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The	Detec1on	of	Gravita1onal	
Waves,	by	Joseph	Weber	
The	existence	of	such	waves	is	

predicted	by	the	theory	of	

rela7vity.	Experiments	designed	

to	detect	them	have	recorded	

evidence	that	they	are	being	

emi<ed	in	bursts	from	the	

direc7on	of	the	galac7c	center”
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Weber	GW	“detec1on”



DAMTP	
Silver	Street

7Cambridge	4.7.2017



8Cambridge	4.7.2017

PRD	4,	2191–2197	(1971)	cited	64	Imes:	Astone,	Billing,	Blair,	Caves,	
Dewey,	Drever,	Hamilton,	Hough,	Isaacson,	Lobo,	Michelson,	Misner,	
Pizzella,	Press,	Ruffini,	Sathyaprakash,	Saulson,	Schutz,	Thorne,	Trimble,	
Vinet,	Weber,	Winkler	



9Cambridge	4.7.2017

• Merger	of	“collapsed	objects”	
and	“neutron	stars”.	Does	not	
contain	the	words	“black	hole”	

• Correct	Ime-scales	and	energy	
esImates	(msec	per	solar	mass)	
when	objects	approach	
O(Schwarzschild	radius)	

• Concept	of	matched	filtering	
(not	with	that	name)	to	“dig	into	
the	noise”.		x12	be9er	sensiIvity	

• Precision	of	arrival-Ime	
determinaIon,	use	of	
triangulaIon	to	determine	
direcIon	to	source	

• Does	not	menIon	orbital	
behaviour	(head-on	collision?)	

• Amusing	typos	(“Earth	orbiIng	
around	the	sun	radiates	1kW	at	
a	frequency	of	3	cycles/year.”)



Glasgow,	1971
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Ron	Drever Jim	Hough	(L)	and	Stuart	Cherry	(R)
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Gravitational Radiation from Colliding Black Holes

S. W. Hawking
Institute of Theoretical Astronomy, University of Cambridge, Cambridge, England

(Received 11 March 1971)

It is shown that there is an upper bound to the energy of the gravitational radiation
emitted when one collapsed object captures another. In the case of two objects with
equal masses m and zero intrinsic angular momenta, this upper bound is (2-W2) m.

Weber' ' has recently reported coinciding mea-
surements of short bursts of gravitational radia-
tion at a frequency of 1660 Hz. These occur at a
rate of about one per day and the bursts appear
to be coming from the center of the galaxy. It
seems likely'4 that the probability of a burst
causing a coincidence between %eber's detectors
is less than, . If one allows for this and assumes
that the radiation is broadband, one finds that the
energy flux in gravitational radiation must be at
least 10'c erg/cm' day. 4 This would imply a
mass loss from the center of the galaxy of about
20 000M o/yr. It is therefore possible that the
mass of the galaxy might have been considerably
higher in the past than it is now. ' This makes it
important to estimate the efficiency with which
rest-mass energy can be converted into gravita-
tional radiation. Clearly nuclear reactions are
insufficient since they release only about 1% of
the rest mass. The efficiency might be higher
in either the nonspherical gravitational collapse
of a star or the collision and coalescence of two

collapsed objects. Up to now no limits on the ef-
ficiency of the processes have been known. The
object of this Letter is to show that there is a
limit for the second process. For the case of
two colliding collapsed objects, each of mass m
and zero angular momentum, the amount of ener-
gy that can be carried away by gravitational or
any other form of radiation is less than (2-v 2)m.
I assume the validity of the Carter-Israel con-

jucture'' that the metric outside a collapsed ob-
ject settles down to that of one of the Kerr family
of solutions' with positive mass m and angular
momentum a per unit mass less than or equal to
m. (I am using units in which G=c =1.) Each of
these solutions contains a nonsingular event hori-
zon, two-dimensional sections of which are topo-
graphically spheres with area'

8wm[m+(m a) ' ]. -
The event horizon is the boundary of the region
of space-time from which particles or photons
can escape to infinity. I shall consider only

1344

Hawking’s	Area	Theorem	PRL	21,	1344	(1971)
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Hawking’s	Area	Theorem	PRL	21,	1344	(1971)
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Non-spinning	area	A	=	4π	rS2	=	16π m2

A1 + A2 ≤ A3
 

Saturate: 2m2 = M2

Efficiency: 
  (2m - M)/2m = 
  (2 - √2)/2 = 
29.3 % of energy  
in GWs

m

m
M

+	GWs
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New	Scien1st,	11.12.1975



Fast-forward	45	years,	
from	1971	to	2016…



First	Detec1on
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14	September	2015:		
Advanced	LIGO	records		
merger	of	a	29	and	36	solar	
mass	BH  
 
References:	PRL	116,	061102	
(2016);	PRX	6,	041015	(2016);	
Ann.	Phys.	529,	1600209	
(2017);	PRL	118,	221101	
(2017)



GW150914
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• First	observing	run	(O1,	science	
operaIons)	start	scheduled	18	
September	2015 

• Event	at	09:50	UTC	on	14	
September	2015,	four	days	
before	O1	start 



AEI	Hannover,	September	14,	2015
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Andrew	LundgrenMarco	Drago

• 11:50	Monday	morning	in	Germany	
(02:50	in	Hanford,	04:50	in	Livingston)	

• Event	database	had	~1000	entries	
•Marco	and	Andy	checked	injecIon	
flags	and	logbooks,	data	quality,	made	
Qscans	of	LHO/LLO	data.	

• Contacted	LIGO	operators:	
“everyone’s	gone	home”	

• At	12:54,	Marco	sent	an	email	to	the	
collaboraIon,	asking	for	confirmaIon	
that	it’s	not	a	hidden	test	signal	
(hardware	injecIon)	

• Next	hours:	flurry	of	emails,	decision	
to	lock	down	sites,	freeze	instrument	
state



The	Chirp
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Gravita1onal	waves	from	orbi1ng	masses

19Cambridge	4.7.2017

r

orbital	angular	
frequency	⍵

m

m

get	mass	from	
frequency	and	its	
rate	of	change!

1 Equations

Gm

2

r

2
= m!

2
�
r

2

�
) r

3 =
2Gm

!

2

Emechanical =
1

2
m

�
!r

2

�2
+
1

2
m

�
!r

2

�2�Gm

2

r

= �Gm

2

2r
= �G

2/3
m

5/3

24/3
!

2/3

G

5c5
�
d

3

dt

3
Qab

��
d

3

dt

3
Qab

�
=

8G

5c5
m

2
r

4
!

6 =
213/3G7/3

m

10/3

5c5
!

10/3

GW Luminosity = � d

dt

Emechanical =
G

2/3
m

5/3

3 · 21/3
!

�1/3 d!

dt

d!

dt

=
3 · 214/3G5/3

m

5/3

5c5
!

11/3

0-0

1 Equations

Newton :
Gm

2

r

2
= m!

2
�
r

2

�
) r

3 =
2Gm

!

2

Emechanical =
1

2
m

�
!r

2

�2
+
1

2
m

�
!r

2

�2�Gm

2

r

= �Gm

2

2r
= �G

2/3
m

5/3

24/3
!

2/3

G

5c5
�
d

3

dt

3
Qab

��
d

3

dt

3
Qab

�
=

8G

5c5
m

2
r

4
!

6 =
213/3G7/3

m

10/3

5c5
!

10/3

GW Luminosity = � d

dt

Emechanical =
G

2/3
m

5/3

3 · 21/3
!

�1/3 d!

dt

d!

dt

=
3 · 214/3G5/3

m

5/3

5c5
!

11/3

0-0

1 Equations

Newton :
Gm

2

r

2
= m!

2
�
r

2

�
) r

3 =
2Gm

!

2

Emechanical =
1

2
m

�
!r

2

�2
+
1

2
m

�
!r

2

�2�Gm

2

r

= �Gm

2

2r
= �G

2/3
m

5/3

24/3
!

2/3

Einstein GW Luminosity =
G

5c5
�
d

3

dt

3
Qab

��
d

3

dt

3
Qab

�
=

8G

5c5
m

2
r

4
!

6 =
213/3G7/3

m

10/3

5c5
!

10/3

Einstein GW Luminosity = � d

dt

Emechanical =
G

2/3
m

5/3

3 · 21/3
!

�1/3 d!

dt

d!

dt

=
3 · 214/3G5/3

m

5/3

5c5
!

11/3

0-0

1 Equations

Newton :
Gm

2

r

2
= m!

2
�
r

2

�
) r

3 =
2Gm

!

2

Emechanical =
1

2
m

�
!r

2

�2
+
1

2
m

�
!r

2

�2�Gm

2

r

= �Gm

2

2r
= �G

2/3
m

5/3

24/3
!

2/3

Einstein GW Luminosity =
G

5c5
�
d

3

dt

3
Qab

��
d

3

dt

3
Qab

�
=

8G

5c5
m

2
r

4
!

6 =
213/3G7/3

m

10/3

5c5
!

10/3

Einstein GW Luminosity = � d

dt

Emechanical =
G

2/3
m

5/3

3 · 21/3
!

�1/3 d!

dt

d!

dt

=
3 · 214/3G5/3

m

5/3

5c5
!

11/3

0-0

GW	frequency	
f	=	4π ⍵



Masses	from	the	rate	of	frequency	increase
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LIGO-P150914-v12

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full band-
width of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical-relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Kep-
lerian effective black hole separation in units of Schwarzschild
radii (R

S

= 2GM/c2) and the effective relative velocity given
by the post-Newtonian parameter v/c = (GM⇡f/c3)1/3, where
f is the gravitational-wave frequency calculated with numerical
relativity and M is the total mass (value from Table I).

At the lower frequencies, such evolution is characterized
by the chirp mass [46]

M =
(m1m2)3/5

(m1 +m2)1/5
=

c3

G


5

96
⇡�8/3f�11/3ḟ

�3/5

,

where f and ḟ are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and ḟ from the data in Fig. 1
we obtain a chirp mass of M ' 30M�, implying that the
total mass M = m1 + m2 is >⇠ 70M� in the detector
frame. This bounds the sum of the Schwarzschild radii of
the binary components to 2GM/c2 >⇠ 210 km. To reach
an orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this fre-
quency would be only ' 350 km apart. A pair of neutron
stars, while compact, would not have the required mass,
while a black hole-neutron star binary with the deduced
chirp mass would have a very large total mass, and would
thus merge at much lower frequency. This leaves black
holes as the only known objects compact enough to reach

an orbital frequency of 75 Hz without contact. Further-
more, the decay of the waveform after it peaks is consis-
tent with the damped oscillations of a black hole relaxing
to a final stationary Kerr configuration. Below, we present
a general-relativistic analysis of GW150914; Fig. 2 shows
the calculated waveform using the resulting source param-
eters.

Detectors — Gravitational-wave astronomy exploits multi-
ple, widely separated detectors to distinguish gravitational
waves from local instrumental and environmental noise, to
provide source sky localization from relative arrival times,
and to measure wave polarizations. The LIGO sites each
operate a single Advanced LIGO detector [32], a modi-
fied Michelson interferometer (see Fig. 3) that measures
gravitational-wave strain as a difference in length of its or-
thogonal arms. Each arm is formed by two mirrors, act-
ing as test masses, separated by L

x

= L
y

= L = 4 km.
A passing gravitational wave effectively alters the arm
lengths such that the measured difference is �L(t) =
�L

x

� �L
y

= h(t)L, where h is the gravitational-wave
strain amplitude projected onto the detector. This differ-
ential length variation alters the phase difference between
the two light fields returning to the beamsplitter, transmit-
ting an optical signal proportional to the gravitational-wave
strain to the output photodetector.

To achieve sufficient sensitivity to measure gravitational
waves the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains
a resonant optical cavity, formed by its two test mass mir-
rors, that multiplies the effect of a gravitational wave on
the light phase by a factor of 300 [48]. Second, a partially
transmissive power-recycling mirror at the input provides
additional resonant buildup of the laser light in the interfer-
ometer as a whole [49, 50]: 20 W of laser input is increased
to 700 W incident on the beamsplitter, which is further in-
creased to 100 kW circulating in each arm cavity. Third,
a partially transmissive signal-recycling mirror at the out-
put optimizes the gravitational-wave signal extraction by
broadening the bandwidth of the arm cavities [51, 52].
The interferometer is illuminated with a 1064-nm wave-
length Nd:YAG laser, stabilized in amplitude, frequency,
and beam geometry [53, 54]. The gravitational-wave sig-
nal is extracted at the output port using homodyne read-
out [55].

These interferometry techniques are designed to maxi-
mize the conversion of strain to optical signal, thereby min-
imizing the impact of photon shot noise (the principal noise
at high frequencies). High strain sensitivity also requires
that the test masses have low displacement noise, which
is achieved by isolating them from seismic noise (low fre-
quencies) and designing them to have low thermal noise
(mid frequencies). Each test mass is suspended as the final
stage of a quadruple pendulum system [56], supported by
an active seismic isolation platform [57]. These systems
collectively provide more than 10 orders of magnitude of

3

=	30	M⦿ 



Can	only	be	two	black	holes!
• Chirp	mass	M ~	30	M⦿  

=>		m1,	m2	~	35	M⦿		=>  
Sum	of	Schwarzschild	radii	≥206km	

• At	peak	fGW	=	150	Hz,	orbital	frequency	=	
75	Hz		separaIon	of	Newtonian	point	
masses	346	km	

• Ordinary	stars	are	106	km	in	size	(merge	
at	mHz).	White	dwarfs	are	10

4
	km	(merge	

at	1	Hz).		They	are	too	big	to	explain	data!	

• Neutron	stars	are	also	not	possible: 
m1	=	4	M⦿ 	=>	m2=600	M⦿  

=>Schwarzschild	radius	1800km	=>	too	
big!

21Cambridge	4.7.2017

Among	known	objects,	only	black	holes 
are	heavy	enough	and	small	enough!

-0.5

0

0.5

residuals

0.2 0.25 0.3 0.35 0.4 0.45
Time (seconds)

-1

0

1

St
ra

in
 (1

0-2
1 )

H1 measured strain, bandpassed
L1 measured strain, bandpassed

Black hole separation (RS)

0.2 0.25 0.3 0.35 0.4 0.45
Time (seconds)

-1

0

1

2

St
ra

in
 (1

0-2
1 )

H1 estimated strain incident
H1 estimated strain, bandpassed

4 3 2 1

Inspiral Merger Ringdown



Random	Noise?
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More	than	200,000	years	before	noise	in	the	detector	
would	mimic	this	signal,	or	a	similar	signal	of	the	types	
that	we	search	for.



What	is	the	false	alarm	probability?
• Orange	squares:	highest	SNR	
events	in	the	first	16	days	of	
data	collected	(12	Sept	-	20	Oct)	

• EsImate	background	by	shiring	
instrumental	data	in	Ime	at	
one	site	in	0.1	second	
increments	(>>	10	msec	light-
travel	Ime)	approximately	
2x10

6
	Imes.	

• 	Generate	608,000	years	of	
“arIficial”	data,	search	for	
events	

• Including	trials	factor,	false	
alarm	rate	<	1	in	203,000	years	

• For	a	Gaussian	process,	this	is 
>	5.1σ

23Cambridge	4.7.2017
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What	is	the	false	alarm	probability?
• Orange	squares:	highest	SNR	events	
in	the	first	16	days	of	data	collected	
(12	Sept	-	20	Oct)	

• EsImate	background	by	shiring	
instrumental	data	in	Ime	at	one	site	
in	0.1	second	increments	(>>	10	msec	
light-travel	Ime)	approximately	2x10

6
	

Imes.	

• 	Generate	608,000	years	of	“arIficial”	
data,	search	for	events	

• Including	trials	factor,	false	alarm	rate	
<	1	in	203,000	years	

• For	a	Gaussian	process,	this	is	>	5.1σ
• Real	false	alarm	rate	much	much	less!	
We	got	lucky,	could	have	confidently	
detected	it	70%	farther	away.
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Once	event	every	
1021	years.		This	is  
1011		1mes	the	age	
of	the	universe!
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Energy	lost,	power	radiated

• Radiated energy (3±0.5)M⦿

• Peak luminosity O(G/c5) 
= 3.6 x 1056 erg/s 
= 200 M⦿//s

• Flux about 1µW/cm2 at 
detector, ~1012 millicrab

• Cell phone at 1 meter!

25Cambridge	4.7.2017
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nonetheless effectively recover systems with misaligned
spins in the parameter region of GW150914 [44]. Approx-
imately 250,000 template waveforms are used to cover this
parameter space.

The search calculates the matched-filter signal-to-noise
ratio ⇢(t) for each template in each detector and identi-
fies maxima of ⇢(t) with respect to the time of arrival
of the signal [79–81]. For each maximum we calcu-
late a chi-squared statistic �2

r

to test whether the data in
several different frequency bands are consistent with the
matching template [82]. Values of �2

r

near unity indicate
that the signal is consistent with a coalescence. If �2

r

is
greater than unity, ⇢(t) is re-weighted as ⇢̂ = ⇢/[(1 +
(�2

r

)3)/2]1/6 [83, 84]. The final step enforces coincidence
between detectors by selecting event pairs that occur within
a 15ms window and come from the same template. The
15ms window is determined by the 10ms inter-site propa-
gation time plus 5ms for uncertainty in arrival time of weak
signals. We rank coincident events based on the quadrature
sum ⇢̂

c

of the ⇢̂ from both detectors [43].
To produce background data for this search the SNR

maxima of one detector are time-shifted and a new set of
coincident events is computed. Repeating this procedure
⇠ 107 times produces a noise background analysis time
equivalent to 608 000 years.

To account for the search background noise varying
across the target signal space, candidate and background
events are divided into three search classes based on tem-
plate length. The right panel of Fig. 4 shows the back-
ground for the search class of GW150914. The GW150914
detection-statistic value of ⇢̂

c

= 23.6 is larger than any
background event, so only an upper bound can be placed
on its false alarm rate. Across the three search classes this
bound is 1 in 203 000 yrs. This translates to a false alarm
probability < 2⇥ 10�7, corresponding to 5.1�.

A second, independent matched-filter analysis that uses
a different method for estimating the significance of its
events [85, 86], also detected GW150914 with identical
signal parameters and consistent significance.

When an event is confidently identified as a real grav-
itational wave signal, as for GW150914, the background
used to determine the significance of other events is re-
estimated without the contribution of this event. This is
the background distribution shown as a purple line in the
right panel of Fig. 4. Based on this, the second most sig-
nificant event has a false alarm rate of 1 per 2.3 years and
corresponding Poissonian false alarm probability of 0.02.
Waveform analysis of this event indicates that if it is astro-
physical in origin it is also a binary black hole [44].

Source discussion — The matched filter search is opti-
mized for detecting signals, but it provides only approxi-
mate estimates of the source parameters. To refine them we
use general relativity-based models that include precessing
spins [77, 78, 89, 90], and for each model perform a co-
herent Bayesian analysis to derive posterior distributions

TABLE I. Source parameters for GW150914. We report me-
dian values with 90% credible intervals that include statistical
errors, and systematic errors from averaging the results of dif-
ferent waveform models. Masses are given in the source frame,
to convert to the detector frame multiply by (1 + z) [87]. The
source redshift assumes standard cosmology [88].

Primary black hole mass 36+5
�4 M�

Secondary black hole mass 29+4
�4 M�

Final black hole mass 62+4
�4 M�

Final black hole spin 0.67+0.05
�0.07

Luminosity distance 410+160
�180 Mpc

Source redshift, z 0.09+0.03
�0.04

of the source parameters [91]. The initial and final masses,
final spin, distance and redshift of the source are shown in
Table I. The spin of the primary black hole is constrained to
be < 0.7 (90% credible interval) indicating it is not max-
imally spinning, while the spin of the secondary is only
weakly constrained. These source parameters are discussed
in detail in [38]. The parameter uncertainties include sta-
tistical errors, and systematic errors from averaging the re-
sults of different waveform models.

Using the fits to numerical simulations of binary black
hole mergers in [92, 93], we provide estimates of the mass
and spin of the final black hole, the total energy radiated in
gravitational waves, and the peak gravitational-wave lumi-
nosity [38]. The estimated total energy radiated in gravita-
tional waves is 3.0+0.5

�0.5 M�c2. The system reached a peak
gravitational-wave luminosity of 3.6+0.5

�0.4 ⇥ 1056 erg/s,
equivalent to 200+30

�20 M�c2/s.
Several analyses have been performed to determine

whether or not GW150914 is consistent with a binary black
hole system in general relativity [94]. A first consistency
check involves the mass and spin of the final black hole.
In general relativity, the end product of a black hole binary
coalescence is a Kerr black hole, which is fully described
by its mass and spin. For quasicircular inspirals, these are
predicted uniquely by Einstein’s equations as a function of
the masses and spins of the two progenitor black holes. Us-
ing fitting formulae calibrated to numerical relativity sim-
ulations [92], we verified that the remnant mass and spin
deduced from the early stage of the coalescence and those
inferred independently from the late stage are consistent
with each other, with no evidence for disagreement from
general relativity.

Within the Post-Newtonian formalism, the phase of
the gravitational waveform during the inspiral can be ex-
pressed as a power-series in f1/3. The coefficients of this
expansion can be computed in general relativity. Thus we
can test for consistency with general relativity [95, 96] by
allowing the coefficients to deviate from the nominal val-
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corresponding Poissonian false alarm probability of 0.02.
Waveform analysis of this event indicates that if it is astro-
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coalescence is a Kerr black hole, which is fully described
by its mass and spin. For quasicircular inspirals, these are
predicted uniquely by Einstein’s equations as a function of
the masses and spins of the two progenitor black holes. Us-
ing fitting formulae calibrated to numerical relativity sim-
ulations [92], we verified that the remnant mass and spin
deduced from the early stage of the coalescence and those
inferred independently from the late stage are consistent
with each other, with no evidence for disagreement from
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Set	m	=		35	M⦿	and	r=346	km,	obtain	Emechanical	~	3	M⦿c2 
 

 



3	solar	masses	in	gravita1onal	waves
•Most	energy	emi9ed	in	~40	msec	

• 10	msec	arer	merger,	expanding	shell	
of	GW	energy	15,000	km	in	radius.		
Energy	density	in	GW:		~60	kg/cm3	

• 1	sec	arer	merger,	shell	300,000	km	
radius,	energy	density	in	shell	~	100	
g/cm3.  
You	could	safely	observe		from	this	
distance	in	a	space-suit:	strain	would	
change	your	body	length	by	~1mm	

• 10	s	arer	merger,	shell	has	3,000,000	
km	radius.		Energy	density	in	GW:		~1	
g/cm3
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It is shown that there is an upper bound to the energy of the gravitational radiation
emitted when one collapsed object captures another. In the case of two objects with
equal masses m and zero intrinsic angular momenta, this upper bound is (2-W2) m.

Weber' ' has recently reported coinciding mea-
surements of short bursts of gravitational radia-
tion at a frequency of 1660 Hz. These occur at a
rate of about one per day and the bursts appear
to be coming from the center of the galaxy. It
seems likely'4 that the probability of a burst
causing a coincidence between %eber's detectors
is less than, . If one allows for this and assumes
that the radiation is broadband, one finds that the
energy flux in gravitational radiation must be at
least 10'c erg/cm' day. 4 This would imply a
mass loss from the center of the galaxy of about
20 000M o/yr. It is therefore possible that the
mass of the galaxy might have been considerably
higher in the past than it is now. ' This makes it
important to estimate the efficiency with which
rest-mass energy can be converted into gravita-
tional radiation. Clearly nuclear reactions are
insufficient since they release only about 1% of
the rest mass. The efficiency might be higher
in either the nonspherical gravitational collapse
of a star or the collision and coalescence of two

collapsed objects. Up to now no limits on the ef-
ficiency of the processes have been known. The
object of this Letter is to show that there is a
limit for the second process. For the case of
two colliding collapsed objects, each of mass m
and zero angular momentum, the amount of ener-
gy that can be carried away by gravitational or
any other form of radiation is less than (2-v 2)m.
I assume the validity of the Carter-Israel con-

jucture'' that the metric outside a collapsed ob-
ject settles down to that of one of the Kerr family
of solutions' with positive mass m and angular
momentum a per unit mass less than or equal to
m. (I am using units in which G=c =1.) Each of
these solutions contains a nonsingular event hori-
zon, two-dimensional sections of which are topo-
graphically spheres with area'

8wm[m+(m a) ' ]. -
The event horizon is the boundary of the region
of space-time from which particles or photons
can escape to infinity. I shall consider only
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nonetheless effectively recover systems with misaligned
spins in the parameter region of GW150914 [44]. Approx-
imately 250,000 template waveforms are used to cover this
parameter space.

The search calculates the matched-filter signal-to-noise
ratio ⇢(t) for each template in each detector and identi-
fies maxima of ⇢(t) with respect to the time of arrival
of the signal [79–81]. For each maximum we calcu-
late a chi-squared statistic �2

r

to test whether the data in
several different frequency bands are consistent with the
matching template [82]. Values of �2

r

near unity indicate
that the signal is consistent with a coalescence. If �2

r

is
greater than unity, ⇢(t) is re-weighted as ⇢̂ = ⇢/[(1 +
(�2

r

)3)/2]1/6 [83, 84]. The final step enforces coincidence
between detectors by selecting event pairs that occur within
a 15ms window and come from the same template. The
15ms window is determined by the 10ms inter-site propa-
gation time plus 5ms for uncertainty in arrival time of weak
signals. We rank coincident events based on the quadrature
sum ⇢̂

c

of the ⇢̂ from both detectors [43].
To produce background data for this search the SNR

maxima of one detector are time-shifted and a new set of
coincident events is computed. Repeating this procedure
⇠ 107 times produces a noise background analysis time
equivalent to 608 000 years.

To account for the search background noise varying
across the target signal space, candidate and background
events are divided into three search classes based on tem-
plate length. The right panel of Fig. 4 shows the back-
ground for the search class of GW150914. The GW150914
detection-statistic value of ⇢̂

c

= 23.6 is larger than any
background event, so only an upper bound can be placed
on its false alarm rate. Across the three search classes this
bound is 1 in 203 000 yrs. This translates to a false alarm
probability < 2⇥ 10�7, corresponding to 5.1�.

A second, independent matched-filter analysis that uses
a different method for estimating the significance of its
events [85, 86], also detected GW150914 with identical
signal parameters and consistent significance.

When an event is confidently identified as a real grav-
itational wave signal, as for GW150914, the background
used to determine the significance of other events is re-
estimated without the contribution of this event. This is
the background distribution shown as a purple line in the
right panel of Fig. 4. Based on this, the second most sig-
nificant event has a false alarm rate of 1 per 2.3 years and
corresponding Poissonian false alarm probability of 0.02.
Waveform analysis of this event indicates that if it is astro-
physical in origin it is also a binary black hole [44].

Source discussion — The matched filter search is opti-
mized for detecting signals, but it provides only approxi-
mate estimates of the source parameters. To refine them we
use general relativity-based models that include precessing
spins [77, 78, 89, 90], and for each model perform a co-
herent Bayesian analysis to derive posterior distributions

TABLE I. Source parameters for GW150914. We report me-
dian values with 90% credible intervals that include statistical
errors, and systematic errors from averaging the results of dif-
ferent waveform models. Masses are given in the source frame,
to convert to the detector frame multiply by (1 + z) [87]. The
source redshift assumes standard cosmology [88].

Primary black hole mass 36+5
�4 M�

Secondary black hole mass 29+4
�4 M�

Final black hole mass 62+4
�4 M�

Final black hole spin 0.67+0.05
�0.07

Luminosity distance 410+160
�180 Mpc

Source redshift, z 0.09+0.03
�0.04

of the source parameters [91]. The initial and final masses,
final spin, distance and redshift of the source are shown in
Table I. The spin of the primary black hole is constrained to
be < 0.7 (90% credible interval) indicating it is not max-
imally spinning, while the spin of the secondary is only
weakly constrained. These source parameters are discussed
in detail in [38]. The parameter uncertainties include sta-
tistical errors, and systematic errors from averaging the re-
sults of different waveform models.

Using the fits to numerical simulations of binary black
hole mergers in [92, 93], we provide estimates of the mass
and spin of the final black hole, the total energy radiated in
gravitational waves, and the peak gravitational-wave lumi-
nosity [38]. The estimated total energy radiated in gravita-
tional waves is 3.0+0.5

�0.5 M�c2. The system reached a peak
gravitational-wave luminosity of 3.6+0.5

�0.4 ⇥ 1056 erg/s,
equivalent to 200+30

�20 M�c2/s.
Several analyses have been performed to determine

whether or not GW150914 is consistent with a binary black
hole system in general relativity [94]. A first consistency
check involves the mass and spin of the final black hole.
In general relativity, the end product of a black hole binary
coalescence is a Kerr black hole, which is fully described
by its mass and spin. For quasicircular inspirals, these are
predicted uniquely by Einstein’s equations as a function of
the masses and spins of the two progenitor black holes. Us-
ing fitting formulae calibrated to numerical relativity sim-
ulations [92], we verified that the remnant mass and spin
deduced from the early stage of the coalescence and those
inferred independently from the late stage are consistent
with each other, with no evidence for disagreement from
general relativity.

Within the Post-Newtonian formalism, the phase of
the gravitational waveform during the inspiral can be ex-
pressed as a power-series in f1/3. The coefficients of this
expansion can be computed in general relativity. Thus we
can test for consistency with general relativity [95, 96] by
allowing the coefficients to deviate from the nominal val-
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background event, so only an upper bound can be placed
on its false alarm rate. Across the three search classes this
bound is 1 in 203 000 yrs. This translates to a false alarm
probability < 2⇥ 10�7, corresponding to 5.1�.

A second, independent matched-filter analysis that uses
a different method for estimating the significance of its
events [85, 86], also detected GW150914 with identical
signal parameters and consistent significance.

When an event is confidently identified as a real grav-
itational wave signal, as for GW150914, the background
used to determine the significance of other events is re-
estimated without the contribution of this event. This is
the background distribution shown as a purple line in the
right panel of Fig. 4. Based on this, the second most sig-
nificant event has a false alarm rate of 1 per 2.3 years and
corresponding Poissonian false alarm probability of 0.02.
Waveform analysis of this event indicates that if it is astro-
physical in origin it is also a binary black hole [44].

Source discussion — The matched filter search is opti-
mized for detecting signals, but it provides only approxi-
mate estimates of the source parameters. To refine them we
use general relativity-based models that include precessing
spins [77, 78, 89, 90], and for each model perform a co-
herent Bayesian analysis to derive posterior distributions
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dian values with 90% credible intervals that include statistical
errors, and systematic errors from averaging the results of dif-
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to convert to the detector frame multiply by (1 + z) [87]. The
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Table I. The spin of the primary black hole is constrained to
be < 0.7 (90% credible interval) indicating it is not max-
imally spinning, while the spin of the secondary is only
weakly constrained. These source parameters are discussed
in detail in [38]. The parameter uncertainties include sta-
tistical errors, and systematic errors from averaging the re-
sults of different waveform models.

Using the fits to numerical simulations of binary black
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gravitational waves, and the peak gravitational-wave lumi-
nosity [38]. The estimated total energy radiated in gravita-
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whether or not GW150914 is consistent with a binary black
hole system in general relativity [94]. A first consistency
check involves the mass and spin of the final black hole.
In general relativity, the end product of a black hole binary
coalescence is a Kerr black hole, which is fully described
by its mass and spin. For quasicircular inspirals, these are
predicted uniquely by Einstein’s equations as a function of
the masses and spins of the two progenitor black holes. Us-
ing fitting formulae calibrated to numerical relativity sim-
ulations [92], we verified that the remnant mass and spin
deduced from the early stage of the coalescence and those
inferred independently from the late stage are consistent
with each other, with no evidence for disagreement from
general relativity.

Within the Post-Newtonian formalism, the phase of
the gravitational waveform during the inspiral can be ex-
pressed as a power-series in f1/3. The coefficients of this
expansion can be computed in general relativity. Thus we
can test for consistency with general relativity [95, 96] by
allowing the coefficients to deviate from the nominal val-
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Inspiral Merger Ringdown

GW150914	test	area	theorem?	No!

•Most	SNR	before	merger:	only	values	of	m1,	m2	are	
determined	independently.	

•mf	and	sf	determined	by	numerical/analyIc	evoluIon	

• If	area	theorem	were	NOT	saIsfied,	then	the	numerical/
analyIc	soluIon	of	Einstein	equaIons	are	faulty

29Cambridge	4.7.2017
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GW150914	test	area	theorem?	No!

• Quasi-normal	modes	characterised	by	frequency	and	
decay	Ime:	funcIon	of	mass	and	spin	of	final	black	hole	

•Modes	“stabilise”	about	10M	arer	merger	

• In	detector	frame:	M=340	μsec,	so	10M	=	3.4	msec
30Cambridge	4.7.2017

Kamaretsos	et	al,	PRD	
85	024018	(2012)	

Mass	raIo	2

t=10M
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Inspiral Merger RingdownGW150914	test	area	theorem?	No!

• Signal	remaining	3.4	msec	arer	peak	(merger)	constrains	frequency/
damping	Ime	to	purple	region	

• Does	not	Ightly	constrain	final	mass	and	spin	

• Need	a	stronger	signal:	ideally	get	frequency/damping	Ime	of	TWO	
quasi-normal	mode

31
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GW170104:	first	Detec1on	in	O2
•Merger	of	31	and	19	M⦿		  
black	holes	

• 2	M⦿		lost	in	GWs		

• Distance:	redshir	0.18	
corresponding	to	880	Mpc	

• Like	first	detecIon	GW150914,	
only	at	twice	the	distance!		

• “GW170104	was	first	iden7fied	

by	inspec7on	of	low	latency	

triggers	from	Livingston	data.		

An	automated	no7fica7on	was	

not	generated	as	the	Hanford	

detector’s	calibra7on	state	was	

temporarily	set	incorrectly	in	

the	low-latency	system.”
32Cambridge	4.7.2017

Phys.	Rev.	Le9.	118,	221101	(2017)	
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Binary	Black	Holes	in	O1/O2

33Cambridge	4.7.2017

29	+	35	M⦿,	SNR	24

8	+	15	M⦿,		SNR	13

13	+	23	M⦿,	SNR	10

31	+	19	M⦿,		SNR	13

1

-1

1

-1

1

-1

(S
tr
ai
n	
h)
	x
	1
02

1

1

-1



Why	is	spin	hard	to	observe?

• Face-on:	produces	strong	signal,	regardless	of	
detector	orientaIon	

• Edge-on:	cosine	factor.		Amplitude	in	detector	
depends	upon	its	orientaIon

34Cambridge	4.7.2017

Orbital	plane	face-on	
GWs	have	circular	polarisa1on

Orbital	plane	edge-on	
GWs	have	linear	polarisa1on

⍳



Why	is	spin	hard	to	observe?
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Why	is	spin	hard	to	observe
• “Smoking	gun”:	precession	
of	the	orbital	plane	

• Hard	to	detect:	effects	on	
waveform	strongest	when	
orbital	plane	viewed		edge-
on;	hidden	when	viewed	
face-on/off.	

• A	network	of	detectors	with	
different	orientaIons	will	
make	us	more	likely	to	
detect	systems	that	are	not	
face-on/off	

• Compare	priors	and	
posteriors

36Cambridge	4.7.2017 GW170104



Closing
• aLIGO	observaIons	a	wonderful	way	to	observe	
dynamic	strong-field	gravity.		Fully	consistent	with	GR	

• 1970s	work	by	Hawking	and	Gibbons	was	a	significant	
factor	leading	to	first	detecIons	45	years	later	

• Coming	years:	find	mass	and	spin	distribuIons	of	
these	BH	systems.	Clues	about	their	origins.	

• To	test	area	theorem	directly,	need	a	source	x2	closer	
with	detectors	that	are	x3	more	sensiIve.		Hopefully	
by	end	of	the	decade.	Perhaps	might	also	“average”	
many	weaker	events.	

• Data	analysis:	very	compute	intensive,	but	the	human	
element	is	sIll	important		

• Solar	masses	radiated	in	tens	of	milliseconds	is	
dramaIc,	but	nevertheless	ineffectual	

•When	looking	at	posterior	probability	distribuIons	for	
parameters,	be	sure	to	compare	this	with	priors.		
What	comes	from	the	data	itself?
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