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demonstrates that circumbinary planets can exist
in habitable zones. Although the definition of the
habitable zone assumes a terrestrial planet at-
mosphere, which does not apply for Kepler-47 c,
large moons, if present, would be interesting
worlds to investigate.

A 0.2% deep transit-like event is present at
time 2,455,977.363 (BJD, barycentric Julian date)
that is not caused by either of the two planets. A
search for additional transits has revealed several
more tentative transit events (12), but we caution
that the star is faint (the Kepler magnitude is
15.178), there are large modulations due to star-
spots, and the data contain correlated “red” noise,
making small, nonperiodic transit detection
challenging. The marginal evidence at present is
insufficient to place confidence on any additional
candidate planet(s).

The primary star is similar to the Sun in both
mass and radius, and dominates the luminosity of
the binary system, having 60 times the bolomet-
ric luminosity of the secondary star (or 176 times
the brightness in the Kepler bandpass). A spec-
troscopic analysis gives an effective temperature
of 5636 T 100 K for the primary star (table S2),
with a metallicity slightly less than solar ([M/H] =
−0.25 T 0.08 dex). The star’s rotation period as
determined from the star-spot modulation in the
light curve (12) is only 4% longer than the orbital
period, suggesting that the spin and orbital an-
gular momenta have been synchronized by tidal
interactions. Supporting this interpretation, the
obliquity of the primary star (the angle between
the spin and orbital axes) must be smaller than
about 20°, based on the observable effects of
the secondary star eclipsing star-spots on the pri-
mary star (12, 18–21). Star-spot crossings also per-
turb the shape and depth of the primary eclipses,
leading to systematic trends in the eclipse times,
and limit the precision with which one can infer
the planets’ masses. In addition, the loss of light
due to star-spots causes eclipses to appear slight-
ly deeper than they would for an unspotted star,
biasing the determination of the stellar and plan-
etary radii too high by a few percent.

With Kepler-47 b and c, six confirmed tran-
siting circumbinary planets are currently known.
Their orbital periods relative to their host binary
stars show no tendency to be in resonance, and
their radii are Saturn-size and smaller. Given that
Jupiter-size planets are easier to detect, their
absence in the Kepler data suggests that the
formation and migration history of circumbinary
planets may disfavor Jupiter-mass planets orbit-
ing close to the stars, in accord with (22).

The planets in Kepler-47 are expected to have
formed much farther out than their present orbits,
at locations where the conditions for the forma-
tion of giant planets are more favorable (9, 10).
The planets have likely migrated to their current
orbits as a result of interactions with the circum-
binary disk. The multiplicity and coplanarity of
the orbits strengthen the argument for a single-
disk formation and a migration scenario for cir-
cumbinary planetary systems. However, unlike

orbits around a single star, the environment around
a binary star is much more dynamic and tends to
augment planet-planet interactions. The relatively
large distance between the orbits of the inner and
outer planets in the Kepler-47 system is consistent
with requirements for dynamical stability (23).

The previously detected transiting circum-
binary planet systems show no evidence for more
than a single planet. The multiplanet nature of
the Kepler-47 system establishes that despite the
chaotic environment around binary stars, plane-
tary systems can form and persist close to the
binary, and invites a broader investigation into
how circumbinary planets compare to planets
and planetary systems around single stars.
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Quantum-Enhanced
Optical-Phase Tracking
Hidehiro Yonezawa,1 Daisuke Nakane,1 Trevor A. Wheatley,1,2,3 Kohjiro Iwasawa,1
Shuntaro Takeda,1 Hajime Arao,1 Kentaro Ohki,4 Koji Tsumura,5 Dominic W. Berry,6,7
Timothy C. Ralph,2,8 Howard M. Wiseman,9* Elanor H. Huntington,2,3 Akira Furusawa1*

Tracking a randomly varying optical phase is a key task in metrology, with applications in
optical communication. The best precision for optical-phase tracking has until now been limited
by the quantum vacuum fluctuations of coherent light. Here, we surpass this coherent-state limit
by using a continuous-wave beam in a phase-squeezed quantum state. Unlike in previous
squeezing-enhanced metrology, restricted to phases with very small variation, the best tracking
precision (for a fixed light intensity) is achieved for a finite degree of squeezing because of
Heisenberg’s uncertainty principle. By optimizing the squeezing, we track the phase with a mean
square error 15 T 4% below the coherent-state limit.

There are many tasks where precise optical
phase estimation is critical, including com-
munication (1, 2) andmetrology (3). Quan-

tum mechanics imposes a fundamental bound on
precision (4–6), and this already limits gravita-
tional wave detection (7–9) and can guarantee se-
curity in quantum cryptography (10). The quantum
limits are determined by optimizing (subject to

constraints) the input quantum state, the quantum
measurement, and the data processing. Much ef-
fort has been devoted to approaching the funda-
mental quantum limits (3, 5, 6).

Phase estimation can be divided into two
kinds (11): phase sensing, where the phase is
known to always lie within some small interval
[e.g., (12)], and general phase estimation, where
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it is not so constrained [e.g., (11)]. In the former
case, when (as in most practical situations) the
field has a large coherent amplitude, the problem
can be linearized in terms of the phase rotation
(7), which greatly simplifies the task of optimizing
the input state and the measurement. By contrast,
in the case of unconstrained phase estimation the
problem cannot be linearized, and as a conse-
quence the optimization problem is considerably
harder (11, 13–22). Although a quantum enhance-
ment of phase sensing using nonclassical states
of light has recently been demonstrated (8, 9), this
has been done for general phase estimation only
with postselected results (11).

We present a demonstration of unconstrained
phase estimation with a quantum enhancement
using nonclassical (squeezed) states.We used homo-
dyne detection, with no postselection of data and
no compensation for losses or detector inefficien-
cy in the system. Moreover, the problem of a sto-
chastically varying phase is addressed (8, 9, 19–22),
as is highly relevant for physical metrology and
communication, rather than a time-invariant (but
initially unknown) phase (11–13, 15–18). To per-
form optimal estimation, we have implemented
optical-phase tracking: a phase-lock loop that
strives to maintain the maximum measurement
sensitivity for a widely varying phase. The quan-
tum noise in the photocurrent prevents the max-
imum sensitivity from being perfectlymaintained,
which is why we observe an optimal degree of
squeezing.

Our experiment (Fig. 1A) used a continuous-
wave optical phase–squeezed beam. The phase
of the beam is modulated with the signal ϕ(t),
the waveform to be estimated (22–24). As in
(21, 22), we used a stochastic waveform de-
fined by

ϕðtÞ ¼ ffiffiffi
k

p ∫
t

−∞e
−lðt−sÞdV ðsÞ ð1Þ

Here, dV(s) is a classically generated Wiener
process (25) (white noise), l−1 is the correlation
time of ϕ(t), and k determines the magnitude of

the phase variation, which is of order unity. This
ϕ(t) is a continuous-time random walk with a
tendency to return to the mean phase of zero, a
kind of noisy relaxation process that occurs in
many physical situations (25).

The phase-modulated beam was measured
by homodyne detection, using a local oscillator
(LO) and yielding a noisy current I(t). The LO
phase F(t) was feedback-controlled to be F(t) ≈
p/2 + ϕ(t), because this is the most sensitive op-
erating point for sensing changes inϕ(t) (Fig. 1B).
Because ϕ(t) is unknown, the best strategy is
adaptive metrology (11, 13, 15–21), in which
feedback control is used to setF(t) =ϕf (t) + p/2,
whereϕf(t) is a filtered estimate ofϕ(t), that is,
an estimate based on I(s) for all s < t. This gives
a normalized homodyne output current I(t) of
(19, 26),

IðtÞdt ≃ 2jaj½ϕðtÞ − ϕf ðtÞ�dt þ
ffiffiffiffiffi
R

q
sqdW ðtÞ

Rsq ¼ s2f e
2rp þ ð1−s2f Þe−2rm ð2Þ

Here, |a| is the amplitude of the input phase-
squeezed beam, and dW(t) is another Wiener
process (25) arising from the squeezed vacuum
fluctuations. The magnitude Rsq of these quan-

tum fluctuations is determined by the degree of
squeezing (rm ≥ 0) and antisqueezing (rp ≥ rm)
and by s2f ¼ 〈½ϕðtÞ − ϕf ðtÞ�2〉. Note that sev-
eral approximations, justified in (26), have been
made to derive Eq. 2, most notably a second-
order expansion for I(t)dt in the small variable
[ϕ(t) − ϕf(t)].

For optimal feedback control, the Kalman
filter was used for ϕf(t) (22), which is the causal
(i.e., real time) estimator with the lowest mean
square error (MSE). The Kalman filter is the
optimal filter for estimating ϕ(t) of the form of
Eq. 1 when using a coherent beam (22), and the
calculation generalizes to our squeezed case (26).
Although the filtered estimate ϕf(t) is a good
estimate of the signal phaseϕ(t), to obtain the best
estimate we applied the acausal technique of
smoothing (21, 22, 24). After storing data over a
certain period of time, a precise estimate of ϕs(t)
was obtained at a time t in the middle of that
period by using observations both before and
after t. The MSE of the smoothed estimate
s2s ¼ 〈½ϕðtÞ − ϕsðtÞ�2〉 is given as (22, 26),

s2s ¼ k=

 
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kjaj2= Rsq þ l2

q !
ð3Þ
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Fig. 1. Experimental setup. (A) Sche-
matic of the experiment. (B) Homo-
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Recall that Rsq (Eq. 2) is a function of s2f , so the
above expression for s2s is still implicit. The full
solutions are given in (26), but in the parameter
regime of our experiment, s2s is roughly propor-
tional to

ffiffiffiffiffiffiffiffi
Rsq

q
. That is, by using a nonclassical

beamwith effective squeezing Rsq < 1 we expect
to be able to overcome the coherent-state limit
(CSL) by a factor of

ffiffiffiffiffiffiffiffi
Rsq

q
.

Our experiment (Fig. 1C) used an 860-nm
continuous-wave titanium sapphire laser. The
phase-squeezed beam was added by an optical
parametric oscillator (OPO). The OPO was driv-
en below threshold by a 430-nm pump beam,
generated by a second-harmonic-generation cav-
ity. We obtained up to −4 dB of phase squeezing.
The signal ϕ(t) was produced by a digital ran-
dom signal generator and a low-pass filter with
a cutoff frequency of l/2p. This was imposed on
the phase-squeezed beam by using an electrooptic
modulator. Homodyne detection was performed
on this phase-modulated beam with an overall
efficiency of h = 0.85. The homodyne current
went to the optimal feedback filter [another
low-pass filter with a cutoff frequency l/2p
(26)]. Its output, ϕf (t), was then shifted by p/
2 and applied on the phase of the LO beam with
another electrooptic modulator.

We recorded ϕ(t), I(t), and ϕf(t) by an
oscilloscope with a sampling rate of 100 MHz.
Figure 2 shows a typical segment of the recorded
signals, plus the smoothed estimate ϕs(t). The
parameters here are k = 1.9 × 104 T 0.1 × 104 rad/s,
l = 5.9 × 104 T 0.5 × 104 rad/s, |a|2 = 1.00 × 106 T
0.06 × 106 s−1, squeezing −3.1 T 0.1 dB (rm =
0.36 T 0.01) and antisqueezing 5.1 T 0.1 dB (rp =
0.59 T 0.01), from a pump beam power of
80 mW. The uncertainties represent 1 standard
deviation. k and l are fixed through this paper.
The current I(t) has zero mean because the
feedback loop is designed to operate the homo-
dyne measurement at this point of maximum
sensitivity (Fig. 1B). Although the filtered esti-
mate ϕf(t) has a visible delay because of its
causal nature, the smoothed estimate ϕs(t) does
not, and the signal phaseϕ(t) is reliably tracked.

To investigate the squeezing enhancement,
we performed phase tracking with a fixed square
amplitude |a|2 = 1.00 × 106 T 0.06 × 106 s−1 but
with varying squeezing levels arising from OPO
pump beam powers of 0, 30, 80, and 180 mW.
Independently of the phase estimation, squeezing
and antisqueezing levels were measured for each
pump beam power (26). The red crosses in Fig. 3
show the MSEs of the smoothed estimates s2s
as a function of the squeezing level. The MSE
was calculated from 2 ms of data (2 × 105 sam-
ples). Repeating this 15 times gave the average
MSE and its standard deviation.

Figure 3 shows three key results. First, the
squeezing enhancement is verified: The MSEs
are reduced below the CSL (i) by using phase-
squeezed beams. Second, the experimental re-
sults are in good agreement with the prediction
(ii) and in disagreement with the theory curve
(iii), which is based on approximating the homo-

dyne output current I(t) to only first order in
[ϕ(t) − ϕf (t)] so that Rsq ¼ e2rm . Third, at the
higher squeezing level the MSE is saturated,
indicating the existence of an optimal squeezing
level. Even in the theoretical curve (iv), for pure
squeezed beams and zero loss, the MSE has a
minimum. This curve corresponds to the funda-
mental limit imposed by Heisenberg’s uncertainty

principle for the phase and amplitude quadatures,
namely e−2rp � e2rm ≥ 1. Although more squeez-
ing decreases the e−2rm term in Rsq, it increases
the e2rp term because the tracking is imperfect,
which itself is a consequence of the noise in the
photocurrent (Eq. 2). This defines (self-consistently)
the optimal degree of squeezing, which depends
on the parameters |a|, k, and l (26).

Fig. 2. Time domain re-
sults of phase estimate. (A)
Signal phase to be esti-
matedϕ(t). (B) Homodyne
output current I(t). (C) Fil-
tered estimate ϕf(t). (D)
Smoothed estimate ϕs(t). −1
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Experimentally, we varied the amplitude |a|
while fixing the pump beam power to 80 mW,
giving squeezing and antisqueezing levels of
−3.2 T 0.2 dB and 4.9 T 0.3 dB, respectively.
Theoretically, the optimal squeezing level in-
creases with |a|, and so too does the squeezing
enhancement, without limit. However, for our
experimental conditions (106 s−1 ≤ |a|2 < 107 s−1)
the effect of keeping the squeezing fixed is minor
(less than 3% difference to s2s ). Figure 4 shows
the dependence of the MSE s2s on |a|. The theo-
retical curves show good agreement with ex-
periments. Over the whole amplitude range, the
estimates with the squeezed beams surpass what
is possible with coherent states, withs2s , averaged
over the four different amplitudes, being 15 T 4%
below the CSL. The conclusion is essentially
unaltered if one calculates the CSL not in terms
of |a|2 but in terms of the effective photon flux
N eff, which equals |a|

2 plus the extra photons re-
sulting from the squeezed vacuum fluctuations
in the relevant spectral range (26).

We have tracked the phase of a squeezed
optical field that varies stochastically in time over
a substantial angular range. Our use of Kalman
filtering in real-time adaptive measurements of
nonclassical systems could be applied also in
solid-state and nanomechanical devices. Opti-
mizing both the degree of squeezing and its
bandwidth according to the experimental con-
ditions would allow a completely rigorous treat-
ment of photon flux. Lower losses and more
squeezing would then enable a dramatic improve-
ment to a precision that scales differently with
photon flux, with s2ºN −5=8 (20) as opposed to
the s2ºN −1=2 in the current setup.

References and Notes
1. R. Slavík et al., Nat. Photonics 4, 690 (2010).
2. J. Chen, J. L. Habif, Z. Dutton, R. Lazarus, S. Guha, Nat.

Photonics 6, 374 (2012).
3. V. Giovannetti, S. Lloyd, L. Maccone, Nat. Photonics 5,

222 (2011).

4. C. W. Helstrom, Quantum Detection and Estimation
Theory (Academic Press, New York, 1976).

5. V. Giovannetti, S. Lloyd, L. Maccone, Science 306, 1330
(2004).

6. H. M. Wiseman, G. J. Milburn, Quantum Measurement and
Control (Cambridge University Press, Cambridge, 2010).

7. C. M. Caves, Phys. Rev. D Part. Fields 23, 1693 (1981).
8. K. Goda et al., Nat. Phys. 4, 472 (2008).
9. J. Abadie et al., Nat. Phys. 7, 962 (2011).
10. K. Inoue, E. Waks, Y. Yamamoto, Phys. Rev. Lett. 89,

037902 (2002).
11. G. Y. Xiang, B. L. Higgins, D. W. Berry, H. M. Wiseman,

G. J. Pryde, Nat. Photonics 5, 43 (2011).
12. T. Nagata, R. Okamoto, J. L. O’Brien, K. Sasaki,

S. Takeuchi, Science 316, 726 (2007).
13. H. M. Wiseman, Phys. Rev. Lett. 75, 4587 (1995).

14. H. M. Wiseman, R. B. Killip, Phys. Rev. A 57, 2169 (1998).
15. D. W. Berry, H. M. Wiseman, Phys. Rev. Lett. 85, 5098

(2000).
16. M. A. Armen, J. K. Au, J. K. Stockton, A. C. Doherty,

H. Mabuchi, Phys. Rev. Lett. 89, 133602 (2002).
17. B. L. Higgins, D. W. Berry, S. D. Bartlett, H. M. Wiseman,

G. J. Pryde, Nature 450, 393 (2007).
18. A. Hentschel, B. C. Sanders, Phys. Rev. Lett. 104, 063603

(2010).
19. D. W. Berry, H. M. Wiseman, Phys. Rev. A 65, 043803

(2002).
20. D. W. Berry, H. M. Wiseman, Phys. Rev. A 73, 063824

(2006).
21. T. A. Wheatley et al., Phys. Rev. Lett. 104, 093601

(2010).
22. M. Tsang, J. H. Shapiro, S. Lloyd, Phys. Rev. A 79,

053843 (2009).
23. M. Tsang, H. M. Wiseman, C. M. Caves, Phys. Rev. Lett.

106, 090401 (2011).
24. M. Tsang, Phys. Rev. Lett. 102, 250403 (2009).
25. C. W. Gardiner, Handbook of Stochastic Methods

(Springer, Berlin, 1985).
26. See supplementary materials on Science Online.

Acknowledgments: This work was partly supported by Project
for Developing Innovation Systems, Grants-in-Aid for Scientific
Research, Global Center of Excellence, Advanced Photon
Science Alliance, Funding Program for World-Leading Innovative
R&D on Science and Technology commissioned by the Ministry of
Education, Culture, Sports, Science and Technology (MEXT) of
Japan, Strategic Information and Communications R and D
Promotion program of the Ministry of Internal Affairs and
Communications of Japan, and the Australian Research Council
projects CE110001029, DP1094650, and FT100100761.

Supplementary Materials
www.sciencemag.org/cgi/content/full/337/6101/1514/DC1
Materials and Methods
Supplementary Text
Figs. S1 to S8
References (27–30)

28 May 2012; accepted 13 August 2012
10.1126/science.1225258

Subtractive Patterning via Chemical
Lift-Off Lithography
Wei-Ssu Liao,1,2 Sarawut Cheunkar,1,3 Huan H. Cao,1,2 Heidi R. Bednar,1,2
Paul S. Weiss,1,2,3,4,5* Anne M. Andrews1,2,6,7*

Conventional soft-lithography methods involving the transfer of molecular “inks” from polymeric
stamps to substrates often encounter micrometer-scale resolution limits due to diffusion of the
transferred molecules during printing. We report a “subtractive” stamping process in which
silicone rubber stamps, activated by oxygen plasma, selectively remove hydroxyl-terminated
alkanethiols from self-assembled monolayers (SAMs) on gold surfaces with high pattern fidelity.
The covalent interactions formed at the stamp-substrate interface are sufficiently strong to remove
not only alkanethiol molecules but also gold atoms from the substrate. A variety of high-resolution
patterned features were fabricated, and stamps were cleaned and reused many times without
feature deterioration. The remaining SAM acted as a resist for etching exposed gold features.
Monolayer backfilling into the lift-off areas enabled patterned protein capture, and 40-nanometer
chemical patterns were achieved.

High-throughput molecular printing strat-
egies with high feature resolution are cen-
tral goals for lithography. However,

progress has been impeded by the conflicting
aims of large-area fabrication versus precision,
and of convenience versus cost (1–4). For instance,

although photolithography enables patterning over
large areas (centimeters), the prototyping process
is time-consuming and resolution is restricted by
light diffraction (1–3). Patterning by electron beam
lithography (EBL) or scanning probe lithography
(SPL) techniques, such as dip-pen nanolithography,

Fig. 4. Dependence of
the smoothed MSE s2s on
the amplitude squared
|a|2. Blue and red crosses
are experimental data for
coherent and squeezed
beams, respectively. Trace
(i) is the coherent-state
limit. Trace (ii) is the the-
oretical curve for coherent
beamswith the experimen-
tal setup (i.e., including
inefficiency). Trace (iii) is
the theoretical curve for
squeezed beams, including
inefficiency. Trace (iv) is
the theoretical curve for
pure squeezed beams and
100% efficiency, with the
squeezing level optimized
for each |a|2. 10
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