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Plan for today: Intro to process open LIGO data

• Use material from LIGO Open Science Center: losc.ligo.org: data, 
tutorials, publications, documentation. 

• Intro to basic data analysis techniques, LIGO data formats, 
waveform anatomy. 

• Start with a bit of “theory material” & overview of LIGO data + 
software.  

• Together: work through tutorial using data from first detection,  

• Individually: work through 2 more events with suggested 
additional investigations. 

• Advertisement: phenomenological waveform models, feel free 
to modify.

https://losc.ligo.org


2 high significance events detected, 1 at low significance 
(based on loudest event statistic): GW150914, LVT151012, GW151226

Low significance event 
is consistent with the 
same BBH population.



• Inspiral: energy loss to GWs leads to adiabatic inspiral, 
well described by post-Newtonian perturbation theory. 
 

• Late inspiral & merger: post-Newtonian expansion breaks


• solve full Einstein equations numerically as PDEs,  
“match” to post-Newtonian inspiral.


• Most of the energy released (< 12 % of the mass).


• Ringdown: superposition of damped harmonics.

Anatomy of BH mergers
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How	to	find	a	signal	buried	in	the	detector	noise?	

Simplest	case:	sinusoidal				->	Idea:	Fourier	transform!

http://grg.uib.es/ligo/
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Optimal	analysis	of	data	from	GW	detectors	relies	on	matched	filtering	
with	template	waveforms		<=		model	solutions	of	GR

scalar product: signal-to-noise ratio:

match:

fitting factor:
likelihood:

http://grg.uib.es/ligo/
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http://grg.uib.es/ligo/
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Typical for GW matched filter analysis: split data analysis problem into 2 parts: 
- detection: what is the statistical evidence of seeing a signal above background, 

fixed template bank [rough parameter estimation]. 
- Bayesian parameter estimation: vary templates with random walks in parameter 

space, using MCMC etc., test consistency in waveform models.

http://grg.uib.es/ligo/


• Calculate background with 
0.1 s time shifts L1 vs H1:  
16 days -> 608 000 years. 

• trials factor of 3 for 3 bins. 

• No equally strong triggers 
found in time shifted data:  

• FAR < 5 × 10−6 yr−1 
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• FAP < 2 × 10−7 ≃ 3/(16*24*3600*10) ≃ 5.1σ

Background calculation: GW150914

number of time shifts

PRL116, 061102 (2016)



Other freely available software for GW science

• LAL/LALApps (LIGO Algorithms Libary) 

• C-library for analysing data from the ground-
based interferometer network. 

• Includes search codes for CBC, Continuous 
Waves (pulsars), unmodelled burst sources, 
stochastic sources; waveform models; …. 

• Einstein Toolkit: open source parallel programming 
environment for numerical relativity, includes 
examples for production-level simulations (e.g. 
reproducing GW150914).



BBH coalescence to leading order: 
 Newtonian conservative dynamics + leading order 

radiation reaction.
Start with energy, e.g. as function of separation R or orbital 
frequency ω: E(R), E(ω). Kepler: ω2 R3 = G M.  
 

To compute the rate of change of any quantity X (e.g. X=ω, R) 
we write
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Fourier domain waveform
Stationary phase approximation (SPA)
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See also: “The basic physics of the binary black hole merger 
GW150914”, LSC+Virgo, https://arxiv.org/abs/1608.01940

https://arxiv.org/abs/1608.01940


Inspiral-Merger-Ringdown Waveform models

• 2 main families: EOBNR, Phenom


• calibrated to effective-one-body 
resumption of post-Newtonian 
perturbation scheme 
  
+ numerical relativity solutions of full 
GR


• EOBNR: time domain, integrate ODEs


• used in our example


• Phenom: frequency domain, piecewise 
analytic. 



IMRPhenom*, 
gIMR: 

Free implementation in LAL 
C-library and Mathematica. 

Take away the model, and 
modify it, e.g. to test 
General Relativity, 
implement Lorentz 
violation, alternative gravity 
models, etc …. 

Use it for astrophysics: 
models final spin, radiated 
energy, … 

Get LIGO data from 
losc.ligo.org and look at 
the data yourself! 

http://losc.ligo.org


Exercises
• Compare 3 events. 

• Print & plot intermediate quantities, plot Newton+Quadrupole SPA 
waveform together with BBH template and noise. Estimate time 
delay between detectors. 

• Waveform anatomy: determine chirp mass, total mass (assume 
equal masses, source seen face-on), ringdown frequency, 
estimate final spin. 

• Plot horizon distance as a function of mass. 

• Mass scaling of template:construct templates corresponding to 
different masses, match between templates corresponding to 
different masses, compare data with template of different mass. 

• Plot appropriately time-shifted data of both detectors, plot time-
shifted residuals of both detectors.



Real and imaginary ringdown  
 frequency as a function  
 of final Kerr parameter.

GW luminosity


