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!a/2⇡ [MHz] !b/2⇡ [kHz] �b/2⇡ [Hz] a/2⇡ [kHz] �p [nm] T [�K] Other parameters

Optomechanics 1.27815 1278.15 264.1 435.849 1064 292 m = 176 ng
Cavity-BEC 15.13 8.3 see SI 1250 785.3 38⇥ 10�9 N = 105

TABLE I: Values of the physical parameters for the two experimental setups. Here, �p is the wavelength of the
driving laser field pumping the respective system. The damping rate �b is di↵erent for the two experiments setups: while taking
a set value in the optomechanical experiment, in the cavity-BEC setup its value depends on the actual working point [see SI
for details]. In the optomechanical experiment, m is the mass of the membrane. In the cavity-BEC setup, on the other hand,
N is the number of (87Rb) atoms in the BEC.

excited Bogolioubov modes, which provides a heat bath
for the condensate. In both cases, we assume the baths
to be Markovian, with a decay rate �b and an average
number of excitations nTb = (e~!b/kBTb � 1)�1, where Tb

is the temperature of the bath24. The driven-dissipative
nature of the systems is such that a NESS is eventually
reached. In the following we assume this to be the case.
The excellent agreement between the experimental data
and our theoretical predictions, which are evaluated at
the steady-state of the respective system, supports and
justifies such an assumption.

It is important to remark that, despite enjoying a com-
mon formal description, the systems considered are very
di↵erent in nature: a massive single-body quantum sys-
tem on one hand, and a many-body quantum system
displaying long-range interactions on the other one, each
interacting with a cavity field. This is a key feature of our
work, as it shows that the theoretical approach that we
have set up is independent of the experimental scenario
being addressed (when within the validity of the model
that we address) and can be applied to the rather gen-
eral context of quadratically coupled harmonic oscillators
open to the e↵ect of general environments. Remarkably,
the behaviour of entropy production captures the rich
phenomenology of the two systems. In fact, as our ex-
perimental results clearly show, optomechanical cooling
leaves its footprint on the entropy production rate. On
the other hand, the cavity-BEC system displays a quan-
tum phase transition from a homogenous to a spatially
self-organised phase, which is signalled by the behaviour
of the entropy production rate.

In our case, the linear dynamics undergone by the cou-
pled oscillators allows us to write the contribution to the
entropy production rate at the steady-state due to the
quantum fluctuations as (see SI)
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the steady-state of the two oscillators. In the optome-
chanical case, the term nb + 1/2 should be replaced by
h�p̂2

bis/2, given the fundamental di↵erence between the
structure of the mechanical and atomic baths (see SI).
Eq. (3) represents our main theoretical result: it quanti-
fies the entropic contribution, ascribable to the quantum

fluctuations, that the system has to pay to remain in
its NESS. It thus directly quantifies the irreversibility of
the driven-dissipative dynamics of two linearly coupled
quantum oscillators. In fact, we see that in the case of
thermal equilibrium, the above expression vanishes. In
particular we notice that there is no dependence on the
correlations between the oscillators. This is due to the
fact that at the steady-state the entropy production rate
⇧s equals the flux rate �s. That is, at the steady-state
is the entropy flux from the system to the overall en-
vironment that determines the amount of irreversibility
produced within the driven-dissipative model.

The previous considerations also allow us to identify
two contributions, linked to the mechanical/atomic and
optical oscillator, henceforth referred to as µa and µb,
respectively. Taken individually, µj is not an entropy
production rate for subsystem j = a, b, inasmuch as they
do not meet the requirements of positivity. This is made
apparent by looking at the mechanical contribution to
⇧s in Eq. (3), which can take negative values.

At variance with a general formulation of entropy pro-
duction, which demands the knowledge of the global state
of the system Reference, for the linear dynamics herein,
our expression proves that ⇧s only involves the average
stationary number of excitations of the oscillators. These
quantities can be experimentally accessed via the spec-
tral density of the light leaking out of the cavity. In
fact, for the experimental regime of interest, the dynam-
ics of the cavity field adiabatically follows the mechan-
ical/atomic mode, so that the latter can be inferred by
measuring the extra-cavity field. For both experimental
setups, the coupling gab can be varied by increasing the
input power of the pump in the respective setup. We have
then recorded the density noise spectrum (DNS) of the
extra-cavity light quadratures at each value of gab. This
is enough to infer the mean intensity of the fluctuations
na and nb. Typical examples of the experimental DNS,
together with the fitting curves used for their analysis,
are shown in Fig. 2. In the optomechanics experiment,
the datasets are taken for !a = !b, a condition that is
achieved by setting the detuning between the pump and
the cavity field at a value equal to the mechanical fre-
quency. This is the working point where the cooling of
the mechanical resonator is most e↵ective. In the cavity-
BEC experiment, on the other hand, the parameters are
such that !a � !b, which ensures that the atomic (opti-

IRREVERSIBLE ENTROPY PRODUCTION IN 
QUANTM SYSTEMS OUT OF EQUILIBRIUM

ABSTRACT 
Finite-time transformations necessarily result in some production of entropy, which signals the irreversible nature of the process. Its 
quantification is fundamental for the characterisation of non-equilibrium processes.  However, irreversible entropy production arising 

from quantum dynamics in mesoscopic quantum systems has not been experimentally investigated so far. We obtain an expression 

of the entropy production rate  for the open dynamics of linearly coupled quantum oscillators. Furthermore, we test our result by 
measuring the rate of entropy produced by an open quantum system in a non-equilibrium steady state for two different experimental 
setups: a micro-mechanical resonator and a Bose-Einstein condensate. Each of them is coupled to a high finesse cavity and hence 

subject also to optical losses. Key features of our setups, such as the cooling of the mechanical resonator and signatures of a 

structural quantum phase transition in the condensate are reflected in the entropy production rates. 
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✴ Quadratic Hamiltonian: Gaussian distribution in phase space  

We apply tools from classical stochastic processes to quantum fluctuations  
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Mean field + fluctuations: Linearly coupled quantum oscillators

f(u, t) = f irr(u, t) + f rev(u, t)
f irr(u, t) = Ef irr(Eu, t)

f rev(u, t) = �Ef rev(Eu, t)

S(t) =

Z
W(u, t) logW(u, t)du
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â, !aOptical mode:

Atomic/mechanical mode:
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Rate of irreversible entropy production of the system at the steady state  

Main Ingredients:
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⇧(t) entropy production rate

�(t) entropy flux (outgoing)

✴ Second Law:

✴ Non equilibrium steady state:
dS

dt
= 0 ) ⇧s = �s

✴ For stochastic dynamics non-negativity of the entropy production rate 
follows from fluctuation theorem:
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✴ Nanoscopic/mesoscopic devices operating in the quantum regime: How 
do quantum fluctuations contribute to the production of entropy? 

✴ Symmetry of dynamical variables under time reversal: 

Experimental assessment of the irreversible entropy production rate        as a function of the coupling parameter. Blue lines show the theoretical predictions based on 
the values given in the table. Red dots show the experimental data. In the upper panel, the vertical error bars report statistical errors extracted from the fit, while the 
horizontal ones show experimental error on the values of the parameter. In the lower panel, the vertical and horizontal error bars report the statistical errors from the 
fit and the determination of the critical point, respectively. 

⇧s


