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1.3	Billion	Years	Ago		
(Give	or	Take)	
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Slowed	down	~100x:	this	lasts	1/3	sec	in	real	'me	

One	36	M¤ 
black	hole	

One	29	M¤ 
black	hole	

Final	black	
hole		62	M¤ 	
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Gravita'onal	Wave	Basics	

•  	Einstein,	in	1916,	recognized	gravita'onal	
waves	in	his	theory	of	General	Rela'vity	
–  Necessary	consequence	of	Special	Rela'vity	

with	its	finite	speed	for	informa'on	transfer	
–  Dis'nc've	departure	from	Newtonian	theory	

•  	Time-dependent	distor'ons	of	space-
'me	created	by	the	accelera'on	of	
masses	
–  Propagate	at	the	speed	of	light	
–  Pure	quadrupolar	waves,	with	two		

orthogonal	polariza'ons	
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Gravita'onal	Waves	from	binary	black	hole	merger	
are	passing	the	'p	of	the	handle	in	the	Big	Dipper…	



Gravita'onal	Wave	Proper'es	
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GW	detec'on:	effect	on	free	masses	

Here,	strain		
h	=	0.4	!	

Typical	h	=	1.5e-21	!!	
1/1000	of	proton	diameter!!	

GW	genera'on:	quadrupole	formula	



For	Colliding	Black	Holes…	
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Gravita'onal	Wave	Signature	



Brief	History	of	LIGO	
•  1972		
Original	concept:,	Rai	Weiss	
•  1994	–	2000		
Two	LIGO	observatories	
constructed	
•  2002	–	2007		
IniAal	LIGO			
•  2008	–	2010		
Enhanced	LIGO	operated			
•  2014		
Advanced	LIGO	upgrade	
construc'on	completed	

MIT 

Caltech 

Gravita'onal	wave	from	the	merger	pass…	

Sirius	A&B	
in	Canis	Major	

Proxima	Centauri	

Arcturus	
in	Bootes	



LIGO Hanford Observatory 
H1 detector 
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LIGO Livingston Observatory 
L1 detector 
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Then,	on	14	September	2015	…		

The	gravita'onal	waves	
from	this	merger	passed	
through	the	LIGO	detectors!	
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Then	Again	(Twice!)	in	4	months	
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FIG. 1. Left: Amplitude spectral density of the total strain noise of the H1 and L1 detectors,
p

S( f ), in units of strain per
p

Hz, and the
recovered signals of GW150914, GW151226 and LVT151012 plotted so that the relative amplitudes can be related to the SNR of the signal
(as described in the text). Right: Time evolution of the waveforms from when they enter the detectors’ sensitive band at 30 Hz. All bands
show the 90% credible regions of the LIGO Hanford signal reconstructions from a coherent Bayesian analysis using a non-precessing spin
waveform model [45].

The gravitational-wave signal from a BBH merger takes the
form of a chirp, increasing in frequency and amplitude as the
black holes spiral inwards. The amplitude of the signal is
maximum at the merger, after which it decays rapidly as the fi-
nal black hole rings down to equilibrium. In the frequency do-
main, the amplitude decreases with frequency during inspiral,
as the signal spends a greater number of cycles at lower fre-
quencies. This is followed by a slower falloff during merger
and then a steep decrease during the ringdown. The amplitude
of GW150914 is significantly larger than the other two events
and at the time of the merger the gravitational-wave signal
lies well above the noise. GW151226 has lower amplitude but
sweeps across the whole detector’s sensitive band up to nearly
800 Hz. The corresponding time series of the three wave-
forms are plotted in the right panel of Figure 1 to better vi-
sualize the difference in duration within the Advanced LIGO
band: GW150914 lasts only a few cycles while LVT151012
and GW151226 have lower amplitude but last longer.

The analysis presented in this paper includes the total set of
O1 data from September 12, 2015 to January 19, 2016, which
contains a total coincident analysis time of 51.5 days accu-
mulated when both detectors were operating in their normal
state. As described in [13] with regard to the first 16 days
of O1 data, the output data of both detectors typically con-
tain non-stationary and non-Gaussian features, in the form of
transient noise artifacts of varying durations. Longer duration
artifacts, such as non-stationary behavior in the interferom-
eter noise, are not very detrimental to CBC searches as they
occur on a time-scale that is much longer than any CBC wave-

form. However, shorter duration artifacts can pollute the noise
background distribution of CBC searches. Many of these arti-
facts have distinct signatures [48] visible in the auxiliary data
channels from the large number of sensors used to monitor in-
strumental or environmental disturbances at each observatory
site [49]. When a significant noise source is identified, con-
taminated data are removed from the analysis data set. After
applying this data quality process, detailed in [50], the remain-
ing coincident analysis time in O1 is 48.6 days. The analyses
search only stretches of data longer than a minimum duration,
to ensure that the detectors are operating stably. The choice is
different in the two analyses and reduces the available data to
46.1 days for the PyCBC analysis and 48.3 days for the Gst-
LAL analysis.

III. SEARCH RESULTS

Two different, largely independent, analyses have been im-
plemented to search for stellar-mass BBH signals in the data
of O1: PyCBC [2–4] and GstLAL [5–7]. Both these analyses
employ matched filtering [51–59] with waveforms given by
models based on general relativity [8, 9] to search for gravi-
tational waves from binary neutron stars, BBHs, and neutron
star–black hole binaries. In this paper, we focus on the results
of the matched filter search for BBHs. Results of the searches
for binary neutron stars and neutron star–black hole binaries
will be reported elsewhere. These matched-filter searches are
complemented by generic transient searches which are sensi-

Detected:	Sep	14th	2015	

Detected:	Oct	12th	2015	

Detected:	Dec	26th	2015	

36	M¤	+	29	M¤ 
1.3	billion	ly	away 

23	M¤	+	13	M¤ 
3.3	billion	ly	away 

14	M¤	+	7.5	M¤ 
1.4	billion	ly	away 
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Gravita'onal	Wave	Astronomy	Has	Begun!	

Indirect	
Electromagne'c	
Observa'ons	
(X-Ray	Binaries)	

Direct	
LIGO		
Gravita'onal	
Wave	
Observa'ons	
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The	Future	of	Gravita'onal	Wave	Astronomy	
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and	pulsars	
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The	Future	of	Gravita'onal	Wave	Astronomy	
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Gravita'onal	Wave	Astronomy	is	HERE!	

S'ck	around	for	more	about	the	LIGO	detectors	with	
Dr.	Jenne	Driggers	

	
and	
	

Stay	tuned	for	more	excitement	from	the	Universe!	


