
(vi) Our treatment has assumed that thermal occupancy of higher modes can be neglected, which means
that the energy-level spacing is always larger than the
bath temperature. This assumption is valid for the
chosen parameters in our numerical treatment. AlAccepted in
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though optimization of heat extraction from the cold
bath may call for a WM which occupies a large number of modes, the entire setup would then be well
described by a classical (rather than quantized) Otto
cycle, similar to the description of Ref. [18].
(vii) The Otto cycle presumes an adiabatic change
of the energy-level spacing in the WM so as to avoid
quantum friction [6]. For strokes that are longer than
1 ms this is indeed the case. Strokes involving a faster
change of the trap frequency may be exploited in the
future by employing shortcuts to adiabaticity [55].
(viii) We have assumed weak coupling between the
WM and the bath, consistently with the Markovian
approximation. This assumption is well established
within the context of the Fröhlich polaron, which has
been extensively investigated [40, 56–58]. Notably,
we have verified that the dimensionless coupling parameter, which describes the deformation of the bath
density due to the coupling with the WM, is always
much smaller than unity. The weak-coupling regime
has also allowed us to neglect the energy cost of decoupling the WM from the bath and the corresponding
entropy changes.
(ix) Finally, thermalization between the baths and
the WM during the isochores has been ensured by considering time scales exceeding the relaxation time [59],
as discussed in more detail below. In the future we
may explore how such a thermal machine functions
if thermalization is hampered (due to the occurrence
of non-thermal fixed points [60–62], the existence of
dark states [63], invariant subspaces [64] or manybody-localization [65]).

6 Experimental challenges
Having established the feasibility of the quantum gas
refrigerator and its conceivable limitations we now
turn our attention to possible experimental challenges.
One challenge is the attainment of sufficiently fast
thermalization of the WM with the baths, relying on
strong interspecies interactions in Rb-Cs [37] or NaK [66] mixtures. We can then estimate thermalization
rates based on the results of Ref. [39] that apply to
the proposed setup. With the assumed parameters,
we obtain typical relaxation times on the order of a
1 ms, which are similar to the WM adiabaticity time
scale.
A fast enough relaxation is crucial in view of the finite lifetime of the atomic clouds, which is typically of
a few seconds, and residual heat effects. The speciesselective optical control of the WM has to be designed
carefully; such that it provides a strong confinement
of the WM but does not perturb the heat baths. For
the proposed mixture of Rb-Cs the optical potential
might be tuned to 880 nm, which is the tune-out wavelength of Cs [67], such that it does not create a dipole
potential for the baths. Still, a confining potential
with a waist of a few microns will cause an absorption
4

rate of a few Hz within the WM. The produced heat
per particle and per stroke is much smaller than the
heat exchanged between the baths (Appendix C) and
therefore negligible.
The high density of atoms within the WM is unrealistic because of inelastic processes that would degrade
the WM. Hence, it would be important to decompose the WM into a number of small and dilute WMs
trapped in an optical lattice potential as sketched in
Fig. 2. Cooperative effects may play a major role in
this regime [68–70], a problem which has to be studied
experimentally.
The physical decoupling of the WM from the bath is
implicitly assumed to be adiabatic. In the condensed
regime the Bose-Einstein condensate is a superfluid
and motion below the critical velocity does not create
any excitations within the bath [71].
For the non-degenerate bath, on the other hand, we
derive in Appendix D the adiabatic decoupling condition according to which the WM has to move well
below the velocity ua = ωT λdB . For our assumed parameters, this would imply typical cycles times in the
order of few tens ms, such that only few strokes would
be possible. If the adiabatic decoupling condition is
violated, the interaction between the WM and bath is
quenched in each cycle. The deposited energy is then
estimated to be ∆E = gNWM nbath , which is typically
larger than the extracted heat. Thus the adiabatic
decoupling condition imposes severe restrictions on
the Otto cycle operation in the non-degenerate bath
regime. These restrictions may however be overcome
through shortcuts to adiabaticity [55, 72, 73]. A fundamental solution to this problem is a continuous cycle scheme, wherein coupling and decoupling are totally absent, as we discuss in the next section.

7 Continuous cycles schemes
As an alternative to the Otto cycle, one may consider
a different class of thermodynamic cycles, namely, continuous cycles wherein both the heat baths as well as
the driving laser (the work reservoir) are simultaneously coupled to the WM [3, 33, 34, 74–77]. A possible
setup is visualized in Fig. 4.
Instead of coupling the WM to the respective
baths in two different (temporarily-separated) isochoric strokes at respective WM energy-level spacings
Ec and Eh , a spectral separation of the two baths
has been proposed, such that blue (red) sidebands
of the mean trap frequency ωT mainly couple to the
hot (cold) bath [34, 75], similarly to the Stokes and
anti-Stokes sidebands in laser cooling [78].
The salient advantage of such a continuous cycle
is that neither (de)coupling of the WM to or from
the baths nor its translation between the baths are
necessary. Such a cycle is not restricted by the bottleneck of adiabatic strokes and thus may be much faster
than the Otto cycle and thereby potentially increase
Accepted in
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Figure 4: Continuous cycle schemes: The working medium
is positioned in between the two baths. The periodic modulation of the energy spacing E0 (t) induces energy sidebands Eh
and Ec . The spectra of the two baths have to be engineered
such that the working medium is stronger coupled at Eh (Ec )
to the hot (cold) bath.

the cooling power. On the other hand, the required
spectral separation of the two baths is non-trivial, yet
it may be achieved through internal-state manipulations of the baths confined in optical lattices.
The theoretical description of continuous cycles,
promising as they may be, requires a more detailed
knowledge of the concrete setup than the Otto cycle.
In particular, the Floquet analysis [79] of the Markovian master equation governing the evolution of the
WM in a thermal gas (derived in Ref. [80] for a constant trap frequency) for a periodically-driven trap
frequency may require fine-tuning of the frequencies
involved. Further, modulating the laser intensity only
varies the “spring constant” of the WM trap but not its
mass, which results in a non-diagonal modulation [6]
with non-trivial time-dependencies of the excitation
and de-excitation operators, which are not present in
the previously-studied two-level atom case [34]. Finally, the validity of the Markovian description (which
is at the heart of Refs. [3, 34, 74–76, 81]) must be
carefully re-analysed for such a cycle1 . Concrete predictions require a detailed knowledge of the bath spectra at the respective sideband frequencies. An experimental implementation of the continuous cycle would
hence provide crucial inputs to its theoretical descriptions.

8 Summary
We have adopted the harmonic Otto cycle of Ref. [6]
to propose a novel quantized refrigeration scheme for
a cold bosonic-atom species, considered as a trapped
cold bath. The scheme is based on the coupling of
this cold bath to another trapped atomic species that
acts as a working medium (WM), which transfers
heat from the cold bath to a hotter bath. The process is enabled by the work invested in changing the
1 First results on a Markovian master equation below threshold for a constant trap frequency can be found in the PhD thesis
of Raphael Scelle [82].

5

energy-level spacing of the trapped WM by modulating the intensity of the trapping field. Our analysis
has shown the feasibility of Otto-cycle refrigeration
(especially when assisted by shortcuts to adiabaticity) of a typical bosonic-atom (e.g., Cs) cloud from a
thermal regime to a deeply degenerate Bose–Einstein
condensate while conserving the number of atoms in
the cloud. This task, shown here to be at hand, is
unfeasible by other means.
The proposed scheme promises to be a fundamentally new avenue for cooling as it does not rely on radiative thermalization and is not recoil-limited. Continuous versions of the proposed cycles are potentially
even more promising, because they are expected to be
free of adverse non-adiabatic effects [3, 33, 34, 74]. On
the other hand, the continuous version requires parameter choice and optimization that may be easier
to achieve experimentally than theoretically.
The minimal temperature achievable by the proposed refrigeration is an open issue. The present
minimum, Eq. (2), is only restricted by our technical ability to ramp the confining laser intensity up
and down, so that further progress is expected in this
respect. The more fundamental issue is the ability to
cool down to such low temperatures that the Markov
and possibly the Born approximations break down.
The cooling speed may be affected at such temperatures in ways still unknown. Related studies [83–86]
indicate a plethora of fascinating effects in this nonMarkovian domain.
The open fundamental issues outlined above suggest that the proposed refrigerator may be a platform
for studying principal aspects of quantum thermodynamics in hitherto inaccessible regimes.
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A Heat and work in the quantized
Otto cycle
The respective changes in the energy of the WM during the four strokes of the Otto cycle from Fig. 1
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are [26]
∆E1 = hHc iB − hHc iA =: Qc

(4a)

∆E2 = hHh iC − hHc iB =: Win

(4b)

∆E3 = hHh iD − hHh iC =: Qh

(4c)

∆E4 = hHc iA − hHh iD =: Wout .

(4d)

Here Hc,h = Ec,h σ+ σ− are the respective Hamiltonians of the WM during the cold and hot strokes with
Ec ≤ Eh . The state of the WM does not change during
the adiabatic strokes (B → C and D → A), i.e., the
ratio E/T remains constant. Therefore, the thermal
states at the four end points of the cycle are
ρA ≡ ρD = exp[−Hh /(kB Th )]/Zh =: ρh

(5a)

ρB ≡ ρC = exp[−Hc /(kB Tc )]/Zc =: ρc .

(5b)

The work (W ) and heat (Q) contributions (4) then
evaluate to
Qc = Ec (n̄c − n̄h )

(6a)

Win = (Eh − Ec )n̄c

(6b)

Qh = Eh (n̄h − n̄c )

(6c)

Wout = (Ec − Eh )n̄h ,

(6d)

where (i ∈ {c, h})
−1
n̄i := hσ+ σ− iρi = [exp [Ei /(kB Ti )] + 1]

(7)

is the thermal occupation of the excited level of the
two-level WM.

B Heat capacity of a Bose gas above
and below threshold
The heat capacity of a BEC at constant volume in a
three-dimensional harmonic trap reads [23]
h

 i
Tcrit 3
3Nat kB 1 + ζ(3)
T > Tcrit
8
T
3

CV =
, (8)
T
12 ζ(4) N k
T < Tcrit
ζ(3) at B Tcrit
where the critical temperature for condensation is [23]
1/3

Tcrit =

~ωT Nat
.
kB [ζ(3)]1/3

(9)

Here Nat denotes the atom number in the bath, ωT
the trap frequency and ζ is the Riemann ζ-function.

C Heating due to spontaneous emission
The optical confinement of the WM induces spontaneous emission events during which the WM atoms
gain a recoil energy ER = h2 /(2mwm λ2wm ), where h is
the Planck constant, mwm the mass of the atoms and
6

λwm the wavelength of the emitted photons (780 nm
in the case of Rb and hence ER /kB ≈ 180 nK). The
produced heat per atom in the WM can be estimated
as Qsp = ER γwm τstroke , where γwm is the rate of spontaneous emission (typically a few Hz) and τstroke the

duration of each stroke (on the order of ms). Therefore, we estimate Qsp kB ∼ a few nK per stroke, which
typically is much smaller than the exchanged heat in
Eq. (6).

D Motion of the WM in the non-degenerate bath
Here we evaluate the effect of the non-adiabatic movement of a compact WM through a bath. We assume
that the bath to be composed of a non-degenerate and (almost) ideal gas and strive to estimate the transferred
energy h∆Ei per single atom. For the sake of simplicity, we consider
p a 1D harmonic trap with the frequency ωT .
The typical inverse length scale for an atom of mass m is α = mωT /~. The energy spectrum is En = ~ωT n,
n = 0, 1, 2, . . .
Since we are interested in the case of small transferred energy, we apply the lowest-order perturbative expression for the transition amplitude of an atom being driven from the state |n0 i to the state |ni under the
time-dependent perturbation V (z, t),
Z
i ∞
dt ei(En −En0 )t/~ hn|V |n0 i.
(10)
An0 →n = −
~ −∞
Then the transferred energy per atom is
∞ X
∞
X

h∆Ei = Z −1

(En − En0 )e−βEn0 |An0 →n |2 ,

(11)

n0 =0 n=0

where β is the inverse temperature and Z = 1/(1 − e−β~ωT ) the partition function. Slightly reorganizing the
summation, we see that
h∆Ei = Z −1

∞
X

∞
X

(En − En0 )(e−βEn0 − e−βEn )|An0 →n |2

(12)

n0 =0 n=n0 +1

is always positive for a bath in thermal equilibrium.
For the purpose of evaluation of the non-adiabatic effects it is convenient to approximate the potential of
interaction of a bath atom with theR working medium. The contact interaction between the bath atoms and
the working medium reads E = gIB dz nWM (z − ut)nth (z). For a very small working medium it looks like a
potential and the bath density is in its region, such that
V (z, t) = V0 δ(z − ut) with V0 = gIB Nwm

(13)

Here we assume that the working medium passes through the bath at the constant velocity u.
Now we readily calculate
Z
iV0 ∞
An0 →n = −
dz ψn∗ (z)eiωT (n−n0 )z/u ψn0 (z),
u~ −∞

(14)

where ψn, n0 are eigenfunctions of the harmonic oscillator. Expressing the coordinate z via the creation and
annihilation operators â† and â, respectively, we recognize that An0 →n√is proportional to the matrix element
of the displacement operator exp[iλn (â† + â)] with λn = ωT (n − n0 )/( 2uα) in the Fock basis. These matrix
elements are known, see, e.g., Ref. [87]. Since, according to Eq. (12), n > n0 , we get
r
n0 ! n−n0 2
iλn (â† +â)
n−n0 −λ2n /2 n−n0
|ni = i
e
λn
(λn ),
(15)
hn|e
L
n! n0
0
where Ln−n
(x) is an associated Laguerre polynomial. This reduces Eq. (12) to
n0

h∆Ei = (1 − e−β~ωT )~ωT
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V0
~u

2 X
∞ X
∞
n0 =0 l=1

Quantum 2019-06-13, click title to verify

e−β~ωT n0 l(1 − e−β~ωT l )ζ 2l l2l e−ζ

2 2

l

n0 !
[Ll (ζ 2 l2 )]2 ,
(n0 + l)! n0

(16)
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√
where ζ = ωT /( 2αu). The sum over n0 in Eq. (16) can be taken using the Hille–Hardy formula [88], thus
yielding
h∆Ei = 2~ωT



V0
~u

2 X
∞

l sinh(β~ωT /2) exp[−ζ 2 l2 coth(β~ωT /2)]Il [ζ 2 l2 / sinh(β~ωT /2)],

(17)

l=1

where Il (x) is the modified Bessel function.
We work in the high-temperature limit,
β~ωT  1.

(18)

In this limit the adiabaticity condition requires that the velocity of the working medium in the bath does not
exceed a certain value,
r
ωT β~ωT
(19)
u  ua ≡
α
8
r
β~2
ua = ωT λdB with λdB =
,
(20)
8m
where ωT sets the typical gap and and λdB the typical distance. Note that condition (20) is much more restrictive
that the smallness of the oscillation period compared to the passage time.
√
means that
To derive this condition, we assume first a less stringent inequality, u  ωT /(α β~ωT ), which
√
the time of the passage of the working medium across the bath of the thermal radius ∼ 1/(α
β~ω
T ) is much
√
longer than the trap oscillation period. Then we can use the asymptotic form Il (x) ≈ ex / 2πx for x → +∞.
Equation (17) is then reduced to
h∆Ei = 2~ωT



V0
~u

2 X
∞
l=1

 22
√
β~ωT
ζ l β~ωT
β~ω
√ T,
l
exp −
2
4
2 πζl

where condition (18) has been used. In the adiabatic limit given by Eq. (20) we obtain
 2
u
2
2 ua
exp − a2 .
h∆Ei = √ β(αV0 )
u
u
π

(21)

(22)

Under the latter condition the decreasing exponent and the increasing modified Bessel function almost compensate each other, hence the exponential suppression of the heating rate requires further slowing down of the
motion of the working medium inside the bath. The strong exponential dependence (not a power-law one) of
the r.h.s. of Eq. (22) on the adiabaticity parameter indicates that an adiabaticity condition similar to Eq. (20)
should hold also in 3D.

References
[1] R. Alicki, The quantum open system as a model
of the heat engine, J. Phys. A 12, L103 (1979).
[2] R. Kosloff, A quantum mechanical open system
as a model of a heat engine, J. Chem. Phys. 80,
1625 (1984).
[3] D. Gelbwaser-Klimovsky, W. Niedenzu, and
G. Kurizki, Thermodynamics of Quantum Systems Under Dynamical Control, Adv. At. Mol.
Opt. Phys. 64, 329 (2015).
[4] J. Goold, M. Huber, A. Riera, L. del Rio, and
P. Skrzypczyk, The role of quantum information
in thermodynamics—a topical review, J. Phys. A
49, 143001 (2016).
[5] S. Vinjanampathy and J. Anders, Quantum thermodynamics, Contemp. Phys. 57, 1 (2016).
[6] R. Kosloff and Y. Rezek, The Quantum Harmonic Otto Cycle, Entropy 19, 136 (2017).
Accepted in

Quantum 2019-06-13, click title to verify

[7] A. Ghosh, W. Niedenzu, V. Mukherjee, and
G. Kurizki, in Thermodynamics in the Quantum Regime, edited by F. Binder, L. A. Correa,
C. Gogolin, J. Anders, and G. Adesso (Springer,
Cham, 2019) pp. 37–66.
[8] M. O. Scully, M. S. Zubairy, G. S. Agarwal, and
H. Walther, Extracting Work from a Single Heat
Bath via Vanishing Quantum Coherence, Science
299, 862 (2003).
[9] O. Abah, J. Roßnagel, G. Jacob, S. Deffner,
F. Schmidt-Kaler, K. Singer, and E. Lutz, SingleIon Heat Engine at Maximum Power, Phys. Rev.
Lett. 109, 203006 (2012).
[10] M. Horodecki and J. Oppenheim, Fundamental
limitations for quantum and nanoscale thermodynamics, Nat. Commun. 4, 2059 (2013).
[11] P. Skrzypczyk, A. J. Short, and S. Popescu,
Work extraction and thermodynamics for individual quantum systems, Nat. Commun. 5, 4185
8

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

(2014).
J. B. Brask, G. Haack, N. Brunner, and M. Huber, Autonomous quantum thermal machine for
generating steady-state entanglement, New J.
Phys. 17, 113029 (2015).
R. Uzdin, A. Levy, and R. Kosloff, Equivalence of Quantum Heat Machines, and QuantumThermodynamic Signatures, Phys. Rev. X 5,
031044 (2015).
M. Campisi and R. Fazio, The power of a critical
heat engine, Nat. Commun. 7, 11895 (2016).
W. Niedenzu, V. Mukherjee, A. Ghosh, A. G.
Kofman, and G. Kurizki, Quantum engine efficiency bound beyond the second law of thermodynamics, Nat. Commun. 9, 165 (2018).
J.-P. Brantut, C. Grenier, J. Meineke, D. Stadler,
S. Krinner, C. Kollath, T. Esslinger,
and
A. Georges, A Thermoelectric Heat Engine with
Ultracold Atoms, Science 342, 713 (2013).
J. V. Koski, V. F. Maisi, J. P. Pekola, and D. V.
Averin, Experimental realization of a Szilard engine with a single electron, Proc. Natl. Acad. Sci.
USA 111, 13786 (2014).
J. Roßnagel, S. T. Dawkins, K. N. Tolazzi,
O. Abah, E. Lutz, F. Schmidt-Kaler, and
K. Singer, A single-atom heat engine, Science
352, 325 (2016).
J. Klaers, S. Faelt, A. Imamoglu, and E. Togan, Squeezed Thermal Reservoirs as a Resource
for a Nanomechanical Engine beyond the Carnot
Limit, Phys. Rev. X 7, 031044 (2017).
J. Klatzow, J. N. Becker, P. M. Ledingham,
C. Weinzetl, K. T. Kaczmarek, D. J. Saunders, J. Nunn, I. A. Walmsley, R. Uzdin, and
E. Poem, Experimental Demonstration of Quantum Effects in the Operation of Microscopic Heat
Engines, Phys. Rev. Lett. 122, 110601 (2019).
J. V. Koski, A. Kutvonen, I. M. Khaymovich,
T. Ala-Nissila, and J. P. Pekola, On-Chip
Maxwell’s Demon as an Information-Powered Refrigerator, Phys. Rev. Lett. 115, 260602 (2015).
D. von Lindenfels, O. Gräb, C. T. Schmiegelow,
V. Kaushal, J. Schulz, F. Schmidt-Kaler, and
U. G. Poschinger, A spin heat engine coupled
to a harmonic-oscillator flywheel, arXiv preprint
arXiv:1808.02390 (2018).
C. J. Pethick and H. Smith, Bose–Einstein Condensation in Dilute Gases, 2nd ed. (Cambridge
University Press, Cambridge, 2008).
E. Geva and R. Kosloff, A quantum-mechanical
heat engine operating in finite time. A model consisting of spin-1/2 systems as the working fluid,
J. Chem. Phys. 96, 3054 (1992).
T. Feldmann and R. Kosloff, Quantum fourstroke heat engine: Thermodynamic observables
in a model with intrinsic friction, Phys. Rev. E
68, 016101 (2003).

Accepted in

Quantum 2019-06-13, click title to verify

[26] O. Abah and E. Lutz, Optimal performance of
a quantum Otto refrigerator, EPL (Europhys.
Lett.) 113, 60002 (2016).
[27] P. A. Erdman, V. Cavina, R. Fazio, F. Taddei,
and V. Giovannetti, Maximum Power and Corresponding Efficiency for Two-Level Quantum
Heat Engines and Refrigerators, arXiv preprint
arXiv:1812.05089 (2018).
[28] A. Mazurenko, C. S. Chiu, G. Ji, M. F. Parsons, M. Kanász-Nagy, R. Schmidt, F. Grusdt,
E. Demler, D. Greif, and M. Greiner, A coldatom Fermi–Hubbard antiferromagnet, Nature
545, 462 (2016).
[29] O. Fialko and D. W. Hallwood, Isolated Quantum Heat Engine, Phys. Rev. Lett. 108, 085303
(2012).
[30] K. B. Davis, M.-O. Mewes, M. A. Joffe, M. R.
Andrews, and W. Ketterle, Evaporative Cooling of Sodium Atoms, Phys. Rev. Lett. 74, 5202
(1995).
[31] W. Petrich, M. H. Anderson, J. R. Ensher, and
E. A. Cornell, Stable, Tightly Confining Magnetic Trap for Evaporative Cooling of Neutral
Atoms, Phys. Rev. Lett. 74, 3352 (1995).
[32] R. Grimm, M. Weidemüller, and Y. B. Ovchinnikov, Optical Dipole Traps for Neutral Atoms,
Adv. At. Mol. Opt. Phys. 42, 95 (2000).
[33] M. Kolář, D. Gelbwaser-Klimovsky, R. Alicki,
and G. Kurizki, Quantum Bath Refrigeration towards Absolute Zero: Challenging the Unattainability Principle, Phys. Rev. Lett. 109, 090601
(2012).
[34] D. Gelbwaser-Klimovsky, R. Alicki, and G. Kurizki, Minimal universal quantum heat machine,
Phys. Rev. E 87, 012140 (2013).
[35] M. Albiez, R. Gati, J. Fölling, S. Hunsmann,
M. Cristiani, and M. K. Oberthaler, Direct
Observation of Tunneling and Nonlinear SelfTrapping in a Single Bosonic Josephson Junction,
Phys. Rev. Lett. 95, 010402 (2005).
[36] S. Eckel, J. G. Lee, F. Jendrzejewski, C. J. Lobb,
G. K. Campbell, and W. T. Hill, Contact resistance and phase slips in mesoscopic superfluidatom transport, Phys. Rev. A 93, 063619 (2016).
[37] N. Spethmann, F. Kindermann, S. John, C. Weber, D. Meschede, and A. Widera, Dynamics
of Single Neutral Impurity Atoms Immersed in
an Ultracold Gas, Phys. Rev. Lett. 109, 235301
(2012).
[38] M. Hohmann, F. Kindermann, T. Lausch,
D. Mayer, F. Schmidt, and A. Widera, Singleatom thermometer for ultracold gases, Phys. Rev.
A 93, 043607 (2016).
[39] R. Scelle, T. Rentrop, A. Trautmann, T. Schuster, and M. K. Oberthaler, Motional Coherence
of Fermions Immersed in a Bose Gas, Phys. Rev.
Lett. 111, 070401 (2013).
9

[40] T. Rentrop, A. Trautmann, F. A. Olivares,
F. Jendrzejewski, A. Komnik,
and M. K.
Oberthaler, Observation of the Phononic Lamb
Shift with a Synthetic Vacuum, Phys. Rev. X 6,
041041 (2016).
[41] I. Bloch, Ultracold quantum gases in optical lattices, Nat. Phys. 1, 23 (2005).
[42] K.-N. Schymik, Implementing an Optical Accordion Lattice for the Realization of a Quantized
Otto Cycle, Masterarbeit, Universität Heidelberg
(2018).
[43] M. J. H. Ku, A. T. Sommer, L. W. Cheuk,
and M. W. Zwierlein, Revealing the Superfluid
Lambda Transition in the Universal Thermodynamics of a Unitary Fermi Gas, Science 335, 563
(2012).
[44] T. Jacqmin, J. Armijo, T. Berrada, K. V.
Kheruntsyan, and I. Bouchoule, Sub-Poissonian
Fluctuations in a 1D Bose Gas: From the Quantum Quasicondensate to the Strongly Interacting
Regime, Phys. Rev. Lett. 106, 230405 (2011).
[45] R. Desbuquois, T. Yefsah, L. Chomaz, C. Weitenberg, L. Corman, S. Nascimbène, and J. Dalibard, Determination of Scale-Invariant Equations of State without Fitting Parameters: Application to the Two-Dimensional Bose Gas
Across the Berezinskii-Kosterlitz-Thouless Transition, Phys. Rev. Lett. 113, 020404 (2014).
[46] L. A. Correa, M. Perarnau-Llobet, K. V. Hovhannisyan, S. Hernández-Santana, M. Mehboudi,
and A. Sanpera, Enhancement of lowtemperature thermometry by strong coupling,
Phys. Rev. A 96, 062103 (2017).
[47] A. Lampo, S. H. Lim, M. Á. García-March,
and M. Lewenstein, Bose polaron as an instance
of quantum Brownian motion, Quantum 1, 30
(2017).
[48] V. Mukherjee, A. Zwick, A. Ghosh, X. Chen,
and G. Kurizki, Enhanced precision of lowtemperature quantum thermometry via dynamical control, arXiv preprint arXiv:1711.09660
(2017).
[49] M. Gring, M. Kuhnert, T. Langen, T. Kitagawa,
B. Bauer, M. Schreitl, I. Mazets, D. A. Smith,
E. Demler, and J Schmiedmayer, Relaxation and
Prethermalization in an Isolated Quantum System, Science 337, 1318 (2012).
[50] R. Olf, F. Fang, G. E. Marti, A. MacRae, and
D. M. Stamper-Kurn, Thermometry and cooling
of a Bose gas to 0.02 times the condensation temperature, Nat. Phys. 11, 720 (2015).
[51] B. Rauer, S. Erne, T. Schweigler, F. Cataldini,
M. Tajik, and J. Schmiedmayer, Recurrences in
an isolated quantum many-body system, Science
360, 307 (2018).
[52] L. P. Pitaevskiı̆, Bose—Einstein condensation in
magnetic traps. Introduction to the theory, Phys.Uspekhi 41, 569 (1998).
Accepted in

Quantum 2019-06-13, click title to verify

[53] F. Zambelli, L. Pitaevskii, D. M. Stamper-Kurn,
and S. Stringari, Dynamic structure factor and
momentum distribution of a trapped Bose gas,
Phys. Rev. A 61, 063608 (2000).
[54] F. Dalfovo, S. Giorgini, L. P. Pitaevskii, and
S. Stringari, Theory of Bose-Einstein condensation in trapped gases, Rev. Mod. Phys. 71, 463
(1999).
[55] A. del Campo, J. Goold, and M. Paternostro,
More bang for your buck: Super-adiabatic quantum engines, Sci. Rep. 4, 6208 (2014).
[56] F. Grusdt and E. Demler, in Quantum Matter at Ultralow Temperatures, Proceedings of the
International School of Physics “Enrico Fermi”,
Vol. 191, edited by M. Inguscio, W. Ketterle,
S. Stringari, and G. Roati (IOS Press, Amsterdam, 2016) p. 325.
[57] M.-G. Hu, M. J. Van de Graaff, D. Kedar, J. P.
Corson, E. A. Cornell, and D. S. Jin, Bose Polarons in the Strongly Interacting Regime, Phys.
Rev. Lett. 117, 055301 (2016).
[58] N. B. Jørgensen, L. Wacker, K. T. Skalmstang, M. M. Parish, J. Levinsen, R. S. Christensen, G. M. Bruun, and J. J. Arlt, Observation of Attractive and Repulsive Polarons in a
Bose-Einstein Condensate, Phys. Rev. Lett. 117,
055302 (2016).
[59] C. J. Myatt, E. A. Burt, R. W. Ghrist, E. A.
Cornell, and C. E. Wieman, Production of
Two Overlapping Bose-Einstein Condensates by
Sympathetic Cooling, Phys. Rev. Lett. 78, 586
(1997).
[60] M. Prüfer, P. Kunkel, H. Strobel, S. Lannig, D. Linnemann, C.-M. Schmied, J. Berges,
T. Gasenzer, and M. K. Oberthaler, Observation of universal dynamics in a spinor Bose gas
far from equilibrium, Nature 563, 217 (2018).
[61] C. Eigen, J. A. P. Glidden, R. Lopes, E. A. Cornell, R. P. Smith, and Z. Hadzibabic, Universal
prethermal dynamics of Bose gases quenched to
unitarity, Nature 563, 221 (2018).
[62] S. Erne, R. Bücker, T. Gasenzer, J. Berges, and
J. Schmiedmayer, Universal dynamics in an isolated one-dimensional Bose gas far from equilibrium, Nature 563, 225 (2018).
[63] D.
Gelbwaser-Klimovsky,
W.
Niedenzu,
P. Brumer, and G. Kurizki, Power enhancement
of heat engines via correlated thermalization in
a three-level “working fluid”, Sci. Rep. 5, 14413
(2015).
[64] W. Niedenzu and G. Kurizki, Cooperative manybody enhancement of quantum thermal machine
power, New J. Phys. 20, 113038 (2018).
[65] R. Nandkishore and D. A. Huse, Many-Body Localization and Thermalization in Quantum Statistical Mechanics, Annu. Rev. Condens. Matter
Phys. 6, 15 (2015).
[66] T. Hartmann, T. A. Schulze, K. K. Voges,
10

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]
[75]

[76]

[77]

[78]
[79]

[80]

[81]

P. Gersema, M. W. Gempel, E. Tiemann, A. Zenesini, and S. Ospelkaus, Feshbach resonances in
23
Na +39 K mixtures and refined molecular potentials for the NaK molecule, Phys. Rev. A 99,
032711 (2019).
L. J. LeBlanc and J. H. Thywissen, Speciesspecific optical lattices, Phys. Rev. A 75, 053612
(2007).
M. O. Scully, Collective Lamb Shift in Single Photon Dicke Superradiance, Phys. Rev. Lett. 102,
143601 (2009).
I. E. Mazets and G. Kurizki, Multiatom cooperative emission following single-photon absorption:
Dicke-state dynamics, J. Phys. B: At. Mol. Opt.
Phys. 40, F105 (2007).
A. Manatuly, W. Niedenzu, R. Román-Ancheyta,
B. Çakmak, Ö. E. Müstecaplıoğlu, and G. Kurizki, Collectively enhanced thermalization via
multiqubit collisions, Phys. Rev. E 99, 042145
(2019).
F. Jendrzejewski, S. Eckel, N. Murray, C. Lanier,
M. Edwards, C. J. Lobb, and G. K. Campbell, Resistive Flow in a Weakly Interacting
Bose-Einstein Condensate, Phys. Rev. Lett. 113,
045305 (2014).
E. Torrontegui, S. Ibánez, S. Martínez-Garaot,
M. Modugno, A. del Campo, D. Guéry-Odelin,
A. Ruschhaupt, X. Chen, and J. G. Muga, Shortcuts to Adiabaticity, Adv. At. Mol. Opt. Phys.
62, 117 (2013).
A. del Campo, A. Chenu, S. Deng, and H. Wu, in
Thermodynamics in the Quantum Regime, edited
by F. Binder, L. A. Correa, C. Gogolin, J. Anders,
and G. Adesso (Springer, Cham, 2019) pp. 127–
148.
R. Kosloff, Quantum Thermodynamics: A Dynamical Viewpoint, Entropy 15, 2100 (2013).
R. Alicki, Quantum Thermodynamics: An Example of Two-Level Quantum Machine, Open Syst.
Inf. Dyn. 21, 1440002 (2014).
K. Brandner and U. Seifert, Periodic thermodynamics of open quantum systems, Phys. Rev. E
93, 062134 (2016).
V. Mukherjee, W. Niedenzu, A. G. Kofman, and
G. Kurizki, Speed and efficiency limits of multilevel incoherent heat engines, Phys. Rev. E 94,
062109 (2016).
D. J. Wineland and W. M. Itano, Laser cooling
of atoms, Phys. Rev. A 20, 1521 (1979).
K. Szczygielski, On the application of Floquet
theorem in development of time-dependent Lindbladians, J. Math. Phys. 55, 083506 (2014).
M. Lewenstein, J. I. Cirac, and P. Zoller, Master equation for sympathetic cooling of trapped
particles, Phys. Rev. A 51, 4617 (1995).
E. Geva, R. Kosloff, and J. L. Skinner, On the relaxation of a two-level system driven by a strong

Accepted in

Quantum 2019-06-13, click title to verify

[82]

[83]

[84]

[85]

[86]

[87]

[88]

electromagnetic field, J. Chem. Phys. 102, 8541
(1995).
R. Scelle, Dynamics and Motional Coherence of
Fermions Immersed in a Bose Gas, Ph.D. thesis,
University of Heidelberg (2013).
N. Erez, G. Gordon, M. Nest, and G. Kurizki, Thermodynamic control by frequent quantum measurements, Nature 452, 724 (2008).
G. Gordon, G. Bensky, D. Gelbwaser-Klimovsky,
D. D. B. Rao, N. Erez, and G. Kurizki, Cooling down quantum bits on ultrashort time scales,
New J. Phys. 11, 123025 (2009).
G. A. Álvarez, D. D. B. Rao, L. Frydman, and
G. Kurizki, Zeno and Anti-Zeno Polarization
Control of Spin Ensembles by Induced Dephasing, Phys. Rev. Lett. 105, 160401 (2010).
R. S. Whitney, Non-Markovian quantum thermodynamics: Laws and fluctuation theorems, Phys.
Rev. B 98, 085415 (2018).
A. Wunsche, Displaced Fock states and their connection to quasiprobabilities, Quantum Opt. 3,
359 (1991).
H. Bateman, Higher Transcendental Functions
Volume II, 1st ed. (McGraw-Hill, New York,
1953).

11

