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We apply the quantum jump approach to address the statistics of work in a driven two-level system

coupled to a heat bath. We demonstrate how this question can be analyzed by counting photons absorbed

and emitted by the environment in repeated experiments. We find that the common nonequilibrium

fluctuation relations are satisfied identically. The usual fluctuation-dissipation theorem for linear response

applies for weak dissipation and/or weak drive. We point out qualitative differences between the classical

and quantum regimes.
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The quantum jump (QJ) method, also called the
Monte Carlo wave function technique, was developed in
the early 1990s [1–4]. This development followed a series
of experiments performed in the mid 1980s that reported
the observation of QJs in ions [5–7], in conjunction with
theoretical work concerning the nature of these jumps
[8–10]. Subsequent experiments in quantum optics [11]
have probed QJs associated with the birth and death of
photons in a cavity. Averaging of many individual quantum
trajectories is equivalent to solving the relevant master
equation [3,12,13]. More recently, the QJ method has
also been used to address issues related to measurements
and entropy production in quantum systems [14–18].

In this Letter we propose to use the QJ method as an
efficient means to discuss the problem of determining the
statistics of work in driven quantum systems with dissipa-
tion, currently a topic of intense discussion [19,20]. In
particular, unlike for classical systems [21,22], the full
statistics of work and the resulting nonequilibrium fluctua-
tion relations are still not well established for quantum
systems. We approach the problem by constructing quan-
tum trajectories based on the QJ method, and demonstrate
the validity of nonequilibrium fluctuation relations in a
driven two-level system (qubit) coupled to a dissipative
environment. Using the same technique we discuss the two
lowest moments of work in driven evolution. Figure 1
presents schematically the setup we consider. A two-level
quantum system is driven by a classical source exerting
workW on it. The system is also coupled to a thermal bath,
with which it can exchange heat Q. The dynamics of the
two-level system is determined by the combined action of
the source and the environment.

We start by considering the driven two-level system in
the absence of dissipation, described by the Hamiltonian

HS ¼ �@!0�z=2þ �ðtÞð�þ þ ��Þ; (1)

where �z is a Pauli matrix and �þ ¼ jeihgj and
�� ¼ jgihej are the raising and lowering operators in the
ground jgi–excited jei state basis of the undriven system,

@!0¼Ee�Eg is the energy separation of the two levels,

and �ðtÞ is the drive signal of the source. A normalized
quantum state jc ðtÞi describing this system at arbitrary time
t can always be written as a superposition of the states jgi
and jei: jc ðtÞi¼aðtÞjgiþbðtÞjei with jaðtÞj2þjbðtÞj2¼1.
The infinitesimal time evolution of such a state is governed
by the equation

jc ðtþ �tÞi ¼ ½1� i�tHS=@�jc ðtÞi; (2)

which conserves the normalization.
Next consider the driven two-level system coupled to a

bath with which it can exchange photons of frequency !�.

For definiteness, we assume the system-bath coupling
Hamiltonian HC to have the linear form

HC ¼ X
�

c��þb� þ c��by���: (3)

Suppose that at time t the total system is in a state

jc ðtÞi ¼ ½aðtÞjgi þ bðtÞjei� � j0i; (4)

i.e., the two-level system is in a generic superposition state,
and the bath is in a state without any excess photons. At a
slightly later time tþ �t we have

jc ðtþ �tÞi ¼ jc ð0Þðtþ �tÞi þ jc ð1Þðtþ �tÞi
þ jc ð�1Þðtþ �tÞi; (5)
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FIG. 1 (color online). A quantum two-level system (center)
driven by an external force (left) and coupled to an environment
(right).
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where

jc ð0Þðtþ�tÞi ¼ ½aðtþ �tÞjgi þ bðtþ �tÞjei� � j0i;
(6)

jc ð1Þðtþ �tÞi ¼ X
�

��;þjgi � jn� þ 1i; (7)

jc ð�1Þðtþ �tÞi ¼ X
�

��;�jei � jn� � 1i: (8)

We assumed �t to be short enough that at most one photon
is exchanged with the bath. The various components there-
fore involve only 0, 1, or �1 excess photons �. The
amplitudes ��;� can be obtained using standard time-

dependent perturbation theory with respect to HC; to the
lowest order one finds [23]X
�

j��;þj2 ¼jbðtÞj2�#�t;
X
�

j��;�j2 ¼ jaðtÞj2�"�t; (9)

where

�# ¼ 2�

@

X
�

ðn� þ 1Þjc�j2�ð@!0 � @!�Þ; (10)

�" ¼ 2�

@

X
�

n�jc�j2�ð@!0 � @!�Þ (11)

are the photon emission and absorption rate, respectively.
Here we assume that the time step �t is short compared
to the relevant time scale of the dynamics of the two-
level system, yet long compared to the bath’s correlation
time so that energy conservation is accurate [24]. Note that
�"=�# ¼ e��@!0 (detailed balance), provided the bath

remains in thermal equilibrium at all times, such that
n� ¼ ðe�@!� � 1Þ�1.

In order for jc ðtþ �tÞi [Eq. (5)] to be normalized, we

have to impose hc ð0Þðtþ�tÞjc ð0Þðtþ�tÞi ¼ 1� �p,
where

�p ¼ �t½jaðtÞj2�" þ jbðtÞj2�#�: (12)

This can be achieved by modifying the standard time
evolution into a non-Hermitian one, replacing in Eq. (2)
the Hamiltonian HS by

H ¼ HS � i@�#jeihej=2� i@�"jgihgj=2: (13)

We are now in a position to define the QJ procedure. Let
at time t the system be in the normalized state jc ðtÞi. If no
photon exchange occurs during the time interval �t, it will
be in a state

jc ð0Þðtþ�tÞi ¼ ½1� i�tH=@�jc ðtÞi (14)

at time tþ �t, with norm 1� �p. Hence the normalized

state jc ðtþ�tÞi¼jc ð0Þðtþ�tÞi= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1��p

p
. Should a pho-

ton exchange (a QJ) occur during �t, the normalized state

will be either jc ðtþ �tÞi ¼ jei or jc ðtþ �tÞi ¼ jgi,
depending on whether the photon was absorbed or emitted
by the two-level system. The Monte Carlo procedure con-
sists of choosing a random number � between zero and one.

If � >�p, no QJ occurs, and we take jc ðtþ �tÞi ¼
jc ð0Þðtþ�tÞi= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� �p
p

. If � < �p, a photon is either
emitted with probability jbðtÞj2�#=½jaðtÞj2�" þ jbðtÞj2�#�
[state jc ðtþ�tÞi ¼ jgi] or absorbed with probability
jaðtÞj2�"=½jaðtÞj2�" þ jbðtÞj2�#� [state jc ðtþ �tÞi ¼ jei].
It is easy to show (see the Supplemental Material [25]) that
this procedure is equivalent to the analysis of the usual
master equation for the partial density matrix, defined as
the average of jc ðtÞihc ðtÞj over the bath degrees of free-
dom [12,26]. Moreover, this procedure shows that the
environment not only induces QJs, but also influences
the evolution of the system in between such jumps, where
the dynamics of the amplitudes a and b in the interaction
representation is governed by

i@ _a ¼ e�i!0t�ðtÞbþ i@��jbðtÞj2aðtÞ=2; (15)

i@ _b ¼ ei!0t�ðtÞa� i@��jaðtÞj2bðtÞ=2 (16)

with �� ¼ �# � �".
Figure 2 is a numerical example of the evolution of the

excited state population jhejc ðtÞij2, obtained using the QJ
procedure. At times t < 0 the system is not driven, and it
jumps between the two eigenstates jei and jgi stochasti-
cally, governed by the rates �# and �", and the instanta-

neous populations. In the time interval 0 � !0t=2�< 8,
the system is driven resonantly by the force �ðtÞ ¼ �.
Within this interval, it makes one QJ down jei ! jgi in
this particular realization. Finally, at times !0t=2� � 8,
the drive is absent again, and the collapse (jump to jei) tells
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FIG. 2 (color online). An example of a quantum jump simula-
tion. The environment temperature is�@!0 ¼ 1:0. The amplitude
of the harmonic drive (frequency ! ¼ !0) is �0 ¼ 0:1@!0 and
lasts 8 cycles. The relaxation rate is given by �# ¼ 0:1!0.
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that the system was measured to be in the ground state at
the end of the drive.

We next demonstrate that detecting the photons emitted
and absorbed by calorimetry of the environment serves as a
traditional projective measurement. Suppose that the sys-
tem’s wave function reads jc ðT Þi ¼ aðT Þjgi þ bðT Þjei
at the end of the driving period. The evolution of the
amplitudes at times t�T is governed by Eqs. (15) and
(16) with � ¼ 0, until the first ‘‘guardian’’ photon is
exchanged. During this quiet period, the excited state
population peðtÞ ¼ jbðtÞj2 thus evolves as _pe ¼
���peð1� peÞ. Hence

peðtÞ ¼ ð1þ re��ðt�T ÞÞ�1; (17)

where r ¼ ½1� peðT Þ�=peðT Þ. We can then evaluate the
probability PE that the system is found to be in the excited
state, indicated by the absorption of the guardian photon by
the environment (as opposed to being emitted by the envi-
ronment). Indeed,

PE ¼
Z 1

T
�t�#peðtÞe�

R
t

T
�t0½�"ð1�peðt0ÞÞþ�#peðt0Þ�; (18)

and integrating Eq. (18) after substitution of peðtÞ from
Eq. (17) yields PE ¼ peðT Þ. This intuitive result holds
irrespective of the values of �" and �#; i.e., it is valid at

any temperature of the environment and independent of the
strength and type of the coupling. This is in accordancewith
the result of a projective measurement of the state of a
quantum system.

Based on the interpretation of traces as that in Fig. 2, we
obtain the work for a given realization as follows. We make
two measurements, in the spirit of the two-measurement
protocol that was formerly applied to an isolated driven
system [20,27]: one measurement before the driving pe-
riod, and another one after it. These measurements are
done by the detection of the last photon emitted to the
environment or absorbed by the system to the environment
before the drive and of the first photon after the drive. This
can be realized in practice calorimetrically as proposed in
Ref. [28]. In the example of Fig. 2, (i) the first measure-
ment indicates that the initial state of the system is jgi
(internal energy Ui ¼ Eg), since the last photon before the

application of the force (at!0t=2� ’ �4) was emission by
the system, and (ii) the second measurement shows that the
final state of the system was likewise jgi (internal energy
is Uf ¼ Eg), since the first photon after the drive (at

!0t=2� ’ 14) was absorption by the system. These two
measurements thus tell that the force has not changed the
system internal energyU, i.e.,�U ¼ Uf �Ui ¼ 0 for this

particular realization. (The other possible outcomes would
have been�U ¼ �@!0.) During the drive, heat is released
to or taken from the environment by the QJ events. Again,
in the example of Fig. 2, the one photon emitted by the
system corresponds to assigning heat Q ¼ þ@!0 released
to the environment. The work done by the source is then

W ¼ �UþQ, and equals @!0 for this realization. Our
ultimate task is then to find the distribution of W in
repeated experiments, and to assess the fluctuation rela-
tions and the various moments of W.
We proceed by presenting a systematic method to ana-

lyze the statistics of work and heat under the force protocol
�ðtÞ from the initial time 0 to the final time T . At time
t ¼ 0, the system is supposed to be equilibrated by the heat
bath. As a result it will occupy the ground state with
probability pg ¼ ð1þ e��@!0Þ�1 and the excited state

with probability pe ¼ e��@!0pg. Therefore, to obtain aver-

ages involving W under many repetitions of the protocol
�ðtÞ, two cases should be distinguished. One corresponds
to the case where the protocol is run on the ground state,
the other to the case where the protocol is run on the
excited state. For both cases, the set of possible quantum
trajectories can be represented with the help of a Cayley
tree. The inset of Fig. 2 shows the Cayley tree correspond-
ing to all possible quantum trajectories starting from the
ground state and undergoing one QJ during the driving
period T . Specifically, the trajectory in red is the one
realized during the simulation shown in Fig. 2. The proba-
bility P for such a single photon trajectory starting in the
ground state is given by

P¼pg�#
Z T

0
dtjagðT ; tÞj2e��gðT ;tÞjbgðt;0Þj2e��gðt;0Þ:

(19)

Here bgðt; 0Þ denotes the probability amplitude b at time t

with the ground state bð0Þ ¼ 0 as the initial condition at
t ¼ 0. Similarly, agðT ; tÞ denotes the probability ampli-

tude a at time T with the ground state aðtÞ ¼ 1 as the
initial condition at time t. Here a and b are found by
solving Eqs. (15) and (16). The probability that no photon
is exchanged with the bath is given by the Poisson factor
e��g , where we defined

�g;eðt2; t1Þ¼
Z t2

t1

dt½�"jag;eðt; t1Þj2þ�#jbg;eðt; t1Þj2�: (20)

The total probability P1 for a one-photon process to occur
under the action of the drive is found by summing over all
trajectories for this tree and for the one corresponding to
the initial excited state.
The calculation of averages involving the quantity W is

now immediate. For example, along the trajectory analyzed
abovewe haveW ¼ @!0. This trajectory thus contributes to
hWki as ð@!0ÞkP=P1 and to he��Wi as e��@!0P=P1. The
other trajectories can be analyzed similarly; the extension to
Cayley trees corresponding to arbitrary n-photon processes
is straightforward. In Fig. 3 we show the results of calcu-
lations of the ratio of the two lowest moments ofW as well
as of the quantity he��Wi. The points are obtained with QJ
simulations; the solid lines correspond to a perturbative
solution of Eqs. (15) and (16) for weak dissipation
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(see the Supplemental Material [25]). In the linear response
limit �0 ! 0, we find that the ratio hW2i=@!0hWi !
cothð�@!0=2Þ ’ 1:31, the usual fluctuation-dissipation
result. As �0 is increased, deviations are found from linear
response that are more important for stronger dissipation;
perturbation theory breaks down at relatively low drive
amplitudes.

We now turn to the results for the quantity he��Wi. The
simulations show that within the numerical accuracy this
quantity equals 1 for the parameter range studied here, in
agreement with the celebrated Jarzynski equality (JE)
he��Wi ¼ 1 [21,29]. (Since the drive lasts over an integer
number of periods, the free-energy difference between the
initial and final points vanishes, and the right-hand side of
this equation is indeed expected to be equal to unity.)
Analyzing the Cayley tree trajectories systematically, one
can demonstrate the validity of the JE for the dissipative
driven two-level system studied here (see the Supplemental
Material [25]). The proof is based on the fact that the
quantity he��Wi is equal to the (normalized) total proba-
bility for all the trajectories under the reverse protocol
�RðtÞ ¼ �ðT � tÞ, provided the rates �", �#, as well as

the probabilities pe and pg, satisfy detailed balance. We

like to emphasize that on one hand this proof, based on
reversed trajectories, is analogous to the early one by
Crooks for a classical two-state system obeying detailed
balance for transition rates [30]. Yet the classical dynam-
ics, presenting definite alternating transitions between the
two states, differs from the quantum evolution involving
superposition states, leading to the branching of the trajec-
tories shown by the Cayley trees.

A two-level system driven sinusoidally over a timeT ¼
�=�0 at angular frequency !0 undergoes a so-called �
pulse, ending up into the excited state if it was initially in
the ground state, and vice versa. Figure 4 shows the corre-
sponding work distribution calculated for various rates of
relaxation. Initially the system is in thermal equilibrium.
Figure 4(a) shows the probability distribution function for
vanishing relaxation rate. In this case the work has two
possible values:�@!0 with probability pe, andþ@!0 with
probability pg. Upon increasing the relaxation rate in

Figs. 4(b)–4(d) and 4(f), the probability distribution func-
tion evolves from the ‘‘bimodal’’ one into a more bell-
shaped distribution. For all values of relaxation, the JE is
satisfied within the numerical error; the values obtained by
105 repetitions in each case are indicated in the corre-
sponding panel.
A natural realization of the presented scheme is a super-

conducting phase qubit [31,32] coupled inductively to a
dissipative element, whose temperature can be monitored
in real time in order to perform a calorimetric measurement
[28]. Specifically, one may use a current-biased SQUID,
yielding a two-level system with a typical level spacing of
the order of @!0=kB � 1 K. The rates are given by �# ¼
g2Sðþ!0Þ and �" ¼ g2Sð�!0Þ. The coupling g is propor-

tional to the mutual inductance between the SQUID loop
and the dissipative element; i.e., it is determined by the
geometry of the setup. The noise spectral function Sð�!0Þ
of the resistive element is taken at angular frequency�!0.
For thermal noise, detailed balance between the # , " rates is
obeyed.
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In summary, we have analyzed work in a disipative two-
level quantum system using the quantum jump approach.
The common fluctuation theorem (JE) is shown to be valid,
and we obtain the moments of work distribution in linear
response and beyond. As an illustration, we apply the
method to a qubit driven by a � pulse and we demonstrate
that the model can be realized for instance as a super-
conducting phase qubit.
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U. B. Hoff, M. Brune, J.-M. Raimond, and S. Haroche,
Nature (London) 446, 297 (2007).

[12] C. Presilla, R. Onofrio, and U. Tambini, Ann. Phys. (N.Y.)
248, 95 (1996).

[13] J.-M. Raimond and S. Haroche, Exploring the Quantum
(Oxford University, New York, 2006).

[14] A. N. Korotkov, Phys. Rev. B 60, 5737 (1999).
[15] J. Gambetta, A. Blais, M. Boissonneault, A.A. Houck,

D. I. Schuster, and S.M. Girvin, Phys. Rev. A 77, 012112
(2008).

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

[17] J.M. Horowitz and J.M. R. Parrondo, arXiv:1305.6793.
[18] B. Leggio et al., arXiv:1305.6733.
[19] M. Esposito, U. Harbola, and S. Mukamel, Rev. Mod.

Phys. 81, 1665 (2009).
[20] M. Campisi, P. Hänggi, and P. Talkner, Rev. Mod. Phys.

83, 771 (2011); 83, 1653(E) (2011).
[21] C. Jarzynski, Phys. Rev. Lett. 78, 2690 (1997).
[22] G. E. Crooks, Phys. Rev. E 60, 2721 (1999).
[23] Throughout this Letter, we will work in the limit where the

conditions for the usual Bloch-Redfield approximation
(small relaxation rates and slow response of the two-level
system as compared to the bath’s correlation frequency)
are satisfied.

[24] The numerical results presented in this Letter have been
obtained for !0�t ¼ 2�=100. We explicitly checked that
an increase of this parameter up to !0�t ¼ 2�=3 does not
alter the results significantly.

[25] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.111.093602 for
details of the calculations.

[26] K. Mölmer, Y. Castin, and J. Dalibard, J. Opt. Soc. Am. B
10, 524 (1993).

[27] J. Kurchan, arXiv:cond-mat/0007360.
[28] J. P. Pekola, P. Solinas, A. Shnirman, and D.V. Averin,

arXiv:1212.5808.
[29] Since the qubit response time / 1=�0 for the resonant

drive considered here, we have to restrict ourselves to
relatively weak driving forces in accordance with
Ref. [23]. Deviations from the JE might occur when the
conditions of validity of standard Bloch-Redfield theory
are no longer satisfied.

[30] G. E. Crooks, J. Stat. Phys. 90, 1481 (1998).
[31] J.M. Martinis, S. Nam, J. Aumentado, and C. Urbina,

Phys. Rev. Lett. 89, 117901 (2002).
[32] J. Claudon, F. Balestro, F.W. J. Hekking, and O. Buisson,

Phys. Rev. Lett. 93, 187003 (2004).

PRL 111, 093602 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

30 AUGUST 2013

093602-5

http://dx.doi.org/10.1103/PhysRevLett.68.580
http://dx.doi.org/10.1103/PhysRevLett.68.580
http://dx.doi.org/10.1103/PhysRevA.46.4363
http://dx.doi.org/10.1103/PhysRevA.46.4363
http://dx.doi.org/10.1103/RevModPhys.70.101
http://dx.doi.org/10.1103/RevModPhys.70.101
http://dx.doi.org/10.1103/PhysRevLett.56.2797
http://dx.doi.org/10.1103/PhysRevLett.56.2797
http://dx.doi.org/10.1103/PhysRevLett.57.1696
http://dx.doi.org/10.1103/PhysRevLett.57.1699
http://dx.doi.org/10.1103/PhysRevLett.54.1023
http://dx.doi.org/10.1209/0295-5075/1/9/004
http://dx.doi.org/10.1209/0295-5075/1/9/004
http://dx.doi.org/10.1103/PhysRevA.33.2121
http://dx.doi.org/10.1038/nature05589
http://dx.doi.org/10.1006/aphy.1996.0052
http://dx.doi.org/10.1006/aphy.1996.0052
http://dx.doi.org/10.1103/PhysRevB.60.5737
http://dx.doi.org/10.1103/PhysRevA.77.012112
http://dx.doi.org/10.1103/PhysRevA.77.012112
http://dx.doi.org/10.1103/PhysRevLett.108.220402
http://dx.doi.org/10.1103/PhysRevLett.108.220402
http://arXiv.org/abs/1305.6793
http://arXiv.org/abs/1305.6733
http://dx.doi.org/10.1103/RevModPhys.81.1665
http://dx.doi.org/10.1103/RevModPhys.81.1665
http://dx.doi.org/10.1103/RevModPhys.83.771
http://dx.doi.org/10.1103/RevModPhys.83.771
http://dx.doi.org/10.1103/RevModPhys.83.1653
http://dx.doi.org/10.1103/PhysRevLett.78.2690
http://dx.doi.org/10.1103/PhysRevE.60.2721
http://link.aps.org/supplemental/10.1103/PhysRevLett.111.093602
http://link.aps.org/supplemental/10.1103/PhysRevLett.111.093602
http://dx.doi.org/10.1364/JOSAB.10.000524
http://dx.doi.org/10.1364/JOSAB.10.000524
http://arXiv.org/abs/cond-mat/0007360
http://arXiv.org/abs/1212.5808
http://dx.doi.org/10.1023/A:1023208217925
http://dx.doi.org/10.1103/PhysRevLett.89.117901
http://dx.doi.org/10.1103/PhysRevLett.93.187003

