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Gravitational waves:  
Ripples in spacetime
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11 February 2016: GW150914

Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

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
than 5.1σ. The source lies at a luminosity distance of 410þ160

−180 Mpc corresponding to a redshift z ¼ 0.09þ0.03
−0.04 .

In the source frame, the initial black hole masses are 36þ5
−4M⊙ and 29þ4

−4M⊙, and the final black hole mass is
62þ4

−4M⊙, with 3.0þ0.5
−0.5M⊙c2 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 post-
Newtonian 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 electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR 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 reso-
nant 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 interferome-
ters with the potential for significantly increased sensi-
tivity [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 obser-
vations 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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First direct detection of gravitational waves 
First detection of a binary system of black holes
First detection of a black-hole merger



15 June 2016: GW151226

GW151226: Observation of Gravitational Waves from a 22-Solar-Mass Binary
Black Hole Coalescence

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 31 May 2016; published 15 June 2016)

We report the observation of a gravitational-wave signal produced by the coalescence of two stellar-mass
black holes. The signal, GW151226, was observed by the twin detectors of the Laser Interferometer
Gravitational-Wave Observatory (LIGO) on December 26, 2015 at 03:38:53 UTC. The signal was initially
identified within 70 s by an online matched-filter search targeting binary coalescences. Subsequent off-line
analyses recovered GW151226 with a network signal-to-noise ratio of 13 and a significance greater than
5σ. The signal persisted in the LIGO frequency band for approximately 1 s, increasing in frequency and
amplitude over about 55 cycles from 35 to 450 Hz, and reached a peak gravitational strain of
3.4þ0.7

−0.9 × 10−22. The inferred source-frame initial black hole masses are 14.2þ8.3
−3.7M⊙ and 7.5þ2.3

−2.3M⊙,
and the final black hole mass is 20.8þ6.1

−1.7M⊙. We find that at least one of the component black holes has spin
greater than 0.2. This source is located at a luminosity distance of 440þ180

−190 Mpc corresponding to a redshift
of 0.09þ0.03

−0.04 . All uncertainties define a 90% credible interval. This second gravitational-wave observation
provides improved constraints on stellar populations and on deviations from general relativity.

DOI: 10.1103/PhysRevLett.116.241103

I. INTRODUCTION

A century after Einstein predicted the existence of
gravitational waves [1], the Laser Interferometer
Gravitational-Wave Observatory (LIGO) [2,3] observed
the first gravitational-wave signal GW150914 from a
binary black hole merger [4]. In this Letter, we report
the observation of a second coincident signal GW151226,
also from the coalescence of two black holes. An analysis
of GW150914 and GW151226 as a population is described
in [5]. LVT151012, the third most significant binary black
hole candidate, is also included in this analysis (see Fig. 2
below). No other significant binary black hole candidates in
the total mass range 4–100M⊙ were found during
Advanced LIGO’s first observing period, September 12,
2015 to January 19, 2016.
Matched filtering [6–12] was essential to the detection of

GW151226 since the signal has a smaller strain amplitude
and the detectable signal energy is spread over a longer
time interval than GW150914. Detection [13–18] and
parameter estimation [19–21] rely on understanding the
sources of detector noise [22,23] and on precise waveform
models of compact binary coalescence. Waveforms have
been developed combining various techniques to model
the two-body dynamics and gravitational waves, notably

post-Newtonian theory [24–28], the effective-one-body
formalism [29–33], and numerical relativity [34–39].
Matched filtering correlates a waveform model with the
data over the detectors’ sensitive band, which enabled
GW151226 to be extracted from the detector noise.

II. OBSERVATION

On December 26, 2015, the gravitational-wave candidate
GW151226 was identified within 70 s by an online
matched-filter search [17]. The candidate had an inferred
coalescence time of 03:38:53.647 UTC at LIGO Livingston
and 1.1þ0.3

−0.3 ms later at LIGO Hanford. False alarms more
significant than GW151226 would, in principle, be pro-
duced by the online search at a rate of approximately 1 per
1000 yr. The candidate signal thus passed the threshold for
generating an alert to electromagnetic partners [40]. The
source was localized to ∼1400 deg2 on the sky (90%
credible level) within 3 min of the initial observation [41].
Coarse sky localization is due to the limited information
afforded by only two sensitive detectors in observing mode.
The initial identification of this signal was confirmed by
performing two independent off-line matched-filter
searches [14,17,18] that used the waveform models in
Refs. [42,43]. Both searches identified GW151226 as a
highly significant event. Because of the signal’s smaller
strain amplitude and time-frequency morphology, the
generic transient searches that initially identified
GW150914 [44] did not detect GW151226.
Based on current waveform modeling, we find that

GW151226 passed through LIGO’s sensitive band in
1 s, increasing in frequency over approximately 55 cycles

*Full author list given at end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PRL 116, 241103 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
17 JUNE 2016

0031-9007=16=116(24)=241103(14) 241103-1 Published by the American Physical Society

Second detection of gravitational waves 
from the merger of two black holes 



✤ Einstein completes his scientific masterpiece, the general theory of 
relativity.

✤ This description of gravitation, in terms of a curved spacetime, has 
so far withstood all observational tests.  

25 November 1915



Predictions of general relativity

✤ Black holes 

✤ Gravitational waves

✤ Light is bent by a massive object 

✤ Motion of planets subtly different from Newtonian gravity

✤ Clocks in orbit tick at a different rate



Gravity is curved spacetime

Space and time are affected by gravity
[credit: T. Pyle/Caltech/MIT/LIGO Lab]



Black holes

✤ A black hole is a dead star, the product of complete gravitational 
collapse after the star can no longer support its own weight. 

✤ A black hole is so dense that even light cannot escape its intense 
gravitational pull.

✤ Black holes can merge, or they can swallow ambient matter, and 
become much larger. 

✤ Black holes can be as massive as 10-100 Suns, or as massive as 
millions to billions of Suns (galactic black holes).  

✤ A black hole resides in the centre of the Milky Way (4 million Suns).   

[credit: Double Negative]



Gravitational waves

✤ Gravitational waves are ripples in spacetime. They stretch and 
squeeze the space between objects. 

✤ They are produced when violent events occur in the Universe, such as 
the orbital motion and merger of two black holes.

✤ They are extremely tiny, and require huge facilities for their detection. 



Detection of gravitational waves

[credit: LIGO Laboratory]

LIGO uses laser 
interferometry to 
measure gravitational
waves. 

It is part of a growing
network of observatories.





What did Eric do?

Tidal deformation of a slowly rotating black hole

Eric Poisson
Department of Physics, University of Guelph, Guelph, Ontario N1G 2W1, Canada

and GℝεℂO, Institut d’Astrophysique de Paris, 98bis boulevard Arago, 75014 Paris, France
(Received 17 November 2014; published 3 February 2015)

In the first part of this article I determine the geometry of a slowly rotating black hole deformed by
generic tidal forces created by a remote distribution of matter. The metric of the deformed black hole is
obtained by integrating the Einstein field equations in a vacuum region of spacetime bounded by r < rmax,
with rmax a maximum radius taken to be much smaller than the distance to the remote matter. The tidal
forces are assumed to be weak and to vary slowly in time, and the metric is expressed in terms of generic
tidal quadrupole moments Eab and Bab that characterize the tidal environment. The metric incorporates
couplings between the black hole’s spin vector and the tidal moments, and captures all effects associated
with the dragging of inertial frames. In the second part of the article I determine the tidal moments by
immersing the black hole in a larger post-Newtonian system that includes an external distribution of matter;
while the black hole’s internal gravity is allowed to be strong, the mutual gravity between the black hole
and the external matter is assumed to be weak. The post-Newtonian metric that describes the entire system
is valid when r > rmin, where rmin is a minimum distance that must be much larger than the black hole’s
radius. The black-hole and post-Newtonian metrics provide alternative descriptions of the same
gravitational field in an overlap rmin < r < rmax, and matching the metrics determine the tidal moments,
which are expressed as post-Newtonian expansions carried out through one-and-a-half post-Newtonian
order. Explicit expressions are obtained in the specific case in which the black hole is a member of a
post-Newtonian two-body system.

DOI: 10.1103/PhysRevD.91.044004 PACS numbers: 04.20.-q, 04.25.-g, 04.25.Nx, 04.70.-s

I. INTRODUCTION AND SUMMARY

A. This work and its context

The theory of tidal deformation and dynamics of
compact bodies in general relativity has recently been
the subject of vigorous development. While work on this
topic goes back several decades, the origin of the recent
burst of activity can be traced to Flanagan and Hinderer
[1,2], who pointed out that tidal effects can have measur-
able consequences on the gravitational waves emitted by a
binary neutron star in the late stages of its orbital evolution.
The gravitational waves therefore carry information regard-
ing the internal structure of each body, from which one can
extract useful constraints on the equation of state of dense
nuclear matter. Their study was followed up with more
detailed analyses [3–14], with the conclusion that tidal
effects might indeed be accessible to measurement by the
current generation of gravitational-wave detectors.
Another astrophysical context for relativistic tidal

dynamics comes from extreme-mass-ratio inspirals, which
implicate a solar-mass compact body in a tight orbit around
a supermassive black hole. Such systems have been
identified as promising sources of gravitational waves
for an eventual space-borne interferometric detector, and
it was demonstrated [15–20] that the tide raised on the large
black hole by the small body can lead to a significant

transfer of angular momentum from the black hole to the
orbital motion.
These observations have motivated the formulation of a

relativistic theory of tidal deformation and dynamics that
can be applied to neutron stars and black holes. The
description of tidal deformations, featuring the relativistic
generalization of the Newtonian Love numbers [21–23], is
now mature, and the relativistic Love numbers have been
computed for realistic neutron-star models constructed
from tabulated equations of state [3,7,9,24]; the gravita-
tional Love numbers of a black hole were shown to be
precisely zero [22]. The Love numbers of neutron stars
have been implicated in a remarkable set of nearly universal
relations—the I-Love-Q relations [25–31]—involving the
moment of inertia I, the Love number k2, and the rotational
quadrupole moment Q of a neutron star.
In another development, the tidal deformation of com-

pact bodies has been incorporated in an effective descrip-
tion in terms of point particles; the description involves a
point-particle action that includes invariants constructed
from the tidal multipole moments to be introduced below.
In Ref. [32], Bini, Damour, and Faye expressed the tidal
invariants as a post-Newtonian expansion carried out
through second post-Newtonian order. In a recent update
[33], Bini and Damour pushed the expansion to seven-and-
a-half post-Newtonian order (restricted to small mass
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What’s next?
✤ LIGO is now observing, with improved sensitivity.
✤ Other detectors will soon follow suit.  
✤ Many more detections are coming: black-hole binaries, neutron-star 

binaries, the unexpected. 

✤ A new window onto the Universe is now open.



The future of 
gravitational-wave 

astronomy is bright!

Thank you!


