aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Enhancing the Bandwidth of Gravitational-Wave Detectors
with Unstable Optomechanical Filters
Haixing Miao, Yiqgiu Ma, Chunnong Zhao, and Yanbei Chen
Phys. Rev. Lett. 115, 211104 — Published 17 November 2015
DOI: 10.1103/PhysRevLett.115.211104


http://dx.doi.org/10.1103/PhysRevLett.115.211104

Enhancing the bandwidth of gravitational-wave detectors with unstable optomechanical filters

Haixing Miao,! Yigiu Ma,?> Chunnong Zhao,”> and Yanbei Chen?

1School of Physics and Astronomy, University of Birmingham, Birmingham, B15 2TT, United Kingdom
28chool of Physics, University of Western Australia, Western Australia 6009, Australia
3Theoretical Astrophysics 350-17, California Institute of Technology, Pasadena, CA 91125, USA

Advanced interferometric gravitational-wave detectors use optical cavities to resonantly enhance their shot-
noise-limited sensitivity. Due to positive dispersion of these cavities—signals at different frequencies pick up
different phases, there is a tradeoff between the detector bandwidth and peak sensitivity, which is a universal
feature for quantum measurement devices having resonant cavities. We consider embedding an active unstable
filter inside the interferometer to compensate the phase, and using feedback control to stabilize the entire system.
We show that this scheme in principle can enhance the bandwidth without sacrificing the peak sensitivity. How-
ever, the unstable filter under our current consideration is a cavity-assisted optomechanical device operating in
the instability regime, and the thermal fluctuation of the mechanical oscillator puts a very stringent requirement
on the environmental temperature and the mechanical quality factor.

Introduction.—Current ground-based gravitational-wave
(GW) detectors, including Advanced LIGO [1], Advanced
VIRGO [2]] and KAGRA [3]], are kilometer-scale laser inter-
ferometers that measure GW-induced differential arm length
change. These detectors are macroscopic in size, and yet one
of the major noises that limit their sensitivity is the quantum
noise—quantum radiation pressure noise at low frequencies
and quantum shot noise at high frequencies (above ~100Hz).
To reduce the shot noise, they incorporate optical cavities in
two arms which resonantly enhance both the optical power
and signal, as shown schematically in Fig.[T(a). In addition,
they include a power-recycling mirror (PRM) at the bright
(common) port and a signal-recycling mirror (SRM) at the
dark (differential) port—PRM further increases the power cir-
culating inside arm cavities, e.g., up to ~1MW for Advanced
LIGO, while SRM coherently reflects the signal back to the
interferometer and modifies the detector response to GW sig-
nals at different frequencies. For instance, Advanced LIGO,
in its nominal operation mode, uses SRM to broaden the de-
tector bandwidth, which equalizes the response to both low-
frequency and high-frequency signals. However, this is at a
price of decreasing the peak sensitivity when considering the
shot noise, as illustrated in Fig.mb). Such a tradeoff between
the bandwidth and the peak sensitivity (with their product be-
ing approximately constant) can be attributable to the positive
dispersion of optical cavities—signals at different frequencies
are not simultaneously resonant due to frequency-dependent
propagation phase. This feature was first pointed out by
Mizuno [4] in the GW community. It turns out to be universal
for all quantum measurement devices with resonant cavities,
e.g., optomechanically-based force/position sensors [3]], and
laser ring gyros [6]]. The bandwidth-sensitivity product is ul-
timately bounded by the amount of energy stored inside the
devices, which is a consequence of the Quantum Cramér-Rao
Bound [7, 8]].

There are several approaches proposed in the literature aim-
ing at increasing the bandwidth-sensitivity product. They gen-
erally fall into two categories: (i) the sensitivity-oriented—
using external squeezing [9} [10] or internal squeezing [[11}112]
to reduce the shot noise while keeping broad bandwidth. Ex-
ternal squeezing has been implemented in large-scale GW
detectors [13} [14] and also planned for future upgrades [15-

17]); (ii) the bandwidth-oriented—so-called white-light-cavity
idea [18H25] that uses atomic medium with negative disper-
sion to cancel the positive dispersion of optical cavities.

We consider a different approach to improve the broadband-
sensitivity product by embedding an unstable filter inside the
interferometer to compensate the phase, and the entire scheme
is stabilized via feedback control. Notice that different from
the stable atomic medium proposed previously, such a filter is
not constraint by the Kramers-Kronig relation, and yet there is
no violation of causality, as the controlled system is stable and
the measured output always lags behind incoming GW sig-
nals. In addition, as indicated by the flow chart in Fig.EKc), the
feedback uses output that contains both the signal and noise,
and therefore it does not influence the signal-to-noise ratio, as
proven in Refs. [26] 27]]. One realization of the unstable filter
that we consider here is an optomechanical device operating
in the instability regime pumped by an additional laser, as il-
lustrated schematically in Fig.[I{a). This is inspired by recent
experimental observations of the optomechanical analogue of
the electromagnetically induced transparency by S. Weis et
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FIG. 1: (a) The typical laser interferometer configuration for ad-
vanced GW detectors, with an unstable optomechanical filter (blue)
embedded. (b) The tradeoff between the detector bandwidth and
peak sensitivity (black and red curves), and the effect of adding un-
stable filter in the ideal scenario (blue); (c) A simple flow chart for
the entire scheme.



al. [28]], Teufel et al. [29] and Safavi-Naeini et al. [30], and
also a more recent theoretical proposal by Ma et al. [31].

A brief summary.—Before develling into the details, we
summarize the main features and explain them qualitatively.
For the main interferometer, arm cavities are tuned to be reso-
nant with respect to the input laser (carrier light) at frequency
@y, i.e., WyLarm /¢ = N7 with Ly the arm cavity length (4km
for Advanced LIGO) and N an integer. GW-induced motion of
the end test masses (ETM) modulates the carrier and creates
signal sidebands at wy + Q with Q being the GW frequencies.
When propagating inside the arm cavity, these sidebands pick
up extra phase of @prm (Q) = 2QLym /¢ (round-trip) compared
with the carrier. In order to make these sidebands also reso-
nant inside the arm cavities, ideally we need to insert an opti-
cal filter with negative dispersion to cancel such extra phase:
Garm () + Piteer () = 0, namely,

¢ﬁlter(g)|ideal case — —ZQme/C. (D

In addition, the filter should not distort the GW waveform,
or equivalently, the modulus of its frequency-domain transfer
function needs to be close to unity—an all-pass filter. Due to
the famous Kramers-Kronig relation, any stable filter can only
approximate such a negative-dispersion all-pass filter within
certain frequency band. In contrast, this is no longer a con-
straint for unstable filters, if one can find a realistic realization
and proper feedback control scheme—the unstable optome-
chanical filter presented here provides such an example.
Specifically, for the optomechanical filter, the radiation
pressure couples the optical field intensity and the mechanical
displacement. Such a nonlinear coupling is analogous to the
three-wave mixing in nonlinear optics. By tuning the pump
laser frequency to be @y + @, with the mechanical oscillator
frequency @, much larger than the cavity bandwidth ¥y, i.e.,
the so-called resolved-sideband regime: ®,, > ¥y > €, the
cavity resonance at @y is in favor of the down-conversion pro-
cess, which amplifies the sidebands around @y and mechani-
cal motion. It can be viewed as a phase-insensitive parametric
amplifier for sidebands with following input-output relation:

A - QA+ (Y + Yopt) N
foul @) = Q+i(Ym — Yopt) In(€2). @
Here ¥, = /0O is the mechanical damping rate with Q,,
being the quality factor; Y,p is the negative mechanical damp-
ing rate due to the optomechanical interaction, and is approxi-
mately equal to P..Z @y / (mwy,c?), where P, is the intra-cavity
laser power, .% is the cavity finesse, and m is the mass of the
mechanical oscillator.

The unstable regime we referred to is when Y¥,pc becomes
much larger than %, and the mechanical damping rate be-
comes negative. With the feedback control engaged, the open-
loop input-output relation of the optomechanical filter is

~ Q+ i’J/opt ~
4
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This realizes the all-pass filter with phase in Eq. (1)) when
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FIG. 2: The top figure shows the shot-noise-only strain sensitivity of
the unstable-filter scheme, compared with the broadband and narrow-
band tuned cases without the filter. The power and arm cavity length
are the same as Advanced LIGO. At high frequencies, the sensitivity
deviates from the ideal scenario, because of imperfect phase cancel-
lation of higher-order terms of Q in 9 (@) (bottom figure).

and resulting intra-cavity laser power of the filter scales as:

P~ 10°W (4km) (IOMHZ) (O.Img) (?) G
Larm Wy /27 m 103

In Fig.]2] we show the corresponding shot-noise-only sensitiv-
ity with nominal parameters given above and one additional
parameter Ly = lcm being the filter cavity length. We can see
that the unstable filter can compensate the phase at low fre-
quencies but not perfect at high frequencies due to high-order
frequency dependence of the phase delay, which in principle
can be improved by cascading several unstable filters.

So far, we have only mentioned the phase property of the
unstable filter. As a general principle proven by Caves for
phase-insensitivity parametric amplifiers [32], there will be an
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FIG. 3: Effect of the thermal fluctuation of the mechanical oscillator
on the sensitivity.
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FIG. 4: (a) schematics of the optomechanical filter; (b) frequency of
interests: cavity resonance @y (red), laser frequency wg + ®,, (blue)
and its lower sideband (black), with the upper sideband around @y +
2, not shown.

additional noise term given Eq. (2). As shown later, it comes
from the thermal noise of the mechanical oscillator. In order
for its effect not to be significant, we require

8kBTenvir/Qm S, h%fo ) (6)

where kg is the Boltzmann constant, Ty, is the environmen-
tal temperature, and ¥, is the original detector bandwidth be-
fore introducing the unstable filter. Therefore, the lower is the
detector bandwidth that we start off, the higher requirement
will be imposed on the temperature and quality factor. As an
order of magnitude estimation, we have

10y, [ Yifo/2T
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In Fig.[3] we show the thermal noise effect on the sensitivity.
As mentioned in Ref. [31], one approach for mitigating such
thermal-noise effect is applying the optical-dilution idea [33-
36], which uses optically-induced rigidity to dilute the me-
chanical dissipation, and allows for enhancement of Q,, by a
factor of hundred or even more but further experimental study
is necessary. After this summary, we will present more details
about the scheme and also the issue of feedback control.

Dynamics of the optomechanical filter.—We start with the
optomechanical filter shown in Fig.f[a), derive the input-
output relation for the sidebands, and later combine it with
the main interferometer. It is an optomechanical device which
has been studied extensively in the literature (see recent re-
views: Refs. [, B37]), with Hamiltonian given by Hijer =
Ho+ Hipe + ﬁyf + I-Alym. The free part Hy is

1
~mog s (8)

N p?
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The linearized interaction Hamiltonian Hjy, is

Hin = —hgo |ae@ton)t 4 gt g=il@nton)| & ©)

with go = wpd/Ly and a = (2P, Lf/(ha)oc))l/2 Hy describes
how the cavity mode 4 interacts with ingoing (outgomg) field
Gin (dout); Hym describes the coupling between the mechanical
oscillator with the environmental thermal bath Eth.

The parameter regime we are interested in, as mentioned
earlier, is the so-called resolved-sideband regime illustrated
in Fig.[d{b). This allows us to ignore the upper mechanical
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FIG. 5: The difference between ¢g); Obtained without using RWA
and —2arctan(Q/Yopt). The parameter regime with @y, > ¥r > Yopt
is thus preferred for matching the required frequency dependence.

sideband around wy + 2®,, and use the rotating-wave approx-
imation (RWA) in the interaction picture, obtaining

W™ = —hg(ab+a'h'), (10)

where we have introduced the annihilation operator b for the
mechanical oscillator through £(t) = x,(be ™" 4 bfei®nt)
and g = gox, with x, being the ground-state uncertainty.

The resulting Heisenberg equations of motion read:

a(t) +yra(t) = igh' (t) +\/2yrdn(t) (11)
b(t) + Yub(t) = igd" (1) + /29 bin(t) (12)

Solving them in the frequency domain, we obtain the input-

output relation for sidebands using douw = —din + +/2Yy a:
j 2 /Ym N
dou e oo VT g
Q+i(Ym — Yopt) Q+i(%n — Yopt)

where we have used yy > Q and defined Yp = g /Y =
P.Z @/ (myc?). The first term gives Eq. @) and in Fig.
we compare it with the exact phase of the optomechanical fil-
ter without RWA and yy > Q. The second term is the addi-
tional thermal noise term mentioned earlier, and the spectral
density for by, is approximately given by 2kgTenyic/ (i@, ) + 1.

For the mechanical sideband, the resulting susceptibility is:

I (Q) = Yopt) - (14)

The mechanical motion is unstable in the parameter regime of
interest with ¥,p much larger than the bare mechanical damp-
ing rate J,, and a feedback control is thus needed. We show
the control scheme after considering the filter together with
the main interferometer, as given below.

Dynamics of the entire system.—The total Hamiltonian
reads Hiot = Hifo + Hiitter + Hifo—fiter- We can model the main
interferometer also as an optomechanical device [38]:

—(iQ+ Y —

p2

—— —hGo(d+dNHX
o Go(d+d")X +

Higo = haxd'd + Hy,, + Fow. (15)
Here d is the differential optical mode—a single-mode ap-
proximation which is valid when considering sideband fre-

quency much lower than one free spectral range c¢/(2Lym );



A, describes the interaction between d and the ingoing (out-
going) field ciin(cfout) at the dark port; Gy = @od /Ly is
the coupling strength and d = (2PymLarm/ (hayc))'/? with
Pym being the arm cavity power; X is the differential mo-
tion of the ETMs and is driven by the GW as a tidal force:
Fow = MLamJi(t) with & being the GW strain. The coupling
between d and 4 can be quantified by (exchanging photons):

Higo—fiter = heo(d'a+da"), (16)

where @s = \/cYy/Lam is the coupling rate, and equal to the
optomechanical coupling rate g when Eq. (@) is satisfied.

To focus on the shot noise, we will first ignore the radia-
tion pressure effect on ETMs by assuming M — oo (finite test
mass is considered in the rigorous treatment). The resulting
equations of motion under RWA are:

bd=—iwd+igh, (17)

b = —yub" —iga+\/2ymb}, , (18)
d = —Yiod — 105G+ /2o din + iGoLarmh .  (19)

The input-output relation at the SRM is cfout = cfin —v2%s0 d.
The system stability can be examined from the eigenvalues
of the dynamical matrix (read off from equations of motion):

0 ig —iws
A=| —ig -y 0 |. (20)
_iws 0 —Yifo

Having eigenvalues with positive real part implies instability,
which is the case given the relevant parameter regime.

To find the stabilizing controller, we follow the state-space
approach. We first need examining observability and control-
lability of the system. It turns out that if we detect the output
phase quadrature, which contains the GW signal, using homo-
dyne detection, only one of the two mechanical quadratures
will be observed, and this will lead to an uncontrollable sys-
tem. An apparent solution is measuring both the amplitude
and phase quadratures with heterodyne detection. However,
this is at a price of increasing the shot noise by v/2 in am-
plitude [39]. Instead, we can pick off a small portion of the
output signal and use the heterodyne detection only for con-
trol purpose. The rest is still measured using the homodyne
detection for exacting the GW signal. As long as we opti-
mally combine it with the pick-off signal using Wiener filter,
the sensitivity will not degrade by an noticeable amount.

The resulting readout vector with heterodyne detection in
the sideband picture is D = (0, 0, 1)—the measured dyut 18
linear to d, and the control input vector is B = (0, 1, O)T (su-
perscript T for transpose)—the feedback force is coupled to
the mechanical displacement that is linear to b'. The Sys-
tem becomes both observable and controllable, as we have
rank([D; DA; DA?]) = rank([B,AB,A’B]) = 3. A stabiliz-
ing controller can then be constructed (see section 9.4 of
Ref. [40]), which has the following transfer function (from d
to b%) in the frequency domain:

C(Q) = —K(—iQI-A+BK+LD) 'L, 1)

4

where K = (K,K»,K3) and L = (L;,L,,L3)" are chosen
such that eigenvalues of A — LD and A — BK all have neg-
ative real part. Given the nominal parameter specification
in Eq. (9), the system will be stabilized by setting K = 3 x
103¢ (=i, 1,—1) and L = 5 x 10! (i, 1.2, 1), where € is
the fraction of the output (in amplitude) measured using het-
erodyne detection. With this set of K and L found, arbitrary
stabilizing controller can be generated via Youla-Kucera pa-
rameterization [41]], which is used for control optimization.

Rigorous treatment.—We have used several approxima-
tions in order to gain intuitive understanding. These approx-
imations are reasonable in the parameter regime that we are
focusing on. We briefly outline how the more rigorous treat-
ment is applied in the actual analysis for producing the results
presented in this paper. Specifically, the optomechanical inter-
action in the main interferometer mixes the upper and lower
sidebands around @y, which was ignored by assuming infinite
test mass and focusing on the shot noise only. The interac-
tion in the optomechanical filter mixes in sidebands around
@y + 2@, that were ignored in RWA. A rigorous treatment
therefore involves propagating four sidebands at frequency
my + Q and @y + 2w, = Q. The result is shown in Fig.[6] as
one example. Notice that the low-frequency radiation pressure
noise can be reduced by either using frequency-dependent
readout [42]] or increasing the test mass size.

Conclusion.—We have proposed the idea of using unstable
filters for improving the bandwidth of laser interferometric
gravitational-wave detectors. It can also be applied to other
quantum measurement devices with resonant cavities, as the
underlying principle is the same. The main difficulty for im-
plementing this idea with optomechanics-based filters is the
stringent requirement on thermal noise of the mechanical os-
cillator, which could be mitigated by using the optical-dilution
idea but requires further experimental verification.
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FIG. 6: The figure shows the total quantum noise (including radiation
pressure noise) of the unstable filter scheme at different temperature.
The color code for different curves is the same as Fig.2] The test
mass is assumed to be 40kg, the same as Advanced LIGO.



CAREER Grant PHY-0956189. Y.M. and C.Z. has been sup-

ported by the Australian Research Council.

[1] G. M. Harry, Classical and Quantum Gravity 27, 84006 (2010).

[2] The Virgo Collaboration, Classical and Quantum Gravity 32,
024001 (2015).

[3] K. Somiya, Classical and Quantum Gravity 29, 124007 (2012).

[4] J. Mizuno, Ph.D. thesis, University of Hannover (1995).

[S] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Reviews
of Modern Physics 86, 1391 (2014).

[6] W. W. Chow, J. Gea-Banacloche, L. M. Pedrotti, V. E. Sanders,
W. Schleich, and M. O. Scully, Rev. Mod. Phys. 57, 61 (1985).

[7]1 V. B. Braginsky, M. L. Gorodetsky, F. Y. Khalili, and K. S.
Thorne, AIP Conference Proceedings 523, 180 (2000).

[8] M. Tsang, H. M. Wiseman, and C. M. Caves, Phys. Rev. Lett.
106, 090401 (2011).

[9] C. M. Caves, Phys. Rev. D 23, 1693 (1981).

[10] K. McKenzie, N. Grosse, W. P. Bowen, S. E. Whitcomb, M. B.
Gray, D. E. McClelland, and P. K. Lam, Phys. Rev. Lett. 93,
161105 (2004).

[11] H. Rehbein, J. Harms, R. Schnabel, and K. Danzmann, Phys.
Rev. Lett. 95, 193001 (2005).

[12] V. Peano, H. G. L. Schwefel, C. Marquardt, and F. Marquardt
(2015), 1502.06423.

[13] The LIGO Scientific Collaboration, Nature Physics 7, 962
(2011).

[14] The LIGO Scientific Collaboration, Nature Photonics 7, 613
(2013).

[15] M. Evans, L. Barsotti, P. Kwee, J. Harms, and H. Miao, Phys.
Rev. D 88, 022002 (2013).

[16] H. Miao, H. Yang, R. X Adhikari, and Y. Chen, Classical and
Quantum Gravity 31, 165010 (2014).

[17] The LIGO Scientific Collaboration, Instrument Science White
Paper (2014).

[18] A. Wicht, K. Danzmann, M. Fleischhauer, M. Scully, G. Miiller,
and R.-H. Rinkleff, Optics Communications 134, 431 (1997).

[19] A. Wicht, M. Miiller, R. H. Rinkleff, A. Rocco, and K. Danz-
mann, Optics Communications 179, 107 (2000).

[20] S. Wise, G. Mueller, D. Reitze, D. B. Tanner, and B. F. Whiting,
Classical and Quantum Gravity 21, S1031 (2004).

[21] S. Wise, V. Quetschke, A. J. Deshpande, G. Mueller, D. H. Re-
itze, D. B. Tanner, B. F. Whiting, Y. Chen, A. Tiinnermann,
E. Kley, et al., Phys. Rev. Lett. 95, 013901 (2005).

[22] G. S. Pati, M. Salit, K. Salit, and M. S. Shahriar, Phys. Rev.
Lett. 99, 133601 (2007).

[23] H. N. Yum, J. Scheuer, M. Salit, P. R. Hemmer, and M. S.
Shahriar, Lightwave Technology, Journal of 31, 3865 (2013).

[24] M. Zhou, Z. Zhou, and S. M. Shahriar, p. 34 (2014), 1410.6877.

[25] Y. Ma, H. Miao, C. Zhao, and Y. Chen, Phys. Rev. A 92, 023807
(2015).

[26] A. Buonanno and Y. Chen, Phys. Rev. D 65, 042001 (2002).

[27] G. 1. Harris, D. L. McAuslan, T. M. Stace, A. C. Doherty, and
W. P. Bowen, Phys. Rev. Lett. 111, 103603 (2013).

[28] S. Weis, R. Riviere, S. Deléglise, E. Gavartin, O. Arcizet,
A. Schliesser, and T. J. Kippenberg, Science 330, 1520 (2010).

[29] 1. D. Teufel, D. Li, M. S. Allman, K. Cicak, A. J. Sirois, J. D.
Whittaker, and R. W. Simmonds, Nature 471, 204 (2011).

[30] A. H. Safavi-Naeini, T. P. Mayer Alegre, J. Chan, M. Eichen-
field, M. Winger, Q. Lin, J. T. Hill, D. E. Chang, and O. Painter,
Nature 472, 69 (2011).

[31]1 Y. Ma, S. L. Danilishin, C. Zhao, H. Miao, W. Z. Korth,
Y. Chen, R. L. Ward, and D. G. Blair, Phys. Rev. Lett. 113,
151102 (2014).

[32] C. M. Caves, Phys. Rev. D 26, 1817 (1982).

[33] T. Corbitt, Y. Chen, E. Innerhofer, H. Muller-Ebhardt, D. Ot-
taway, H. Rehbein, D. Sigg, S. Whitcomb, C. Wipf, and
N. Mavalvala, Phys. Rev. Lett. 98, 150802 (2007).

[34] D. E. Chang, K.-K. Ni, O. Painter, and H. J. Kimble, New Jour-
nal of Physics 14, 45002 (2012).

[35] K. K. Ni, R. Norte, D. J. Wilson, J. D. Hood, D. E. Chang,
O. Painter, and H. J. Kimble, Phys. Rev. Lett. 108, 214302
(2012).

[36] W.Z. Korth, H. Miao, T. Corbitt, G. D. Cole, Y. Chen, and R. X.
Adhikari, Phys. Rev. A 88, 033805 (2013).

[37] Y. Chen, Journal of Physics B: Atomic, Molecular and Optical
Physics 46, 104001 (2013).

[38] A. Buonanno and Y. Chen, Phys. Rev. D 67, 062002 (2003).

[39] A. Buonanno, Y. Chen, and N. Mavalvala, Phys. Rev. D 67,
122005 (2003).

[40] P. J. Antsaklis and A. N. Michel, A Linear Systems Primer
(Birkhauser Boston, 2007).

[41] V. Kucera, in 21st Mediterranean Conference on Control and
Automation (IEEE, 2013), p. 776.

[42] H. J. Kimble, Y. Levin, A. B. Matsko, K. S. Thorne, and S. P.
Vyatchanin, Phys. Rev. D 65, 022002 (2001).



	References

