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On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 × 10−21 . It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
þ0.03
than 5.1σ. The source lies at a luminosity distance of 410þ160
−180 Mpc corresponding to a redshift z ¼ 0.09−0.04 .
þ5
þ4
In the source frame, the initial black hole masses are 36−4 M⊙ and 29−4 M ⊙ , and the final black hole mass is
þ0.5
2
62þ4
−4 M ⊙ , with 3.0−0.5 M ⊙ c radiated in gravitational waves. All uncertainties define 90% credible intervals.
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.
DOI: 10.1103/PhysRevLett.116.061102

I. INTRODUCTION
In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the
field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order postNewtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromagnetic observations [17–19], black hole mergers have not
previously been observed.
*
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The discovery of the binary pulsar system PSR B1913þ16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with
Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic resonant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferometers with the potential for significantly increased sensitivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint observations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein
and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the
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GW150914
• First observing run (O1, science operaBons)
start scheduled 18 September 2015

• Event at 09:50 UTC on 14 September 2015,
four days before O1 start
02:50 at LIGO WA
04:50 at LIGO LA
11:50 in Germany
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AEI Hannover, September 14, 2015

Marco Drago

Andrew Lundgren

• Monday morning 11:50
• Coherent waveburst pipeline running

at Caltech, event database had ~1000
entries
• Marco and Andy checked injecBon
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

collaboraBon, asking for conﬁrmaBon
that it’s not a hidden test signal
(hardware injecBon)
• Next hours: ﬂurry of emails, decision
to lock down sites, freeze instrument
state
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From:
Subject:
Date:
To:
Cc:

Marco Drago marco.drago@aei.mpg.de
[CBC] Very interesting event on ER8
14 Sep 2015 12:54
burst@sympa.ligo.org
cbc@ligo.org Binaries Group cbc@ligo.org, The LIGO Data Analysis Software Working Group daswg@ligo.org, Calibration
calibration@ligo.org, dac@sympa.ligo.org, burst@ligo.org, detchar@sympa.ligo.org, losc-devel@ligo.org, lsc-all@ligo.org

Hi all,
cWB has put on gracedb a very interesting event in the last hour.
https://gracedb.ligo.org/events/view/G184098
This is the CED:
https://ldasjobs.ligo.caltech.edu/~waveburst/online/ER8_LH_ONLINE/JOBS/112625/112625
9540-1126259600/OUTPUT_CED/ced_1126259420_180_11262595401126259600_slag0_lag0_1_job1/L1H1_1126259461.750_1126259461.750/
Qscan made by Andy:
https://ldas-jobs.ligo.caltech.edu/~lundgren/wdq/L1_1126259462.3910/
https://ldas-jobs.ligo.caltech.edu/~lundgren/wdq/H1_1126259462.3910/
It is not flag as an hardware injection, as we understand after some
fast investigation. Someone can confirm that is not an hardware
injection?
Marco
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Chirp Mass

Can only be two black holes!
0.5
0

-21

=> m1, m2 ~ 35 M⦿
Sum of Schwarzschild radii ≥206km
1
• At peak fGW = 150 Hz, orbital frequency =
75 Hz separaBon of Newtonian point
masses 346 km
6 0
(merge
• Ordinary stars are 10 km in size
4
at mHz). White dwarfs are 10 km
(merge at 1 Hz). They are too big
to
H1
measured
strain, bandpassed
-1
L1 measured strain, bandpassed
explain data!
• Neutron stars are also not possible:
0.2
0.25
0.3
0.35
m1 = 4 M⦿ => m2=600 M⦿
Time (seconds)
=>Schwarzschild radius 1800km => too
big!

)

residuals

Strain (10

-21

)

=>-0.5

Strain (10

• Chirp mass M ~ 30 M⦿

0.4

0.45

Only black holes are heavy enough and small enough!
Jerusalem 22.5.2017

11

Real? Or a detector ar1fact?
• Instruments stable since

September 12th, 2015
• Last scienBsts leh sites 2 hours
(LHO) and 15 minutes (LLO)
before the event. Operators
only.
• Waveform does not resemble
instrumental glitches or artefacts
• SuscepBbility to environment
(radio, acousBc, magneBc,
seismic, …) measured. Can not
explain more than 6% of the
observed GW amplitude
Jerusalem 22.5.2017

Stefan Ballmer and Evan Hall,
departed the LHO site soon aher
midnight, 2 hours before the event

Robert Schoﬁeld and Anamaria Eﬄer,
departed the LLO site at 04:35am
15 minutes before the event
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23 September 2015
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CONTROL LOOP RECONSTRUCTION

• Photodiode (PD) signals from fringes
• Signals: recorded at yellow stars
• InjecBons: add into End Test Mass (ETMX) controller
• So: compare L2/L3 DACs to expecta1on from DARM input
• ExaminaBon of these recorded values and (consistent)

reconstrucBon of the ﬁlter operaBon proves no injecBon signal
(Evans, LIGO-T1500536-v3)
Jerusalem 22.5.2017
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Random Noise?

Much longer than 200,000 years before noise in the
detector would mimic this signal, or a similar signal of
the types that we search for.
Jerusalem 22.5.2017
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What was the false alarm probability?
Binary coalescence search

• Orange squares: highest SNR events
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instrumental data in Bme at one site
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6
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Bmes.
• Generate 608,000 years of “arBﬁcial”
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• For a Gaussian process, this is > 5.1σ
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What was the false alarm probability?
Binary coalescence search

• Orange squares: highest SNR events
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• For a Gaussian process, this is > 5.1σ
• Real false alarm rate much much less!
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Once per
Hubble 1me!

We got lucky, could have conﬁdently
detected it 70% farther away.
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Parameters: sky posi1on
• 7-msec time delay
gives a CIRCLE on
the sky. Why an arc?

• Bayesian analysis:
most likely source
direction is directly
above or below
plane of detector.
Intersect these, get
only a portion of
circle
Jerusalem 22.5.2017

18

rameters
TABLEfor
I. Source
GW150914.
parameters
We report
for GW150914.
meWe report me% credible
dian values
intervals
with 90%
that include
crediblestatistical
intervals that include statistical
c errors
errors, from
and systematic
averaging the
errors
results
fromofaveraging
difthe results of difels.
ferent
Masses
waveform
are given
models.
in theMasses
source are
frame,
given in the source frame,
ctor
to frame
convertmultiply
to the detector
by (1 +frame
z) [87].
multiply
The by (1 + z) [87]. The
Instrument calibration accurate 3%
•
essource
standard
redshift
cosmology
assumes
[88].
standard cosmology [88].

Parameters: masses and distance

assPrimary black hole mass

36+54 M

mass
Secondary black hole mass 29+44 M

s Final black hole mass
Final black hole spin
Luminosity distance
Source redshift, z

62+44 M
0.67+0.05
0.07
410+160
180 Mpc
0.09+0.03
0.04

percent.

36+54 M

models accurate to 1%
• Waveform +4

29

4M
that noise should
• SNR high enough
+4
62 4 M
give errors of ~5%
0.67+0.05
0.07
masses and spins at ±10%
• Errors in +160
410 180 Mpc
level
0.09+0.03
0.04

• Why are distance uncertainties
±40% ?

eters
of the
[91].
source
The parameters
initial and final
[91].masses,
The initial and final masses,
and
final
redshift
spin, distance
of the source
and redshift
are shown
of the
in source are shown in
the
Table
primary
I. The
black
spinhole
of the
is constrained
primary black
to hole is constrained to
Jerusalem 22.5.2017
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Why is distance so uncertain?
⍳
Orbital plane edge-on
GWs have linear polarisa1on

Orbital plane face-on
GWs have circular polarisa1on

• Edge-on: only one polarisaBon, both detectors would see this, but with

projecBon cosine factor, depending upon orientaBon
• Face-on/face-oﬀ orientaBon: two polarisaBons, detectors see diﬀerent linear
combinaBons (but same total amplitude)
• Face-on/oﬀ orientaBon is ab iniBo more likely than edge-on: face-on/oﬀ, because
it has unit projecBon onto detector arms => stronger signal. (NB: this statement
is independent of the data!)
Jerusalem 22.5.2017

20

Inference about orbital inclina1on
Astrophysical Prior Probability Distribution

"Detected" Posterior (data free!)
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How would circular polarisa1on look?

strain

Hanford
Livingston

Bme

• If detectors are seeing disBnct polarisaBons, phase in
one detector leads the other detector by 90 degrees
• Aher “lining up” arrival Bmes, would look like above
• Edge-on: one polarisaBon, signals always in phase
• Face-on: two polarisaBons, phase shih possible
Jerusalem 22.5.2017
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Weak evidence for face-oﬀ

• The slight phase shih suggests

face-oﬀ is more likely (79%) than
face-on (21%)
• Edge-on unlikely because
expected signal would be
weaker, NOT based on data.
Jerusalem 22.5.2017
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rameters
TABLEfor
I. Source
GW150914.
parameters
We report
for GW150914.
meWe report me% credible
dian values
intervals
with 90%
that include
crediblestatistical
intervals that include statistical
c errors
errors,from
and systematic
averaging the
errors
results
fromofaveraging
difthe results of difdels.
ferent
Masses
waveform
are given
models.
in theMasses
source are
frame,
given in the source frame,
ctor
to frame
convertmultiply
to the detector
by (1 +frame
z) [87].
multiply
The by (1 + z) [87]. The
essource
standard
redshift
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[88].
standard cosmology [88].

Parameters: energy lost

massPrimary black hole mass

36+54 M

e mass
Secondary black hole mass 29+44 M

s Final black hole mass
Final black hole spin
Luminosity distance
Source redshift, z

62+44 M
0.67+0.05
0.07
410+160
180 Mpc
0.09+0.03
0.04

• Radiated+5energy:
36

4M
29+44 M
62+44 M
0.67+0.05
0.07
410+160
180 Mpc
0.09+0.03
0.04

3M⦿ (±0.5)

56
Peak
luminosity:
3.6
x
10
•

erg/s (±15%): 200 solar
masses per second!

• About 1µW/cm2 at detector,
~1012 millicrab!

meters
of the
[91].
source
The parameters
initial and final
[91].masses,
The initial and final masses,
and
final
redshift
spin, distance
of the source
and redshift
are shown
of the
in source are shown in
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Table
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black
spinhole
of the
is constrained
primary black
to hole is constrained to
dible
be <
interval)
0.7 (90%
indicating
credibleit interval)
is not maxindicating it is not maxhile
imally
the spin
spinning,
of thewhile
secondary
the spin
is only
ofJerusalem
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in part

B.

177, 1656 (1969), Appendix. This program does nof;
allow for identical spins and parities, and the fit is
therefore very tentative.
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Radiation from Colliding Black Holes

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

150914-v12

Weber' ' has recently reported coinciding measurements of short bursts of gravitational radiation 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 gravitational 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 efficiency 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 energy 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 conjucture'' that the metric outside a collapsed object 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 horizon, two-dimensional sections of which are topographically spheres with area'

parameters
GW150914.
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I. Source
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Observa1ons test area theorem? No!
Black hole separation (RS) 4

0

only values of m1, m2 are
determined
1 independently.
• mf and sf determined by
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gives the matching
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-1 waveforms)
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equaBons must be faulty
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Binary Black Holes in O1

3

29 + 35 M⦿, SNR 24

13 + 23 M⦿, SNR 10

8 + 15 M⦿, SNR 13

p 22.5.2017
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LIGO Collabora1on statement
(May 3rd) on status of O2
The second Advanced LIGO run began on November 30,
2016 and is currently in progress. As of April 23
approximately 67 days of Hanford-Livingston
coincident science data have been collected. The
average reach of the LIGO network for binary
merger events has been around 70 Mpc for 1.4+1.4
Msun, 300 Mpc for 10+10 Msun and 700 Mpc for 30+30
Msun mergers, with relative variations in time of
the order of 10%.
As of April 23, 6 triggers, identified by online
analysis using a loose false-alarm-rate threshold
of one per month, have been identified and shared
with astronomers who have signed memoranda of
understanding with LIGO and Virgo for
electromagnetic followup. A thorough investigation
of the data and offline analysis are in progress;
results will be shared when available.
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2017-20: a “Golden Age” of GW astronomy
• Hope for O3 run to start in 2018. At design sensiBvity
(factor of 3 beter): one black hole binary every few
days for a year: ~100 events total
• Within a few years, we will know the mass and spin
distribuBon of these binary black hole sources.
Perhaps pairs of black holes make up a signiﬁcant
amount of the missing “dark mater” in the Universe
• Hope for at least one event close enough to directly
determine the ﬁnal mass and spin and test Hawking’s
black hole area theorem
• Can we learn more about physics of black holes, for
example the informaBon-loss paradox, ﬁrewalls,
quantum properBes, ???
Jerusalem 22.5.2017
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Conclusions
• We can detect gravitaBonal waves

directly (tracking amplitude and
phase)
• Existence of stellar mass black hole
binaries established (not visible any
other way!). Will be our dominant
source.
• A golden age for GW astronomy is
coming. We will go from 2
detecBons to 10 to 100 in the next
few years.
• Other signal sources (NS/NS, NS/BH,
CW, or the unexpected. Please sign
up for Einstein@Home
Jerusalem 22.5.2017
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