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Carnot’s theorem for nonthermal stationary reservoirs
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Carnot’s theorem poses a fundamental limit on the maximum efficiency achievable from an engine that works
between two reservoirs at thermal equilibrium. We extend this result to the case of arbitrary nonthermal stationary
reservoirs, even with quantum coherence. In order to do this we prove that a single nonthermal reservoir is formally
equivalent to multiple equilibrium ones. Finally, we discuss the possibility of realizing an engine that works at
unit efficiency by exploiting quantum coherence present in the reservoir.
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I. INTRODUCTION

For almost two centuries, Carnot’s theorem has consti-
tuted one of the cornerstones of thermodynamics, setting a
fundamental bound on the efficiency of any heat-to-work
conversion process. It states that all reversible engines working
between two reservoirs at tempemtmes Tc and Ty have the
same efficiency nc =1 — 3£. No engine working between
two reservoirs at thermal eqmllbrlum can have an efficiency
greater than that. Here the efficiency is defined as the ratio
between W, the work performed by the engine, and Qy, the
heat extracted from the hotter reservoir.

In this paper we generalize Carnot’s theorem to a more
general setting in which the reservoirs are not in thermal
equilibrium (and thus 7¢ and Ty cannot be defined). In
the field of quantum thermodynamics, examples of such
nonthermal reservoirs can be found, for example, in the study
of engines with strongly coupled [1] or quantum coherent
[2] reservoirs. While in the following we concentrate on
this kind of microscopic example, it is noteworthy that,
in general, most of the engines present in our everyday
world actually extract energy from nonequilibrium environ-
ments (e.g., all living being extracting energy from ATP
molecules).

This paper is structured as follows: in Sec. II we start
by introducing our approach to heat engines, which we then
use in Sec. III to rederive the standard Carnot’s theorem. In
Sec. IV we prove a general equivalence theorem, stating that a
nonthermal reservoir is formally equivalent to a collection of
equilibrium ones at different temperatures. This result is used
in Sec. V to prove a generalized version of Carnot’s theorem,
valid for general nonthermal reservoirs. In Sec. VI this theorem
is tested against some previously known results. Finally, using
the developed theory, in Sec. VII, we discuss the possibility
of realizing an engine exploiting quantum coherence to work
at unit efficiency. Conclusions and perspectives are drawn in
Sec. VIIL.

II. GENERAL THEORY

In developing our program we are immediately confronted
with the problem of defining what we mean by reservoir. In
order to keep our theory as general as possible, we consider the
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broadest possible definition of reservoir, that is, we consider a
reservoir to be a completely general physical system, with
the only constraint that its size and the strength of the
interaction with the external world (the engine in our case)
are such that its state is not affected noticeably by the time
evolution.

The generality of the above definition implies that we
disregard any a priori difference between a heat reservoir and
a work reservoir. The difference will only be a posteriori.
If our theory implies that it is possible to extract work by
coupling the engine with only one reservoir, we classify it as a
work reservoir. A typical example is an inverted system, such
that a higher-lying energy level has a larger population than a
lower-lying one. It is well known that energy can be extracted
from such systems without any need for a second reservoir
(e.g., a laser extracts energy from an inverted medium).

While the formalism we develop could be used to describe
such systems, it is not meaningful to define an efficiency in the
usual sense for them (by energy conservation W = Qp and
thus n = 1). We thus disregard such systems because Carnot’s
theorem does not apply to them. When, in the following,
we talk about heat engines, we imply engines working with
reservoirs defined in such a sense.

To formulate our theory in a model-independent manner, we
adopt a slightly unusual approach to the study of heat engines.
Heat engines are normally studied taking into consideration
some of their degrees of freedom, evolving under the influence
of two (or eventually more) external reservoirs. Given that
an engine is, by definition, cyclical, after a cycle the engine
is back to its initial state while the reservoirs have slightly
evolved. We can thus model the action of the engine as an
operator coupling the reservoirs and allowing energy flows
between them (see Fig. 1 for a schematic representation of the
two approaches). This point of view will allow us to consider
arbitrary reservoirs, be they at thermal equilibrium or not,
and to optimize the efficiency of the engine over the space
of all the possible interaction operators (i.e., all the possible
engines).

In our theory, the reservoirs are thus dynamical objects and
we describe them in terms of their density operators py and pc
and Hamiltonians Hy and H¢, whose eigenvalues we call Ey
and E¢. Given that the reservoirs can a priori be nonthermal,
the subscripts H (hot) and C (cold) have no direct implication
of their temperatures but, rather, are used to differentiate the
energy source (hot reservoir) and drain (cold reservoir). In
order to derive our main results, we restrict our attention to the
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FIG. 1. (Color online) Top: Standard approach in the study of heat
engines. The engine’s degrees of freedom evolve under the influence
of fixed reservoirs (e.g., through some form of Liouvillian operator
£). Bottom: The approach proposed in this paper. The reservoirs
represent the dynamical degrees of freedom of the theory, and they
evolve under the effect of coupling V(¢) mediated by the engine.

case in which the initial states of the decoupled reservoirs are
time independent, that is,

[He.pcl = [Hp,pn]l = 0. (D

The engine’s effective role is to couple the two reservoirs.
It can thus be described completely by a Hermitian time-
dependent coupling operator AV (¢), where A € R and V(¢)
is an operator over the tensor product of the Hilbert spaces
of the two reservoirs (without the time dependence the engine
would conserve the total energy of the reservoirs and thus
extract no work).

In the definition of reservoir we chose, it is explicitly
required that its state does not change in any significant way
during the interaction with the engine. For this reason, to
recover the usual thermodynamic results with our approach,
we have to consider the limit of vanishing interaction A — 0,
thus developing the theory of the first nonvanishing order in A.
This limit is well defined because the efficiency, which is given
by the ratio between work and heat fluxes, will not depend on
A

In the interaction picture, the Liouville equation for the
system, up to the second order, takes the form

b(t)=ik[p(0),‘7(l)]—/\2/0 [[p(0),V()l,V(D)ldz, (2)

where V(1) = /" HutHO Y (1)e~it(HutHe) g the perturbation
in the interaction picture and p(0) = py ® pc¢ is the initial
density matrix. In order to calculate the heat flow from
reservoir j = {C,H}, we can use the quantum version of the
first law of thermodynamics [3]. The total internal energy of
reservoir j is given by

U; = Tr(p(t)H;), 3)
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and thus its time variation is
Uj = Tr(p(t) H) + Tr(p() H)). @

The two terms on the right-hand side of Eq. (4) can be iden-
tified, respectively, as the exchanged work and heat, making
Eq. (4) a quantum version of the first law of thermodynamics.
The interested reader is invited to read Ref. [3] and references
therein for a discussion of the relevance of this identification. In
our case the Hamiltonian of the reservoirs is time independent
and thus they exchange no mechanical work. The exchanged
heat, which in the present case is equal to the total energy
variation, can thus be calculated as

0;(t) = —Tr(6(O) H)), )

where we have chosen the convention that Q; is positive
if heat is extracted from the reservoir. Inserting Eq. (2) into
Eq. (5) we have

Q;(t) = —iATr([p(0),V (1)1 H;)

+)~2/ Tr([[p(0), V(D1 V()IH))dT,  (6)
0

where the first term on the right-hand side vanishes due to
Eq. (1). Formally integrating Eq. (6) up to final time 77, chosen
to be amultiple of the engine period, we obtain the total amount
of heat exchanged with each reservoir,

2

A
Q) = S TH1p(0), M), M1H)), %
where
M= / "V, ®
0

and we have exploited the fact that, using the Jacobi identity
and the fact that the initial states of the decoupled reservoirs
are time independent [Eq. (1)], we have, for Vi1,

Te([[p(0), V (1)), V (12)1H;) = Te([[p(0), V (22)1, V (t)1H)).
©)

The net balance of energy between the two reservoirs gives the
total work extracted by the engine,

W= 0n+ Qc. (10)

Introducing indexes (p,q) over the energy eigenstates of the
cold reservoir and (m,n) over the eigenstates of the hot one,
and noticing that, because of Eq. (1), pc and py can be made
diagonal in such a basis, we can rewrite Eq. (7) elementwise
as

Qc =323 | M (ool — pipl) EL.,
m,n,p.,q
0n =23 |Mu[ (ool — piypl) Ely.

m,n,p,q

Y

Exploiting the hermiticity of M (|Mpp| = |Myg |), we can
rewrite Eq. (11) summing only over states such that E7; > E;,
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thus obtaining

0c=2 > M (ohinl -

Pupé)(EC — EL),

m,n,p,q
E’,’_; > EZ
(12)
Qn =22 Y M (ool — pipl)(El — E).
m,n,p,q
E;} > E"H

Equation (12) gives a self-contained, model-independent
description of energy exchanges in a general heat engine.
The explicit dependence over the Hamiltonian spectrum makes
this formalism particularly adapted to the study of the engine
efficiency at the ultimate quantum limit [4-6].

III. STANDARD CARNOT’S THEOREM

It is interesting to note that the standard Carnot’s theorem
can be easily derived from Eq. (12), by choosing properly
normalized thermal distributions for the reservoirs

ppy = e Eilln [7y, pl=etelTc[7c, (13)

with Ty > T¢. In order to have the engine extract heat from
the hot reservoir (Qy > 0), from Eq. (12) we need to have the
condition

Pppl — Pt >0, (14)

verified at least for some values of (m,n, p,q) (please refer to
Appendix for a detailed justification of this important point).

Using the reservoirs in Eq. (13), Eq. (14) becomes
EL—El T
e ey ¢ (15)
EY — EY Ty

Writing down the engine efficiency using Egs. (10) and (12),
we have

14 Oc
=—=1+_= 16
N On O (16)
S g Ml (0508 — Py pl) (EL — EZ)
E, > E,
szn P |Mml’ (png - PZP?)(Eﬁ - E?{)

It is easy to verify that any value of (m,n, p,q) that does not
satisfy Eq. (14) lowers the overall efficiency 1. We can thus
rewrite Eq. (16) as

Zm,n,p,q }M’Z([l’ (pg}pc
E, > E,

m P
Zmnpq |Mml’ (IOH'OC_
Ey, > E,

pipé)(EE — EE)

n<1-— ,
Ppé) (Ef — EY)

A7)

where the prime over the sum symbol means that we sum only
over indexes such that Eq. (14) is satisfied.

By construction, each term in the sum in the numerator of
Eq. (17) obeys the inequality in Eq. (15). We can thus fix a
lower bound on each of the terms and obtain Carnot’s result,

n< -2 (18)
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If all the transitions take place between almost-equilibrium
states, the left-hand side of Eq. (14) tends toward 0 and
Egs. (15) and (18) become equalities. This is independent
from the chosen engine interaction M,Z‘f,, because each term
| M, | (pHpC ,o';,,og) in Eq. (12), being present in both Q¢
and Q 1, simplifies in Eq. (18). That is, consistently with the
usual formulation of Carnot’s theorem, we find that any engine
working between states almost at equilibrium attains Carnot
efficiency,

ne=1- 25 (19)

(a similar approach to the Carnot efficiency has recently been
proposed in Ref. [5]). The fact that we can prove Carnot’s
theorem from our formalism is not surprising, because systems
at thermal equilibrium [like the reservoirs in Eq. (13)] are
known to obey it. This is a good consistency check for our
approach.

IV. RESERVOIR EQUIVALENCE THEOREM

If the reservoirs’ distributions differ from thermal equi-
librium ones, we cannot in general define a temperature for
them, and thus Eq. (18) does not apply. In this section we
prove a reservoir equivalence theorem that we use in Sec. V
to establish a generalized form of Carnot’s theorem, valid for
arbitrary nonthermal reservoirs.

We start by rewriting the sum in Eq. (12) as a sum over
all the possible transitions between pairs of states in each
reservoir:

0c=2 X X sl

m—n P4

PHPC)(Eg - Eg)’

E,>E,
(20)
Q=2 Y Y |Mul (ehl — kot (Efy — Efy).
m—n P94
E,>E,

From Eq. (20), we see that the heat flow between the two
reservoirs is composed of the sum over all the possible pairwise
interactions, coupling a transition in the cold reservoir (from p
to ¢) and a transition in the hot one (from m to x). This means
that, modulo a renormalization of the density operator (which
only amounts to a redefinition of the engine interaction Mﬁl‘,’,),
the heat flow between two reservoirs with multiple levels (and
thus multiple transitions) is formally equivalent to the flow
between multiple reservoirs, each one with only two levels (and
thus only one transition). A single engine working between the
cold and the hot reservoirs is thus equivalent to a set of different
engines, each one working between two reservoirs composed,
respectively, of the two-level systems made of the levels (p,q)
and (m,n).

This point is important for us because a two-level system
with arbitrary level populations py and p; and level energies
Ey and E| can always be considered in thermal equilibrium
for a certain effective temperature T.g. This is due to the
elementary calculus result that, given two arbitrary points in
the Cartesian plane, there is always an exponential function
connecting them (see Fig. 2 for a schematic illustration). The
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FIG. 2. An arbitrary two-level system, with level populations p
and p; and level energies E, and E;, can always be considered
in thermal equilibrium for a certain effective temperature 7.g. This
temperature is positive if the lower-lying level population is higher
(left) and negative otherwise (right).

effective temperature T.¢, which can be positive or negative,
is thus given by the equation

& — e*(Eleo)/Tcrf. (1)
£0

From the two remarks above we obtain one of our main
results: An arbitrary time-independent reservoir is formally
equivalent to a collection of equilibrium subreservoirs com-
posed of two-level systems, each one characterized by its
effective equilibrium temperature given by Eq. (21).

Given that a reservoir is usually made up of many identical
subsystems (e.g., the molecules of a gas), each transition will
be highly degenerate. Through Eq. (21) this will give rise
to many identical two-level systems, leading to subreservoirs
roughly of the same size (in terms of the number of subsystems
and thus of the number of available transitions) of the original
ones. It is important to note that the equivalence is purely
formal; these subreservoirs are only mathematical objects,
useful abstractions. We are not suggesting that the reservoir is
phisically divided into multiple pieces. It is also important
to remember that the hypothesis that the initial states are
stationary states of the decoupled reservoirs [Eq. (1)] is
required for the theorem to hold.

V. GENERALZED CARNOT’S THEOREM

From the theorem proven in the previous section, the
generalization of Carnot’s theorem we are looking for follows
quite naturally. Being a nonthermal reservoir equivalent to
a collection of equilibrium subreservoirs, an engine working
between two of them is in fact formally equivalent to one
operating between two sets of equilibrium subreservoirs, each
one with its own effective temperature. The engine couples
pairs of subreservoirs, one from the cold side and the other
from the hot one, extracting work from them (see Fig. 3 for a
schematic illustration in the case of two reservoirs composed
of three-level systems). We now have a system that can be
described using only thermal reservoirs and we can thus easily
find an upper bound to its efficiency using the standard Carnot
theorem and the tools we develop in Sec. III. Using Eq. (21)
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FIG. 3. (Color online) An engine working between two nonther-
mal reservoirs is formally equivalent to an engine working between
two sets of thermal sub-reservoirs.

we can define the effective, transition-dependent temperatures
for each pair of levels as

ol
T¢" = (EL — EZ) [ log =5,

° (22)
T = (Ep — E})/ log 24,

PH

and, following the standard Carnot theorem or, better, its trivial
expansion to the case of multiple reservoirs, we obtain the
following upper bound on the efficiency of energy extraction
from the nonthermal reservoirs:
: qp
y <1 min (&) 23)
max (T7")
where the minimum and the maximum are taken, respectively,
over all the pairs of levels in the cold (p,q) and hot (m,n)
reservoirs.
In particular, the engine described by an operator M,
whose only nonzero elements have indexes (#,7) and (p,§)
that satisfy

Th" = max (T5"), TZ” = min (TZ"), (24)

couples only pairs of transitions corresponding to the lowest
and highest temperature; that is, it works only between the
coldest and the hottest reservoir. It will thus obey Eq. (23) and
it can saturate the inequality if all the transitions take place
between almost-equilibrium states, as explained in Sec. III.
In order to write Eq. (23) we made two supplementary
hypotheses: all the effective temperatures are positive and
all the effective temperatures of the hot reservoir are hotter
than those of the cold one. If the first hypothesis is violated,
it could be possible to construct an engine extracting work
from a single reservoir; if the second is violated, we could
extract work from bidirectional heat flows. In both cases, while
our formalism is completely apt for studying them, the usual
definition of efficiency is not well suited (see the discussion
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about work reservoirs in Sec. II) and thus it is meaningless to
apply Carnot’s theorem, and we thus ignore these possibilities.
We have proved that the determination of the upper bound of
the efficiency can be reduced to the calculation of the extrema
of the effective temperatures in the two reservoirs.

While we consider in the following only examples con-
cerning systems with discrete spectra, the same procedure can
be generalized to the generic continuum case. The effective
temperatures in each reservoir will then form two-dimensional
surfaces and their extrema can be located by usual analytic or
numerical methods.

VI. APPLICATION TO A KNOWN CASE

In the final part of this paper, we apply the theory just
developed to study the efficiency that can be obtained from
reservoirs presenting some amount of quantum coherence.
This case was treated in a paper by Scully and coworkers [2].
In this paper they showed how, given a reservoir consisting of
a thermal gas of three-level atoms with a certain amount of
quantum coherence between the quasidegenerate two lower
levels, it is possible to build an engine with an efficiency
greater than the one given by Carnot’s theorem. In order to do
that, they devised a photo-Carnot engine whose working fluid
is composed of photons, which uses the thermal three-level
quantum coherent atom gas as a hot reservoir and a generic
reservoir at the same temperature, but without coherence, as
a cold one. We show how our theory allows us to find the
same results in a completely model-independent way (that is,
without any need of devising an actual engine).

Following Ref. [2] we define a thermal, quantum coherent
system as a system whose density matrix has diagonal elements
given by thermal populations and some nonzero off-diagonal
terms. The coherent gas is thus described by the density matrix

P, 0 0
pp=10 Py, ppce? |, (25)
0 pbce_l¢ Pc

where the diagonal elements are the thermal populations of the
three states. In the following we consider the degenerate case
P, = P, in order to satisfy Eq. (1) and be able to apply our
equivalence theorem, and we call €2 the energy gap between the
higher level and the lower two. In the limit of high temperature
and small coherence, Scully and coworkers find an efficiency
for the photo-Carnot engine depending on the phase between
the two coherent levels, given by

Pa Pbe COS(¢)

—_—— 26
Py(P, — Py) (26)

Ny =

where, given the two reservoirs at the same temperature, we
would expect a zero efficiency in the absence of coherence.
To apply our theory we diagonalize the density matrix in
Eq. (25), obtaining the eigenvalues [P,, P, — ppc, Pp + Obcl-
The thermal, coherent gas, is thus equivalent to a fully
incoherent, but nonthermal gas. Applying Eq. (22), we find the
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following three effective temperatures for the hot reservoir,

P, — c
Tfalb = Q/log <prb) ,

a

P, + pbc)

P, 27

Ty = Q/log(
T} =0,

while for the incoherent, cold reservoir, we have a single,
equilibrium temperature,

Tc = 2/ log (%) . (28)

Substituting Eqgs. (27) and (28) into Eq. (23), we obtain the
maximal efficiency given by

| log (%)

log (7:)
which, in the high-temperature (P, >~ P,) and small-coherence
(ope < 1) regime, reduces to

<1 (29)

n Papbc
S Py(Py— Py’

that is, the maximum of Eq. (26) [actually, following the
calculations in Ref. [2], but without making any simplifying
approximation, we would find the optimal efficiency exactly as
in Eq. (29)]. We have thus proved that our theory can correctly
predict, in a model-independent way, the maximal efficiency
of the photo-Carnot engine. Moreover, we have shown that the
efficiency found in Ref. [2] is indeed optimal for the chosen
cold and hot reservoirs.

(30)

VII. UNIT EFFICIENCY ENGINE

While proving the results in the previous section, we stum-
bled on a rather unexpected result. One of the temperatures
in Eq. (27), corresponding to the transition between the two
coherent degenerate levels, is equal to 0. This seems to imply
that, switching the two reservoirs, that is, using the coherent
reservoir as the cold one, it should be possible to conceive an
engine working at unit efficiency [the T¢ in Eq. (23) is equal
to 0 and thus n = 1].

Initially puzzling, this turns out to be a generic feature
of reservoirs with degenerate, coherent levels. Two coherent
degenerate levels are generally described by a density matrix

of the form
1(1 o
pC:E(O’ 1>’ (€1))

which, after diagonalization, yields an effective zero temper-
ature, as can be seen from Eq. (22), because the energies are
equal while the populations are different.

The physical origin of such seemingly unphysical behavior
is easy to understand. The entropy of p. is always lower than
that of the fully incoherent density matrix

171 0

Since all the states in such a degenerate subspace have the
same energy, the reservoir can act as a perfect entropy drain,
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absorbing entropy but not energy from the engine as it evolves
from p. to p;. We thus predict the possibility of realizing
an engine with unit efficiency, extracting work from a single
reservoir and dissipating entropy by destroying coherence in a
second, coherent reservoir. The maximal efficiency of such an
engine would be independent of the strength of the coherence
o, but the work extractable from it would depend on the total
amount of coherence that is burned by the engine. A simple
application of the second law of thermodynamics gives the
upper bound

W < Ty MAS, (33)

where M is the total number of pairs of levels whose coherence
is utilized to extract work W and A S is the entropy difference
between p; and p.. While such predictions of high efficiencies
might seem to violate the usual Carnot bound, this is not the
case. In fact, as stated above, we are considering the efficiency
of work extraction from reservoirs already in a nonthermal
state. In order to compare these results with the ones obtained
for thermal reservoirs, we should also consider the processes
needed to bring the reservoirs out of thermal equilibrium in the
first place. Illuminating discussions in the case of the photo-
Carnot engine can be found in Refs. [7] and [8].

The above construction is rather formal, but there are simple
and well-known systems that implement the mechanism
described. Without entering into detailed calculations, which
are beyond the scope of this paper, we can note that a laser
without inversion [9] driven by a thermal field can indeed
behave as a unit efficiency engine. If the active medium is
composed of coherent, degenerate A atoms, whose upper level
is at an energy high enough to be able to neglect its thermal
occupation, such a system effectively extracts energy (in the
form of laser radiation) from the thermal reservoir (the thermal
field) with unit efficiency, while destroying the coherence of
the A atoms.

It is also interesting to note that destroying coherence
between degenerate levels is not the only way to eliminate
entropy without losing energy. A number of investigations
have indeed shown, exploiting the links between thermody-
namics and information theory [10-16], that if information is
somehow extracted from the system, it is possible to obtain an
engine working at unit efficiency.

VIII. CONCLUSIONS AND PERSPECTIVES

In the present paper we have introduced a new approach to
study of the efficiency of thermal engines that allows us to treat
general nonthermal and quantum coherent reservoirs. We have
proved that our approach gives the same result as the canonical
one when applied to thermal situations (Sec. III) and yields
the right result when applied to the only case of a nonthermal
reservoir thoroughly studied in the literature (Sec. V). While
the formalism we developed differs in many respects from
what is usually done in standard thermodynamics, the fact
that it is able to give the right results in all known situations
vindicates the correctness of our approach.

As applications we reproduced the results originally derived
in Ref. [2] and then showed the possibility of realizing an
engine with unit efficiency that exploits quantum coherence.
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The aforementioned results were derived using rather
formal methods. It will be an interesting challenge to identify
and study physical systems in which such results can be tested
and applied.
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APPENDIX: PROOF OF EQUATION (14)

In Sec. IIT we claimed that, in order to have an engine that
extracts heat from the hot reservoir, we need to have

PR pé — Phpd >0,

(AD)
at least for some value of the indexes (m,n, p,q). Here we give
a detailed justification of this point.

Following what is done in Sec. III we can write the heat
fluxes from the two reservoirs as

Qc =32 Y |MuS|(onpl — plyol)(EL — EL).
m,n,p,q
EZ > E’,’i

|24 (o 0k = o0l ) (Ep — Ely),

(A2)
and we assume the reservoirs to be thermal,

P =e il [z, pl=etlTC [Ze,  (A3)
with Ty > T¢. The explicit form we derived for Q¢ and Oy
in Eq. (A2) allows us to write the heat fluxes between the reser-
voirs and the engine as a sum over different channels, indexed
by the 4-tuple (m,n,p,q). If we examine the contribution of
each channel to Q¢ and Qp, we realize that, in order for the
channel to extract some heat from the reservoirs, we need two
conditions to be fulfilled:

(1) at least one of the two contributions has to be positive;
and

(2) if only one contribution is positive, its norm has to be
bigger than the norm of the other.

If these two conditions are not fulfilled, the channel is
effectively dissipating work into the reservoirs and, thus,
lowering the overall efficiency. In order to have an engine
extracting some work, we thus need these two conditions to
be fulfilled at least for some channel.

In the rest of this Appendix we prove that any channel
fulfilling the two conditions has Qg > 0 and Q¢ < 0, and
thus it verifies Eq. (A1). We prove this by showing that any
other possibility leads to contradiction.
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1. Oy >0and Q¢ >0

Having both contributions from Eq. (A2) positive would
imply

PP = Py e > 0 (A4)
and
El —ElL >0. (A5)
Yet, using the reservoirs in Eq. (A3), Eq. (A4) implies

EL — E? T
—c_—¢ < (A6)
E" —EY " Ty

which is never verified, as the left-hand side is negative. We
have thus proved that it is not possible for an engine to extract
heat from both reservoirs.
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2.0g <0and Q¢ >0
This would imply, from Eq. (A2),

P e — phpd < 0. (A7)
Condition (2) thus imposes the following inequality:
El —El! > E} — E},. (A8)
From Eqgs. (A7) and (AS8), using the reservoirs in Eq. (A3), we
obtain the relation
ElL — E?
<= _~C - E,
El—El Ty
which is also never verified. We have thus proved that it is not

possible for an engine to work by extracting heat from the cold
reservoir.

(A9)

3.0p <0and Q¢ <0

This case would trivially violate condition (1), as both
contributions are negative.

[1] W. Zhang, C. P. Sun, and F. Nori, Phys. Rev. E 82, 041127
(2010).

[2] M. O. Scully, M. S. Zubairy, G. S. Agarwal, and H. Walther,
Science 299, 862 (2003).

[3] H. T. Quan, Yu-xi Liu, C. P. Sun and F. Nori, Phys. Rev. E 76,
031105 (2007).

[4] N. Linden, S. Popescu, and P. Skrzypczyk, Phys. Rev. Lett. 105,
130401 (2010).

[5] S. Popescu, e-print arXiv:1009.2536.

[6] N. Linden, S. Popescu, and P. Skrzypczyk,
arXiv:1010.6029.

[7]1 M. S. Zubairy, AIP Conf. Proc. 643, 92 (2002).

e-print

[8] H. T. Quan, P. Zhang, and C. P. Sun, Phys. Rev. E 73, 036122
(20006).
[9] M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge
University Press, Cambridge, 1997).
[10] L. Szilard, Z. Physik 53, 840 (1929).
[11] T. Sagawa and M. Ueda, Phys. Rev. Lett. 100, 080403 (2008).
[12] S. W. Kim, T. Sagawa, S. De Liberato, and M. Ueda, Phys. Rev.
Lett. 106, 070401 (2011).
[13] E. J. Cao and M. Feito, Phys. Rev. E 79, 041118 (2009).
[14] H. Touchette and S. Lloyd, Phys. Rev. Lett. 84, 1156 (2000).
[15] H. Touchette and S. Lloyd, Physica A 331, 140 (2004).
[16] C. M. Caves, Phys. Rev. Lett. 64, 2111 (1990).

051122-7


http://dx.doi.org/10.1103/PhysRevE.82.041127
http://dx.doi.org/10.1103/PhysRevE.82.041127
http://dx.doi.org/10.1126/science.1078955
http://dx.doi.org/10.1103/PhysRevE.76.031105
http://dx.doi.org/10.1103/PhysRevE.76.031105
http://dx.doi.org/10.1103/PhysRevLett.105.130401
http://dx.doi.org/10.1103/PhysRevLett.105.130401
http://arXiv.org/abs/arXiv:1009.2536
http://arXiv.org/abs/arXiv:1010.6029
http://dx.doi.org/10.1063/1.1523787
http://dx.doi.org/10.1103/PhysRevE.73.036122
http://dx.doi.org/10.1103/PhysRevE.73.036122
http://dx.doi.org/10.1007/BF01341281
http://dx.doi.org/10.1103/PhysRevLett.100.080403
http://dx.doi.org/10.1103/PhysRevLett.106.070401
http://dx.doi.org/10.1103/PhysRevLett.106.070401
http://dx.doi.org/10.1103/PhysRevE.79.041118
http://dx.doi.org/10.1103/PhysRevLett.84.1156
http://dx.doi.org/10.1016/j.physa.2003.09.007
http://dx.doi.org/10.1103/PhysRevLett.64.2111

