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The limit of energy saving in the control of small systems has recently attracted much interest due to the
concept refinement of the Maxwell demon. Inspired by a newly proposed set of fluctuation theorems, we
report the first experimental verification of these equalities and inequalities in an ultracold 40Caþ ion
system, confirming the intrinsic nonequilibrium in the system due to involvement of the demon. Based on
elaborately designed demon-involved control protocols, such as the Szilard engine protocol, we provide
experimentally quantitative evidence of the dissipative information and observe tighter bounds of both the
extracted work and the demon’s efficacy than the limits predicted by the Sagawa-Ueda theorem. Our results
substantiate a close connection between the physical nature of information and nonequilibrium processes at
the microscale, which help to further understand the thermodynamic characteristics of information and the
optimal design of nanoscale and smaller systems.
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The control of nanoscale and smaller systems is a rapidly
developing field in physics, chemistry, and life sciences.
Researchers hope to achieve higher control goals at lower
costs, such as by fully utilizing observational data to extract
more work from molecular motors [1–3] or by rewriting
information in chip storage units more efficiently with
less energy [4–7]. However, the energy consumption and
energy utilization efficiency in control are always hard to
exactly analyze due to the fundamental limitation imposed
by the second law of thermodynamics and Maxwell’s
demon [8–14]. Besides, in the process of energy conversion
and information processing, certain energy is always
dissipated from the system to the environment in the form
of heat or entropy, which is called entropy production [15].
Because of the second law of thermodynamics, entropy

production should be non-negative. At the microscopic
scale, however, the system fluctuates and the observed
entropy production becomes stochastic [16–19], which can
violate the thermodynamic second law. Nevertheless, the
fluctuation theorem indicates that the average of the
observed entropy production must satisfy the thermody-
namic second law [20–24], sometimes also called the
generalized second law of thermodynamics [25].
However, a system with external control, such as the

Szilard engine [26–28], often has improper entropy pro-
duction [29–37], which violates the fluctuation theorem.
Improper entropy production was once thought to be
caused by Maxwell’s demon or external control [8–10].
However, together with the mutual information between the
demon and the controlled system, improper entropy pro-
duction has been shown to satisfy the fluctuation theorem,
as given by the Sagawa-Ueda theorem (SUT) [29–36].
Nevertheless, SUT predicts only that the work extracted
from a system by a demon is not greater than the amount of
information gained by the demon’s measurement. Recently,
a new fluctuation theorem predicts that, when a demon
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manipulates the system, a portion of the information will be
dissipated into the environment in the form of heat, called
as dissipative information, which makes the actual work
obtained be even less [38,39]. Therefore, it is necessary to
consider dissipative information when designing control
protocols in real experiments.
Here, we report an experimental verification of the new

fluctuation theorems of different entropy productions and
dissipative information in a demon-controlled system, as
proposed in [38]. Our operations are performed on the
40Caþ ion confined in a linear Paul trap [11,19], focusing
on the fluctuation theorems related to demon-involved
entropy production and the corresponding upper bounds
of the extracted work from the system as well as the control
efficacy of the demon [38]. This constitutes the first
experimental evidence of the dissipative information as
well as tighter bounds on the extracted work than that from
the SUT, confirming the necessity of obeying the second

law of thermodynamics. Interestingly, we find that the
system can be in a seemingly equilibrium state with
vanishing entropy production but still suffers from non-
equilibrium energy dissipation, as quantified by nonzero
dissipative information, due to its interaction with the
demon.
We design in Fig. 1(a) a Maxwell’s demon based on the

Szilard engine control protocol [26–28] to extract work
from a two-level system. The demon performs classical
measurements and feedback control operations in a cyclic
manner, meaning that the system can be in only one of the
two energy levels at any given time, e.g., in state x. At
the initial time of each cycle, the system is in state x0. The
demon first performs a classical measurement on the
system with the measurement results y ¼ 0 or 1, where
0 and 1 correspond to the lower level (j↓i) and higher level
(j↑i), respectively. Then, the demon takes the control
protocol based on the measurement result as follows:

FIG. 1. Schematic for verifying the demon-involved fluctuation theorems. (a) The Szilard engine feedback control protocol, where the
demon (denoted by y) makes a noisy measurement on the system (black circle) at the initial time, where the short-lived state jai (green
dashed line) is introduced to simulate measurement noise [as explained in (b) and its caption]. The demon can successfully extract work
of E from the system only if it makes a correct measurement when the system is in the higher energy level (left). In all other cases,
including a wrong measurement or a lower energy level (right), the demon extracts no work. After the work extraction, the demon
couples the system to the environmental heat bath with temperature T to recharge the system for the next cycle. (b) Experimental scheme
based on a trapped 40Caþ ion, where the system is a qubit encoded by two energy levels of electronic states, i.e., the ground state
j↓i ¼ j4S1=2; mJ ¼ 1=2i and the metastable state j↑i ¼ j3D5=2; mJ ¼ þ3=2i with mJ being the magnetic quantum number. An
equilibrium Boltzmann distribution and thermalization process of the qubit system is generated by combining the irradiation of a
729-nm laser pulse (Rabi frequency Ω1) with a dephasing process of the system. A short-lived state jai ¼ j3P3=2; mJ ¼ þ3=2i and an
854-nm laser pulse with Rabi frequency Ω2 are used for mimicking the noisy measurement by controlling the unlocking and duration of
the laser. The demon adds a phonon into the vibrational mode through a red-sideband transition carried by the 729-nm laser irradiation,
depending on the measurement result “1,” i.e., in the upper state j↑i, where the auxiliary vibrational mode works for storing the energy
due to the work output from the system. (c) The probability flow in the Szilard engine controlled by the demon, where the abbreviation
pxmjn ≔ pðx0 ¼ x; a0 ¼ mjy ¼ nÞ with x ¼ ↓;↑, m ¼ 0; 1; 2;…, and n ¼ 0, 1; for example, p↑0j1 means that the system is initially in
the spin state j↑i and the vibrational state j0i, and the measurement result is “1” [40]. (d) The measurement error under different pulse
lengths of the 854-nm laser in the generation of the mixed state ρ ¼ p↓j↓ih↓j þ p↑j↑ih↑j with p↓ ¼ ð1þ cos θcÞ=2 and p↑ ¼ 1 − p↓.
(e),(f) The joint and conditional probabilities for θc ¼ π=3 after the measurement.

PHYSICAL REVIEW LETTERS 133, 090402 (2024)

090402-2



(i) If the system is measured to be in the higher level, i.e.,
y ¼ 1, the demon executes a feedback control to extract
work from the system; (ii) if the system is measured to be in
the lower energy level, i.e., y ¼ 0, the demon does nothing,
and the system releases no energy. After the control is
finished, the state of the system changes to xc, and the
control is performed instantaneously with no heat
exchanged. Then, the demon couples the system to the heat
bath with temperature T until the end of the cycle, during
which the system absorbs heat from the heat bath and finally
reaches the equilibrium state xt (it is also the initial state x0 of
the system in the next cycle) with the heat bath. Thus, both
the initial and the final probability distributions of the system
state are given by the Boltzmann distribution peq

x0 , where
peq
↓ ≡p↓ ¼ 1=ð1þe−βEÞ and peq

↑ ≡ p↑ ¼ 1=ð1þ eβEÞ in
units of kB ¼ E ¼ 1. Besides, if the demon’s measurement
is noisy that makes the measurement value y not always be
equal to the system’s initial state x0, the error probability of
the measurement, given by the conditional probability
ϵ≡ pðy ≠ x0jx0Þ, leads to probabilistic errors in the
demon’s control of the system, causing the dissipative
information. In Fig. 1(c), we give the probability flow of
complete measurement-control-thermalization for the
Szilard engine protocol.
Before unfolding the experimental details, we briefly

elucidate the demon-involved fluctuation theorems [38].
The conditional entropy production, denoted by σXjY
(where X represents the system and Y represents the
demon), fully contains the information about the demon’s
control of the system, which is the real entropy generation
of system, and indicates that the system’s entropy produc-
tion depends on the demon’s control. If the details of the
demon’s control are not known from the observation, the
entropy production that is statistically obtained does not
explicitly contain the information of the demon, and, thus,
it is denoted by unconditional entropy production σX.
These two different observations produce proper entropy
productions, both of which satisfy the fluctuation theorem,
regardless of whether or not a demon is involved. The
difference between them indicates a portion of the energy
dissipation caused by the demon’s manipulation, i.e.,

σI ¼ σXjY − σX; ð1Þ

which characterizes a different form of energy dissipa-
tion from entropy production, called dissipative infor-
mation [38,39,42–44]. Hence, to fully describe the
thermodynamics of a controlled system, we need to
know their own fluctuation theorems (including the
SUT) [38,39,44], i.e.,

he−σXjY i¼ 1ðSUTÞ; he−σXi¼ 1; he−σIi¼ 1; ð2Þ

with hσXjYi ≥ 0, hσXi ≥ 0, and hσIi ≥ 0. Combining them
leads to the actual total dissipation hσXjYi of the

controlled system, satisfying a nontrivial lower bound
hσXjYi ≥ hσIi [38,39], which is tighter than the lower
bound hσXjYi ≥ 0 given by SUT.
To demonstrate the fluctuation theorems, we need to

experimentally obtain the dissipative entities in Eq. (1) by
the relations [40]

σXjY ¼ ln
qxcjy
peq
xc

; σX ¼ ln
pxc

peq
xc
; σI ¼ ln

qxcjy
pxc

; ð3Þ

where peq
xc is given by the above Boltzmann distribution and

the conditional probability (qxcjy) and unconditional prob-
ability [pxc ¼

P
y pðyÞqxcjy] are obtained by the Boltzmann

distribution with the error probability pðyÞ and the mapping
from the initial state x0 to the controlled state xc,
respectively.
Figure 1(b) presents the above procedures implemented

in a 40Caþ ion confined in a linear Paul trap. To generate a
Boltzmann distribution in the qubit levels, we first prepare a
superposition by a carefully calibrated 729-nm laser pulse
with θc ¼ Ω1τ1 and τ1 being the irradiation duration of the
laser. Then, we wait for a period of time (about 2 ms for
thermalization) during which the superposition state
dephases, resulting in a mixed state with population in
the j↓i state as p↓ ¼ 1

2
ð1þ cos θcÞ. This gives an effective

inverse temperature of the system as β ¼ ln½ð1þ cos θcÞ=
ð1 − cos θcÞ�, such as the effective temperature T ¼ β−1 ¼
440, 0.94, and 0.38 for θc ¼ π=2, π=3, and π=2 [45],
respectively. Besides, we introduce a controllable meas-
urement error y ≠ x0 with the probability ϵ ¼ pðy ≠
x0jx0Þ ¼ 1 − expð−ζθÞ and the pulse length θ ¼ Ω2τ2 by
controlling the duration τ2 of the 854-nm laser. In Fig. 1(d),
the decay parameter is experimentally measured as
ζ ¼ 1.94ð1Þ (the data in the parenthesis denoting the
measurement uncertainty). By adjusting the duration of
the laser irradiation θ, we can vary the measurement error
probability ϵ from 0 to 1 and acquire the joint probabilities
and conditional probabilities of the system and demon in
Figs. 1(e) and 1(f) [40], respectively.
To implement the feedback control, the experimenters

take the role of the demon by performing control operations
on the ion according to the results of the noisy measure-
ments: If the ion is measured to be in the higher level, the
demon couples the system to a battery (storing work)
through a red-sideband pulse of the 729-nm laser governed
by the Hamiltonian Hr ¼ ℏη̃Ω1ðaσþ þ a†σ−Þ, with Lamb-
Dicke parameter η̃ ¼ 0.11 and duration τr ¼ π=η̃Ω1, which
conserves the quantum number. If the battery, simulated by
the z-axis vibrational mode of the ion, is initialized in
ground state j0i, only the translation j↑ij0i ↦ j↓ij1i
occurs during the control process of the demon; i.e., the
demon extracts nonzero work only when the system is
actually in the higher level. The extracted work is quanti-
fied by the increase of the phonon number stored in the
battery.
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As shown in Fig. 2, our experimental results fit the
theoretical predictions well with the error bars less than 6%
for all three dissipative entities. This presents strong
experimental evidences that both the fluctuation theorems
and the non-negativity of the ensemble average of the
dissipative entities hold. Therefore, the system does not
violate the second law of thermodynamics under the Szilard
engine model controlled by the demon, consistent with the
fluctuation theorems of the proper entropy productions σXjY
and σX. Importantly, the non-negativity of the average of
the dissipative information shows that hσIi is a novel kind
of dissipative entity that is distinct from entropy produc-
tion. Besides, the equality relation of the summation σXjY ¼
σX þ σI can be observed from the inset in Fig. 2(c2), and
the tighter lower bound hσXjYi ≥ hσIi of the entropy
production is also witnessed in Fig. 2(c2), together with
the relation in Eq. (2).
To see the significant impact of the dissipative information

on the thermodynamics of the system, we experimentally
demonstrate the inequalities of the thermodynamic second
law and the tighter bound of entropy production hσXjYi given
by the dissipative information, in comparison to the bound
given by the SUT. In particular, the total entropy production
can be written in terms of the average of the extracted work
and the free energydifference in ourmeasurement-controlled
experiment as hσXjYi ¼ ΔF − Wout, where we define the

extracted work and free energy difference as Wout ¼
−hWXjYi and ΔF ¼ −hFXjYi, respectively [40]. Thus, the
SUTyields an upper bound of the extractedworkWout, given
by the free energy difference ΔF [34,35]:

Wout ≤ ΔF; ð4Þ

which also implies the upper bound inequality of the Wout
as hQXjYi ≤ ThΔSXjYi with ΔSXjY describing the stochastic
entropy product [40]. The free energy difference during the
control contains the system information from the meas-
urement. On the other hand, the dissipative information
hσIi quantifies the remaining information of the system
right after the control. The mutual information between the
controlled state xc and the measurement result y is, thus,
not used to extract work but instead dissipates into the
environmental bath. Therefore, the demon can extract work
not higher than the difference between the free energy
difference and the dissipative information, yielding a
tighter upper bound of the extracted work Wout than the
conventional bound in Eq. (4), i.e.,

Wout ≤ ΔF − ThσIi ≤ ΔF: ð5Þ

Since the internal energy of the system remains unchanged,
we can further obtain ΔF ¼ ThΔSXjYi and Wout ¼ hQXjYi
[40]. These relations have been experimentally witnessed in
Figs. 3(a) and 3(b), and some more details of the different
process can be found in Supplemental Material [40].
However, if we consider the coarse-grained entropy change
ΔSX ¼ hΔSXjYiX with average only on the demon Y, the

FIG. 2. The fluctuation theorems (a1)–(c1) and ensemble
average (a2)–(c2) of the dissipative information σI , the condi-
tional entropy production σXjY , and the unconditional entropy
production σX for different initial mixed states, prepared by laser
irradiation with durations θc ¼ π=2, π=3, and π=6, respectively.
Their entropy production difference Δσ ≔ hσXjYi − hσXi − hσIi;
see the inset in (c2). The dot data and curves (also in the following
figures) represent the experimental observation and analytical
calculation, respectively.

FIG. 3. The thermodynamic second law inequalities of work
(a) for the conventional and tighter form and (b) the conventional
and tighter low bound, under θc ¼ π=3. (c) The coarse-grained
version of SUT for different mixed states. (d) The output work
Wout and stored work Wext in the vibrational mode after the
control process.
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inequality of thermodynamic second law gives the coarse-
grained version as hQXjYi ≤ ThΔSXi, i.e.,Wout ≤ ΔFX, with
the coarse-grained free energy change ΔFX ¼ ThΔSXi.
Figure 3(c) presents the violation of the coarse-grained
version in almost the whole error range, illustrating that
improper entropy productions decompose the demon’s con-
trol from the total entropy production.
The conventional bound of work in Eq. (4) suggests that

the control efficiency of the demon, or the demon’s efficacy
in work extraction, can be quantified by the ratio of the
extracted work to the free energy difference, i.e.,
η ¼ Wout=ΔF. According to the SUT, the efficacy of the
demon should not be higher than 1 (or 100%), i.e., η ≤ 1.
However, the efficacy of 1 can be achieved only at the
quasistatic limit, which is of no practical significance. The
tighter bound in Eq. (5) indicates that the demon’s efficacy
is limited by the dissipative information. This suggests that
the maximum achievable efficacy is not 1 but rather the
difference between the free energy difference and the
dissipative information [38,40], i.e., ηext ≤ ηout ≤ ηmax ≤ 1,
where the ideal output work efficacy ηout ¼ Wout=ΔF
describes the efficacy without considering the dissipation
in the output process, the best efficacy is ηmax ¼
1 − ThσIi=ΔF, and we also add an actual efficacy obtained
by the extracted work stored in the auxiliary system
ηext ¼ Wext=ΔF. For the Szilard engine control protocol,
as shown in Fig. 3(d), we always have the positive work
outputs Wout ¼ ð1 − ϵÞp↑E for any error. Figure 4 dem-
onstrates experimental verification of the relations and
inequalities of these efficacies. The actual output work
process executed by the red-sideband transition is affected
by the dissipative elements of the vibrational mode, such as
imperfect cooling. Particularly, the initial average phonon
number of the vibrational mode is 0.14(5) after cooling, and
the final average phonon number is measured as 1.02(3)
after implementing the control protocol, which gives an
increase of the average phonon number Δn ¼ 0.88ð5Þ, i.e.,
the 88% storage efficiency, thus leading the actual effi-
ciency ηext to be deviated from the analytical curves and
ideal output work efficacy ηout.

In summary, our experiment has demonstrated the first
verification of the recently proposed set of fluctuation
theorems, confirming the proposed fluctuation theorems
and observing tighter bounds on the extracted work and
control efficacy of the demon than the SUT predicted
limits. To further demonstrate the validity of demon-
involved fluctuation theorems, we have also carried out
an experiment based on a more popular state flipping
control protocol; see Ref. [40]. We believe that the
presented experimental results at the atomic level would
be helpful for the future design of optimal control and
further understanding thermodynamic characteristics in the
quantum regime, particularly for the characterization of
Maxwell’s demon in quantum information processing [46].

Acknowledgments—This work is supported by the
National Key Research and Development Program of
China under Grant No. 2022YFA1404500, by Cross-
disciplinary Innovative Research Group Project of Henan
Province under Grant No. 232300421004, National Natural
Science Foundation of China under Grants No. 1232410,
No. U21A20434, No. 12074346, No. 12274376,
No. 12074232, No. 12125406, No. 12374466,
No. 12074390, No. 92265107, No. 12305028,
No. 12247103, and No. 12234019, by Natural Science
Foundation of Henan Province under Grants
No. 232300421075 and No. 242300421212, by Major
science and technology project of Henan Province under
Grant No. 221100210400, by K. C. Wong Education
Foundation (GJTD-2019-15), by Nansha senior leading
talent team technology project under Grant
No. 2021CXTD02, and by Guangdong Provincial
Quantum Science Strategic Initiative under Grand
No. GDZX2305004.

[1] M. Cuzminschi, A. Zubarev, and A. Isar, Extractable
quantum work from a two-mode Gaussian state in a noisy
channel, Sci. Rep. 11, 24286 (2021).

[2] D. Janzing, On the computational power of molecular heat
engines, J. Stat. Phys. 122, 531 (2006).

[3] M. Brunelli, M. G. Genoni, M. Barbieri, and M. Paternostro,
Detecting Gaussian entanglement via extractable work,
Phys. Rev. A 96, 062311 (2017).

[4] R. Landauer, Irreversibility and heat generation in the
computing process, IBM J. Res. Dev. 5, 183 (1961).

[5] A. Bérut, A. Arakelyan, A. Petrosyan, S. Ciliberto, R.
Dillenschneider, and E. Lutz, Experimental verification of
Landauer’s principle linking information and thermody-
namics, Nature (London) 483, 187 (2012).

[6] D. Reeb and M.M. Wolf, An improved Landauer principle
with finite-size corrections, New J. Phys. 16, 103011
(2014).

[7] L. L. Yan et al., Single-atom demonstration of the quantum
Landauer principle, Phys. Rev. Lett. 120, 210601 (2018).

[8] J. C. Maxwell, Theory of Heat, 3rd ed. (Greenwood Press,
New York, 1970).

FIG. 4. The output work efficacy ηout (red data), actual efficacy
ηext (blue data), and the best efficacy ηmax (black data) of the
demon in the whole control process.

PHYSICAL REVIEW LETTERS 133, 090402 (2024)

090402-5

https://doi.org/10.1038/s41598-021-03752-4
https://doi.org/10.1007/s10955-005-8015-9
https://doi.org/10.1103/PhysRevA.96.062311
https://doi.org/10.1147/rd.53.0183
https://doi.org/10.1038/nature10872
https://doi.org/10.1088/1367-2630/16/10/103011
https://doi.org/10.1088/1367-2630/16/10/103011
https://doi.org/10.1103/PhysRevLett.120.210601


[9] O. R. Shenker, Maxwell’s Demon 2: Entropy, classical and
quantum information computing, Stud. Hist. Philos. Sci.
35B, 537 (2004).

[10] O. R. Maruyama, F. Nori, and V. Vedral, Colloquium: The
physics of Maxwell’s demon and information, Rev. Mod.
Phys. 81, 1 (2009).

[11] L.-L. Yan, L.-Y. Wang, S.-L. Su, F. Zhou, and M. Feng,
Verification of information thermodynamics in a trapped ion
system, Entropy 24, 813 (2022).

[12] J. M. R. Parrondo, J. M. Horowitz, and T. Sagawa, Thermo-
dynamics of information, Nat. Phys. 11, 131 (2015).

[13] M. Naghiloo, M. Abbasi, Y. N. Joglekar, and K.W. Murch,
Quantum state tomography across the exceptional point in a
single dissipative qubit, Nat. Phys. 15, 1232 (2019).

[14] J. W. Zhang, K. Rehan, M. Li, J. C. Li, L. Chen, S.-L. Su,
L.-L. Yan, F. Zhou, and M. Feng, Single-atom verification
of the information-theoretical bound of irreversibility at the
quantum level, Phys. Rev. Res. 2, 033082 (2020).

[15] Gabriel T. Landi and Mauro Paternostro, Irreversible en-
tropy production: From classical to quantum, Rev. Mod.
Phys. 93, 035008 (2021).

[16] T. P. Xiong et al., Experimental verification of a Jarzynski-
related information-theoretic equality using a single trapped
ion, Phys. Rev. Lett. 120, 010601 (2018).

[17] M. Naghiloo, D. Tan, P. M. Harrington, J. J. Alonso, E.
Lutz, A. Romito, and K.W. Murch, Heat and work along
individual trajectories of a quantum bit, Phys. Rev. Lett.
124, 110604 (2020).

[18] J. M. Horowitz and T. R. Gingrich, Thermodynamic un-
certainty relations constrain non-equilibrium fluctuations,
Nat. Phys. 16, 15 (2020).

[19] L.-L.Yan et al., Experimental verification of dissipation-time
uncertainty relation, Phys. Rev. Lett. 128, 050603 (2022).

[20] C. Jarzynski, Hamiltonian derivation of a detailed fluc-
tuation theorem, J. Stat. Phys. 98, 77 (2000).

[21] C. Jarzynski, Nonequilibrium equality for free energy
differences, Phys. Rev. Lett. 78, 2690 (1997).

[22] R. J. Harris and G. M. Schütz, Fluctuation theorems for
stochastic dynamics, J. Stat. Mech. (2007) P07020.

[23] U. Seifert, Stochastic thermodynamics, fluctuation theorems,
andmolecularmachines, Rep. Prog. Phys.75, 126001 (2012).

[24] G. E. Crooks, Entropy production fluctuation theorem and
the nonequilibrium work relation for free energy
differences, Phys. Rev. E 60, 2721 (1999).

[25] S. Deffner and C. Jarzynski, Information processing and the
second law of thermodynamics: An inclusive, Hamiltonian
approach, Phys. Rev. X 3, 041003 (2013).

[26] L. Szilard, ber die entropieverminderung in einem thermo-
dynamischen system bei eingriffen intelligenter Wesen, Z.
Phys. 53, 840 (1929).

[27] S. W. Kim, T. Sagawa, S. D. Liberato, and M. Ueda,
Quantum szilard engine, Phys. Rev. Lett. 106, 070401
(2011).

[28] M. Koski, V. F. Maisi, V. F. Pekola, and D. V. Averin,
Experimental realization of a Szilard engine with a single
electron, Proc. Natl. Acad. Sci. U.S.A. 111, 13786 (2014).

[29] P. Strasberg, G. Schaller, T. Brandes, and M. Esposito,
Quantum and information thermodynamics: A unifying
framework based on repeated interactions, Phys. Rev. X
7, 021003 (2017).

[30] J. M. Horowitz and M. Esposito, Thermodynamics with
continuous information flow, Phys. Rev. X 4, 031015 (2014).

[31] K. Ptaszynski and M. Esposito, Thermodynamics of quan-
tum information flows, Phys. Rev. Lett. 122, 150603 (2019).

[32] J. M. Horowitz and H. Sandberg, Second-law-like inequal-
ities with information and their interpretations, New J. Phys.
16, 125007 (2014).

[33] D. Hartich, A. C. Barato, and U. Seifert, Stochastic thermo-
dynamics of bipartite systems: Transfer entropy inequalities
and a Maxwell’s demon interpretation, J. Stat. Mech. (2014)
P02016.

[34] T. Sagawa and M. Ueda, Generalized Jarzynski equality
under nonequilibrium feedback control, Phys. Rev. Lett.
104, 090602 (2010).

[35] J. M. R. Parrondo, J. M. Horowitz, and T. Sagawa, Thermo-
dynamics of information, Nat. Phys. 11, 131 (2015).

[36] M. Esposito and G. Schaller, Stochastic thermodynamics for
Maxwell demon’s feedbacks, Europhys. Lett. 99, 30003
(2012).

[37] P. P. Potts and P. Samuelsson, Detailed fluctuation relation
for arbitrary measurement and feedback schemes, Phys.
Rev. Lett. 121, 210603 (2018).

[38] Q. Zeng and J. Wang, New fluctuation theorems on
Maxwell’s demon, Sci. Adv. 7, eabf1807 (2021).

[39] K. Zhang, X. Wang, Q. Zeng, and J. Wang, Conditional
entropy production and quantum fluctuation theorem of
dissipative information: Theory and experiments, PRX
Quantum 3, 030315 (2022).

[40] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.133.090402 which in-
cludes Ref. [41] for quantifying the coherence of measured
density matrix.

[41] T. Baumgratz, M. Cramer, and M. B. Plenio, Quantifying
coherence, Phys. Rev. Lett. 113, 140401 (2014).

[42] X. Fang, K. Kruse, T. Lu, and J. Wang, Nonequilibrium
physics in biology, Rev. Mod. Phys. 91, 045004 (2019).

[43] G. Diana and M. Esposito, Mutual entropy production in
bipartite systems, J. Stat. Mech. (2014) P04010.

[44] K. Zhang and J. Wang, Quasiprobability fluctuation theo-
rem behind the spread of quantum information, Commun.
Phys. 7, 91 (2024).

[45] This effective temperature, beyond its classical meaning, is a
key indicator of control efficiency. This is because the
Szilard engine can extract work only when the system is in
the higher energy level. If the effective temperature is too
low, it is difficult for the system to be at a higher energy
level, so it is difficult to extract work from the system,
reducing the control efficiency.

[46] In the quantum regime, we notice some recent studies in the
framework of the two-point measurement scheme, uncov-
ering that the dissipative quantum correlation (quantum
dissipative information) also follows the fluctuation theo-
rem, which characterizes the additional work waste in the
quantum Maxwell’s demon. If the constraints of the two-
point measurement scheme are relaxed (e.g., by projections
on both the initial and final states), the quantum dissipative
information can be described by the quasiprobability fluc-
tuation theorem, which statistically captures quantum data-
processing inequality. Therefore, further exploring quantum
fluctuation theorems of quantum dissipative information is
highly expected in the future.

PHYSICAL REVIEW LETTERS 133, 090402 (2024)

090402-6

https://doi.org/10.1103/RevModPhys.81.1
https://doi.org/10.1103/RevModPhys.81.1
https://doi.org/10.3390/e24060813
https://doi.org/10.1038/nphys3230
https://doi.org/10.1038/s41567-019-0652-z
https://doi.org/10.1103/PhysRevResearch.2.033082
https://doi.org/10.1103/RevModPhys.93.035008
https://doi.org/10.1103/RevModPhys.93.035008
https://doi.org/10.1103/PhysRevLett.120.010601
https://doi.org/10.1103/PhysRevLett.124.110604
https://doi.org/10.1103/PhysRevLett.124.110604
https://doi.org/10.1038/s41567-019-0702-6
https://doi.org/10.1103/PhysRevLett.128.050603
https://doi.org/10.1023/A:1018670721277
https://doi.org/10.1103/PhysRevLett.78.2690
https://doi.org/10.1088/1742-5468/2007/07/P07020
https://doi.org/10.1088/0034-4885/75/12/126001
https://doi.org/10.1103/PhysRevE.60.2721
https://doi.org/10.1103/PhysRevX.3.041003
https://doi.org/10.1007/BF01341281
https://doi.org/10.1007/BF01341281
https://doi.org/10.1103/PhysRevLett.106.070401
https://doi.org/10.1103/PhysRevLett.106.070401
https://doi.org/10.1073/pnas.1406966111
https://doi.org/10.1103/PhysRevX.7.021003
https://doi.org/10.1103/PhysRevX.7.021003
https://doi.org/10.1103/PhysRevX.4.031015
https://doi.org/10.1103/PhysRevLett.122.150603
https://doi.org/10.1088/1367-2630/16/12/125007
https://doi.org/10.1088/1367-2630/16/12/125007
https://doi.org/10.1088/1742-5468/2014/02/P02016
https://doi.org/10.1088/1742-5468/2014/02/P02016
https://doi.org/10.1103/PhysRevLett.104.090602
https://doi.org/10.1103/PhysRevLett.104.090602
https://doi.org/10.1038/nphys3230
https://doi.org/10.1209/0295-5075/99/30003
https://doi.org/10.1209/0295-5075/99/30003
https://doi.org/10.1103/PhysRevLett.121.210603
https://doi.org/10.1103/PhysRevLett.121.210603
https://doi.org/10.1126/sciadv.abf1807
https://doi.org/10.1103/PRXQuantum.3.030315
https://doi.org/10.1103/PRXQuantum.3.030315
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.090402
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.090402
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.090402
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.090402
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.090402
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.090402
http://link.aps.org/supplemental/10.1103/PhysRevLett.133.090402
https://doi.org/10.1103/PhysRevLett.113.140401
https://doi.org/10.1103/RevModPhys.91.045004
https://doi.org/10.1088/1742-5468/2014/04/P04010
https://doi.org/10.1038/s42005-024-01583-z
https://doi.org/10.1038/s42005-024-01583-z

