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Steering Heat Engines: A Truly Quantum Maxwell Demon
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We address the question of verifying the quantumness of thermal machines. A Szildrd engine is truly
quantum if its work output cannot be described by a local hidden state model, i.e., an objective local
statistical ensemble. Quantumness in this scenario is revealed by a steering-type inequality which bounds
the classically extractable work. A quantum Maxwell demon can violate that inequality by exploiting
quantum correlations between the work medium and the thermal environment. While for a classical Szilard
engine an objective description of the medium always exists, any such description can be ruled out by a

steering task in a truly quantum case.
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Introduction.—Experimental progress has led to unprec-
edented possibilities of preparation, control, and measure-
ment of small quantum systems, where quantum and
thermal fluctuations have to be considered on equal foot-
ing. In particular, fundamental concepts of thermodynamics
have been revisited from a quantum point of view. This has
led to a quantum interpretation of thermal states [1-4], the
development of quantum fluctuation theorems [5-15] and
the concepts of quantum heat engines [16-24]. One of
the key points in these investigations is the question what
is fundamentally quantum about these extensions. For
instance, whether and how is a quantum heat engine
qualitatively and quantitatively different from its classical
counterpart? Is quantumness useful in thermodynamics?
Influences of quantum features like coherence [25,26],
discord [27], and entanglement [28,29] on the efficiency of
quantum engines have been reported, which show that the
answer can be positive under suitable conditions. However,
other investigations show that quantumness can even be a
hindrance for efficient thermal machines, which can be
regarded as classical supremacy in such situations [30-32].

In this Letter we want to address quantumness of thermal
machines from a different perspective. We consider a heat
engine truly quantum if its work output cannot be explained
by a local hidden state (LHS) model, i.e., by a local
statistical model. Even though the issue of hidden classi-
cality is fundamental to quantum information, it only rarely
appears in the context of quantum thermodynamics [33]. In
this Letter we give a verifiable criterion for the quantum-
ness of thermodynamical systems, indicating the lack of a
classical statistical description. Most remarkably, the clas-
sicality sets an upper bound on the extractable work for
certain scenarios.

Quantum Szildrd engine.—The prototypical example we
want to study is a quantum modification of the Szildrd
engine [34,35]. The classical version consists of a single
atom in a box which is in contact with a thermal bath.
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In equilibrium the atom is in a Gibbs state, a statistical
mixture of different phase space points. For work extrac-
tion, the demon has knowledge about the microstate of
the system.

So far, quantum versions of this heat engine have been
investigated using different underlying systems [19,21,
36-38]. In these examples the demon performs quantum
measurements on the work medium, acquiring information
about local properties of the heat engine only. Here, we
want to exploit the fact that such a local thermal state may
arise naturally from a global entangled state of the work
medium and its environment, as supported, for instance, by
the eigenstate thermalization hypothesis [1-4,39]. In con-
trast to previous proposals, the demon obtains her infor-
mation from measurements on the environment rather
than the work medium [40,41]. A truly quantum Szilard
engine can be revealed by deriving local work extraction
bounds which cannot be violated by any local statistical
ensemble description, that is a LHS model. These bounds
do neither rely on the knowledge about the shared system-
environment state, nor on any assumptions about the
properties of the environment (semi-device independent).

Work medium.—Let us assume that the work medium is
a finite quantum system S with Hamiltonian Hg. Its Gibbs
state reads

. e PEi
pits — 37 ——lidil =Zpi\i><i|’ (1)

1

where f = 1/kgT, E; is the energy of the ith energy
eigenstate |i) and Z = Y, ePFi. Locally, the Gibbs state
can be seen as a statistical mixture of the energy eigen-
states but it can equally be decomposed into infinitely many
other ensembles D={p:p;} with >, prpp =pSP, p\ >0
and Y, px = 1. Any such decomposition can be given
by an extension to a bipartite state pgse of system and
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environment, with pG° = Trg{psc}, and a local POVM
{M;} on &, such that p, =Tr{(1 ® M;)pss} and
pr = Tre{(1 @ Mi)pse}-

To investigate the difference of a classical and a quantum
Szilard engine we introduce Alice and Bob. Alice is a
demon who can prepare many copies of the global state
pse- While she can perform measurements on &, she does
not act directly on S since this would in general disturb the
local thermodynamical situation [42]. Bob has access only
to the system S and would like to extract work from its
Gibbs state. As shown in Ref. [40] any nonproduct joint
state pse # ps ® pe allows Bob to extract work from S if
Alice performs suitable measurements on £ and communi-
cates classically with him.

Work extraction scenarios.—Bob wants to extract work
from a certain decomposition D = {p;;p,} of his local
Gibbs state. We can describe this work extraction as a
transfer of energy due to a suitable coupling between the
work medium S and a work storage system W with
Hamiltonians Hgs and H,y, respectively [5,7,43,44]. The
total Hamiltonian is given by H=Hs @ 1+ 1 ® Hy.
Following the reasoning of Ref. [7] the coupling of S and
W has to be a unitary transformation that conserves the
total energy independently of the initial state of the work
storage p,y. Further constraints ensuring that only work and
no heat is transferred are presented in the Supplemental
Material [45]. For each state p; in D Bob can find a suitable
unitary U/, which transfers a non-negative amount of energy
from S to W. The average work extraction associated with
this process is given by

AW, = Tr{1 @ Hy(Uppr ® pwlly —pr ® pw)}. (2)

where pyy is the initial state of the work storage. Because
of energy conservation, the change of the inner energy in
S is AE; = —AW, and AW, < Tr{Hgp,}. The average
work Bob can extract from D by using the set of unitaries
U = {U,} is then given by W = >, p,AW,.

Special cases are pure state decompositions DP' =
{Pi; |de) (@di|}. If Bob knows the pure state |¢;) of his
system, the largest possible amount of work can only be
extracted if he performs a suitable local unitary operation
US on S which acts as US|¢;) = |0), where |0) is the
ground state of the local Hamiltonian Hg whose energy
we set to £y = 0 [52]. As shown in Ref. [7], such a local
unitary Z/l‘ks can indeed always be implemented by an energy
conserving global coupling U/, between S and WV, but
requires the work storage to be initialized in a pure state pyy
which is a coherent superposition of energy eigenstates
states of Hyy. Thus, energy measurements on WV will in
general yield probabilistic outcomes [53]. However, Bob is
only interested in the average work output under the given
Uy, which is, due to the energy conservation, given by the
negative energy change in S, that is AW, = —AFE; =
(PrlHs|¢pr) — (0|Hs|0) = (di|Hs|dr). Accordingly, if

Alice can provide the pure state decomposition DP,
Bob can extract on average WP = >, p(pi|Hs|oi) =

(Hg) pars Which is, not surprisingly, the inner energy of the

work medium. Thus, equivalently to the classical case, full
knowledge about the state of the system allows for maximal
work extraction. If Alice cannot announce correct pure
states to Bob, the output will be W < WP, In fundamental
contrast to the classical Szilard scenario, a Gibbs state
of a quantum system allows for infinitely many different
ensembles of pure states.

Truly quantum features can be revealed when Bob wants
to extract work from different decompositions D,. For
each decomposition he has a suitable set of unitaries
U, ={U; } as described above. He chooses randomly

with probabilities ¢, one of the sets and asks Alice which
unitary out of the particular set U, he should perform to
extract the maximal amount of work. Depending on how
well Alice can produce the desired decompositions, Bob
will extract on average W <>, ¢, W,.

The question now arises, under which conditions Bob
can be sure that his Szildrd engine is truly quantum. He has
no access to the global state pse and, therefore, cannot
check whether the state is quantum correlated. The only
information he gets from Alice is which unitary (f; he
should use if he asks her for the decomposition D,.
Accordingly, Bob has to certify quantumness without
any assumptions about the properties (for example, the
Hilbert space) of the environment £. Such a semi-device-
independent verification task is called quantum steering
[54,55]. Successful steering has important implications on
the objectivity [56] of the local state in the system. In a
classical scenario the system state is always objective,
though unknown to Bob as long as the demon does not
share her knowledge with him. In the quantum case, in
general, it makes no sense to assign objective system states
at all, as long as no observation of the environment is made.
Particularly, a thermalized quantum system is not in one of
its energy eigenstates and does not fluctuate between them
while time is evolving, if these fluctuations are not given
relative to measured states of the bath [57]. For a closer
look on how steering can rule out objective quantum
dynamics see Refs. [56,58,59]. In our Szildrd scenario
we can use these ideas as follows: If a local objective
statistical description of Bob’s system S holds, it can be
represented by a local hidden state (LHS) model F =
{pe:ipe} [55]. The hidden states p; are distributed randomly
according to their probabilities p.. Locally, the Gibbs state
in Bob’s system has to be recovered:

P = " pepe. (3)
:

Thus, among all the copies of his local state, a fraction p;
will be in state p;. Bob does not know which state he has for
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a particular copy but he can assume that, if the LHS model
holds, the best knowledge Alice can possibly have about
his system is the particular hidden state for each of his
copies. Therefore, any decomposition Alice can provide
has to be either the LHS ensemble F itself or a coarse
graining of the latter [55]. However, this does not mean that
the real state pge shared by Alice and Bob has to be
separable. It only means that Bob could explain his
statistics also by a state without quantum correlations.
A truly quantum Szilard engine can therefore be defined
by the condition W > W, that is, Bob’s average work
output is larger than what could be obtained from a state
which can be described by a LHS ensemble F. Clearly, the
work output of a single decomposition D can always be
explained by a classically correlated state because we can
always identify D = F. Bob needs at least two different
sets of unitaries U,,.

We should note that the observables on Bob’s side
needed to perform a steering task are represented by the
work extraction. In order to determine the average energy
transferred to the work storage he has to measure WV in its
energy basis. According to Naimark’s dilation theorem, this
measurement, together with a unitary U/}, defines a POVM
on S. The set of POVMs that can be implemented by the
described work extraction scenario is strictly smaller than
the set of all local POVMs on S. For example, the only
implementable projective measurement is the one diagonal
in the energy eigenbasis of Hg. It is an open question
whether the work extraction POVMSs can demonstrate
steering for any steerable state pge that respects the local
Gibbs state.

Whether the work output on Bob’s side can also be
provided by a classical demon is in general not trivial to
answer. As in a standard steering scenario a suitable
inequality has to be derived, which depends on the proper-
ties of the work medium & and the work extracting unitaries
{U}}. Tt is crucial for quantum steering that the inequality
does not depend on the part £ which is inaccessible for Bob.

Qubit work medium.—To illustrate the concept we
consider a qubit work medium S with local Hamiltonian
Hg = |1)(1]. Its thermalized Gibbs state is given by

ibbs 1+}7 1_’7
o =T+ —"op0l, (@

with n = (e# = 1)/(e? + 1) and = 1/kT. As stated
above, Bob needs at least two different sets of work
extracting unitaries to verify a quantum Szildrd engine.
Let us assume that he would like to extract work from
two dichotomic pure state decompositions D; and D,. The
first one is a decomposition into energy eigenstates
{]0),|1)}, the second one is given by the two Bloch

vectors 7 = (++/1 —5* 0,n). The local unitaries for
D, are U! = o, for the state |1) and U? = 1 for the state
|0). For D, the suitable unitaries U are rotations around

FIG. 1. Work extraction. Bob has blue and red work extraction
cells with locally thermal qubits. The reduced state pg can be
decomposed into statistical mixture of |1) and |0) or the two
states given by the Bloch vectors 7. Different unitaries can be
used to bring the states to the ground state extracting some work.
The red cells can apply the ! and the identity operation. Qubits
in the blue cells can be manipulated by two unitaries Z/i. Bob
gets the information which unitary he should use from Alice.
After the coupling process the work storage is measured in its
energy basis.

the y axis about an angle a = +arctan(n/4/1 —n?) (see
Fig. 1). Accordingly, Bob needs two different kinds of

work extraction devices. We represent them by red and blue
cells which both have two buttons to trigger the different
work extraction unitaries and measure the work storage WV
in the energy basis (Fig. 1). In each cell Bob can place
one qubit. The red cells can perform ¢! and U?, the blue
cells apply either U or U7. In the Supplemental Material
[45] we construct an explicit model, how the energy
conserving unitaries can be realized by using only two
qubit interactions.

Let us first assume that Alice prepares the global state
Por =5 (L+m){A1 @ [1)(1] +5(1=7)[0)(0] ® |0)(0],
compatible with the local Gibbs state. Bob places his qubit
into a red cell and asks Alice which button he should press.
Alice measures £ in the o, basis and tells Bob to press the
button 1 if the outcome is 1 and button 0 if the outcome is 0.
The cell will apply either ¢! or 2. On average—Bob has
many red cells which he wants to charge—he will extract
W, =1 (1 +n) because Alice tells him to press button 1

Z
with probability p! =1 (1 + 7).

If Bob wants to charge his blue cells, Alice could help
him by preparing the state pgg =p. Q|1)({1|+p_®10)(0],
where p. are the density matrices corresponding to the
Bloch vectors 7.. Locally, the Gibbs state is again
recovered. Depending on her outcome, Alice tells Bob
to press either the button which applies U or Uy
(see Fig. 1). On average Bob can again extract W, = 3
(1+#) = W,. Thus, the decomposition D; into energy
eigenstates is by no means better for the work extraction

than decomposition D,. Both pgg and pgg are separable and
describe situations where Alice exploits only classical
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correlations. We call such a demon a classical one because
the same result can be obtained from a local statistical
model for ps without any reference to a global quantum
state PSe-

When is the demon really quantum?.—In the remainder
we will consider the case where Bob would like to charge
both the red and the blue cells. He has N blue cells, M red
cells, and N + M thermal qubits. The ratio between red and
blue cells is given by ¢ = N/M. First, he distributes the
qubits over the cells, which fixes the decomposition he
needs to extract maximal work with any given cell.
Subsequently, he announces the color of each single cell
to Alice and asks her which button he should press. In the
end, he can read off the extracted work from each work
meter and average over them to see how efficient the
procedure has been. If Alice’s knowledge for each single
qubit is described by pgé or pgfg, his average work output
in the limit N — oo can never reach the optimal Wopt = %
(1 +1#) (we assume that ¢ > 0 is kept constant). The blue
and the red cells are not compatible with the same statistical
mixture of states. On the other hand, the entangled state of
the form

W)se = 2 s ® [+ /5105 @ 0)e (5

would do the job. Alice could measure either o, or o,
depending on the color of the cell for which Bob would like
to know which button he should press. If Alice is indeed a
demon who can prepare Bob’s thermal state to be the partial
trace of a pure entangled state, he can extract the optimal
average Wop.

We will now calculate which average work Bob can
maximally obtain if a LHS model holds. The best Alice can
do if she knows the state p; for each cell is to tell Bob which
button he should press in order to obtain the maximal work
output. Accordingly, for the red cells Alice would tell
him to press the button triggering U! whenever Zg =
Tr{o,ps} > O for the state in this cell. The average work
output for the red cells will then be W, = 5>~ p:(|z¢| + 1)
[45]. For the blue cells Alice announces the button for U/
if x; = Tr{o,p:} > 0 and the button for ¢/ if x; <0. On

average, the blue cells will then reach W, =1 (n +n* +
> Pelxel\/1 —n?) [45]. The work average over all cells
that can be expected for a LHS model is, thus, given by
Wog=(W.+cW,)/(1+c¢). For the choice c¢=

1/v/1—=#5*> we can bound the average work for any
LHS model by [45]

;1(\/1 - +n+ 1) +4/2 =2
< .
N 2(~/1—n2+1)

(6)

If Bob extracts an average work beyond the classical limit
W, he can be satisfied that Alice is indeed a quantum
demon who exploits nonclassical correlations. Any local
statistical model has to be discarded in this case.

If Alice can, for example, indeed prepare the entangled
state (5), the work value that can be reached is un =
Wop = # Thus, Alice can violate the inequality for

n>-4/2(v2—1)~—-091, that is, for temperatures

kgT > 0.33. For the case of infinite temperature ( — 0)
the steering inequality simplifies to Wy < 1/(2v/2), while
Wopt = %

For an intermediate regime we can consider the follow-
ing mixture,

PsE = 4Pqu + (1 - q)pclv (7)

where pg, = |¥)(¥|se as in Eq. (5) and py is the classically
correlated  state  pg =3 (1+n)[1)(1|s @ [1)(1]¢ +1
(1 —=1)]0)(0|s ® |0)(0|¢. The parameter ¢ tunes between
the fully quantum case (¢ = 1) and the scenario that
represents a classical Szilard demon (¢ = 0). The extract-
able work in the blue cells is now W, = %(q +n+n -
qn®) [45]. Figure 2 shows the relation between the non-
classicality of the demon and the two parameters # and g.
For parameters above the red line Alice can demonstrate
that she is a quantum Szilard demon.

We should note that the steering inequality (6) is not
ideal for the detection of nonclassical correlations in the
state | V) s¢. It is well known that any pure entangled state is
steerable [54]; thus, |¥) g is steerable for any —1 <7 < 1.
More generally, any nonzero temperature Gibbs state is
mixed and therefore has an entangled and steerable
purification. However, we have restricted Bob’s observ-
ables to a special class of operations, namely, the work
extraction. It is therefore not surprising that the given
inequality cannot detect every steerable state. We could

n
0.0
0.10
0.05
-0.2 0
—0.05
—04 —0.10
—0.6
—0.8
—1.0 q
00 02 04 06 08 1.0

FIG. 2. The plot shows by how much Alice can violate the
classical work bound. For parameters in the region below the
red line Bob can explain the extracted work with a local hidden
state model.
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improve the bound by adding additional work extraction
options on Bob’s side, but this does not add anything
conceptually new to the framework. Furthermore, moti-
vated by the concept of a Szilard engine, the inequality is
based on the assumption that Bob’s reduced state is indeed
a Gibbs state. This property can of course be locally
verified by Bob. It has to be emphasized that the con-
struction of the steering inequality only depends on the
device-dependent part of the steering task, such as the
Hilbert space of Bob’s system & and the work extracting
operations he uses. There are no assumptions made about
the structure of the environment or the operations Alice
performs.

Conclusions.—In this Letter we have shown how the
concept of quantum steering can be applied to quantum
thermodynamics in order to verify quantumness. The
violation of a steering inequality is connected to the
macroscopic average work. The use of a quantum steering
task for the verification of quantumness is motivated by the
asymmetric setting in quantum heat engines. The work
system under control is taken to be the device-dependent
part in the scenario, whereas the environment is treated
device independently.

Our concept is of particular interest for the investigation
of bath-induced fluctuations in quantum thermodynamics.
A violation of the steering inequality rules out any possible
objective (though statistical) description of fluctuations in
the system. Notably, the assumption that a system fluc-
tuates between its energy eigenstates is not valid if genuine
quantum correlations are taken into account. Statements
about the fluctuations in the system can only be made with
respect to the observed fluctuations of the environment
which will depend on how the environment is measured.

The authors would like to thank Dario Egloff for helpful
comments on the manuscript.

“konstantin.beyer @tu-dresden.de
"kimmo.luoma @ tu-dresden.de
fwalter.strunz @tu-dresden.de

[1] M. Srednicki, Phys. Rev. E 50, 888 (1994).

[2] L. D’Alessio, Y. Kafri, A. Polkovnikov, and M. Rigol,
Adv. Phys. 65, 239 (2016).

[3] C. Gogolin and J. Eisert, Rep. Prog. Phys. 79, 056001
(2016).

[4] J. Goold, M. Huber, A. Riera, L. del Rio, and P. Skrzypczyk,
J. Phys. A 49, 143001 (2016).

[5] J. Aberg, Phys. Rev. X 8, 011019 (2018).

[6] C. Elouard, D.A. Herrera-Marti, M. Clusel, and A.
Auffeves, Quantum Inf. 3, 9 (2017).

[7] A. M. Alhambra, L. Masanes, J. Oppenheim, and C. Perry,
Phys. Rev. X 6, 041017 (2016).

[8] G. Manzano, J.M. Horowitz, and J.M.R. Parrondo,
Phys. Rev. E 92, 032129 (2015).

[9] B. Leggio, A. Napoli, A. Messina, and H.-P. Breuer,
Phys. Rev. A 88, 042111 (2013).

[10] F. W.J. Hekking and J.P. Pekola, Phys. Rev. Lett. 111,
093602 (2013).

[11] R. Chetrite and K. Mallick, J. Stat. Phys. 148, 480 (2012).

[12] J. M. Horowitz, Phys. Rev. E 85, 031110 (2012).

[13] M. Campisi, P. Hinggi, and P. Talkner, Rev. Mod. Phys. 83,
771 (2011).

[14] M. Esposito, U. Harbola, and S. Mukamel, Rev. Mod. Phys.
81, 1665 (2009).

[15] P. Talkner, E. Lutz, and P. Hinggi, Phys. Rev. E 75, 050102
(R) (2007).

[16] E. Geva and R. Kosloff, J. Chem. Phys. 96, 3054 (1992).

[17] T. Feldmann and R. Kosloff, Phys. Rev. E 68, 016101
(2003).

[18] X. He, J. He, and J. Zheng, Physica (Amsterdam) 391A,
6594 (2012).

[19] J.]J. Park, K.-H. Kim, T. Sagawa, and S. W. Kim, Phys. Rev.
Lett. 111, 230402 (2013).

[20] X.Y. Zhang, X.L. Huang, and X. X. Yi, J. Phys. A 47,
455002 (2014).

[21] M. H. Mohammady and J. Anders, New J. Phys. 19, 113026
(2017).

[22] L.-M. Zhao and G.-F. Zhang, Quantum Inf. Process. 16,216
(2017).

[23] G. Thomas, N. Siddharth, S. Banerjee, and S. Ghosh, Phys.
Rev. E 97, 062108 (2018).

[24] M. Pezzutto, M. Paternostro, and Y. Omar, Quantum Sci.
Technol. 4, 025002 (2019).

[25] M. O. Scully, K. R. Chapin, K. E. Dorfman, M. B. Kim, and
A. Svidzinsky, Proc. Natl. Acad. Sci. U.S.A. 108, 15097
(2011).

[26] R. Uzdin, A. Levy, and R. Kosloff, Phys. Rev. X 5, 031044
(2015).

[27] R. Dillenschneider and E. Lutz, Europhys. Lett. 88, 50003
(2009).

[28] A.E. Allahverdyan and T. M. Nieuwenhuizen, Phys. Rev. E
64, 056117 (2001).

[29] L. del Rio, J. Aberg, R. Renner, O. Dahlsten, and V. Vedral,
Nature (London) 474, 61 (2011).

[30] B. Karimi and J. P. Pekola, Phys. Rev. B 94, 184503 (2016).

[31] K. Brandner and U. Seifert, Phys. Rev. E 93, 062134 (2016).

[32] J. P. Pekola, B. Karimi, G. Thomas, and D. V. Averin, Phys.
Rev. B 100, 085405 (2019).

[33] A. Friedenberger and E. Lutz, Europhys. Lett. 120, 10002
(2017).

[34] L. Szilard, Z. Phys. 53, 840 (1929).

[35] K. Maruyama, F. Nori, and V. Vedral, Rev. Mod. Phys. 81, 1
(2009).

[36] S. W. Kim, T. Sagawa, S. De Liberato, and M. Ueda, Phys.
Rev. Lett. 106, 070401 (2011).

[37] P. Faist, F. Dupuis, J. Oppenheim, and R. Renner, Nat.
Commun. 6, 7669 (2015).

[38] C. Elouard, D. Herrera-Marti, B. Huard, and A. Auffeves,
Phys. Rev. Lett. 118, 260603 (2017).

[39] P. Faist and R. Renner, Phys. Rev. X 8, 021011 (2018).

[40] B. Morris, L. Lami, and G. Adesso, Phys. Rev. Lett. 122,
130601 (2019).

[41] G. Manzano, F. Plastina, and R. Zambrini, Phys. Rev. Lett.
121, 120602 (2018).

[42] For example, all measurements, apart from those that are
diagonal in the energy basis, would change the average

250606-5


https://doi.org/10.1103/PhysRevE.50.888
https://doi.org/10.1080/00018732.2016.1198134
https://doi.org/10.1088/0034-4885/79/5/056001
https://doi.org/10.1088/0034-4885/79/5/056001
https://doi.org/10.1088/1751-8113/49/14/143001
https://doi.org/10.1103/PhysRevX.8.011019
https://doi.org/10.1038/s41534-017-0008-4
https://doi.org/10.1103/PhysRevX.6.041017
https://doi.org/10.1103/PhysRevE.92.032129
https://doi.org/10.1103/PhysRevA.88.042111
https://doi.org/10.1103/PhysRevLett.111.093602
https://doi.org/10.1103/PhysRevLett.111.093602
https://doi.org/10.1007/s10955-012-0557-z
https://doi.org/10.1103/PhysRevE.85.031110
https://doi.org/10.1103/RevModPhys.83.771
https://doi.org/10.1103/RevModPhys.83.771
https://doi.org/10.1103/RevModPhys.81.1665
https://doi.org/10.1103/RevModPhys.81.1665
https://doi.org/10.1103/PhysRevE.75.050102
https://doi.org/10.1103/PhysRevE.75.050102
https://doi.org/10.1063/1.461951
https://doi.org/10.1103/PhysRevE.68.016101
https://doi.org/10.1103/PhysRevE.68.016101
https://doi.org/10.1016/j.physa.2012.07.050
https://doi.org/10.1016/j.physa.2012.07.050
https://doi.org/10.1103/PhysRevLett.111.230402
https://doi.org/10.1103/PhysRevLett.111.230402
https://doi.org/10.1088/1751-8113/47/45/455002
https://doi.org/10.1088/1751-8113/47/45/455002
https://doi.org/10.1088/1367-2630/aa8ba1
https://doi.org/10.1088/1367-2630/aa8ba1
https://doi.org/10.1007/s11128-017-1665-0
https://doi.org/10.1007/s11128-017-1665-0
https://doi.org/10.1103/PhysRevE.97.062108
https://doi.org/10.1103/PhysRevE.97.062108
https://doi.org/10.1088/2058-9565/aaf5b4
https://doi.org/10.1088/2058-9565/aaf5b4
https://doi.org/10.1073/pnas.1110234108
https://doi.org/10.1073/pnas.1110234108
https://doi.org/10.1103/PhysRevX.5.031044
https://doi.org/10.1103/PhysRevX.5.031044
https://doi.org/10.1209/0295-5075/88/50003
https://doi.org/10.1209/0295-5075/88/50003
https://doi.org/10.1103/PhysRevE.64.056117
https://doi.org/10.1103/PhysRevE.64.056117
https://doi.org/10.1038/nature10123
https://doi.org/10.1103/PhysRevB.94.184503
https://doi.org/10.1103/PhysRevE.93.062134
https://doi.org/10.1103/PhysRevB.100.085405
https://doi.org/10.1103/PhysRevB.100.085405
https://doi.org/10.1209/0295-5075/120/10002
https://doi.org/10.1209/0295-5075/120/10002
https://doi.org/10.1007/BF01341281
https://doi.org/10.1103/RevModPhys.81.1
https://doi.org/10.1103/RevModPhys.81.1
https://doi.org/10.1103/PhysRevLett.106.070401
https://doi.org/10.1103/PhysRevLett.106.070401
https://doi.org/10.1038/ncomms8669
https://doi.org/10.1038/ncomms8669
https://doi.org/10.1103/PhysRevLett.118.260603
https://doi.org/10.1103/PhysRevX.8.021011
https://doi.org/10.1103/PhysRevLett.122.130601
https://doi.org/10.1103/PhysRevLett.122.130601
https://doi.org/10.1103/PhysRevLett.121.120602
https://doi.org/10.1103/PhysRevLett.121.120602

PHYSICAL REVIEW LETTERS 123, 250606 (2019)

inner energy of the system. Such a measurement fueled
engine has been described in Ref. [38]. There the quantum
measurements inject energy, which can be extracted as work
afterwards.

[43] F. G.S.L. Branddao, M. Horodecki, J. Oppenheim, J. M.
Renes, and R. W. Spekkens, Phys. Rev. Lett. 111, 250404
(2013).

[44] J. Aberg, Phys. Rev. Lett. 113, 150402 (2014).

[45] See  Supplemental Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.123.250606 for a de-
tailed description of the work extraction process and
the derivation of a steering inequality, which includes
Refs. [46-51].

[46] L. Masanes and J. Oppenheim, Nat. Commun. 8, 14538
(2017).

[47] S. Lorenzo, F. Ciccarello, and G. M. Palma, Phys. Rev. A
96, 032107 (2017).

[48] S.N. Filippov, J. Piilo, S. Maniscalco, and M. Ziman,
Phys. Rev. A 96, 032111 (2017).

[49] S. Campbell, E. Ciccarello, G. M. Palma, and B. Vacchini,
Phys. Rev. A 98, 012142 (2018).

[50] E. G. Cavalcanti, S.J. Jones, H. M. Wiseman, and M. D.
Reid, Phys. Rev. A 80, 032112 (2009).

[51] E. Ciccarello, Quantum Meas. Quantum Metrol. 4, 53
(2017).

[52] M. Perarnau-Llobet, K.V. Hovhannisyan, M. Huber, P.
Skrzypczyk, N. Brunner, and A. Acin, Phys. Rev. X 5,
041011 (2015).

[53] H. Tajima, N. Shiraishi, and K. Saito, Phys. Rev. Lett. 121,
110403 (2018).

[54] H. M. Wiseman, S.J. Jones, and A. C. Doherty, Phys. Rev.
Lett. 98, 140402 (2007).

[55] S.J. Jones, H. M. Wiseman, and A. C. Doherty, Phys. Rev.
A 76, 052116 (2007).

[56] H. M. Wiseman and J. M. Gambetta, Phys. Rev. Lett. 108,
220402 (2012).

[57] Of course, objective states can be assigned by direct
measurements on the system, but this case is not considered
in our setting. Furthermore, we should note that ensemble
representations of mixed states can be computationally
useful in order to calculate averaged quantities more
efficiently.

[58] S. Daryanoosh and H.M. Wiseman, New J. Phys. 16,
063028 (2014).

[59] K. Beyer, K. Luoma, and W. T. Strunz, Phys. Rev. A 97,
032113 (2018).

250606-6


https://doi.org/10.1103/PhysRevLett.111.250404
https://doi.org/10.1103/PhysRevLett.111.250404
https://doi.org/10.1103/PhysRevLett.113.150402
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.250606
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.250606
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.250606
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.250606
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.250606
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.250606
http://link.aps.org/supplemental/10.1103/PhysRevLett.123.250606
https://doi.org/10.1038/ncomms14538
https://doi.org/10.1038/ncomms14538
https://doi.org/10.1103/PhysRevA.96.032107
https://doi.org/10.1103/PhysRevA.96.032107
https://doi.org/10.1103/PhysRevA.96.032111
https://doi.org/10.1103/PhysRevA.98.012142
https://doi.org/10.1103/PhysRevA.80.032112
https://doi.org/10.1515/qmetro-2017-0007
https://doi.org/10.1515/qmetro-2017-0007
https://doi.org/10.1103/PhysRevX.5.041011
https://doi.org/10.1103/PhysRevX.5.041011
https://doi.org/10.1103/PhysRevLett.121.110403
https://doi.org/10.1103/PhysRevLett.121.110403
https://doi.org/10.1103/PhysRevLett.98.140402
https://doi.org/10.1103/PhysRevLett.98.140402
https://doi.org/10.1103/PhysRevA.76.052116
https://doi.org/10.1103/PhysRevA.76.052116
https://doi.org/10.1103/PhysRevLett.108.220402
https://doi.org/10.1103/PhysRevLett.108.220402
https://doi.org/10.1088/1367-2630/16/6/063028
https://doi.org/10.1088/1367-2630/16/6/063028
https://doi.org/10.1103/PhysRevA.97.032113
https://doi.org/10.1103/PhysRevA.97.032113

