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We put forward the concept of work extraction from thermal noise by phase-sensitive (homodyne)
measurements of the noisy input followed by (outcome-dependent) unitary manipulations of the
postmeasured state. For optimized measurements, noise input with more than one quantum on average
is shown to yield heat-to-work conversion with efficiency and power that grow with the mean number of
input quanta, the efficiency and the inverse temperature of the detector. This protocol is shown to be
advantageous compared to common models of information and heat engines.
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Introduction.—The highest entropy at a given energy
pertains to thermal noise, which is a ubiquitous form of
energy in the Universe [1]. Since work [2,3] is an “ordered”
form of energy, delivered without entropy change [4–8], a
thermal ensemble of oscillators stores heat but not work.
Here,we propose an efficientway to harness such ensembles
for fast performance of usefulwork. Classically, the protocol
appears to be straightforward: impulsively observe the phase
and amplitude of each oscillator (via two “snapshots” at a
chosen time interval), wait until it is in full swing, then let it
discharge its stored work [Fig. 1(a)]. Yet, what is the
quantum mechanical (QM) counterpart of this protocol?
Any noisy ensemble of QM harmonic oscillators at a given
frequency (mode) forms a random distribution of coherent
states. Therefore, our QM protocol invokes homodyne
measurements [1,9–16] optimized to approximately reveal
a coherent-state component of the random distribution and
thereby sample the quadratures of the oscillator field within
the uncertainty-limit accuracy. We show that unitary manip-
ulations of the postmeasured state that are determined by the
measurement outcome can yield heat-to-work conversion at
an efficiency that grows with input temperature.
This protocol introduces the concept of exploiting

randomly distributed, noncommuting, continuous variables
as thermodynamic resources for work extraction by esti-
mating their quadrature values at minimal energy cost. We
dub the concept “work by observation and feedforward”
(WOF).
WOF engine principles.—We consider an input state of a

harmonic oscillator, e.g., a single electromagnetic field
mode, whose phase-space distribution falls off monoton-
ically and isotropically from its zero-energy (vacuum)
origin [9,11], as in the case of the Gaussian thermal state.
Such a QM state, dubbed “passive” [4], is incapable of
delivering work by unitary transformations. It must be

rendered nonpassive to allow for subsequent work extrac-
tion from its stored work (alias ergotropy) by a unitary
process [5–7,17–22] [see Supplemental Material (SM),
I [23] ]. A standard homodyne measurement can transform
this passive state into a nonpassive coherent state by mixing
it with a much stronger, coherent, local oscillator (LO) [9–
14]. Yet, to extract maximal work, the measurement should
consume as little energy as possible. How can this be
achieved?
To this end, we propose a nonstandard homodyne

measurement that only probes a split-off small fraction
of the thermal input field by mixing it with an LO as weak
as this fraction [Fig. 1(b)]. This measurement yields
quadrature values of the field with optimal trade-off
between energy cost and precision. The measurement
outcome serves to determine the unitary operations that
extract maximal work from the postmeasured output: a
“downshift” (displacement) toward the zero-energy origin,
supplemented by “unsqueezing” [Fig. 1(c)]. The downshift
can be realized by adjusting the transmissivity and phase
delay of a beam splitter (or an amplitude-phase modulator)
according to the outcome. The output-field quadratures are
then shifted by this beam splitter to make the output
constructively interfere with the coherent field in the
working mode [Figs. 2(a) and 2(b)]. For n̄ ≫ 1, n̄ being
the mean number of input quanta, nearly the entire energy
of the thermal ensemble is shown to be extractable as work,
with efficiency 1 −Oð1= ffiffiffī

n
p Þ, by a single optimized

homodyne measurement. The energy cost that may limit
the WOF efficiency is accounted for, the fundamental cost
being the detector-record erasure (resetting) cost [26–31].
The WOF scheme is feasible and conceptually simple

[Fig. 1(c), Figs. 2(a) and 2(b)]. It is shown to be advanta-
geous compared to Szilard or Maxwell-demon information
engines based on binary measurements of discrete variables
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[32–44]. It can also outperform common models of heat
engines that exploit the same resources (see “Discussion”).
Work extraction and its bounds.—Any single-mode

input state can be represented as ϱ̂ ¼ R R
PðαÞjαihαjd2α,

P, being the Glauber-Sudarshan distribution function of
coherent states jαi with complex amplitudes α [11–14]. Let
us first consider a coherent-state component jαi of the input
distribution [Fig. 1(b)]. After the 0th beam splitter (BS0)
with high transmissivity κ, the state jκαi is transmitted and
the state j

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − κ2

p
αi (that has a much smaller amplitude) is

reflected (split off) toward the homodyne detectors. These
detectors serve for estimating the quadrature operators x̂
and p̂, x̂ ¼ 2−1=2ðâþ â†Þ, and p̂ ¼ −2−1=2iðâ − â†Þ,
where ½â; â†� ¼ 1 (here we set ℏ ¼ ω ¼ 1). To effect the
estimations, the small split-off fractions are superposed at
the detectors with two LOs at the same frequency ω. The
two LOs (originating from a common source) are prepared
by two beam splitters (BS1 and BS2) and a π=2 phase
shifter in coherent states jβi and jiβi with orthogonal
quadrature amplitudes, β chosen to be real numbers [Fig. 1
(b)]. Behind BS1 and BS2, we then have a 4-mode coherent
state jψi¼jγþijγ−ijγ̃þijγ̃−iwith amplitudes γ�¼ð1= ffiffiffi

2
p Þ×

½
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1−κ2=2Þ

p
α�β� and γ̃� ¼ ð1= ffiffiffi

2
p Þ½

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − κ2=2Þ

p
α� iβ�.

The photodetection of states jγ�i and jγ̃�i yields
Poissonian statistics with mean values n̄� ¼ jγ�j2 and

¯̃n� ¼ jγ̃�j2, respectively. A homodyne measurement
[9,11–16] consists of recording photocount differences
between the two pairs of detectors: Δnx ≡ nþ − n− and
Δnp ≡ ñþ − ñ−. These Δnx and Δnp carry information on
the quadrature eigenvalues x and p, since n̄� and ¯̃n� and
their variances depend on α¼ð1= ffiffiffi

2
p ÞðxþipÞ (SM, II [23]).

The probability distribution for Δnx and Δnp, on condi-
tion that the input state was jαi, PðΔnx;ΔnpjαÞ ¼
PðΔnxjαÞPðΔnpjαÞ, can be inverted by means of the
Bayes rule. The postmeasurement state conditional on
Δnx and Δnp that characterizes the unmeasured (trans-
mitted) part of the output for any distribution PðαÞ then has
the form

ϱ̂ðΔnx;ΔnpÞ ¼
1

κ2

Z Z
P

�
α

κ

����Δnx;Δnp
�
jαihαjd2α: ð1Þ

We start from a thermal state with Gaussian PðαÞ, but the
resulting state is in general a nonpassive state (unless
Δnx ¼ Δnp ¼ 0) [Fig. 1(c)].
The measured Δnx and Δnp determine the required

downshift (displacement) of the output state toward a state
whose mean quadratures are zero. This yields work
extraction in the amount WðΔnx;ΔnpÞ (SM, II [23]).
The mean work obtained following such displacement
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FIG. 1. (a) Work extraction by snapshots (1, 2) from a random ensemble of pendula. (b) WOF scheme for a thermal mixture of
coherent states jαi). A homodyne measurement (see text) is performed on the reflected, weak part of the input superposed with a
(comparably weak) local oscillator (LO) to optimally estimate the quadratures x and p. The result is used to adjust the output to
constructively interfere with the LO and thereby downshift it to extract work. (c) A thermal mixture of coherent states is transformed by
the measurement to a displaced, squeezed (slightly non-Gaussian) state. Work is extracted by displacement and unsqueezing to a state
with much less energy than the postmeasured state.
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but ignoring the resetting cost of the detectors (considered
below) can be found by averaging WðΔnx;ΔnpÞ over the
probability distribution PðΔnx;ΔnpÞ and subtracting the
invested mean energy of the two orthogonal-quadrature
LOs 2ℏωβ2 to yield the mean work

W ¼
X
Δnx

X
Δnx

WðΔnx;ΔnpÞPðΔnx;ΔnpÞ − 2ℏωβ2: ð2Þ

Under the Gaussian approximation (SM, II [23]), one can
analytically maximize this extractable mean work with
respect to the BS0 transmissivity κ and the intensity β2 of

the LO. This maximization of the mean work in Eq. (2)
yields (SM, III [23])

Wmax ≈ ℏωð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n̄ −

ffiffiffī
n

p þ 1

q
− 1Þ

2
�
1 −

1ffiffiffī
n

p
�
: ð3Þ

Equation (3) indicates that mean work extraction
(Wmax > 0) by WOF requires thermal input with n̄ > 1.
For n̄ ≫ 1, the optimal LO β2 ∼

ffiffiffī
n

p
is much weaker than

the input signal, the opposite of standard homodyning
[9,11].
A displacement transformation that maximally down-

shifts the postmeasured state in energy does not fully
extract the work from it, since the downshifted state is
generally not passive and still keeps work capacity (ergo-
tropy; see SM, I [23]). To extract more work, we can apply
an “unsqueezing transformation” (by a Kerr medium
[12–14]) to the downshifted state that is centered at the
origin, with hxi ¼ hpi ¼ 0. This state has a mean energy of
E0 ¼ ðℏω=2Þðhx̂2i þ hp̂2iÞ ¼ ðℏω=2ÞðVþ þ V−Þ, where
V� are the eigenvalues of the variance matrix of x̂ and
p̂ (SM, IV [23]). The minimal energy state attainable by
unsqueezing has the energy Emin ¼ ℏω

ffiffiffiffiffiffiffiffiffiffiffiffiffi
VþV−

p
with

Vþ ¼ V−. Upon averaging the work extractable by
unsqueezing, WUSðΔnx;ΔnpÞ ¼ E0 − Emin, over all mea-
sured values of Δnx and Δnx, we find that the work in
Eq. (2) increases on account of WUS by 18% for n̄ ¼ 2,
12% for n̄ ¼ 5, and so on: WUS only matters for small n̄
(SM, IV [23]).
Hence, at high temperature (n̄ ≫ 1), the maximal work

extraction from an input with mean energy Ein ¼ ℏωn̄
coincides with the work by displacement in Eq. (3), which
reduces to

Wmax ≈ ℏω

�
n̄ − 4

ffiffiffī
n

p þ 6þO

�
1ffiffiffī
n

p ;
1

n̄

��
: ð4Þ

The 4ℏω
ffiffiffī
n

p
cost is the sum of the LO energy ELO ≈ ℏω

ffiffiffī
n

p
,

the input energy fractions absorbed by the detectors
Eabs ≈ ℏω

ffiffiffī
n

p
, and the remaining (unexploited) output

energy Erem ≈ 2ℏω
ffiffiffī
n

p
. This Erem corresponds to the

(typically thermal) output fluctuations and reflects the fact
that our approximate measurement prepares a mixed state
that cannot be unitarily transformed to the vacuum state.
The process outlined above can be iterated to exploit

Erem for more work extraction and higher efficiency, taking

at the kth step EðkÞ
rem ¼ ℏωn̄k ¼ 2ℏω

ffiffiffiffiffiffiffiffiffi
n̄k−1

p
for k ¼ 1;…; N.

We should stop the N iterations for n̄k just barely above 1,
at which point only negligible work is added,

WðkÞ
ðmaxÞ ≈ ℏωðn̄k − 1Þ3=32. Practically, these iterations do

not significantly increase the work output (SM, III [23]).
To sustain WOF operation, we must reset the detectors

after each work-extraction step. The energy cost of such
resetting [26–31], Qreset, sets the fundamental threshold of

FIG. 2. (a) Energy balance of the WOF scheme. The passive
input state has mean energy Ein ¼ ℏωn̄; the local oscillators (LO)
have mean energy ELO ¼ 2ℏωβ2. The detectors absorb energy
Edet. W is extracted by the displacement and unsqueezing of the
unmeasured main fraction of the input. The remaining energy
Erem (orange) is unexploitable as work. Work change: green; heat
exchange: red. (b) Work extraction by beam-splitter transmittance
and phase-shift changes causing constructive interference of the
output with the coherent working mode. Orange arrow: remain-
ing (typically thermal) passive output. (c) WOF efficiency as

function of Log10n̄ [Eq. (5)]: the bound ηð1Þmax (blue) and actual η
for different κD and scaled detector temperatures TD ↔
kBTD=ℏω (green solid, dashed dot, dotted, and dashed). The
red lines show Qreset=Ein for the same parameter values as their
green counterparts. Depending on κD, the impact of the resetting
costQreset on the efficiency is seen to be negligible for sufficiently
large n̄. In these plots, the thermal noise in the local oscillator
(LO) and the detectors has mean photon numbers n̄LO ¼ n̄D ¼
0.05 (see SM, V [23]).
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WOF to be Wnet ¼ W −Qreset > 0. Detector resetting to
the initial temperature TD requires a minimal energy
Qreset ¼ IkBTD ln 2, where I is the mean information stored
(in bits) by the detectors (SM, VI [23]). For n̄ ≫ 1,
I ≃ 1

2
lnðn̄=4Þ. Since only a small fraction of the signal is

detected (Δn̄d quanta in SM, VI [23]), Qreset is negligible
compared to the mean input energy Ein ¼ kBT when n̄ ≫ 1
and T ≫ TD. The resetting cost scales much slower (in
orders of magnitude) with n̄ than the work [Fig. 2(c) and
Fig. S8 in SM, VI [23] ].
The WOF efficiency, defined as the ratio of the net work

output to the heat input, is bounded after the first meas-
urement by

η ¼ Wnet

Ein
< ηð1Þmax ¼ Wmax

Ein
: ð5Þ

Equation (5) refers to the fundamental (“internal”) WOF
efficiency η. The heat-to-work conversion threshold is
η > 0. Imperfect photodetector efficiency (κ2D < 1) and
finite temperature (TD > 0) obviously raise this threshold
(SM, V [23]). As seen from Fig. 2(c) (Fig. S8 in SM,
VI [23]), the WOF threshold and efficiency are close to the
maximal bound in Eq. (5) for existing highly efficient and
cold photodetectors [45,46].
Discussion.—We have introduced a simple scheme for

WOF: the hitherto unexplored heat-to-work conversion via
information acquisition on continuous variables of random
(quantum or classical) single-mode fields. The WOF
scheme adheres to the laws of thermodynamics: part of
the thermal input energy is transferred to the working mode
with much less entropy than the input mode; the rest of the
entropy is distributed between the detectors and the
unexploited (remaining) output. WOF can be thought of
as an information-based maser or laser: an amplifier of
coherent signals at the expense of information that allows
the extraction of the quadrature values of a thermal pump
(input). Its efficiency is defined analogously to that of a
laser or maser [12] as the ratio of the output (signal) to the
input (pump) energy.
At the heart of WOF is the ability to estimate the

quadratures at minimal energy cost. Unlike standard
homodyning [9,11,15,16], the local oscillator (LO) and
the measured field are chosen to be small fractions ∼

ffiffiffī
n

p
of

the mean input n̄, optimizing the work-information trade-
off. In order to extract maximal power and work [within the
bounds of Eq. (5)], the WOF protocol duration must only
exceed the resetting time τreset of the detectors to their initial
temperature TD (SM, VI [23]) [47]. In existing photo-
detectors [45,46], τreset ≳ 10 nsec at the cost of ∼10 times
the detected photon energy ℏω. To boost the power, τreset
can be made much shorter than the natural relaxation time
of the excited detector level (or band) by resetting in the
non-Markovian anti-Zeno regime [48–51] at a modest
energy cost ∼ℏ=tC ≪ ℏω, where tC is the correlation
(memory) time of the environment.

Although their principle of operation is completely
different, it is instructive to compare the performance of
WOF and heat engines (HEs) to similar resources. For this,
let us assume that both engines are energized by a hot bath
with the energy Ein ¼ kBTh and the HE cold bath is chosen
to have the energy kBTc ¼ Erem [Eq. (5)] (although Erem
may not be associated with a genuine cold bath). By this
choice, the idealized HE Carnot bound at the reversibility
point ηCarnot ¼ 1 − Tc=Th is formally equated to the hypo-
thetical efficiency bound of WOF had it been reversible,
i.e., free of measurement costs, ηreverse ≡ 1 − Erem=Ein. Yet,
even with this choice, HE and WOF can perform very
differently: HE power production vanishes at the Carnot
bound, and the efficiency bound at the maximal work point
of generic HE can be much lower [52–57] (SM, VIII [23]),

whereas ηreverse is similar to the bound ηð1Þmax of the WOF that

corresponds to maximal work production ηreverse ≃ ηð1Þmax ≃
η ≃ 1 −Oð1= ffiffiffī

n
p Þ for n̄ ≫ 1 [Fig. 2(c)]. In general, there is

an inherent (model-dependent) trade-off between HE
power and efficiency [52–60], since the work and power
production are reduced at excessively short cycles due to
friction or incomplete heat exchange with the heat baths
[52,53]. By contrast, there is no such trade-off in WOF,
where power grows with the process rate provided it is less
than 1=τreset. Therefore, WOF may in principle outperform
common HE with same resources, e.g., the Otto HE (SM,
VIII [23]). A fully quantitative comparison of HE andWOF
is unfeasible since the efficiency and power output of
realistic HEs are generally lower than the theoretical
bounds [52,53,60], partly due to the on- and off-switching
of their coupling to heat baths and to controlling the
adiabatic steps [61–63] whose energy cost must be
accounted for. Likewise, the WOF feedforward cost cannot
be simply estimated (see below).
For a given Ein ¼ kBT ≫ ℏωðn̄ ≫ 1Þ, the upper bounds

on work production efficiency in our WOF scheme may
well surpass those of a Szilard or Maxwell-demon binary
decision engine energized by thermal-noise photodetection
[40], since WOF consumes only a Oð1= ffiffiffī

n
p Þ fraction of the

input, whereas its Szilard counterpart consumes a fraction
comparable to 1 (SM, VII [23]). For T → ∞ (the classical
limit), WOF is at its best, since homodyning then does not
require photon counting but merely snapshots with negli-
gible energy cost. For example, if a thermal ensemble of
classical pendula with mean energy of 1 erg and frequency
of 1 Hz contains n̄ ∼ 1027 (which need not be counted, only
the pendula motion needs to be photographed for WOF),
WOF then has ∼1–10−13 efficiency, which can hardly be
surpassed by other methods! With currently available
detector efficiency κ2D ≳ 0.9 and temperature TD ≲ 1 mK
[45,46], only a few photons, n̄≲ 10, suffice to generate
work output, i.e., a much less noisy signal than the input
[Fig. 2(c)]. The hard lower bound onWnet production is the
Landauer resetting bound (SM, VI [23]). Since the reset
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energy cost is currently ca. tenfold [45,46], n̄≳ 102 practi-
cally ensure η > 0 in Eq. (5).
By definition, all information engines, including WOF,

have technical energy costs of signal processing and the
conversion of this information into physical manipulations
required for feedforward, but these costs are commonly
disregarded [32–44,64–66]. One can treat such technical
costs as extra energy consumption that sets the thres-
hold for “autonomous” WOF. Yet, these thresholds are
strongly setup-dependent and therefore cannot be generally
quantified. Thus, standard photodetection and electro-
optical feedforward techniques can be replaced by all-
optical techniques that may demand much less energy:
(1) quantum-nondemolition photon counting of the signal
by an optical probe in Rydberg polaritonic media [67–71];
(2) output signal processing by unconventional heat-
powered transistors [72–74]; and (3) photorefractive beam
splitters that can control the output quadrature shifts by
signal-pump interference [75].
The WOF scheme is generally applicable to any noisy

source (not only thermal) where homodyning of continuous
variables can be performed, e.g., in ultracold bosonic gases
where homodyning was proposed [76] and demonstrated
[77]. Homodyning is also feasible via photocurrents
induced by signal-pump interference in semiconductors
[78,79] and for phonon fields in acoustic structures [80–
84]. Any such setup allows one to split off a small fraction
of the input field and mix it with a correspondingly weak
coherent LO, thereby yielding work as per Eqs. (3)–(5).
Thus, the proposed WOF may open new paths toward the
exploitation of continuous-variable noise as a source of
useful work in both classical and quantum regimes of
diverse systems.
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