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While the fluctuation theorem in classical systems has been thoroughly generalized under vari-
ous feedback control setups, an intriguing situation in quantum systems, namely under continuous
feedback, remains to be investigated. In this work, we derive the generalized fluctuation theorem
under quantum jumps with continuous measurement and feedback. The essence for the derivation
is to newly introduce the operationally meaningful information, which we call quantum-classical-
transfer (QC-transfer) entropy. QC-transfer entropy can be naturally interpreted as the quantum
counterpart of transfer entropy that is commonly used in classical time series analysis. We also
verify our theoretical results by numerical simulation and propose an experiment-numerics hybrid
verification method. Our work reveals a fundamental connection between quantum thermodynamics
and quantum information, which can be experimentally tested with artificial quantum systems such

as circuit quantum electrodynamics.

Introduction.—In the last few decades, the framework
of thermodynamics has been applied to small systems
in which thermodynamic quantities behave stochastically
due to the presence of thermal or quantum fluctuations
[1-6]. A key relation that quantifies a universal behavior
of such systems is the fluctuation theorem (FT)

(e77) =1, (1)

where o is the stochastic entropy production and (-) de-
notes the ensemble average. The FT characterizes the
behavior of the entropy production even in the nonlinear
nonequilibrium region, and also implies the second law
of thermodynamics (SL) at the average level: (o) > 0.

In light of thermodynamics of information, originated
in the gedanken experiment of Maxwell’s demon [7], it
has been revealed that measurement and feedback leads
to generalizations of the laws of thermodynamics [8-33].
For instance, the FT has been generalized by incorporat-
ing information gain ¢ obtained from the measurement
as

(e =1, (2)

which implies the generalized SL: (o) > —(i¢). The gen-
eralized FT in the form of Eq. (2) has been derived for
classical systems under single measurement and feedback
[10, 11] as well as continuous measurement and feedback
[12-14], and also derived for quantum systems under sin-
gle measurement and feedback [21, 22] (see Fig. 1 (a)).
There are also a few works about the role of continu-
ous quantum measurement on the SL or the FT [34-39].
However, the role of continuous measurement and feed-
back in the quantum regime has not yet been elucidated,
despite its significance as described below.

Continuous measurement and feedback has been of
keen interest due to its capability of creating and stabiliz-
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FIG. 1. (a) Summary of previous research of information
thermodynamics. In all of the three cases shown here, the FT
has been generalized in the form of Eq. (2) with appropriate
choices of the information gain 7, whereas quantum systems
under continuous feedback control have not been studied. (b)
Setup of the present work. We find that the QC-transfer
entropy is the relevant information gain ¢ in this setup.

ing desired quantum states via feedback loop. It is rele-
vant to various quantum systems [40] including its appli-
cations to thermodynamics [41-43], and is developing due
to the recent advancement of experimental techniques
[44-50]. It is also noteworthy that arbitrary Markovian
open quantum systems described by the Lindblad mas-
ter equation can be interpreted to be under continuous
(non-selective) measurement [40]. These facts tells us
the framework of continuous quantum measurement and
feedback gives a unified description of systems under ar-
tificial control or interaction with external systems.



In this Letter, we generalize the SL and the FT for
systems under quantum jumps with continuous mea-
surement and feedback, by introducing the quantum-
classical-transfer (QC-transfer) entropy as a relevant in-
formation gain. The QC-transfer entropy is defined as
the accumulation over time of the conditional QC-mutual
information [51-54] under the past measurement out-
comes. Therefore, it can naturally be interpreted as the
quantum counterpart of the transfer entropy [55] that
is used to derive the generalized FT for classical sys-
tems [12-14]. We also verify the generalized FT by nu-
merical simulation in a two-level system, and propose an
experiment-numerics hybrid verification method of the
generalized FT.

Dynamics of the system.— Let us consider a quantum
system interacting with the heat bath at inverse tem-
perature 8 under continuous measurement and feedback
(Fig. 1(b)). To simplify the argument, we suppose that
the Born-Markov and rotating-wave approximations can
be applied to the system-bath interaction [56, 57]. We
discretize time as t,, = nAt, consider the time evolution
from t = 0 to t = 7 = ty, and later take the contin-
uous time limit At — 0, N — oo while keeping 7 con-
stant. The time evolution in [t,,t,+1) is described by
the stochastic master equation:
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where G[m]p = (mpm!/Tr[mpmT]) — p and D[c]p =
cpct — 1/2{ctc,p}. We define y,, as the newly obtained
measurement result at ¢, and Y, = (y1,y2...,yn) as the
outcomes until ¢,. Here, psz represents the conditional
density operator at t,, when the measurement results are
Y,. We define H; as the intrinsic system Hamiltonian
and h; as the external driving Hamiltonian. The inter-
action between the system and the heat bath can be de-
scribed by the Lindblad operators {L4}, where L4 repre-
sents the dissipation of energy A, to the heat bath (i.e.,
[La, Hy, ] = AygLg), and satisfies the detailed balance con-
dition with respect to H; (i.e., Ly = LLeriAd with d’
being uniquely determined from Ay = —Ag). The effect
of continuous measurement is represented by the Lind-
blad operators {M,}, and the feedback is performed by
changing the Hamiltonian. In the following, we give a
more detailed explanation on continuous measurement
and feedback.

Continuous measurement reads out system’s informa-
tion via interaction with the measurement apparatus
(e.g., the monitoring of an emitted photon from the sys-
tem). The measurement outcome obtained at ¢,11 is

denoted as y,+1 with the corresponding quantum jump
represented by M, ., (e.g., the detection of a photon). If
no measurement jump is detected at ¢, 41, Y1 is defined
as 0. The system’s conditional dynamics is described by
the set of Kraus operators which is composed of both the
measurement-jump detection operators {]V[y\/E} and
no detection operator 1 — % Zy ]V[J]Wy. In Eq. (3), the
first and third lines correspond to the detection and no
detection event, respectively, and the Poisson increment
AN, is defined as AN, = 1 if the jump M, occurs,
and AN, = 0 otherwise [40, 58]. We here emphasize
that, by taking the ensemble average over the outcomes
Y11, Eq. (3) reduces to the ordinary master equation
that describes dynamics interacting with an external sys-
tem without post-selection of the measurement results.
Such a decomposition that allows us to recover the mas-
ter equation is called unraveling.

Continuous feedback is provided by varying H; and/or
h: according to the measurement results. Because of the
causality, the Hamiltonians in [t,,t,+1) are completely
determined by measurement results before ¢, (i.e., Y,)
while it does not depend on those after ¢,,. In our setup,
the following types of the Hamiltonian variations are sup-
posed: adiabatic change of the system Hamiltonian H;
[67, 59], perturbation of the external field (i.e., hy < Hy)
[60-62], and sequential pulses (i.e., hy = Y, v;6(t — s;)).
Hamiltonian variations other than those may not be
given in the form of Eq. (3) [63, 64], and hence are ex-
cluded in the following argument. Note that the depen-
dence on Y,, of some operators and variables (such as
Hy, hy, Lq, Mg, AN,) is abbreviated for simplicity.

Generalized second law.— In this setup, the ensemble
average of thermodynamic quantities such as the heat
(Q) dissipated to the heat bath and the entropy change
(AS) between the initial and final states can be defined
as follows [22, 65, 66]:

Q) =-— Z_: > PV, > Tr[H,, D[Lalpi"|At, )

(AS) = S(pr) = S(po),
where pg and p; = Y_, P[Yn]p}™ are the initial and fi-
nal density operators, and S(p) = —Tr[pln p| represents
the von Neumann entropy. The average entropy produc-
tion is defined as (o) = (AS) + 3(Q).

We now introduce the QC-transfer entropy as

ZQC Z Z P IQC

n=0 Y,

S Ynt1)s (5)

where Zqc represents the QC-mutual information. Here,
Iqc is defined as Zoc(p @ y) = S(p) — X2, PlylS(pY),
where Ply] is the probability of the outcome y, and p?
denotes the conditional density operator after the mea-
surement of y. QC-mutual information quantifies the in-
formation obtained by quantum measurement [51, 52] so



that it gives the upper bound of the accessible classical
information [53, 54], and also has an operational inter-
pretation through an informational task called measure-
ment compression [67-69]. On the basis of the foregoing
definitions, the SL is generalized as

(o) > —(iqc)- (6)

This inequality gives the lower bound of (o) under con-
tinuous measurement and feedback and reveals the rela-
tionship between the entropy production and quantum
information at the level of ensemble average.

We here discuss the relationship between the QC-
transfer entropy and the (classical) transfer entropy [55]
(Fig. 1(a)). The transfer entropy is defined as

N-1

(iTR) = Z (@ Yns1|Ya), (7)

n=0

where 1z, denotes a state of a classical system at
t,. We define I as the conditional mutual infor-
mation I(x, Ynta|Yn) = 3y PYul(Hy,(zn) —
> ynis Plymt1[YalHy, .1 (20)), where Hy, (zr) denotes
the Shannon entropy of x,, when the measurement results
are Y,,. From Egs. (5) and (7), we can see that in classi-
cal systems, information transfer in [t,,, t,+1) is described
by the conditional mutual information I(z, : ynt+1|Yn),
whereas in quantum systems it is represented by the QC-
mutual information of the conditional density operator
ij. Therefore, (iqc) is the quantum counterpart of
(iTE), in that they both represent the total information
gain obtained by accumulating conditional information
transfer over time.

We note that the QC-transfer entropy defined as
Eq. (5) converges to a finite value even in the continu-
ous time limit. This is because the information obtained
in [tn,thy1), ie., ZY" P[Yn}IQC(pZ;" D Ynt1), s O(AY)
as a consequence of our setup that the quantum jump is
detected. Such measurement has been studied as the typ-
ical continuous quantum measurement [40, 56] and also
is experimentally feasible [44-50].

Generalized fluctuation theorem.— We next introduce
the generalized F'T under continuous measurement and
feedback, which is the main result of this Letter. Since
the generalized F'T is the equality concerning the stochas-
tic entropy production ¢ and the stochastic information
gain igc, we need to introduce proper definitions of these
quantities. On the basis of a special class of stochastic
decomposition of Eq. (3), which we name fine unraveling,
both of these quantities can be defined for individual un-
raveled trajectories, which we call fine trajectories. In
the following, we elaborate on these concepts.

As the preliminary step toward defining the fine un-
raveling, we first introduce another unraveling, which we
call standard unraveling. In this unraveling, we mon-
itor the heat-bath dissipation in addition to the orig-
inal continuous measurement of y,11 in Eq. (3). We
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FIG. 2. The illustration of the standard unraveling, the
alternate interaction situation, and the fine unraveling in

[tnv tn+1)'
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here define AN, as the Poisson increment of L,; and
dn+1 as the outcome of the heat-bath monitoring in
[tn,tnt1). We further perform two-time projective mea-
surement at ¢ = 0 and 7, just as in the standard scheme
in stochastic thermodynamics [4, 54]. Here, the two-
time measurement is performed in the diagonalized bases
of the density operators py = >, po(ao) |ao) (ao| and
pr = >, pr(a-)lar) (ar|, and their outcomes are de-
noted as ag and a,, respectively. Thus, the dynamics of
Eq. (3) is decomposed according to the measurement out-
comes 1, = (ag, ar, {yn}N_1,{d,}N_;). We refer to the
unraveled trajectory designated by 1, as the standard
trajectory. We remark that Eq. (3) can be recovered
from the standard unraveling by taking the ensemble av-
erage over the results of the two-time measurement ag, a,
and the heat-bath monitoring {d,}.

The fine unraveling is introduced by the following
two-step transformation from the standard unraveling
(see Fig. 2). We first consider the situation that a
measurement and an interaction with the heat bath
occur alternately every At, and then insert the pro-
jective measurements in the diagonalized bases of pz/:

and at}; "*' right before and after the measurement of
Ynt1, respectively. The diagonalizations are defined

Y. _— Yy —
as p0 = 2o P (bngt) ) (bnga| and oyt =
Denin pY"+1(cpa1) [ens1) (cna1l, and the outcomes of the
inserted measurements before and after the monitoring of

_ Y,
Yn+1 are byy1 and c,q1, respectively. Here, o, "™

" rep-
resents the conditional density operator when the mea-
surement results are Y,,y; in the alternate interaction
situation. Thus, the fine unraveling decomposes Eq. (3)
according to v, and 7., where 7, = ({b,})_,, {c. }2_,)
denotes the outcomes of the inserted projective measure-
ments all together. By taking the ensemble average over
7, along with ag, a,; and {d, }, the fine unraveling repro-
duces the original dynamics of Eq. (3). It should be em-
phasized that these projective measurements do not de-
stroy the measured states at the ensemble average level,
because of their choices of the bases.

For each fine trajectory, we can define both the
stochastic entropy production and the QC-transfer en-
tropy, and derive the generalized FT. The stochastic en-

tropy production is defined as o[, 7] = AS[¢,, 7] +
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FIG. 3. The schematics for the experiment-numerics hybrid
verification method. The verification protocol is composed
of the experimental part, in which the standard trajecto-
ries 1, are sampled, and the numerical calculation part, in
which F[¢);] are calculated, and then their average value is
taken. The average value coincides with the left-hand side of
Eq. (10).

BQW-, m,], where the stochastic heat and stochastic en-
tropy change are defined as follows [22, 70-74]:

N—-1

Q[Q/).,-,ﬂ}} = Z ZANdAdv
n=0 d (8)

ASWT, 777'] =- lin(CL.,—) + hlpo((l()).
The stochastic QC-transfer entropy is then defined as

N-1
iQC['(/JTaﬂ-T] = Z _lnpyn(bn—i-l) + lnpyn_‘—l(cn-&-l)' (9)

n=0

We can confirm that the ensemble averages of the
stochastic quantities (8) and (9) coincide with Egs. (4)
and (5). Based on the foregoing definitions, the general-
ized FT is expressed as

(e7o7iac) = 1, (10)

This equality implies the generalized SL (6) and reveals
the relationship between the entropy production and the
QC-transfer entropy at the trajectory level. See Supple-
mental Material for the full proof of Eq. (10) [75].

Protocol of the hybrid method.— Although the direct
realization of the fine unraveling in real experiments is
difficult, the generalized FT (Eq. (10)) can be verified
by an experiment-numerics hybrid verification method,
in which the standard trajectories are sampled in an ex-
periment and the auxiliary numerical calculation is per-
formed in a classical computer (Fig. 3). The detection of
the standard trajectories is feasible in real experiments
such as circuit QED [41, 42, 49, 50] and cavity QED
[44, 45]. Then, by the auxiliary numerical calculation,
we can evaluate the left-hand side of Eq. (10). The con-
crete protocol of the hybrid method is as follows:

1. By a real quantum experiment, sample the stan-
dard trajectories.

2. By classical numerical simulation, calculate
Fly, =30 %e"’wﬂ’“]*mcwﬁm] for each

experimentally sampled trajectory ), :

4

(a) Calculate the realization probability P[] by
solving the stochastic Schrodinger equation of
the standard unraveling.

(b) Calculate the dynamics of conditional density

operators pz::‘ and O'tY "1 by solving Eq. (3).

(c) Calculate Py, m;], iqc|[¥r, 7,] and o[, 7/]
for realizable fine trajectories {¢,, 7, }_ with
same 1, by using the solution of (b).

3. Average F[¢;] over all sampled trajectories, which
gives the left-hand side of Eq. (10).

We make a remark on the first step above. In order to
perform the two-time measurement of the standard un-
raveling, we need to know the eigenbases of the initial and
final states pg, p-. The simplest case is that the system is
initially prepared in a Gibbs state and evolves to another
Gibbs state. In this case, the projective measurements
of pp and p, are essentially equivalent to the measure-
ments of the initial and final Hamiltonians, because they
share the same eigenbases. In general cases where we do
not have any prior knowledge about the initial state, we
need to perform quantum state tomography [76] before
we start the feedback protocol. Once the initial state is
known, we can obtain the final state by taking the ensem-
ble average over the sampled trajectories in the hybrid
method. We note that the general two-time measurement
has been investigated and reviewed in Refs. [4, 5, 54, 77]
in detail. See also Refs. [32, 33] for relevant experimental
studies.

We also make some remarks on the second step. While
P[1,;] can be calculated solely from the standard unrav-
eled dynamics, we have to prepare the inserted projec-
tive measurements in order to calculate the quantities
for fine trajectories P[Y., /], iqc[¢-, 7] and o[y, 7.
Since the number of realizable fine trajectories with
Py, ;] # 0 calculated in (c) is finite even in the limit
of At — 0 [75], the exact calculation of F[i.] can be
performed with reasonable numerical cost.

Numerical demonstration of the generalized FT.— To
further support our findings, we have numerically calcu-
lated the fine unraveled dynamics of the two-level system
to verify the generalized FT. We employ the setting that
the population of excited state |1) is reduced by continu-
ous measurement and feedback. The system Hamiltonian
is fixed as H; = wo,, the coherent driving is applied as
h; = €0, coswot, the heat-bath dissipation is represented
by L+ = \/yx0+, and the continuous measurement op-
erator is defined as My = /¥, (|1) (1| + &10) (0] + doy),
where o; denotes the Pauli matrix. We note that if ¢ is
negligible (§ < 1), we can almost certainly decide that
the system is in |1) after the detection of M;. Thus we
apply unitary gate o, right after the detection, in order
to reduce the excited state population. If the detection
occurs at t,, the feedback protocol is realized by apply-
ing the pulse in t,41, which changes the external driv-
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FIG. 4. Numerical verification of the generalized FT. The
average values of e=% and e~ 7'QC for the sampled fine tra-
jectories are plotted. The system parameters are taken as
w=10.3,e=0.04,wo = 0.17, B = 1,7+ = 0.015w{coth (&) F
1}, 9m = v+ + v— and 6 = 0.2. Each data point denotes the
average over 1.0 x 10° trajectories.

ing Hamiltonian as h; = €0, coswot + vd(t — tpy1) with
e~ = g,. By computing ¢ and iqc for individual tra-
jectories, we have verified that the generalized F'T holds.
This is illustrated in Fig. 4, where we can see that (e~7)
increases with 7, implying the violation of the conven-
tional FT (i.e., (e77) # 1).

Summary and outlook.— In this Letter, we have de-
rived the generalized SL (6) and FT (10) in the systems
under quantum jumps with continuous measurement and
feedback. The newly introduced information gain, the
QC-transfer entropy, would play an important role in
quantifying quantum information transfer by sequential
quantum measurements. We have also verified the gen-
eralized FT by numerical simulation and proposed a fea-
sible experiment-numerics hybrid verification method.

We show some future perspectives related to our work.
First, it is important to verify the generalized FT (10)
in real experimental systems by using the experiment-
numerics hybrid verification method. Another interesting
future task is to improve the tightness of the bound in the
generalized SL (6) by introducing other information mea-
sures, as have been done in the classical regime [14, 15]. It
is also intriguing to generalize the F'T under the continu-
ous measurement described by the Gaussian process [78],
which is relevant to various experiments [33, 79-81]. The
Gaussian process measurement is not directly covered by
our quantum-jump detection setup, while we expect that
it is obtained as an appropriate limit of quantum jump
processes [40, 58].

Acknowledgements.—T.Y. is supported by World-
leading Innovative Graduate Study Program for Ma-
terials Research, Industry, and Technology (MERIT-
WINGS) of the University of Tokyo. N.Y. wishes to
thank JST PRESTO No. JPMJPR2119. T.S. is sup-
ported by JSPS KAKENHI Grant Number JP19H05796
and JST, CREST Grant Number JPMJCR20C1, Japan.
T.S. is also supported by Institute of Al and Beyond of

the University of Tokyo.

* yada@noneq.t.u-tokyo.ac.jp

[1] U. Seifert, Rep. Prog. Phys. 75, 126001 (2012).

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

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

[4] K. Funo, M. Ueda, and T. Sagawa, in Thermodynamics
in the Quantum Regime (Springer, 2018) pp. 249-273.

[5] G. T. Landi and M. Paternostro, Rev. Mod. Phys. 93,
035008 (2021).

[6] S. Ciliberto, Phys. Rev. X 7, 021051 (2017).

[7] H. Leff and A. F. Rex, Mazwell’s Demon 2 Entropy, Clas-
sical and Quantum Information, Computing (Princeton
University Press, Princeton, NJ, 2003).

[8] J. M. Parrondo, J. M. Horowitz, and T. Sagawa, Nat.
Phys. 11, 131 (2015).

[9] T. Sagawa, Thermodynamics of Information Processing
in Small Systems (Springer, 2012).

[10] T. Sagawa and M. Ueda, Phys. Rev. Lett. 104, 090602
(2010).

[11] T. Sagawa and M. Ueda, Phys. Rev. Lett. 109, 180602
(2012).

[12] T. Sagawa and M. Ueda, Phys. Rev. E 85, 021104 (2012).

[13] S. Ito and T. Sagawa, Phys. Rev. Lett. 111, 180603
(2013).

[14] S. Ito, Information thermodynamics on causal networks
and its application to biochemical signal transduction
(Springer, 2016).

[15] S. Ito, Sci. Rep. 6, 1 (2016).

[16] N. Shiraishi and T. Sagawa, Phys. Rev. E 91, 012130
(2015).

[17] J. M. Horowitz and M. Esposito, Phys. Rev. X 4, 031015
(2014).

[18] J. M. Horowitz and H. Sandberg, New J. Phys. 16,
125007 (2014).

[19] D. Hartich, A. C. Barato, and U. Seifert, J. Stat. Mech.
, P02016 (2014).

[20] T. Sagawa and M. Ueda, Phys. Rev. Lett. 100, 080403
(2008).

[21] K. Funo, Y. Watanabe, and M. Ueda, Phys. Rev. E 88,
052121 (2013).

[22] Z. Gong, Y. Ashida,
012107 (2016).

[23] Y. Murashita, Z. Gong, Y. Ashida, and M. Ueda, Phys.
Rev. A 96, 043840 (2017).

[24] K. Funo, Y. Murashita, and M. Ueda, New J. Phys. 17,
075005 (2015).

[25] P. Strasberg, G. Schaller, T. Brandes, and M. Esposito,
Phys. Rev. E 88, 062107 (2013).

[26] P. Strasberg, Phys. Rev. E 100, 022127 (2019).

[27] S. Toyabe, T. Sagawa, M. Ueda, E. Muneyuki, and
M. Sano, Nat. Phys. 6, 988 (2010).

[28] E. Roldén, 1. A. Martinez, J. M. Parrondo, and
D. Petrov, Nat. Phys. 10, 457 (2014).

[29] J. V. Koski, V. F. Maisi, T. Sagawa, and J. P. Pekola,
Phys. Rev. Lett. 113, 030601 (2014).

[30] M. D. Vidrighin, O. Dahlsten, M. Barbieri, M. S. Kim,
V. Vedral, and I. A. Walmsley, Phys. Rev. Lett. 116,

and M. Ueda, Phys. Rev. A 94,


mailto:yada@noneq.t.u-tokyo.ac.jp

050401 (2016).

[31] N. Cottet, S. Jezouin, L. Bretheau, P. Campagne-Ibarcq,
Q. Ficheux, J. Anders, A. Auffeves, R. Azouit, P. Rou-
chon, and B. Huard, Proc. Natl. Acad. Sci. USA 114,
7561 (2017).

[32] Y. Masuyama, K. Funo, Y. Murashita, A. Noguchi,
S. Kono, Y. Tabuchi, R. Yamazaki, M. Ueda, and
Y. Nakamura, Nat. Commun. 9, 1 (2018).

[33] M. Naghiloo, J. J. Alonso, A. Romito, E. Lutz, and
K. W. Murch, Phys. Rev. Lett. 121, 030604 (2018).

[34] M. Campisi, P. Talkner, and P. Hanggi, Phys. Rev. Lett.
105, 140601 (2010).

[35] G. T. Landi, M. Paternostro, and A. Belenchia, Phys.
Rev. X Quantum 3, 010303 (2022).

[36] A. Belenchia, M. Paternostro, and G. T. Landi,
arXiv:2105.12518 [quant-ph] (2021).

[37] K. Zhang, X. Wang, Q. Zeng,
arXiv:2105.06419 [quant-ph] (2021).

[38] A. Belenchia, L. Mancino, G. T. Landi, and M. Pater-
nostro, NPJ Quantum Inf. 6, 1 (2020).

[39] M. Rossi, L. Mancino, G. T. Landi, M. Paternostro,
A. Schliesser, and A. Belenchia, Phys. Rev. Lett. 125,
080601 (2020).

[40] H. M. Wiseman and G. J. Milburn, Quantum measure-
ment and control (Cambridge University Press, 2009).

[41] K. L. Viisanen, S. Suomela, S. Gasparinetti, O.-P. Saira,
J. Ankerhold, and J. P. Pekola, New J. Phys. 17, 055014

and J. Wang,

(2015).

[42] B. Karimi and J. P. Pekola, Phys. Rev. Lett. 124, 170601
(2020).

[43] J. P. Pekola and B. Karimi, Phys. Rev. X 12, 011026
(2022).

[44] C. Guerlin, J. Bernu, S. Deleglise, C. Sayrin, S. Gleyzes,
S. Kuhr, M. Brune, J.-M. Raimond, and S. Haroche,
Nature 448, 889 (2007).

[45] S. Deleglise, I. Dotsenko, C. Sayrin, J. Bernu, M. Brune,
J.-M. Raimond, and S. Haroche, Nature 455, 510 (2008).

[46] A. Hofmann, V. F. Maisi, C. Gold, T. Krahenmann,
C. Réssler, J. Basset, P. Méarki, C. Reichl, W. Wegschei-
der, K. Ensslin, and T. Thn, Phys. Rev. Lett. 117, 206803
(2016).

[47] A.Kurzmann, P. Stegmann, J. Kerski, R. Schott, A. Lud-
wig, A. D. Wieck, J. Konig, A. Lorke, and M. Geller,
Phys. Rev. Lett. 122, 247403 (2019).

[48] Z. K. Minev, S. O. Mundhada, S. Shankar, P. Reinhold,
R. Gutiérrez-Jauregui, R. J. Schoelkopf, M. Mirrahimi,
H. J. Carmichael, and M. H. Devoret, Nature 570, 200
(2019).

[49] S. Gasparinetti, K. L. Viisanen, O.-P. Saira, T. Faivre,
M. Arzeo, M. Meschke, and J. P. Pekola, Phys. Rev.
Appl. 3, 014007 (2015).

[50] B. Karimi, F. Brange, P. Samuelsson, and J. P. Pekola,
Nat. Commun. 11, 1 (2020).

[61] H. J. Groenewold, Int. J. Theor. Phys. 4, 327 (1971).

[62] M. Ozawa, J. Math. Phys. 27, 759 (1986).

[63] F. Buscemi, M. Hayashi, and M. Horodecki, Phys. Rev.

Lett. 100, 210504 (2008).

[64] T. Sagawa, in Lectures on quantum computing, thermo-
dynamics and statistical physics (World Scientific, 2013)
pp. 125-190.

[55] T. Schreiber, Phys. Rev. Lett. 85, 461 (2000).

[56] H.-P. Breuer, F. Petruccione, et al., The theory of open
quantum systems (Oxford University Press on Demand,
2002).

[67] T. Albash, S. Boixo, D. A. Lidar, and P. Zanardi, New
J. Phys. 14, 123016 (2012).

[58] H. M. Wiseman and G. J. Milburn, Phys. Rev. A 47,
1652 (1993).

[59] G. Bulnes Cuetara, M. Esposito, and G. Schaller, En-
tropy 18, 447 (2016).

[60] H. J. Carmichael, Statistical methods in quantum optics
1: master equations and Fokker-Planck equations, Vol. 1
(Springer Science & Business Media, 1999).

[61] M. Silaev, T. T. Heikkild, and P. Virtanen, Phys. Rev.
E 90, 022103 (2014).

[62] F. Liu, Phys. Rev. E 89, 042122 (2014).

[63] K. Szczygielski, D. Gelbwaser-Klimovsky, and R. Alicki,
Phys. Rev. E 87, 012120 (2013).

[64] G. B. Cuetara, A. Engel, and M. Esposito, New J. Phys.
17, 055002 (2015).

[65] G. Schaller, Open quantum systems far from equilibrium,
Vol. 881 (Springer, 2014).

[66] K. Ptaszynski and M. Esposito, Phys. Rev. Lett. 122,
150603 (2019).

[67] A. Winter, Commun. Math. Phys. 244, 157 (2004).

[68] M. M Wilde, P. Hayden, F. Buscemi, and M.-H. Hsieh,
J. Phys. A Math. Theor. 45, 453001 (2012).

[69] M. Berta, J. M. Renes, and M. M. Wilde, IEEE Trans.
Inf. Theory 60, 7987 (2014).

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

[71] J. M. Horowitz and J. M. Parrondo, New J. Phys. 15,
085028 (2013).

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

[73] F. Liu, Phys. Rev. E 93, 012127 (2016).

[74] G. Manzano and R. Zambrini, arXiv:2112.02019 [quant-
ph] (2021).

[75] See Supplemental Material for details.

[76] M. A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press,
2000).

[77] G. Manzano, J. M. Horowitz, and J. M. R. Parrondo,
Phys. Rev. X 8, 031037 (2018).

[78] K. Jacobs and D. A. Steck, Contemp. Phys. 47, 279
(2006).

[79] R. Vijay, C. Macklin, D. Slichter, S. Weber, K. Murch,
R. Naik, A. N. Korotkov, and I. Siddiqi, Nature 490, 77
(2012).

[80] P. Campagne-Ibarcq, S. Jezouin, N. Cottet, P. Six,
L. Bretheau, F. Mallet, A. Sarlette, P. Rouchon, and
B. Huard, Phys. Rev. Lett. 117, 060502 (2016).

[81] K. Murch, S. Weber, C. Macklin, and I. Siddiqi, Nature
502, 211 (2013).



	Quantum Fluctuation Theorem under Quantum Jumps with Continuous Measurement and Feedback
	Abstract


