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Disclaimer

There have been 1000’s of 
scientists that have contributed to 
the 100 year effort to detect 
gravitational waves. I will only be 
able to mention a few of them.

4



Einstein & GR

The start of gravitational waves
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692 Sitzung der physikalisch-mathematischen Klasse vom 22. Juni lOlti

Hieraus erhält man mit Hilfe von (8) und (i) für die #„„ die Werte
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Diese Werte, welche sich von den von mir früher angegebenen
nur vermöge der Wahl des Bezugssystems unterscheiden, wurden Hin-

durch Hrn. de Sitter brieflich mitgeteilt. .Sie führten mich auf die

im vorstehenden angegebene einfache Näherungslösung. Es ist aber

wohl im Auge zu behalten, daß der hier benutzten Koordinatenwahl
keine entsprechende im allgemeinen Falle zur Seite steht, indem die

y„„ und 7„„ nicht beliebigen, sondern nur linearen, orthogonalen Sub-
stitutionen gegenüber Tensorcharakter besitzen.

§ 2. Ebene Gravitationswellen.

Aus den Gleichungen (6) und (9) folgt, daß sich Gravitations-

felder stets mit der Geschwindigkeit 1, d. h. mit Lichtgeschwindigkeit,

fortpflanzen. Ebene, nach der positiven x-Achse fortschreitende Gra-

vitationswellen sind daher durch den Ansatz zu finden

%. = *»JU\ + '•<•/> = *,»/(*— • (>5)

Dabei sind die aav Konstante: / ist eine Funktion des Arguments
x— t. Ist der betrachtete Raum frei von Materie, d. h. verschwinden
die Tur , so sind die Gleichungen (6) durch diesen Ansatz erfüllt. Die

Gleichungen (4) liefern zwischen den aul. die Beziehungen

a,,-f-/«I4 = O
Ä I2 -4-/a I4 = O

aI4 -t-/tf
44
= o

Von den 10 Konstanten *„, sind dalier nur 6 frei wählbar. Wir
können die allgemeinste Welle der betrachteten Art daher aus Wellen
von folgenden 6 Typen superponieren

-iu n =0 b) a,,-|-/tf J4 = o d) ä„4^o
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Einstein: Näherungsweise Integration der Feldgleielmngen der Gravitation 61)5

oder, indem man reelle Koordinaten einführt, und indem man sich

die Näherung gestattet, die Energiedichte (— Tu) auch für beliebig

bewegte Massen der ponderabeln Dichte p gleichzusetzen

fT»dV =^w(k'dV
}

(22 >

Man hat also auch

,
* d*

7" = _ 47TÄ JJ--

Auf analoge Weise berechnet man

x 3

(Jpy'
dV

)> ( 2 3)

j.irR dt

y>3 = %{\?fdvy (2 3 b)4?rÄ dl

Die in (23), (23a) und (23b) auftretenden Integrale, welche nichts

anderes sind als zeitlich variable Trägheitsmomente, nennen wir im
folgenden zur Abkürzung JJ2 . J

33 , Jn . Dann ergibt sich für die Inten-

sität fr der Energiestrahlung aus (18)

8 3 J„
~d¥fx = 3^ ) \ dt3

[20)64T1R
Hieraus ergibt sich weiter, daß die mittlere Energiestrahlung nach

allen Richtungen gegeben ist durch

* 2 Jd*Jai Y
64-

vvobei über alle 9 Kombinationen der Indizes 1 —3 zu summieren ist.

Denn dieser Ausdruck ist einerseits invariant gegenüber räumlichen

Drehungen des Koordinatensystems, wie leicht aus dem (dreidimensio-

nalen) Tensorcharakter von Jaä folgt; anderseits stimmt er im Falle

radialer Symmetrie («/„ = J32 = «7
33 ; J23 = J3I = Jl2 =o) mit (20) über-

ein. Man erhält aus ihm also die Ausstrahlung A des Systems pro

Zeiteinheit durch Multiplikation mit 471- ü!
2

:

2 4* SV dt 1

Würde man die Zeit in Sekunden, die Energie in Erg messen, so

würde zu diesem Ausdruck der Zahlenfaktor — hinzutreten. Berück

-

&
sichtigt man außerdem, daß x = 1.87» 10 -27

, so sieht man, daß A in

allen nur denkbaren Fällen einen praktisch verschwindenden Wert
haben muß. “… in any case one can think of A 

having a practically vanishing value.” 8
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Chapel Hill 1957

Is it a real thing?
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R9k R9X J2�bm`2K2Mi Q7 *H�bbB+�H :`�pBi�iBQM 6B2H/b

+�M i?mb p2`v 2�bBHv BK�;BM2 �M 2tT2`BK2Mi 7Q` K2�bm`BM; i?2 T?vbB+�H
+QKTQM2Mib Q7 i?2 _B2K�MM i2MbQ`X

LQr i?2 L2riQMB�M 2[m�iBQM +Q``2bTQM/BM; iQ UR9XkV Bb

∂ 2ηa

∂τ2 +
∂ 2v

∂xa∂xb ηb = 0 UR9XjV

Ai Bb BMi2`2biBM; i?�i i?2 2KTiv@bT�+2 }2H/ 2[m�iBQMb BM i?2 L2riQMB�M
�M/ ;2M2`�H `2H�iBpBiv i?2Q`B2b i�F2 i?2 b�K2 7Q`K r?2M QM2 `2+Q;MBx2b
i?2 +Q``2bTQM/2M+2 Ra

0b0 ∼ ∂ 2v
∂xa∂xb #2ir22M 2[m�iBQMb UR9XkV �M/ UR9XjV-

7Q` i?2 `2bT2+iBp2 2KTiv@bT�+2 2[m�iBQMb K�v #2 r`Bii2M Ra
0a0 = 0 �M/

∂ 2v
∂xa∂xb = 0X U.2i�BHb Q7 i?Bb rQ`F �`2 BM i?2 +Qm`b2 Q7 Tm#HB+�iBQM BM �+i�
S?vbB+� SQHQMB+�XV
"PL.A, *�M QM2 +QMbi`m+i BM i?Bb r�v �M �#bQ`#2` 7Q` ;`�pBi�iBQM�H 2M@
2`;v #v BMb2`iBM; � dη

dτ i2`K- iQ H2�`M r?�i T�`i Q7 i?2 _B2K�MM i2MbQ`
rQmH/ #2 i?2 2M2`;v T`Q/m+BM; QM2- #2+�mb2 Bi Bb i?�i T�`i i?�i r2 r�Mi
iQ BbQH�i2 iQ bim/v ;`�pBi�iBQM�H r�p2b\
SA_�LA, A ?�p2 MQi Tmi BM �M �#bQ`TiBQM i2`K- #mi A ?�p2 Tmi BM � ǳbT`BM;XǴ
uQm +�M BMp2Mi � bvbi2K rBi? bm+? � i2`K [mBi2 2�bBHvX
GA*>L1_PqA*w, Ab Bi TQbbB#H2 iQ bim/v bi�#BHBiv T`Q#H2Kb 7Q` η\
SA_�LA, Ai Bb i?2 b�K2 �b i?2 bi�#BHBiv T`Q#H2K BM +H�bbB+�H K2+?�MB+b-
#mi A ?�p2MǶi i`B2/ iQ b22 7Q` r?B+? FBM/ Q7 _B2K�MM i2MbQ` Bi rQmH/ #HQr
mTX

AMi2`�+iBQM Q7 L2mi`BMQb rBi? i?2 :`�pBi�iBQM�H 6B2H/
.X "`BHH

h?2 r�p2 2[m�iBQM Q7 � M2mi`BMQ BM � +2Mi`�HHv bvKK2i`B+ ;`�pBi�iBQM�H }2H/
r�b /2`Bp2/- mbBM; i?2 7Q`K�HBbK Q7 a+?`ƺ/BM;2` �M/ "�`;K�MMX AM Q`/2`
iQ +QMbi`m+i � M2mi`BMQ ;2QM- QM2 Kmbi �HbQ }M/ i?2 ;`�pBi�iBQM�H }2H/
T`Q/m+2/ #v � bi�iBbiB+�H /Bbi`B#miBQM Q7 M2mi`BMQb �KQM; �p�BH�#H2 bi�i2b
Q7 bm+? � +?�`�+i2` i?�i i?2 `2bmHiBM; bi`2bb 2M2`;v i2MbQ` Bb bT?2`B+�HHv
bvKK2i`B+X h?2 bi`2bb 2M2`;v i2MbQ` r�b rQ`F2/ Qmi 7`QK � p�`B�iBQM�H
T`BM+BTH2X h?2 2[m�iBQMb r?B+? Kmbi #2 bQHp2/ b2H7@+QMbBbi2MiHv r2`2 �HbQ
rQ`F2/ Qmi 7Q` i?2 +�b2 Q7 � bT?2`B+�HHv bvKK2i`B+ M2mi`BMQ /Bbi`B#miBQMX
"1_:J�LL, q?�i Bb i?2 T`2b2Mi KQiBp�iBQM 7Q` i?2 ;2QM `2b2�`+?\
q>11G1_, h?2 KQiBp�iBQM Bb bBKTHv iQ mM/2`bi�M/ KQ`2 �#Qmi ?Qr QM2
/2�Hb rBi? MQM@HBM2�` }2H/ 2[m�iBQMbX h?2 B/2� Bb MQi i?�i i?2 ;2QM ?�b i?2
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GW properties

What do they do and how do you 
make them?
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h � 10�43

0.0000000000000000000000000000000000000000001
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h � 10�21

0.000000000000000000001
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Bar detectors

Ringing like a bell
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First Searches

• Weber claimed detection in 
Physical Review in 1969  (First 
of several claimed detections)

August 2017

Phys. Rev. Lett. 22, 1320 – Published 16 June 1969

Pontecorvo Summer School 41

• Weber’s Legacy includes:
• Sensitivity calculation noise analysis
• Coincidence for background rejection
• Time slides for background estimate

19
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The binary pulsar

An indirect detection
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Interferometers

Using light as a ruler
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(V. GRAV]TATION RESEARCH)
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PHASE SHmR /,/
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Fig. V-20. Proposed antenna.

that is to be detected. This points out the principal feature of electromagnetically
coupled antennas relative to acoustically coupled ones such as bars; that an electro-
magnetic aDtenna can be.longer thar its acoustic counterpart in the ratio of the speed
of Ilght to the speed of sound !n materials, a faetor of l0-, Since it is not the strain
but rather the diJferential displacement that is measured in these gravitational antennas,
the proposed antenna can offer a distinct advantage in sensivity relative to bars in
detecting both broadband and 'single-frequenc)' gravitational radiation' A significant
improvement in thermal noise can also be realized.

5, Noise Sources in the -{ntenna

The power spectrurn of noise from various sources in an antenna of the design shorvn
in Fig, V-20 is estimated below. The power spectra are given in equivalent displace-
ments squared per unit frequeney interval,

HIGHPASS
FILTER

TO RECORDERs ANO SIGNAI PROCESsING EOUIPMENT

QPR No. los qq
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Initial LIGO Timeline

• 1983 - Funded for design studies 

• 1991 - NSF grants funding for initial LIGO (MIT and Caltech project) 

• 1994 - Construction begins 

• 1997 - The LSC is formed (10s to >1000 scientists) 

• 1999 - LIGO is built 

• 2001 - The first Science run (S1) 

• 2007 - Design sensitivity achieved (S5) 

• 2010 - Enhanced LIGO (S6)

29
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Evolution of LIGO Sensitivity

August 2017 Pontecorvo Summer School 74
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IndIGO 

Indian Initiative in Gravitational-wave Observations

LIGO-INDIA
PROPOSAL FOR AN INTERFEROMETRIC GRAVITATIONAL-WAVE OBSERVATORY 

GEO600

Virgo

LIGO Livingston

LIGO Hanford

KAGRALIGO-India

34



  

LIGO Scientific Collaboration
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A global collaboration

• We have over 1000 members spread across 5 continents and over 
100 institutions.
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Gravitational wave 
sources

Pretty violent events
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compact binary 
coalescence

burst

continuous

stochastic
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Compact binary coalescence
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FIG. 3: A time-frequency decomposition of the signal power associated with the detection event observed in the LHO (left), LLO
(middle), and Virgo (right) detectors [23]. The zero of time in these plots is the event time reported above. The “normalized tile
energy” is roughly equivalent to SNR2/2 in a time-frequency tile. For Gaussian noise in the absence of signal, the normalized tile
energy rarely exceeds 8. The images from the LIGO detectors both show a significant signal with frequency increasing over time,
characteristic of compact binary coalescence. The best matched binary coalescence waveform found by the modeled search sweeps
from from 40 Hz to 400 Hz in just under 4 s.

Source Parameters— In order to determine the parame-
ters of the event, we performed coherent Bayesian analyses
of the data using models of both spinning and non-spinning
compact binary objects. Parameter estimates vary signifi-
cantly depending on the exact model used for the gravita-
tional waveform, particularly when we include spin effects.
However, all models support the presence of a compact bi-
nary system in which the more massive component has a
mass m1 in the range 5.4M� < m1 < 10.5M�, while
the less massive component has a mass m2 in the range
2.7M� < m2 < 5.6M�. Using a union of 90% proba-
bility intervals from several waveform models we find the
chirp mass to lie between 4.4 and 5.2M� and the mass
ratio (m1/m2) between 4 and 1. The analysis also shows
clear evidence that (at least) the more massive object has
a dimensionless spin parameter above 0.67. Templates in-
corporating spin obtain up to 20% greater SNR and lower
(better) reduced chi-squared values than their non-spinning
counterparts, adding further evidence in favor of spin. The
signal appears in Virgo data with an SNR > 5 when using
spinning templates, and the significance of this will be dis-
cussed in a companion paper [27]. In a follow-up study, no
significant signal was found in the GEO 600 data. The ac-
curacy with which the source location can be determined is
limited by SNR, parameter degeneracies, and low relative
sensitivity in the Virgo detector. We find that the source
lies at a luminosity distance dL between 7 and 60Mpc.
The sky positions, estimated by different coherent recon-
struction methods including a model-independent analysis,
are mutually consistent. The three-site observation allows
only a few probable source locations around the annulus
corresponding to a ⇠ 7ms timing delay between LLO and
LHO. This corresponds to an arc of a ring with apex an-
gle between 50� and 100�, centered at right ascension 4h

and declination �28�. Further details of these parameter
estimations can be found in a companion paper [27].

Discussion— The event described here is remarkably
well separated from the background in the compact binary
coalescence search. Detailed follow-up investigations have

identified no instrumental or environmental cause. It is
therefore a compelling detection candidate, which we la-
bel as GW100916.

The maximum mass of a neutron star may be signifi-
cantly higher than 2M� [28], but most of the parame-
ter space favored for this source corresponds to a pair of
black holes. This single event can be used to roughly es-
timate the rate of binary black hole mergers in the local
Universe. Our binary coalescence search is sensitive to
signals from binary black holes to a distance of 46 Mpc,
assuming a total mass between 8 and 11M�and averag-
ing over source location, orientation and observation time
during our 2009�2010 run (0.47 y). We also include our
previous observations (summarized in [13]) amounting to
an average sensitive distance of 35 Mpc in 0.96 y of obser-
vation time. From these numbers and a single observed
event, we estimate the rate of binary black hole mergers to
be of order 3 ⇥ 10�6 Mpc�3 y�1. This is ten times higher
than the upper-end of current predicted rates, which range
from 10�10 to 3⇥10�7 Mpc�3 y�1 [29]. This event there-
fore suggests that the next generation of gravitational-wave
detectors [14, 15] could detect significantly more binary
black hole mergers than previously anticipated.

Acknowledgments.— The authors gratefully acknowl-
edge the support of the United States National Science
Foundation for the construction and operation of the LIGO
Laboratory, the Science and Technology Facilities Council
of the United Kingdom, the Max-Planck-Society, and the
State of Niedersachsen/Germany for support of the con-
struction and operation of the GEO 600 detector, and the
Italian Istituto Nazionale di Fisica Nucleare and the French
Centre National de la Recherche Scientifique for the con-
struction and operation of the Virgo detector. The authors
also gratefully acknowledge the support of the research
by these agencies and by the Australian Research Coun-
cil, the Council of Scientific and Industrial Research of In-
dia, the Istituto Nazionale di Fisica Nucleare of Italy, the
Spanish Ministerio de Educación y Ciencia, the Conselle-
ria d’Economia Hisenda i Innovació of the Govern de les
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FIG. 3: A time-frequency decomposition of the signal power associated with the detection event observed in the LHO (left), LLO
(middle), and Virgo (right) detectors [23]. The zero of time in these plots is the event time reported above. The “normalized tile
energy” is roughly equivalent to SNR2/2 in a time-frequency tile. For Gaussian noise in the absence of signal, the normalized tile
energy rarely exceeds 8. The images from the LIGO detectors both show a significant signal with frequency increasing over time,
characteristic of compact binary coalescence. The best matched binary coalescence waveform found by the modeled search sweeps
from from 40 Hz to 400 Hz in just under 4 s.

Source Parameters— In order to determine the parame-
ters of the event, we performed coherent Bayesian analyses
of the data using models of both spinning and non-spinning
compact binary objects. Parameter estimates vary signifi-
cantly depending on the exact model used for the gravita-
tional waveform, particularly when we include spin effects.
However, all models support the presence of a compact bi-
nary system in which the more massive component has a
mass m1 in the range 5.4M� < m1 < 10.5M�, while
the less massive component has a mass m2 in the range
2.7M� < m2 < 5.6M�. Using a union of 90% proba-
bility intervals from several waveform models we find the
chirp mass to lie between 4.4 and 5.2M� and the mass
ratio (m1/m2) between 4 and 1. The analysis also shows
clear evidence that (at least) the more massive object has
a dimensionless spin parameter above 0.67. Templates in-
corporating spin obtain up to 20% greater SNR and lower
(better) reduced chi-squared values than their non-spinning
counterparts, adding further evidence in favor of spin. The
signal appears in Virgo data with an SNR > 5 when using
spinning templates, and the significance of this will be dis-
cussed in a companion paper [27]. In a follow-up study, no
significant signal was found in the GEO 600 data. The ac-
curacy with which the source location can be determined is
limited by SNR, parameter degeneracies, and low relative
sensitivity in the Virgo detector. We find that the source
lies at a luminosity distance dL between 7 and 60Mpc.
The sky positions, estimated by different coherent recon-
struction methods including a model-independent analysis,
are mutually consistent. The three-site observation allows
only a few probable source locations around the annulus
corresponding to a ⇠ 7ms timing delay between LLO and
LHO. This corresponds to an arc of a ring with apex an-
gle between 50� and 100�, centered at right ascension 4h

and declination �28�. Further details of these parameter
estimations can be found in a companion paper [27].

Discussion— The event described here is remarkably
well separated from the background in the compact binary
coalescence search. Detailed follow-up investigations have

identified no instrumental or environmental cause. It is
therefore a compelling detection candidate, which we la-
bel as GW100916.

The maximum mass of a neutron star may be signifi-
cantly higher than 2M� [28], but most of the parame-
ter space favored for this source corresponds to a pair of
black holes. This single event can be used to roughly es-
timate the rate of binary black hole mergers in the local
Universe. Our binary coalescence search is sensitive to
signals from binary black holes to a distance of 46 Mpc,
assuming a total mass between 8 and 11M�and averag-
ing over source location, orientation and observation time
during our 2009�2010 run (0.47 y). We also include our
previous observations (summarized in [13]) amounting to
an average sensitive distance of 35 Mpc in 0.96 y of obser-
vation time. From these numbers and a single observed
event, we estimate the rate of binary black hole mergers to
be of order 3 ⇥ 10�6 Mpc�3 y�1. This is ten times higher
than the upper-end of current predicted rates, which range
from 10�10 to 3⇥10�7 Mpc�3 y�1 [29]. This event there-
fore suggests that the next generation of gravitational-wave
detectors [14, 15] could detect significantly more binary
black hole mergers than previously anticipated.
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FIG. 3: A time-frequency decomposition of the signal power associated with the detection event observed in the LHO (left), LLO
(middle), and Virgo (right) detectors [23]. The zero of time in these plots is the event time reported above. The “normalized tile
energy” is roughly equivalent to SNR2/2 in a time-frequency tile. For Gaussian noise in the absence of signal, the normalized tile
energy rarely exceeds 8. The images from the LIGO detectors both show a significant signal with frequency increasing over time,
characteristic of compact binary coalescence. The best matched binary coalescence waveform found by the modeled search sweeps
from from 40 Hz to 400 Hz in just under 4 s.

Source Parameters— In order to determine the parame-
ters of the event, we performed coherent Bayesian analyses
of the data using models of both spinning and non-spinning
compact binary objects. Parameter estimates vary signifi-
cantly depending on the exact model used for the gravita-
tional waveform, particularly when we include spin effects.
However, all models support the presence of a compact bi-
nary system in which the more massive component has a
mass m1 in the range 5.4M� < m1 < 10.5M�, while
the less massive component has a mass m2 in the range
2.7M� < m2 < 5.6M�. Using a union of 90% proba-
bility intervals from several waveform models we find the
chirp mass to lie between 4.4 and 5.2M� and the mass
ratio (m1/m2) between 4 and 1. The analysis also shows
clear evidence that (at least) the more massive object has
a dimensionless spin parameter above 0.67. Templates in-
corporating spin obtain up to 20% greater SNR and lower
(better) reduced chi-squared values than their non-spinning
counterparts, adding further evidence in favor of spin. The
signal appears in Virgo data with an SNR > 5 when using
spinning templates, and the significance of this will be dis-
cussed in a companion paper [27]. In a follow-up study, no
significant signal was found in the GEO 600 data. The ac-
curacy with which the source location can be determined is
limited by SNR, parameter degeneracies, and low relative
sensitivity in the Virgo detector. We find that the source
lies at a luminosity distance dL between 7 and 60Mpc.
The sky positions, estimated by different coherent recon-
struction methods including a model-independent analysis,
are mutually consistent. The three-site observation allows
only a few probable source locations around the annulus
corresponding to a ⇠ 7ms timing delay between LLO and
LHO. This corresponds to an arc of a ring with apex an-
gle between 50� and 100�, centered at right ascension 4h

and declination �28�. Further details of these parameter
estimations can be found in a companion paper [27].

Discussion— The event described here is remarkably
well separated from the background in the compact binary
coalescence search. Detailed follow-up investigations have

identified no instrumental or environmental cause. It is
therefore a compelling detection candidate, which we la-
bel as GW100916.

The maximum mass of a neutron star may be signifi-
cantly higher than 2M� [28], but most of the parame-
ter space favored for this source corresponds to a pair of
black holes. This single event can be used to roughly es-
timate the rate of binary black hole mergers in the local
Universe. Our binary coalescence search is sensitive to
signals from binary black holes to a distance of 46 Mpc,
assuming a total mass between 8 and 11M�and averag-
ing over source location, orientation and observation time
during our 2009�2010 run (0.47 y). We also include our
previous observations (summarized in [13]) amounting to
an average sensitive distance of 35 Mpc in 0.96 y of obser-
vation time. From these numbers and a single observed
event, we estimate the rate of binary black hole mergers to
be of order 3 ⇥ 10�6 Mpc�3 y�1. This is ten times higher
than the upper-end of current predicted rates, which range
from 10�10 to 3⇥10�7 Mpc�3 y�1 [29]. This event there-
fore suggests that the next generation of gravitational-wave
detectors [14, 15] could detect significantly more binary
black hole mergers than previously anticipated.
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Advanced LIGO Timeline

• 2010 - Decomissioning of initial LIGO  

• Sep 2015 - Jan 2016 - The first observing run (O1) 

• Nov 2016 - Aug 2017 - The second observing run (O2)  

• late 2018 - planned O3 

• 2019+ - Achieve design sensitivity
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Figure 5: Network sensitivity and localization accuracy for face-on BNS systems with advanced
detector networks. The ellipses show 90% confidence localization areas, and the red crosses show
regions of the sky where the signal would not be confidently detected. The top two plots show the
localization expected for a BNS system at 80Mpc by the HLV network in the 2016–17 run (left)
and 2017–18 run (right). The bottom two plots show the localization expected for a BNS system
at 160Mpc by the HLV network in the 2019+ run (left) and by the HILV network in 2022+ with
all detectors at final design sensitivity (right). The inclusion of a fourth site in India provides good
localization over the whole sky.

Estimated EGW = 10�2M�c2 Number % BNS Localized
Run Burst Range (Mpc) BNS Range (Mpc) of BNS within

Epoch Duration LIGO Virgo LIGO Virgo Detections 5 deg2 20 deg2

2015 3 months 40 – 60 – 40 – 80 – 0.0004 – 3 – –
2016–17 6 months 60 – 75 20 – 40 80 – 120 20 – 60 0.006 – 20 2 5 – 12
2017–18 9 months 75 – 90 40 – 50 120 – 170 60 – 85 0.04 – 100 1 – 2 10 – 12
2019+ (per year) 105 40 – 80 200 65 – 130 0.2 – 200 3 – 8 8 – 28

2022+ (India) (per year) 105 80 200 130 0.4 – 400 17 48

Table 1: Summary of a plausible observing schedule, expected sensitivities, and source localization
with the advanced LIGO and Virgo detectors, which will be strongly dependent on the detectors’
commissioning progress. The burst ranges assume standard-candle emission of 10�2M�c2 in GWs

at 150Hz and scale as E1/2
GW. The burst and binary neutron star (BNS) ranges and the BNS

localizations reflect the uncertainty in the detector noise spectra shown in Fig. 1. The BNS detection
numbers also account for the uncertainty in the BNS source rate density [28], and are computed
assuming a false alarm rate of 10�2 yr�1. Burst localizations are expected to be broadly similar
to those for BNS systems, but will vary depending on the signal bandwidth. Localization and
detection numbers assume an 80% duty cycle for each instrument.
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Figure 1: aLIGO (left) and AdV (right) target strain sensitivity as a function of frequency. The
average distance to which binary neutron star (BNS) signals could be seen is given in Mpc. Current
notions of the progression of sensitivity are given for early, middle, and late commissioning phases,
as well as the final design sensitivity target and the BNS-optimized sensitivity. While both dates
and sensitivity curves are subject to change, the overall progression represents our best current
estimates.

BNS ranges for the various stages of aLIGO and AdV expected evolution are also provided in Fig. 1.
The installation of aLIGO is well underway. The plan calls for three identical 4 km interfer-

ometers, referred to as H1, H2, and L1. In 2011, the LIGO Lab and IndIGO consortium in India
proposed installing one of the aLIGO Hanford detectors, H2, at a new observatory in India (LIGO-
India). As of early 2013 LIGO Laboratory has begun preparing the H2 interferometer for shipment
to India. Funding for the Indian portion of LIGO-India is in the final stages of consideration by
the Indian government.

The first aLIGO science run is expected in 2015. It will be of order three months in duration,
and will involve the H1 and L1 detectors (assuming H2 is placed in storage for LIGO-India). The
detectors will not be at full design sensitivity; we anticipate a possible BNS range of 40 – 80Mpc.
Subsequent science runs will have increasing duration and sensitivity. We aim for a BNS range of
80 – 170Mpc over 2016–18, with science runs of several months. Assuming that no unexpected
obstacles are encountered, the aLIGO detectors are expected to achieve a 200Mpc BNS range circa
2019. After the first observing runs, circa 2020, it might be desirable to optimize the detector
sensitivity for a specific class of astrophysical signals, such as BNSs. The BNS range may then
become 215Mpc. The sensitivity for each of these stages is shown in Fig. 1.

Because of the planning for the installation of one of the LIGO detectors in India, the installation
of the H2 detector has been deferred. This detector will be reconfigured to be identical to H1 and
L1 and will be installed in India once the LIGO-India Observatory is complete. The final schedule
will be adopted once final funding approvals are granted. It is expected that the site development
would start in 2014, with installation of the detector beginning in 2018. Assuming no unexpected
problems, first runs are anticipated circa 2020 and design sensitivity at the same level as the H1
and L1 detectors is anticipated for no earlier than 2022.

The commissioning timeline for AdV [3] is still being defined, but it is anticipated that in
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Figure 2: Source localization by triangulation for the aLIGO-AdV network. The locus of constant
time delay (with associated timing uncertainty) between two detectors forms an annulus on the
sky concentric about the baseline between the two sites. For three detectors, these annuli may
intersect in two locations. One is centered on the true source direction, S, while the other (S0) is
its mirror image with respect to the geometrical plane passing through the three sites. For four or
more detectors there is a unique intersection region of all of the annuli. Figure adapted from [22].

bandwidth is ⇠ 100Hz, determined by the most sensitive frequencies of the detector. For shorter
transients the bandwidth �f depends on the specific signal. For example, GWs emitted by various
processes in core-collapse supernovae are anticipated to have relatively large bandwidths, between
150-500Hz [23, 24, 25, 26], largely independent of detector configuration. By contrast, the sky
localization region for narrowband burst signals may consist of multiple disconnected regions; see
for example [27, 12].

Finally, we note that some GW searches are triggered by electromagnetic observations, and in
these cases localization information is known a priori. For example, in GW searches triggered by
gamma-ray bursts [10] the triggering satellite provides the localization. The rapid identification of
a GW counterpart to such a trigger could prompt further followups by other observatories. This
is of particular relevance to binary mergers, which are considered the likely progenitors of most
short gamma-ray bursts. It is therefore important to have high-energy satellites operating during
the advanced detector era.

Finally, it is also worth noting that all GW data are stored permanently, so that it is possible
to perform retroactive analyses at any time.

3.2 Detection and False Alarm Rates

The rate of BNS coalescences is uncertain, but is currently predicted to lie between 10�8 �
10�5Mpc�3 yr�1 [28]. This corresponds to between 0.4 and 400 signals above SNR 8 per year
of observation for a single aLIGO detector at final sensitivity [28]. The predicted observable rates
for NS-BH and BBH are similar. Expected rates for other transient sources are lower and/or less
well constrained.

The rate of false alarm triggers above a given SNR will depend critically upon the data quality of
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12:41:04 UTC
A gravita�onal wave from a 
binary neutron star merger is detected. 

+ 2 seconds
A gamma ray burst
 is detected.

+10 hours 52 minutes
A new bright source of op�cal 
light is detected in a galaxy 
called NGC 4993, in the 
constella�on of Hydra.

+15 hours
Bright ultraviolet emission 
detected.

+11 hours 36 minutes
Infrared emission observed.

+9 days
X-ray emission detected.

+16 days
Radio emission
detected.

GW170817 allows us to 
measure the expansion rate of  
the universe directly using 
gravita�onal waves for the first 
�me.

Detec�ng gravita�onal waves 
from a neutron star merger 
allows us to find out more about 
the structure of these unusual 
objects.

Au
The observa�on of a kilonova 
allowed us to show that neutron 
star mergers could be 
responsible for the produc�on of 
most of the heavy elements, like 
gold, in the universe.

This mul�messenger event 
provides confirma�on that 
neutron star mergers can 
produce short gamma ray bursts.

Observing both electromagne�c 
and gravita�onal waves from the 
event provides compelling 
evidence that gravita�onal 
waves travel at the same speed 
as light.

GW170817
Binary neutron star merger
A LIGO / Virgo gravita�onal wave detec�on with 
associated electromagne�c events observed by over 
70 observatories.

gravita�onal wave signal

gamma ray burst

kilonova

radio remnant

Decaying neutron-rich 
material creates a glowing 
kilonova, producing heavy 
metals like gold and 
pla�num.

A short gamma ray burst is an 
intense beam of gamma ray 
radia�on which is produced 
just a�er the merger.

As material moves away from 
the merger it produces a 
shockwave in the interstellar 
medium - the tenuous material 
between stars. This produces 
emission which can last for 
years. 

Two neutron stars, each the size 
of a city but with at least the 
mass of the sun, collided with 
each other.

17 August 2017
Discovered

Neutron star merger
Type

130 million light years
Distance

VH L
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disfavors low-mass clusters [151]. On the other hand, if all
merging BBHs arise from isolated binaries evolving via the
common-envelope phase, the lower limit on the merger rate
disfavors a combination of very low common envelope bind-
ing energy with a high efficiency of common envelope ejec-
tion [175] (high values of a ⇥ l , as defined in [177–179]),
or very high black hole natal kicks of several hundred km/s
[180]. However, since population synthesis studies have typ-
ically varied one parameter at a time, individual parameter
values cannot be ruled out until the full parameter space is
explored [e.g., 181]. Moreover, the parametrisations used in
existing models may not even capture the full physical uncer-
tainties [e.g., 182, 183].

It is likely, however, that multiple formation channels are
in operation simultaneously, and GW150914, LVT151012,
and GW151226 could have been formed through different
channels or in different environments. A lower limit on the
merger rate cannot be used to rule out evolutionary parame-
ters if multiple channels contribute. Future observations will
be required to test whether binaries can be classified into dis-
tinct clusters arising from different formation channels [184],
or to compare the population to specific evolutionary models
[185–188]. Such observations will make it possible to further
probe the underlying mass distribution of merging BBHs and
the dependence of the merger rate on redshift. Meanwhile,
space-borne detectors such as eLISA could observe heavy
BBHs several years before merger; multi-spectrum observa-
tions with ground-based and space-borne observatories would
aid in measuring binary parameters, including location, and
determining the formation channel by measuring the eccen-
tricity at lower frequencies [189–191].

We can use the inferred rates to estimate the number of
BBH mergers expected in future observing runs. We make
use of the future observing plans laid out in [128] to predict
the expected rate of signals in the second and third advanced
LIGO and Virgo observing runs. To do so, we restrict at-
tention to those signals which will be observed with a false
alarm rate smaller than 1/100yr. In the simulations used to
estimate sensitive time-volumes, 61% of the events above the
low threshold used in the PyCBC rates calculation are found
with a search false alarm rate lower than one per century. The
expected number of observed events will then scale linearly
with the sensitive time-volume hV T i of a future search. The
improvement in sensitivity in future runs will vary across the
frequency band of the detectors and will therefore have a dif-
ferent impact for binaries of different mass. For concreteness,
we use a fiducial BBH system with total mass 60M� and
mass ratio q = 1 [146], to estimate a range of sensitive time-
volumes for future observing runs. The second observing run
(O2) is anticipated to begin in late 2016 and last six months,
and the third run (O3) to begin in 2017 and last nine months.
We show the predictions for the probability of obtaining N or
more high-significance events as a function of hV T i (in units
of the time-volume surveyed during O1) in Fig. 12. Current
projections for O2 suggest that the sensitivity will be consis-
tent with the lower end of the band indicated in Figure 12.
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FIG. 12. The probability of observing N > 10, N > 35, and N > 70
highly significant events, as a function of surveyed time-volume. The
vertical line and bands show, from left to right, the expected sensitive
time-volume for the second (O2) and third (O3) advanced detector
observing runs.

VIII. CONCLUSION

During its first observing run Advanced LIGO has observed
gravitational waves from the coalescence of two stellar-mass
BBHs GW150914 and GW151226 with a third candidate
LVT151012 also likely to be a BBH system. Our mod-
eled binary coalescence search detects both GW150914 and
GW151226 with a significance of greater than 5.3s , while
LVT151012 is found with a significance 1.7s . The compo-
nent masses of these systems span a range from the heav-
iest black hole in GW150914 with a mass of 36.2+5.2

�3.8M�,
to 7.5+2.3

�2.3M�, the lightest black hole of GW151226. The
spins of the individual coalescing black holes are weakly con-
strained, but we can rule out two non-spinning components
for GW151226 at 99% credible level. All our observations are
consistent with the predictions of general relativity, and the fi-
nal black holes formed after merger are all predicted to have
high spin values with masses that are larger than any black
hole measured in x-ray binaries. The inferred rate of BBH
mergers based on our observations is 9–240Gpc�3 yr�1which
gives confidence that future observing runs will observe many
more BBHs.
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