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1.300.000.000	years	ago!
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THE «SOUND» OF VACUUM
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THE EVENT: 14/9/2015 (09:50:45 UT)
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Detection Confidence
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FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show
the number of candidate events (orange markers) and the mean number of background events (black lines) in the search class where
GW150914 was found as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the
significance of an event in Gaussian standard deviations based on the corresponding noise background . The significance of GW150914
is greater than 5.1 � and 4.6 � for the binary coalescence and the generic transient searches, respectively. Left: Along with the
primary search (C3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2+C3). The classes C2 and C3 are defined in the text. Right: The tail in the black-
line background of the binary coalescence search is due to random coincidences of GW150914 in one detector with noise in the other
detector. (This type of event is practically absent in the generic transient search background because they do not pass the time-frequency
consistency requirements used in that search.) The purple curve is the background excluding those coincidences, which is used to assess
the significance of the second strongest event.

subtracted from the data. The statistic ⌘c thus quantifies the
SNR of the event and the consistency of the data between
the two detectors.

Based on their time-frequency morphology, the events
are divided into three mutually exclusive search classes, as
described in [40]: events with time-frequency morphology
of known populations of noise transients (class C1); events
with frequency that increases with time (class C3); and all
remaining events (class C2).

Detected with ⌘c = 20.0, GW150914 is the strongest
event of the entire search. Consistent with its coalescence
signal signature, it is found in the search class C3 of events
with increasing time-frequency evolution. Measured on a
background equivalent to over 67 400 years of data and in-
cluding a trials factor of 3 to account for the search classes,
its false alarm rate is lower than 1 in 22 500 years. This
corresponds to a probability < 2 ⇥ 10�6 of observing one
or more noise events as strong as GW150914 during the
analysis time, equivalent to 4.6 �. The left panel of Fig. 4
shows the C3 class results and background.

The selection criteria that define the search class C3 re-
duce the background by introducing a constraint on the sig-
nal morphology. In order to illustrate the significance of
GW150914 against a background of events with arbitrary
shapes, we also show the results of a search that uses the
same set of events as the one described above but without

this constraint. Specifically we use only two search classes:
the C1 class and the union of C2 and C3 classes (C2+C3).
In this two-class search the GW150914 event is found in
the C2+C3 class. The left panel of Fig. 4 shows the C2+C3
class results and background. In the background of this
class there are four events with ⌘c � 32.1, yielding a false
alarm rate for GW150914 of 1 in 8 400 years. This corre-
sponds to a false alarm probability of 5 ⇥ 10�6 equivalent
to 4.4 �.

For robustness and validation, we also use other generic
transient search algorithms [40]. A different search
[72] and a parameter estimation follow-up [73] detected
GW150914 with consistent significance and signal param-
eters.

Binary coalescence search — This search targets
gravitational-wave emission from binary systems with in-
dividual masses from 1 M� to 99 M�, total mass less than
100 M� and dimensionless spins up to 0.99 [44]. To
model systems with total mass larger than 4 M�, we use
the effective-one-body (EOB) formalism [74], which com-
bines results from the Post-Newtonian approach [75, 76]
with results from black hole perturbation theory and nu-
merical relativity. The waveform model [77, 78] assumes
that the spins of the merging objects are aligned with the
orbital angular momentum, but the resulting templates can
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Event significant in both unmodeled and modeled searches



M1 : 36#$%& M⦿
M2 : 29#$%$ M⦿
S/N : ~24

Spin : 0.67
Final Mass : 62#$%$ M⦿
Distance :  410#./0%.10	𝑀𝑝𝑐	

~1.3 x 109 light years

Redshift : z~0.09#0.0$%0.07

WHAT DID THEY OBSERVE?

GW150914
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• 𝑓9:~35	𝐻𝑧
• 𝑓9:~150	𝐻𝑧
• 8	περιφορές
• Duration	~0.23-0.25	sec
• >
?
~0.5

RINGING
INSPIRAL

MERGER

This	is	the	first	direct	detection	of gravitational	waves	
and	the	first	observation	of	a binary	black	hole	merger.

NOT	ONLY!
THIS	IS	THE	FIRST	DIRECT	DISCOVERY	OF	BLACK	HOLES

SIGNAL ANALYSIS
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RINGING
INSPIRAL

MERGER

SIGNAL ANALYSIS
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90%	confidence	regions	for	the	
final	compact	object



• Quite	good	agreement	with	the	event	rate
• First	detection	of	binary	black-hole	systems	
• Larger	than	expected	black-holes	!
• ------
• Estimation	of	masses	before	and	after	merger
• Total	energy	emitted	 ~3 solar	masses
• Peak	luminosity	3.6x1056 erg/sec

• Equivalent	to	200	solar	masses/	sec
• 50	higher	than	the	luminosity	of	the	whole	universe	
• «Graviton	mass»	if	exists	should	be	smaller	than:mg<1.2x	10-22	eV/c2

• The	final	“ringing”	(quasi-normal	mode)	in	agreement	with	the	ringing	of	
a	Kerr	black-hole.	

FINDINGS
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ALL	FINDINGS
IN	GOOD	AGREEMENT	

WITH	
GENERAL	THEORY	OF	RELATIVITY

FINDINGS
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100 days later, 
it happened again

26.12.2015 – Boxing day
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26.12.2015 – second event
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26.12.2015 – second event
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M1 : 14.2#7.@%/.7 M⦿

M2 : 7.5#A.7%A.7 M⦿

S/N : ~13

Spin : 0.74

Final Mass : 20.8#$%$ M⦿

Distance :  440#.C0%./0 Mpc

~1.4 x 109 light years

Redshift : z~0.09#0.0$%0.07

Radiated GW energy : ~1.0#0.A%0.. M⦿c2

WHAT DID THEY OBSERVE?
GW151226
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