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2 Constraints

In this section, we outline a program that identifies the constraints applicable to the 3G
and 4G detectors. Appendix A summarizes the status of Advanced LIGO circa mid-2012.
Figure 2 presents our current best understanding of the noise sources that will limit Advanced
LIGO in the high power, broadband tuning configuration. The sensitivity is determined by
shot noise at high frequencies, by mirror thermal noise in the middle frequencies, and by a
combination of thermal, seismic and quantum radiation pressure noises at low frequencies.
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Figure 2: Baseline aLIGO Noise Budget (GWINC v2.0). 125 W input power; broadband
RSE tuning.

The 3G and 4G detectors will study novel astrophysics and gravitational phenomena em-
ploying technology beyond the current state of the art. These sources are well described
in the ET Design Study [?] as well as a technical note being prepared within the LSC [?].
The predicted gravitational wave sources emit in a variety frequency bands with a variety of
durations, which places a corresponding requirement on the detector sensitivity. Ideally, the
design of the 3G and 4G detectors will match the gravitational wave sources and the noise
performance will be optimized accordingly. The required sensitivity then dictates the detec-
tor technology and design. This design methodology is illustrated schematically in Figure 3.
This methodology fails in the current situation without gravitational wave detection – the
input astrophysics remains speculative. In the following discussion, the process is reversed.
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¡  Quantum	
  noise	
  reduction	
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¡  What	
  is	
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¡  Quantized	
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  Fields	
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¡  Even	
  when	
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  amplitude	
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  zero,	
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  variance	
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¡  In	
  practice,	
  we	
  inject	
  squeezed	
  “vacuum”	
  from	
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  dark	
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¡  Actual	
  squeezer	
  (LIGO	
  H1	
  squeezer)	
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¡  Shot	
  noise	
  reduction	
  in	
  GW	
  detectors	
  has	
  already	
  been	
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  2007	
  

¡  Squeezed	
  light	
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Figure 2 The noise floor of the signal-recycled Michelson interferometer with
(blue) and without (red) the injection of squeezed vacuum. The theoretically
predicted shot-noise level based on the measured optical power is also shown
(orange). The interferometer is shot-noise-limited at frequencies above 42 kHz.
Injection of squeezing leads to broadband reduction of the shot noise in the
shot-noise-limited frequency band.

The experiment reported here used a subconfiguration of
the complete Advanced LIGO interferometer—a signal-recycled
Michelson interferometer (SRMI), chosen in part because it is
an important new feature of the optical configuration predicted
for Advanced LIGO6,24. The shot-noise-limited displacement
sensitivity of the SRMI is given in the frequency domain by25

1xSRMI =
1p|G|

s
h̄cl

⇡⌘P
e�R, (2)

where G is the signal-recycling gain, given by G =
[ts/(1 � rsrme�2i�)]2, ⌘ is the power transmission eYciency
from the signal-recycling mirror to the photodetector (including
the quantum eYciency of the photodetector) and R is the
squeeze factor3. Here, rs and ts are the amplitude reflectivity and
transmissivity of the signal-recycling mirror, rm is the amplitude
reflectivity of the Michelson interferometer and � is the signal-
recycling cavity detuning. We note that setting G = 1, ⌘ = 1 and
R = 0 in equation (2) leads to the familiar expression for the shot-
noise limit in a Michelson interferometer, given in equation (1). In
the experiment described below, ⌘, rs and rm are measured to be
0.825,

p
0.925 and

p
0.995 respectively, and P and � are obtained

from fits to be 57 mW and 0, respectively.
This experiment was carried out in a prototype gravitational-

wave detector with suspended mirrors24, designed to closely mimic
the kilometre-scale LIGO detectors. A schematic diagram of the
experiment is shown in Fig. 1. Its major components are (1) an
intensity- and frequency-stabilized Nd:YAG Master Oscillator
Power Amplifier laser with a throughput of 5 W at 1,064 nm that
serves as the light source for both the interferometer and the
squeezed vacuum generator; (2) a triangular optical cavity—or
mode cleaner—which consists of three free-hanging mirrors with
a linewidth of 4 kHz to further stabilize the intensity, frequency
and mode of the laser; (3) a test interferometer configured as a
SRMI, comprising a 50/50 beamsplitter, two high-reflectivity end
mirrors and a signal-recycling mirror, all suspended as single-loop
pendulums (causing the optics to behave as inertial free masses);
(4) a squeezed vacuum generator—or squeezer—that consists of
a second-harmonic generator (SHG), a subthreshold vacuum-
seeded optical parametric oscillator (OPO) pumped by a second-
harmonic field, a monitor homodyne detector and an optical
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Figure 3 A zoomed graph of the noise floor of the interferometer with a
simulated gravitational-wave signal at 50 kHz with (blue) and without (red) the
injection of squeezed vacuum. The simulated gravitational wave was generated by
exciting the beamsplitter of the interferometer. The broadband shot-noise floor was
reduced from (6.9±0.1)⇥10�17 mHz�1/2 to (4.8±0.1)⇥10�17 mHz�1/2 by the
injection of squeezing, whereas the strength of the simulated gravitational-wave
signal was retained, resulting in a 44% increase in signal-to-noise ratio or
detector sensitivity.

circulator to inject the generated squeezed vacuum field to the
interferometer; and (5) a high-quantum-eYciency photodetector
to sense diVerential motion of the interferometer mirrors. The
Michelson interferometer is locked on a dark fringe using a static
diVerential oVset such that a small amount of the carrier light exits
the signal-recycling cavity, whereas the signal-recycling cavity is
locked on a carrier resonance. This d.c. component of the carrier
light at the antisymmetric port acts as a local oscillator field
for a gravitational-wave-induced signal to beat against, forming a
homodyne detection or ‘d.c. readout’ scheme6.

The noise performance of the interferometer is shown in
Fig. 2. The comparison between the measured noise floor without
squeezing and the theoretically predicted noise floor based
on the measured optical power of 100 µW indicates that the
interferometer is shot-noise-limited at frequencies above 42 kHz.
In addition, the interferometer output power is changed by
adjusting the Michelson oVset to verify the

p
P scaling of the

shot-noise spectral density. At frequencies below 42 kHz, the noise
is dominated by laser intensity noise and uncontrolled length
fluctuations of the interferometer. The peaks at frequencies above
42 kHz are also due to the interferometer length fluctuations.
In the shot-noise-limited frequency band, the detector sensitivity
is (6.9 ± 0.1) ⇥ 10�17 m Hz�1/2. Systematic uncertainty in the
displacement calibration is estimated to be 10%, but does not
aVect the relative improvement achieved by squeeze injection that
was observed.

The result of the squeezing-enhancement in the interferometer
is also shown in Fig. 2. The comparison between the two spectra
shows that the noise floor of the interferometer was reduced by the
injection of the squeezed vacuum field in the shot-noise-limited
frequency band. Figure 3 shows the noise floor with a simulated
gravitational-wave signal at 50 kHz, with and without injected
squeezing. The broadband quantum noise floor was reduced
from (6.9±0.1)⇥10�17 m Hz�1/2 to (4.8±0.1)⇥10�17 m Hz�1/2,
whereas the strength of the simulated gravitational-wave signal was
retained. This corresponds to a 44% increase in signal-to-noise
ratio or detector sensitivity. In kilometre-scale gravitational-wave
detectors, this would correspond to a factor of 1.443 = 3.0 increase
in detection rate for isotropically distributed gravitational-wave

474 nature physics VOL 4 JUNE 2008 www.nature.com/naturephysics
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¡  Squeezing	
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  and	
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  reduce	
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¡  Ponderomotive	
  effect	
  
§  Vacuum	
  fluctuations	
  from	
  the	
  dark	
  port	
  produce	
  	
  
amplitude	
  and	
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  fluctuations	
  in	
  the	
  arm	
  cavities	
  	
  

§  Radiation	
  pressure	
  
The	
  test	
  mass	
  mechanical	
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  work	
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  converter	
  	
  
from	
  the	
  amplitude	
  fluctuation	
  to	
  the	
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  fluctuation	
  



¡  Ponderomotive	
  effect	
  
§  Radiation	
  pressure:	
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¡  Homodyne	
  detection	
  
§  In	
  order	
  to	
  detect	
  the	
  signal	
  (and	
  noise)	
  with	
  a	
  photodetector	
  

The	
  output	
  field	
  needs	
  to	
  be	
  mixed	
  with	
  a	
  local	
  oscillator	
  field.	
  
cf.	
  RF	
  (or	
  heterodyne)	
  detection	
  using	
  RF	
  sidebands	
  

§  Homodyne	
  angle:	
  
Changes	
  the	
  projection	
  of	
  the	
  GW	
  signal	
  field	
  
and	
  output	
  noise	
  fields	
  into	
  the	
  detection	
  signal	
  

§  DC	
  Readout	
  
A	
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  (1~10pm)	
  offset	
  from	
  the	
  dark	
  fringe	
  is	
  applied	
  
=>	
  Useful:	
  The	
  IFO	
  beam	
  itself	
  becomes	
  the	
  LO	
  field	
  
	
  	
  	
  	
  ΦH	
  is	
  fixed	
  at	
  zero	
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¡  Frequency	
  dependent	
  squeezing	
  
§  Rotate	
  squeezing	
  angle	
  to	
  optimize	
  the	
  output	
  noise	
  field	
  

	
  
GW
signal

102 Stefan L. Danilishin and Farid Ya. Khalili

Figure 35: Examples of the sum quantum noise power (double-sided) spectral densities of the resonance-
tuned interferometers with frequency-dependent squeezing and/or homodyne angles. Left: no optical
losses, right: with optical losses, ⌘

d

= 0.95. ‘Ordinary’: no squeezing, �LO = ⇡/2. ‘Squeezed’: 10 dB
squeezing, ✓ = 0, �LO = ⇡/2 (these two plots are provided for comparison). Dots [pre-filtering, Eq. (403)]:
10 dB squeezing, �LO = ⇡/2, frequency-dependent squeezing angle. Dashes [post-filtering, Eq. (408)]:
10 dB squeezing, ✓ = 0, frequency-dependent homodyne angle. Dash-dots [pre- and post-filtering,
Eq. (410)]: 10 dB squeezing, frequency-dependent squeeze and homodyne angles. For all plots, J = JaLIGO

and � = 2⇡ ⇥ 500 s�1.

and minimize the resulting sum noise spectral density:

Sh(⌦) =
2~

ML2⌦2


cosh 2r + sinh 2r cos 2�LO + ✏2d

K(⌦) sin2 �LO

� 2e2r cot�LO +K(⌦)e2r
�

(406)

with respect to �LO. The minimum is provided by the following dependence

cot�LO =
K(⌦)

1 + ✏2de
�2r

, (407)

and is equal to

Sh(⌦) =
2~

ML2⌦2


e�2r + ✏2d
K(⌦)

+
✏2d

1 + ✏2de
�2r

K(⌦)

�
. (408)

The sum quantum noise spectral density (408) is plotted in Figure 35 for the ideal lossless case
and for ⌘d = 0.95 (dashed lines).

Compare this spectral density with the one for the frequency-dependent squeezing angle (pre-
filtering) case, see Eq. (403). The shot noise components in both cases are exactly equal to each
other. Concerning the residual back-action noise, in the pre-filtering case it is limited by the
available squeezing, while in the post-filtering case – by the optical losses. In the latter case,
were there no optical losses, the back-action noise could be removed completely, as shown in
Figure 35 (left). For the parameters of the noise curves presented in Figure 35 (right), the post-
filtering still has some advantage of about 40% in the back-action noise amplitude

p
S.

Note that the required frequency dependences (404) and (407) in both cases are similar to each
other (and become exactly equal to each other in the lossless case ✏d = 0). Therefore, similar
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¡  The	
  enemies	
  of	
  the	
  squeezing	
  
§  Optical	
  Loss	
  
Optical	
  losses	
  works	
  as	
  beamsplitters	
  	
  
to	
  introduce	
  normal	
  vacuum	
  fluctuation	
  

	
  
§  Phase	
  noise	
  
Wobbling	
  of	
  the	
  squeezing	
  angle	
  causes	
  
leakage	
  of	
  the	
  other	
  quadrature	
  into	
  the	
  	
  
squeezed	
  quadrature	
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Fig. 1. Possible squeezing as a function of the total effective losses 100⇥ (1�h) and total
squeezed quadrature fluctuations, in the absence of technical noise. Here pump power is
optimized for best squeezing given the level of quadrature fluctuations. Squeezing level
are in decibels relative to shot noise, and are therefore negative for an improvement in
sensitivity.

periment determine the maximum level of squeezing that can possibly be measured, illustrated
in Fig. 1.

A schematic of an experiment in which squeezed vacuum is injected into a LIGO interferom-
eter [5,16] is shown in Fig. 2. In this interferometer 20 Watts of 1064 nm laser light is incident
on a power-recycled Michelson interferometer with 4 km long Fabry-Perot cavities in each arm.
The interferometer optics are suspended from a seismic isolation system inside vacuum to re-
duce environmental noise coupling. The small amount of light that exits the interferometer at
the anti-symmetric port is filtered by an output mode cleaner (OMC), before the gravitational
wave signal is read out through self-homodyne detection at the readout photodetectors [17].
Our squeezed light source uses a traveling wave OPO resonant for the second harmonic pump
at 532 nm and the fundamental field at 1064 nm [11, 18]. To produce squeezing at the low
frequencies required for gravitational wave detection, the OPO is operated with no coherent
circulating field at the interferometer carrier frequency [19–22]. A frequency-offset coherent
field is used to generate two error signals for controlling the quadrature angle: the coherent
field error signal sensed in reflection off the OPO which is fed-back to the phase of the con-
trol laser and the quadrature angle error signal sensed at the interferometer’s anti-symmetric
port which is fed back to the pump laser phase. This squeezed vacuum source was used to im-
prove the sensitivity of this interferometer by -2.1 dB at frequencies above 2 kHz, with some
improvement due to squeezing down to 150 Hz, the lowest frequencies at which squeezing has
been observed in an interferometer [5].

2. Fluctuations of squeezed quadrature produced by an OPO

For an OPO cavity that is on resonance and phase matched, the squeezed quadrature is de-
termined by the phase of the incident second harmonic pump (qB), as illustrated by the red
trace in Fig. 3. Any shift in the phase of the second harmonic pump (dqB) causes a shift of the
quadrature angle away from the minimum noise point by dqB/2, a mechanism that has long
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¡  Quantom	
  noise	
  in	
  GW	
  detectors	
  
§  Shot	
  noise	
  &	
  Radiation	
  pressure	
  noise	
  
	
  

¡  Squeezed	
  vacuum	
  injection	
  
§  Shot	
  noise	
  reduction	
  already	
  demonstrated.	
  

¡  Radiation	
  pressure	
  
§  Will	
  eventually	
  limit	
  the	
  sensitivity	
  
§  Frequency	
  Dependent	
  squeezed	
  vacuum	
  injection	
  
will	
  mitigate	
  the	
  radiation	
  pressure	
  noise	
  

¡  Technical	
  Issues:	
  Optical	
  loss	
  &	
  phase	
  fluctuation	
  
§  R&D	
  on	
  going	
  


