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Quantum Limits for GW Detection
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Standard Quantum Limit Energetic Quantum Limit

Δx ⋅ Δp ≥ ℏ/2 ΔE ⋅ δϕ ≥ ℏω0

mass

light

probing test-mass position perturbs 
momentum, causing back-action noise

can be surpassed by quantum 
correlations between light and mass.

mass mass
̂V = ℰ̂h

device and GW couple via intra-cavity 
energy. Using Fisher Information,  

Sh ≥
ℏ2

Sℰ̂

[Braginaky & Khalili, 1990s; Tsang, Wiseman & 
Caves, 2012; Miao et al., 2017; Pang & Chen, 2019]

[Unruh 1979; Caves, 1980s; Kimble et al., 2001]

SSQL
h ≥

8ℏ
MΩ2L2

higher energy uncertainty leads to 
better sensitivity



Standard Quantum Limit
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[Kimble et al.,. 2001]

• SQL can be overcome by 
building correlations between 
light and mass. 

• Injection of squeezed 
vacuum/entangled states 

• Detection of frequency-
dependent quadratures 

• Modification of optical 
transfer functions 

• Modification of test-mass 
dynamics, optical spring 



The Energetic Quantum Limit
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mass masŝV = ℰ̂h

Sh ≥
ℏ2

Sℰ̂

∫
1
Sh

dΩ
2π

≤ ∫
Sℰ̂

ℏ2

dΩ
2π

=
Δℰ2

ℏ2

for coherent state

Δℰ2 = ℰ2/N
0.1 0.5 1 5 10

0.5

1

5

10

f

S
h

lar
ge

r fi
ne

ss
e 

mor
e b

ou
nc

es
: 

low
er

 b
an

dw
idt

h

larger finesse 
more bounces 

better peak sensitivity

“Mizuno Theorem”, 1990s

Bandwidth-sensitivity trade-off 
issue will be more severe for 

longer interferometers



White-Light Cavity
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This has an “anomalous dispersion”!

Propagation Phase shift:  

Anomalous Phase shift:  
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S c1c1 = S c2c2 = cosh 2r , S c1,c2 = 0 (13)

S d1d1 = S d2d2 = cosh 2r , S d1,d2 = 0 (14)

(15)

r � 1 : c1 ⇠ d1 , c2 ⇠ �d2 (16)

c1 = e+ra1 (17)
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anomalous 
dispersion

in out

anomalous dispersion: wave 
packet comes out before it 
goes in!!

here it just means system 
is unstable

[Wicht, 1990s, Wise et al, 2000s, Shahriar, 2010s]

[Miao et al., 2015]



WLC Interferometer
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FIG. 1. Schematics showing the detector design (left) and the resulting sensitivity (right). The blue curve shows a possible intermediate step.
The target sensitivity curve in red is around a factor of 30 below Advanced LIGO design at 3 kHz: a factor of 3 from 10 dB squeezing, 2
from high power, and 5 from detuned signal recycling with the optomechanical filter extending the improvement around the detune frequency.
Sensitivity curves of Advanced LIGO plus (A+) [30], LIGO Voyager [31], Einstein Telescope [32], and Cosmic Explorer [33] are shown as
references. A list of acronyms: PD for photodiode, IFO for interferometer, SQZ for squeezed light, and HF for high frequency detector.

Parameters Values
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arm length Larm 4 km
arm cavity power Parm 6.0 MW (1.5MW)
test mass M 200 kg
laser wavelength � 2000 nm (1064 nm)
temperature 120 K (295 K)
SRM transmission 3750 ppm
signal-recycling detune �SR 1.5 kHz
SRC round-trip loss ✏SRC  150 ppm (300 ppm)
output loss  3% (5%)

O
pt

om
ec

ha
ni

ca
lfi

lte
r

oscillator mirror mass m 5 mg
mirror radius, thickness 1.4 mm, 0.35 mm
loss angle of substrate, coating 1.0 ⇥ 10�9, 2.0 ⇥ 10�6

suspension quality factor 3.0 ⇥ 106

optical spring (OS) frequency !OS 12 kHz
cavity length 4.3 m
cavity bandwidth 1.4 kHz
beam radius 0.52 mm
resonating power 338 W (180 W)
round-trip loss  5 ppm (10 ppm)
laser wavelength for OS cavity �OS 1064 nm
OS photodiode e�ciency ⌘OS � 0.999
OS cavity length 10 cm
OS cavity bandwidth �OS, detune �OS 60 kHz, 0.9 MHz
OS cavity resonating power POS 680 W
OS cavity round-trip loss ✏OS  1 ppm
temperature Tenv 16 K

SQ
Z

fil
te

r

squeezing (observed) 10 dB
filter cavity 1 (bandwidth, detune) 4.66 Hz, �42.6 Hz
filter cavity 2 197 Hz, 3409 Hz
filter cavity 3 355 Hz, 1107 Hz
filter cavity 4 510 Hz, �1920 Hz

TABLE I. Parameters of the design. Values in the parentheses are
those used in producing the blue curve in Fig. 1.

consists of power recycling, signal recycling, and arm cavi-
ties. We consider two cases for the interferometer: the first
one, as an intermediate step, assumes a 1064 nm laser and
LIGO-LF classical noise level [37], and the second one, which
achieves the target sensitivity, employs 2000 nm and has the
classical noise budget of LIGO Voyager [31]. Envisioning
progress in the capability of handling high power, we assume
that the arm cavity powers for both cases are doubled com-
pared to their original design, i.e., 1.5 MW and 6.0 MW, re-
spectively. The radiation pressure e↵ect of 6 MW at 2000 nm
is equivalent to 3.0 MW at 1064 nm.

Compared to current detectors, the di↵erence in the design
comes from the configuration of the signal recycling cavity
(SRC) as shown in Fig. 1. We introduce an internal signal re-
cycling mirror (iSRM) to form an impedance matched cavity
with the input test mass (ITM) mirror. The advantage is that
the GW signal is not a↵ected by the narrow bandwidth of the
arm cavity. However, optical loss in the central beam split-
ter and also the ITM substrate are resonantly enhanced, which
puts a hard bound on the sensitivity [38]. For example, 100
ppm loss (✏SRC = 10�4) inside SRC will lead to a sensitivity
limit around 10�25 Hz�

1
2 at 2 kHz:

10�25 Hz�
1
2

 
6 MW
Parm

! 1
2 ✓ �

2000 nm

◆ 1
2
✓ ✏SRC

10�4

◆ 1
2
 

0.028
TITM

! 1
2

. (2)

To reach the target sensitivity, we require the SRC loss to be
less than 150 ppm for 2000 nm wavelength and 300 ppm for
1064 nm, while also setting the ITM transmission TITM to be
0.028, which is two times larger than Advanced LIGO.

In addition to the iSRM, an optomechanical filter mod-
ule [26] is added to the SRC. This module compensates for
the phase lag acquired by signal sidebands when propagating
in the interferometer arm, and results in a broadband reso-
nance of the signal. It consists of a cavity-assisted optome-
chanical device [39, 40]—an optical cavity with a movable

[Miao, Yang and Matynov, 2018]

More recent work at Caltech/ANU/UWA: broadband 
amplification can also be stable



More Theoretical Directions
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• Coherent Quantum feedback system (stable/unstable) [Nurdin, James, Petersen, 2009] 
• Quantum Error Correction [Zhou, Zhang, Preskill & Jiang, 2018] 
• Non-reciprocity, PT symmetry and Exceptional Points [Miri & Alu, 2019] 
• “Quantum Mechanics Free” measuring devices [Tsang & Caves, 2012] 
• Optimization of quantum networks.
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ab† b†c†
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vacuum fluctuations
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x′�, p′�
M −M
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negative mass
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(a,b,x,c) 
white-light interferometer 

(a,b,x,c,x’) 
back-action-evading 
(quantum-mechanics free) 
white-light interferometer



More Experimental Directions
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• Bulk acoustic oscillators 

• Microwave circuits 

• Superfluid helium 
oscillators 

• Superfluid helium droplets 

• Diamond NV centers

for liquid helium operation is still impossible due to unknown tem-
perature coefficients of the elastic constants at these temperatures.

It has to be noted that two parallel excitation electrodes form a
parasitic capacitor (typically close to 3 pF) creating a parallel photon
branch. At higher frequencies, the number of these non-resonant
photons exceeds the number of acoustic phonons decreasing the
mode contrast. Hence, the parasitic capacitance uncouples the acous-
tic motion from the electromagnetic environment. Nevertheless, the
excitation of phonons of shorter wavelengths is possible with effec-
tive electrical compensation of this shunt capacitance.

Discussion
The four cavities described above were characterised for resonant

longitudinal phonons of half wavelengths varying from
1
5

to
1

77
of the

plate thickness. Q-factors were extracted by fitting measured electric
admittance of the resonator around each resonance frequency. Fig. 3
shows an example of experimental results for the 3rd type of acoustic
cavities measured for the 5th OT at 3.75 K.

The results (see Fig. 4) show that the cavity with the largest dia-
meter and better polishing exhibits significantly lower losses. This
fact could be attributed to better trapping (due to larger potential
well) and lower scattering on surface imperfections. In addition, all
four samples exhibited an increase of Q as a function of OT number,
at least for a certain range of frequencies. This is explained by
improving of the phonon trapping with increasing OT number as
follows from the theory9. Temperature dependence of the selected
overtones for this cavity is shown in Fig. 5.

Total intrinsic losses of an acoustic cavity apart from lack of trap-
ping are a sum of losses due to different mechanisms:

1
Q

~
1

Qphonon{phonon
z

1
QTLS

z

z
1

Qscattering
z

1
Qthermoelastic

zetc,

ð1Þ

where the Q-values represent different mechanisms. These mechan-
isms are explained below combining the results of frequency (Fig. 4)
and temperature (Fig. 5) dependences.

Figure 3 | Measured impedance (absolute value and phase) of the 5th OT of the longitudinal mode (15.7 MHz) at 3.75 K for the cavity number 3.

Figure 4 | Measured quality factors for different OTs of the (quasi-)
longitudinal vibration of the four cavities under investigation at 3.75 K.
Error bars for standard deviations lower than 62.5% are not represented.
Both higher values in brackets are close to the measurement set-up
limitation.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 3 : 2132 | DOI: 10.1038/srep02132 3

[Galliou et al., 2013; Kharel et 
al., 2018]
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Figure 1. The multi-mode cavity optomechanical system. a, Schematic of an optomechanical system that consists of
a bulk acoustic wave resonator that is placed inside an optical cavity. Two distinct standing-wave longitudinal optical modes
interact through electrostrictive coupling with a standing-wave longitudinal phonon mode formed within the planar crystalline
quartz crystal at cryogenic temperatures (⇠ 8 K). Large mode volumes for both light and sound result from macroscopic
geometrical parameters: Lac ' 5.2 mm, Lopt ' 9.1 mm, and d ' 0.15 mm. b, Assuming no optical reflections in the quartz-
vacuum interface, one obtains equally spaced longitudinal optical modes. Therefore, a phonon mode mediating inter-modal
optomechanical interactions can scatter incident laser light at !j to adjacent optical modes !j+1 and !j�1 with nearly equal
scattering rates. c, However, modest optical reflections (⇠ 4%) in the quartz-vacuum interface, which lead to significant non-
uniformity in optical mode spacing, can be exploited to bias our system to strongly favor one scattering process (!j ! !j�1)
over the other (!j ! !j+1). The variation in cavity resonances arises because of dispersive shifts of cavity resonances arising
from multi-path interference. d, The reflection spectrum of the optical cavity obtained by frequency-sweeping an incident laser
light reveals this variation in optical mode spacing (or free spectral range) between adjacent fundamental Gaussian modes. e,
Measurement of the free spectral range (FSR) over a wider frequency range by sweeping the laser from wavelength 1548 to 1552
nm shows large undulation (2.6 GHz) in the FSR as a function of the optical cavity frequency. Consequently, we find multiple
pairs of resonances with frequency di↵erences that are equal to the Brillouin frequency, which is a necessary requirement for
inter-modal optomechanical coupling in our system.

BULK CRYSTALLINE OPTOMECHANICAL
SYSTEM

In what follows, we explore optomechanical interac-
tions mediated by macroscopic phonon modes within the
bulk crystalline cavity optomechanical system of Fig.
1a. A flat-flat quartz crystal, of 5.2 millimeter thick-
ness, is placed within a nearly hemispherical Fabry-Pérot
cavity having high reflectivity (98%) mirrors; this op-
tomechanical assembly is cooled to ⇠ 8 Kelvin tem-

peratures to greatly extend the phonon lifetimes within
crystalline quartz. At room temperature, high-frequency
phonons (>10 GHz) have a mean-free path (⇠ 100 µm)
that is much smaller than the crystal dimension. Cool-
ing this system to cryogenic temperatures, extends the
phonon coherence to meter length-scales, permitting the
formation of macroscopic high-frequency phonon modes
[29, 38]. Just as the optical Fabry-Pérot resonator sup-
ports a series of standing electromagnetic waves (red,
blue) seen in Fig. 1a, the planar surfaces of the quartz
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