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Thermodynamic laws that are unique to quantum systems in a superposition of states have been
derived using an information-theory approach.
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Physicists are developing new experimental tools to
build engines, refrigerators, and other thermodynamic
machines with quantum components. Such machines
are not only small, but they might also possess unex-
pected capabilities compared to their classical counter-
parts. Finding the fundamental limits on how these ma-
chines operate—a set of thermodynamic laws that apply
on the quantum scale—is therefore an important theoret-
ical goal. In independent papers, Piotr Ćwikliński from
the University of Gdansk, Poland [1], and colleagues, and
Matteo Lostaglio at Imperial College, UK, and colleagues
[2] have derived a set of such laws, akin to the second law,
for quantum systems that exist in a coherent superposi-
tion of states. These laws spell out the restrictions for
how such a system can evolve under any physically plau-
sible operation, thus providing ultimate limitations that
even quantum machines cannot overcome.

Theoretical thermodynamics has always been practi-
cally motivated. Its aim is to develop principles that tell
us what types of machines we can build, and the limits
on their efficiency and output. Our ability to manipu-
late a system depends on the information we have about
its state. Recent efforts to understand the thermody-
namics of quantum systems have therefore been inspired
by quantum information theory [3], a field perhaps best
known in connection with quantum cryptography and
computing.

In this context, thermodynamic descriptions involve
very little information. Thermodynamic theory of clas-
sical systems assumes we can’t know the microstates of
each constituent in a large collection of particles, but only
some average quantities, like a system’s total internal en-

ergy. When such a system is in thermal equilibrium with
its environment, we can, however, describe it in terms
of a single parameter: the temperature. Since entropy
quantifies a lack of information, this reductive descrip-
tion corresponds to the one with the greatest possible
entropy still compatible with a specified internal energy.
A system described by such thermal states is therefore
said to serve as a “ubiquitous” resource for machines,
because no assumption is made about its internal work-
ings. And any operation that requires more knowledge
of the system—say, knowing the positions of each atom
in a gas—is impossible.
Thermalization is also an important notion in the

quantum regime [4], and machines operating at such
scales can also take advantage of thermal resources. The
thermal-resource-theory approach to quantum thermo-
dynamics aims to identify which operations are feasi-
ble and which ones are impossible. In this framework,
thermal operations define all actions a quantum system
can perform, with the restriction that the total energy of
the machine and its thermal environment must be con-
served—the dictum of the first law of thermodynamics.
The set of all such operations thus functions as a sort of
“rule book” for physical processes.
The resource-theory approach has been used for clas-

sical systems to derive the second law of thermodynam-
ics from microscopic principles. Unlike classical systems,
however, quantum systems have the added complexity
that they have discretized energy levels and can exist in
coherent superpositions of different states. So far, the
resource-theory approach has been used to find a whole
family of second-law-like restrictions for quantum sys-
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FIG. 1: A quantum machine (gears) in a thermal bath (or-
ange) before (State 1) and after (State 2) a thermal oper-
ation. Ćwikliński et al. [1] and Lostaglio et al. [2] used
a mathematical analysis to investigate fundamental limita-
tions—similar to thermodynamic laws—on how a quantum
system can evolve under a thermal process. They find that
the coherence of a quantum machine (here, indicated by the
sharpness of the green lines) is generally lost under a thermal
operation. (APS/Alan Stonebraker)

tems [5], but these restrictions haven’t applied to coher-
ent quantum states.

The research by Ćwikliński et al. [1] and Lostaglio et
al. [2] extends these restrictions to also account for a sys-
tem in a coherent quantum superposition of states. In so
doing, they have introduced a genuine second law of ther-
modynamics for quantum systems. Both groups study
the possible transformations of coherent states between
distinct energy levels under thermal operations (Fig. 1).
Their analysis directly utilizes density matrices, which
represent the quantum state of a system. Specifically,
the diagonal entries of the matrix give the probability
of finding a system in one of its allowed energies, while
each off-diagonal element quantifies the coherence of two
energy levels involved in a superposition—that is, the
potential of these two levels to exhibit wave-like interfer-
ence.

The groups show that the thermodynamic processes
that a system in a coherent superposition of states can
undergo are fundamentally limited. Their approaches to
finding these limitations were, however, somewhat dif-
ferent. Ćwikliński et al. got their results by investigat-
ing transformations between different matrix elements.
Lostaglio et al. instead used a mode decomposition of
the density matrices [6], an analysis that allowed them
to refine the laws using fundamental symmetries of na-
ture.

The laws of thermodynamics for incoherent states re-
quire that entropy grow under any permissible operation
[5]. The new results from both groups show that other
conditions apply when quantum coherence is involved.
For example, the researchers find that coherence tends
to be lost in operations that involve shifting the mix-
ture of states in a quantum superposition. Lostaglio and

some of his coauthors made this point in a separate paper
[7]. But the new papers provide a more quantitative un-
derstanding of the second-law-like restrictions that can
never be overcome. Their results also imply that, in cer-
tain transformations, coherence can be viewed as a re-
source—a bit like a “coherence battery”— to overcome
these limitations.
The analyses by these two groups advance our knowl-

edge of the fundamental constraints of using coherence in
thermodynamic settings. But the quest for understand-
ing the possibilities and limitations of operating machines
at the quantum scale is far from over. The authors ac-
knowledge that the resulting laws are still incomplete,
and that there must be yet unknown stricter constraints
on achievable transformations. Still, we know that coher-
ence and other quantum effects provide us with an ex-
tended range of potential transformations whose effects
may exceed the limitations of classical thermodynamics.
For example, theoretical work has shown that coherence
could be used as a catalyst [8], and that it can improve
the power of quantum engines [9]. In addition, more work
can, in theory, be extracted from correlated particles if
they are in a coherent quantum superposition than if they
are in a classical state [10] (see 22 October 2015 Synopsi
s).

This research is published in Physical Review Letters
and Physical Review X.
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