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Detector network
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How we find GWs with LIGO/Virgo

• Given GWs emitted by a compact binary coalescence (CBC) in 
detector data compute

A. cross-correlation (matched filter) between  
detector data and waveforms predicted by general relativity 

B. coincident excess power in time-frequency representations 
of the detector strain data 

• For option (A) search codes use a template bank of waveforms to 
find triggers  

- use signal-to-noise ratio and a tailored statistic  
to check whether it looks like a CBC 

- assign significance to each trigger 

• Use Bayesian parameter estimation to pull out detailed 
information on the source parameters
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Binary BH waveforms
• Want complete description of waveform for  

all stages of the coalescence

• LIGO/Virgo needs waveform models which are
- accurate (to extract maximum physics)  
- fast (detailed analyses) 

• Waveform models used in results
- Effective-one-body models  

(SEOBNRv4_ROM, SEOBNRv3)  
[Bohé+ 17, Pan+ 14, Babak+ 16] 

- Phenomenological models  
(IMRPhenomPv2) [Hannam+ 14] 

• Models are tuned to numerical relativity 
simulations
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Waveforms are implemented in  
https://wiki.ligo.org/DASWG/LALSuite

[Baumgarte & Shapiro, Numerical Relativity]

https://wiki.ligo.org/DASWG/LALSuite


Model parameters
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Intrinsic parameters: 
masses, spins, 
eccentricity, tidal 
deformability

Extrinsic parameters: 
time, sky position, 
distance, orientation, 
reference phase



Parameter Estimation
• Subtract signal model from data:                   where

• Likelihood function for stationary Gaussian noise  
 

• Posterior probability of model parameters     
given the data     (Bayes' theorem): 
 
 
 

• Need Models for signal and noise

• Specify prior knowledge

• Numerically sample the posterior distribution

 6 GW Observations of BBH Coalescences with LIGO/Virgo    Aug 30, 2018
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LIGO-Virgo Results
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Summary of events in O1 and O2
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Summary of BBH events in O1 and O2

• O1 events: 
- GW150914
- GW151226
- LVT151012 

[LIGO-Virgo Collaboration,  
Phys. Rev. X 6, 041015 (2016)] 

• O2 events:
- GW170104  

[Phys. Rev. Lett. 118, 221101 (2017)] 
- GW170608  

[The Astrophysical Journal Letters, 851, 2 (2017)] 
- GW170814  

[Phys. Rev. Lett. 119, 141101 (2017)]
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Masses, spins and distance
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Masses, spins and final state
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Model accuracy 
for GW150914

GW Observations of BBH Coalescences with LIGO/Virgo    Aug 30, 2018 13

[LIGO-Virgo Collaboration,Class. Quantum Grav. 34 (2017) 104002  
See also: Phys. Rev. D 94, 064035 (2016)]

SXS/AEI Potsdam/S. Ossokine



Model accuracy for GW150914 in O1

• Repeat PE analysis on numerical relativity signal

• Inclination of GW150914 is unlikely to be edge-on

• Spin measurements are biased for edge-on inclination

•            spherical harmonics in NR signal matter only for edge-on inclination
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ℓ > 2

h+ − ih× =
∞

∑
l=2

ℓ

∑
m=−ℓ

−2Ylm(θ, ϕ)hlm(t)



Outlook: 
Model accuracy for 

GW150914-like binaries 
beyond O1
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Evolution of detector sensitivity

Model accuracy for GW150914 beyond O1

• At which SNR do statistical and systematic errors become comparable?
- There, we expect biased posteriors due to inaccuracies in waveform models 
- Tune criterion for indistinguishability of two waveforms to PE results 

• Expect biases for GW150914-like systems for aLIGO/Virgo design sensitivity and 
beyond given current semi-analytic waveform models. 
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[MP, in prep]
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Summary
• LIGO/Virgo have so far observed GWs from 6 binary black 

hole coalescences and one binary neutron star  
during O1 & O2.

• We will publish a catalog of all compact binaries  
found in O1 & O2 analyzed with O2 pipelines.

• This catalog will include statements on LIGO and Virgo 
instruments & data quality, searches & significance, 
source parameter estimates and estimates of merger rates 
for compact binaries.

• For advanced LIGO/Virgo design sensitivity and beyond 
waveform model accuracy needs to be improved to 
guarantee unbiased estimates of source parameters!
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Extra slides
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Detector network
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LIGO/C. Berry



Matched filtering
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⟨s |h⟩ = 4 Re∫
∞

0

s̃( f ) h̃*( f )
Sn( f )

df

Inner product between  
two waveforms 
 
 

LIGO/I. Harry



Matched filtering
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Parameters
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Effective aligned spin

‰e� = m1‰1 + m2‰2
m1 + m2

‰i = S̨i · L̂/m2
i

Effective precession spin [Schmidt+ 15]



Statistical & systematic error
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- In the high SNR regime posterior distribution can be well 
approximated by a multivariate Gaussian 

- Statistical errors of individual parameters scale inversely with SNR
- Systematic errors result in a constant offset

Idealized chirp mass recovery
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[MP, in prep]


