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“…..in	  any	  case	  one	  can	  think	  of	  A	  will	  have	  a	  prac'cally	  
vanishing	  value.”	  















































































Rela'ons	  for	  gravita'onal	  waves	  in	  modern	  nota'on	  
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Figure 2: The Advanced LIGO Noise Breakdown: using GWINC (120418)

2.1 Sensitivity Limits of Second Generation Detectors

The 2nd generation interferometers (LIGO, Virgo, KAGRA) all have similar noise limits. Figure 1
shows the estimated strain spectral density curves.

2.2 Elements of Third Generation Detectors

2.3 Design Choices

In order to facilitate quantitative design choices, we have constructed the Astrophysics and Cos-
mology Detector Jacobians (Tables 5 and 6) and discuss the impact of various design changes on
astrophysical and cosmological science goals in §4, §5, and §6.

We briefly describe the various columns in the Detector Jacobians:

⌅ [TODO: Rana/Yanbei]

• NN

• Sei

• SUS

page 5

Advanced	  LIGO	  190Mpc	  NS/NS	  noise	  budget	  

 
Figure 1. Advanced LIGO optical configuration. ITM: input test mass; ETM: end test 
mass; ERM: end reaction mass; CP: compensation plate; PRM: power recycling mirror; 
PR2/PR3: power recycling mirror 2/3; BS: 50/50 beam splitter; SRM: signal recycling 
mirror; SR2/SR3: signal recycling mirror 2/3; FI: Faraday isolator; φm: phase modulator; 
PD: photodetector. The laser power numbers correspond to full-power operation. All of 
the components shown, except the laser and phase modulator, are mounted in the LIGO 
ultra-high vacuum system on seismically isolated platforms. 

The top-level parameters of the interferometers are listed in Table 1. The 
motivations behind these and other system design choices are described in this section. 
The various interferometer subsystems and components are described in section 4. 
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Figure 8 Quadruple pendulum suspension for the Input Test Mass (ITM) optic. 

Direct low-noise, high-bandwidth actuation on the test mass optic is accomplished 
with electro-static actuation [33]. The CP and ERM each have an annular pattern of gold 
electrodes, deposited on the face adjacent to the test mass, just outside the central optical 
aperture. The pattern is separated into 4 quadrants, which enables actuation in pitch, yaw 
and piston. The force coefficient is highly dependent on the separation between the test 
mass and its reaction mass. The ETM-ERM separation is 5 mm, which provides a 
maximum force of about 200 micro-Newtons using a high-voltage driver. Less actuation 
is needed on the ITMs, so the CP-ITM gap is increased to 20 mm to mitigate the effect of 
squeezed film damping [23]. 

The test mass and the penultimate mass are a monolithic fused silica assembly, 
designed to minimize thermal noise [34]. Machined fused silica elements (“ears”) are 
hydroxide-catalysis (silicate) bonded to flats polished onto the sides of the TM and 
penultimate mass. Custom drawn fused silica fibres are annealed and welded to the fused 
silica ears with a CO2 laser system [35]. The shape of the fibres is designed to minimize 
thermal noise (400 µm dia. by 596 mm long with 800 µm dia. by 20 mm long ends), 
while achieving a low suspension vertical “bounce” mode (9 Hz, below band) and high 
first violin mode frequency (510 Hz, above the instrument’s most sensitive frequency 
range). The fibre stress (800 MPa) is well below the immediate, static, breaking strength 
(5 GPa). 

The other suspension types employ the same basic key principles as the test mass 
quadruple suspensions, except for using steel wire in the final stage. 

4.4.3 Performance. The transfer functions (actuation to response) in all degrees of 
freedom in general match very well the model for the test mass suspension; Figure 9 

 

Figure 11 Seismic isolation for the test mass optic. 
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Figure 5: Network sensitivity and localization accuracy for face-on BNS systems with advanced
detector networks. The ellipses show 90% confidence localization areas, and the red crosses show
regions of the sky where the signal would not be confidently detected. The top two plots show the
localization expected for a BNS system at 80Mpc by the HLV network in the 2016–17 run (left)
and 2017–18 run (right). The bottom two plots show the localization expected for a BNS system
at 160Mpc by the HLV network in the 2019+ run (left) and by the HILV network in 2022+ with
all detectors at final design sensitivity (right). The inclusion of a fourth site in India provides good
localization over the whole sky.

Estimated EGW = 10�2M�c2 Number % BNS Localized
Run Burst Range (Mpc) BNS Range (Mpc) of BNS within

Epoch Duration LIGO Virgo LIGO Virgo Detections 5 deg2 20 deg2

2015 3 months 40 – 60 – 40 – 80 – 0.0004 – 3 – –
2016–17 6 months 60 – 75 20 – 40 80 – 120 20 – 60 0.006 – 20 2 5 – 12
2017–18 9 months 75 – 90 40 – 50 120 – 170 60 – 85 0.04 – 100 1 – 2 10 – 12
2019+ (per year) 105 40 – 80 200 65 – 130 0.2 – 200 3 – 8 8 – 28

2022+ (India) (per year) 105 80 200 130 0.4 – 400 17 48

Table 1: Summary of a plausible observing schedule, expected sensitivities, and source localization
with the advanced LIGO and Virgo detectors, which will be strongly dependent on the detectors’
commissioning progress. The burst ranges assume standard-candle emission of 10�2M�c2 in GWs

at 150Hz and scale as E1/2
GW. The burst and binary neutron star (BNS) ranges and the BNS

localizations reflect the uncertainty in the detector noise spectra shown in Fig. 1. The BNS detection
numbers also account for the uncertainty in the BNS source rate density [28], and are computed
assuming a false alarm rate of 10�2 yr�1. Burst localizations are expected to be broadly similar
to those for BNS systems, but will vary depending on the signal bandwidth. Localization and
detection numbers assume an 80% duty cycle for each instrument.
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