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We use a near quantum limited detector to experimentally track individual quantum state trajec-
tories of a driven qubit formed by the hybridization of a waveguide cavity and a transmon circuit.
For each measured quantum coherent trajectory, we separately identify energy changes of the qubit
as heat and work, and verify the first law of thermodynamics for an open quantum system. We
further establish the consistency of these results by comparison with the master equation approach
and the two-projective-measurement scheme, both for open and closed dynamics, with the help of a
quantum feedback loop that compensates for the exchanged heat and effectively isolates the qubit.

Continuous measurement of a quantum bit can be used
to track individual trajectories of its state. Due to the
intrinsic quantum fluctuations of a detector, measure-
ment is an inherently stochastic process [1]. If a quan-
tum system starts in a given state, then by accurately
monitoring the fluctuations of the detector, it is pos-
sible to reconstruct single quantum trajectories, which
describe the evolution of the quantum state conditioned
to the measurement outcome [1]. The idea of quantum
trajectories made its transition from a theoretical tool
(unraveling) to simulate open quantum systems [2] to a
physically accessible quantity with the experimental abil-
ity of tracking these trajectories in optical [3, 1] and more
recently in solid state [5, 6] systems. Continuous monitor-
ing of superconducting qubits has, for example, enabled
continuous feedback control [7-9], the determination of
weak values [10-12], and the production of deterministic
entanglement [13, 14]. In view of their ability to com-
bine quantum trajectory monitoring with external uni-
tary driving, these superconducting devices additionally
offer a unique platform to explore energy exchanges and
thermodynamics along single quantum trajectories.

The laws of thermodynamics classify energy changes
for macroscopic systems as work performed by external
driving and heat exchanged with the environment [15]. In
past decades, these principles have been successfully ex-
tended to the level of classical trajectories to account for
thermal fluctuations [16]. By providing a theoretical and
experimental framework for determining work and heat
along individual trajectories, stochastic thermodynamics
has paved the way for the study of the energetics of micro-
scopic systems, from colloidal particles to enzymes and
molecular motors [17, 18]. The further generalization of
thermodynamics to include quantum fluctuations faces
unique challenges, ranging from the proper identification
of heat and work to the clarification of the role of co-
herence [19-22]. Quantum heat is commonly associated

with the nonunitary part of the dynamics [23-25], carry-
ing over the classical notion of energy exchanged with the
surroundings. This definition has recently been extended
to the level of single discrete quantum jumps [26-31] and
to individual continuous quantum trajectories [32, 33].
Other definitions of quantum work and heat have been
put forward, for instance based on the single shot ap-
proach [34, 35], resource theory [30, 37] or path integrals
[38]. This diversity of theoretical approaches emphasizes
the crucial importance of an experimental study.

We here report the measurement of work and heat as-
sociated with unitary and non-unitary dynamics along
single quantum trajectories of a superconducting qubit.
The qubit evolves under continuous unitary evolution
and is only weakly coupled to the detector. As a re-
sult, information about its state may be inferred from the
measured signal without projecting it into eigenstates.
This system might thus generically be in coherent su-
perpositions of energy eigenstates. We show that the
measured heat and work are consistent with the first law
and prove the agreement with both the two-projective-
measurement (TPM) scheme [39] and the master equa-
tion approach [23-25]. We finally establish the corre-
spondence with the TPM work in the unitary limit by
employing a phase-locking quantum feedback loop that
effectively compensates for the heat.

Heat and work along quantum trajectories. In macro-
scopic thermodynamics, work performed on a thermally
isolated system is defined as the variation of internal en-
ergy, W = AU [15]. According to the first law, heat
is given by the difference, Q = AU — W, for systems
that are not isolated [15]. Thermal isolation is thus es-
sential to distinguish heat from work. At the quantum
level, identifying heat and work is more involved, because
quantum systems do not necessarily occupy definite en-
ergy states. Energy changes are usually defined in terms
of transition probabilities between energy eigenstates ob-



tained via projective measurements at the beginning and
end of a process in the TPM scheme [39]. For a driven
quantum system described by the Hamiltonian Hy, the
distribution of the total energy variation AU is thus [39],

: : m,n ’ﬂ

where PY denote the initial occupation probabilities,
PF, ,, the transition probabilities between initial and fi-
nal eigenvalues EY and E7, of Hy, and 7 the duration
of the driving protocol. This relation has been used to
experimentally determine the work distribution in closed
quantum systems such as NMR, trapped ion, and cold
atom systems [ ], for which AU =W.

However, in open quantum systems, the total energy
change cannot in general be uniquely separated into heat
and work [13]. We consider Markovian open quantum
systems described by a master equation for the density
operator p; of the form [44],
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where £ is a Lindblad dissipator. In this case, the first
law has been written in the usual form, AU = Q + W,
(the bar denotes the ensemble average) with [23-25],

N dpy = [T dH,
Q—/O dttr[dth}, W_/o dttr[pt dt} (3)

As in classical thermodynamics, Q is the energy sup-
plied to the system by the environment and W the work
done by external driving. The above definition of quan-
tum work has been originally introduced by Pusz and
Woronowicz in a C*-algebraic context [15] and recently
applied to individual discrete quantum jumps [26-29].
In our experiment, we examine how quantum heat and
work can be consistently identified for systems whose en-
vironment consists of a continuously coupled quantum
limited detector, an effectively zero temperature reser-
voir [1]. The ability to track quantum state trajectories
enables energy changes to be decomposed separately into
heat and work components [32, 33]. The starting point
of our analysis is that the quantum state evolution con-
sists of both a unitary part and, because of the contin-
uous monitoring, an additional nonunitary component:
the former is again identified as work, the latter as heat,
in analogy to macroscopic thermodynamics [32, 33, 46].
Specifically, for an infinitesimal time interval dt, a change
of the conditional density operator for a single trajec-
tory may be written as dp; = SW|p]dt + dQ[p¢|dt, where
dW(p:] and 6Q|[p4] are superoperators associated with the
respective unitary and nonunitary dynamics [32]. The
tilde here marks quantities that are evaluated in differ-
ent realizations of the experiment, as opposed to quanti-
ties averaged over the possible trajectories. The first law
along a single quantum trajectory p; then reads dU =

SW 4 6Q, with 0W = tr[py_qdH,] and 6Q = tr[H,dpy]
[47]. When integrated over time, the first law reads,
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for each quantum trajectory. Equation (4) is a quantum
extension of the first law of stochastic thermodynamics.
It relates the average change of energy AU with the path-
dependent heat Q and work W. Similarly, we may distin-
guish quantum heat and work contributions to changes
of the transition probabilities [32],

dpmﬂl = 5P712/n + 6P7% no’ (5)

along single quantum trajectories [47].

The consistency of the decompositions (4) and (5) may
be established in three independent ways: (i) the to-
tal energy change along a trajectory, AU = > dU, and
the total transition probability, Py, =Y APy, may be
compared to the TPM approach [ ], (i) the stochastic
heat and work contributions (4) may be compared to the
mean quantities (3) after averaging over stochastic and
quantum fluctuations, and finally, (i) the work (4) along
a trajectory may be directly compared to the TPM result
(1) in the unitary limit when heat vanishes. In that case,
AU =AU = EJ, — EQ =W [47].

Ezxperimental set-up. The qubit is realized by the near-
resonant interaction of a transmon circuit [48] and a three
dimensional aluminum cavity [19] capacitively coupled
to a 50  transmission line. Resonant coupling between
the circuit and cavity results in an effective qubit which
is described by the Hamiltonian, Hy, = —hwqo./2, and
depicted in Fig. 1la. The radiative interaction between
the qubit and transmission line is given by the inter-
action Hamiltonian, Hi,, = hy(aos + aTo,), where ~
is the coupling rate between the electromagnetic field
mode corresponding to a (a'), the annihilation (creation)
operator, and the qubit state transitions denoted by
o4+ (0-), the raising (lowering) ladder operator for the
qubit. By virtue of this interaction Hamiltonian, a ho-
modyne measurement along an arbitrary quadrature of
the quantized electromagnetic field of the transmission
line, ae~* + afet*¥, results in weak measurement along
the corresponding dipole of the qubit, o e~ 4 o_eti®
[50]. In order to perform work on the qubit, we in-
troduce a classical time-dependent field described by
Hg = hQroy, cos(wqt + @), where wy is the resonance fre-
quency of the qubit and Qg is the Rabi drive frequency.

Homodyne monitoring is performed with a Josephson
parametric amplifier [51, 52] operated in phase-sensitive
mode. We adjust the homodyne detection quadrature
such that the homodyne signal dV; obtained over the time
interval (¢,¢ + dt) provides an indirect signature [53] of
the real part of o_ = (04 + i0y)/2. The detector signal
is given by dV; = /ny(0oz)dt + \/7dXy, where 7 is the
quantum efficiency of the homodyne detection, 7 is the
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FIG. 1. Evaluating heat and work along single quantum trajectories. (a), Schematic of the qubit system, drive, and homodyne
detection. (b), Work (blue), heat (red) and energy (green) along a single trajectory. The discrete timestep resolution is 6t = 20
ns, the smallest compatible with the detection bandwidth (c), The total energy along a single quantum trajectory (green)
compared to the total energy as determined from an ensemble of projective measurements at each time point (circles). The
error bars indicate the standard error of the mean. (d), Projective measurements binned and averaged according to the sum of
the work and heat contributions 13(% + po?o- The error bars indicate the standard error of the mean based on the number of

occurrences (N) for each value of PJY + 1330 (inset).

radiative decay rate, and dX; is a zero-mean Gaussian
random variable with variance dt.

The qubit evolution, given both driven evolution Hg
and homodyne measurement results dV;, is described in
the rotating frame by the stochastic master equation [54],

i i
——[Hrg, pt] dt + Do
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where Dlo_|p = o_poy — 2(040_p + poyo_) and

H[O]p = Op+ pOT — tr[(O + OT) p|p are the dissipation
and jump superoperators, respectively. By taking the
ensemble average, Eq. (6) reduces to a master equation
of the form (2) with dissipator Lp; = yD[o_]p:, which
describes the coupling to a zero-temperature reservoir [1].

We next introduce the experimental protocols to deter-
mine the instantaneous heat and work contributions. We
identify the work contribution dW[p,] with the first (uni-
tary) term in Eq. (6), while the heat contribution §Q[p:]
is associated with the latter two (nonunitary) terms. Ex-
perimentally, we use Eq. (6) to track p from a known
initial state; at each time step, dp; is decomposed into
dW([p:] and 6Q[p:][47]. Although the system could, in
general, exchange energy with the detector in the form of
heat or work, the homodyne measurement in our exper-
iment only induces a zero-mean stochastic back-action,
which guarantees no extra work is done by the detection
process.

Having access to the stochastic heat and work contri-
butions from an individual quantum trajectory, we now
verify the first law in the form of Eqgs. (4) and (5). For
this, we initialize the qubit in the eigenstate n, and then
drive the qubit while collecting the homodyne measure-
ment signal. Figure 1b shows the path-dependent heat
and work contributions, 6Q and W, and the correspond-
ing changes in internal energy dU for a single trajectory
originating in n = 0. After time 7, we utilize the Jaynes-
Cummings nonlinearity readout technique [55] to pro-
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FIG. 2. Comparison of stochastic and average heat and work
quantities. (a), Individual heat and work trajectories @, W
are displayed as transparent red and blue traces. The mean

of these individual trajectories (Q), and (W) are displayed
as dashed lines which are in good agreement with the mean
values from the master equatlon Q@ and W, Eq. (3), solid lines.
(b), Distributions of Q and W at evolution time 7 = 6 [s.

jectively measure the qubit in state m and then repeat
the experiment several times. Using individual heat and
work trajectories we now address the consistency of these
decompositions in three independent ways.

(i) Total energy change—In order to establish the con-
sistency with the TPM scheme [39], we first show in
Fig. 1c the path-dependent total energy variation AU =
Z(SU for a single trajectory and the path-independent
total energy change AU = (hw,) Py, obtained via pro-
jective measurements performed at various intermedi-
ate times [17]. We find that the path-independent en-
ergy changes are in excellent agreement with the energy
changes along a single trajectory. In Fig. 1d we further
compare the path-independent transition probability Fp o
to the sum of the path dependent work and heat contri-
butions, PJ¥, ot PO o, for experiments of variable duration
T =10, 8] us. We again observe very good agreement.



(#i) Correspondence with master equation definitions—
Figure 2 displays the time evolution of the heat Q and
work W along single trajectories, as well as their respec-
tive mean values. The ensemble average of the individual
work (W) and heat (Q) trajectories agrees well with the
the averaged values, @ and W, Eq. (3), thus recovering
the expression by Pusz and Woronowicz [15] at the level
of unraveled quantum trajectories. In addition, the in-
dividual trajectories allows examination of the heat and
work distributions (Fig. 2b) at each timestep.

(iti) The wunitary limit—We finally show correspon-
dence of the quantum trajectory work W and the TPM
work, W = ET — EY for a single realization by experi-
mentally isolating the system with a quantum feedback
loop [1]. The essence of feedback is to compensate for
the effect of the detector 6Q[p;] by adjusting the Hamilto-
nian at each timestep, thus making the system effectively
closed. The dynamics of the system is then simply de-
scribed by unitary evolution where only the work éW|p;]
contributes to changes in the state. In order to imple-
ment feedback, we adapt the phase-locked loop protocol
introduced in Ref. [7]. This is achieved by multiplying
the homodyne measurement signal with a reference oscil-
lator of the form A[sin(Qrt+ ¢) + B] yielding a feedback
control, Qp = /n(cos(Qt + ¢) — 1)dV;/dt, that modu-
lates the Rabi frequency of the qubit drive. The detector
heat exchange is eliminated by applying additional work,
SWr([pi] = (i/h)[2roy cos(wqt + @), pe]-

Figure 3a shows the instantaneous feedback work,
SWp = Fuwqtr [=10Wg[p¢]] dt (with II,, the projec-
tor onto eigenstate m), together with the corresponding
instantaneous heat, 6Q = fiwytr [[L,,=10Q[p:]] dt, along
a trajectory for a quantum efficiency of 35%. We ob-
serve that the feedback partially cancels the heat at each
point in time. The anti-correlation between the instan-
taneous feedback and heat contributions depicted in Fig-
ure 3b confirms that the feedback loop compensates for
exchanged heat at each timestep. In addition, by av-
eraging the heat and work contributions to the transi-
tion probability over many iterations of the experiment
(Fig. 3c), we clearly see how feedback works toward can-
celing the heat on average. Similarly, at the level of single
trajectories, the total transition probability may be writ-
ten as 15;%” = P,‘;Vn + Pf,{n + 1571];”, with the work contri-
bution from feedback PZ . Figure 3d shows the transi-
tion probabilities 15(% Versus ]580 + P(f o- By comparing
the transition probabilities with and without feedback,
we observe a significantly reduced heat contribution.

In the presence of the quantum feedback loop we can
decompose the instantaneous work along trajectories into
work imparted by the feedback and work associated with
the driving protocol, 6W. In the absence of the feed-
back loop, the quantum dynamics of the qubit are given
by work 6W[5;] and heat 6Q[p;] superoperators; the heat
changes the state, causing the observed §W to differ from
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FIG. 3. Quantum feedback loop. (a), Instantaneous heat and
feedback work along a single trajectory. The feedback work
has been time shifted by 20 ns to account for the time de-
lay in the feedback circuit. The anti-correlation (r = —0.68)
of heat and feedback work is evident in the scatter plot (b).
(c), Average of the instantaneous contribution of heat and
feedback to the transition probability for 10* experimental it-
erations. (d), Parametric plot of PJ% versus 150(?0 (red) and

Ij’(f 0+ Q (blue) showing how the feedback cancels the heat, nar-
rowing and shifting the distribution toward zero for 7 = 6 us.

the case of closed unitary evolution, §W,. With the feed-
back loop, the heat contribution is compensated at each
timestep causing the instantaneous work W to match
the expected unitary work 6W,. Figure 4 displays 6W
for a single quantum trajectory in the presence of feed-
back (blue) and for a different trajectory in the absence
of feedback (red) compared to the expected unitary work
dW, (green). Figure 4b,c show that in the presence of
feedback the work is more closely correlated with the
unitary work, with the correlation only limited by the
efficiency of the feedback loop [17]. In the limit of unit
quantum efficiency and null loop delay, a feedback loop
could exactly compensate for the exchanged heat [47].

Conclusions. The field of quantum thermodynamics
strives to understand heat and work at the level of single
energy quanta where coherence and measurement back-
action play a leading role in the energy dynamics. Our
study has explored how individual quantum coherent tra-
jectories can be used to identify heat and work exchanged
with a detector. In contrast to classical detectors, heat
exchanged with (zero-temperature) quantum detectors is
not negligible; this heat thus needs to be included in
the energy balance in addition to heat flows to (finite-
temperature) heat baths. Our findings are therefore cru-
cial for future experimental and theoretical studies in
quantum thermodynamics [56] at the single trajectory
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FIG. 4. Work along trajectories with and without feedback.
(a), the instantaneous work dW along a single trajectory in
the presence of feedback (blue) and the open loop configu-
ration (no feedback) (red) is compared to the calculated in-
stantaneous work expected for pure unitary evolution (green).
(b, c), The correlation between the instantaneous work SW
and the work for a unitary evolution along a quantum trajec-
tory. The linear regression fit (black lines) show correlation
(slope 0.44, estimated error 0.03) when the feedback loop is
employed, and no correlation in the open loop configuration
(slope 0.007, estimated error 0.04).

level.
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