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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 x 1072, 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 5.16. The source lies at a luminosity distance of 41075 Mpc corresponding to a redshift z = 0.0910 0.
In the source frame, the initial black hole masses are 36f2 M and 291'2M o» and the final black hole mass is
621y M, with 3.0702 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.
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speed of light. Estimating f and f from the data in Fig. 1,
we obtain a chirp mass of M = 30M, implying that the
total mass M = my + m, is Z70M in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM/c? 2 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave

frequency) the objects must have been very close and very HH IHE % E E E

compact; equal Newtonian point masses orbiting at this =73 [ S~
frequency would be only =350 km apart. A pair of —C j:fd‘("
neutron stars, while compact, would not have the required _ant

mass, while a black hole neutron star binary with the BI_ |$?E
deduced chirp mass would have a very large total mass, "CS ’j:?‘d: LY
and would thus merge at much lower frequency. This

leaves black holes as the only known objects compact —» BH
enough to reach an orbital frequency of 75 Hz without _, .., -
contact. Furthermore, the decay of the waveform after it 'fﬁ —+ 0) Eﬁ %)
peaks is consistent with the damped oscillations of a black

hole relaxing to a final stationary Kerr configuration.
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Analysis of 16 days (12 Sep — 20 Oct 2015)
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Source Parameters

TABLE 1. Source parameters for GW150914. We report
median values with 90% credible intervals that include statistical
errors, and systematic errors from averaging the results of
different waveform models. Masses are given in the source
frame; to convert to the detector frame multiply by (1 + z)
[90]. The source redshift assumes standard cosmology [91].

Primary black hole mass 361 M
Secondary black hole mass 297 M
Final black hole mass 627 M
Final black hole spin 0.671 05
Luminosity distance 41075 Mpc

Source redshift z 0-091L8.'82
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The Most Luminous

in the Universe
Total radiated mass

M ~ 3.0+0.5-0.5 M,
Energy E=Mc? ~ 6x10°* erg

Lycax ~ 3.610.5-0.4 x 10°° erg/s
~ 200+30-20 M ,c*/s

~ 1073 c3/G
~ | 050-54
> LGamma-Ray Bursts 10 er g/ S
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Figure 1. Left: dependence of maximum BH mass on metallicity Z, with Z; = 0.02 for the old (strong) and new (weak) massive-star winds (Figure 3 from Belczynski
et al. 2010a). Right: compact-remnant mass as a function of zero-age main-sequence (ZAMS; i.e., initial) progenitor mass for a set of different (absolute) metallicity
values (Figure 6 from Spera et al. 2015). The masses for GW150914 are indicated by the horizontal bands.



2016.3.9 = IRJLF—KIK by K. loka 13

Quasi-Normal Mode

14 } - ‘ ' ' | - | _
- IMR (l = 2’m = 2’n i 0) Inspiral Merger Zing-

12 ¢
AN
E
el Uty start-times
Q
.g P ek oy -~
- B _ '\“" - \“‘

‘
%‘ §3 RAL 'S, ik | _ |
Q Q ¢? . ¥ % Numerical relativity
! 4 L} . econstructed (template
% 6 N /‘ " ; % — R tructed (template) 1 |
'\ ot l' ! s\ '
E 4 | : “'.'_"_a' Qo ., - _ f’ fdot - M’a
L4 - - - e

o A e Test GR

21l il I e R e S50ms- |

But not clear
0 1 : ; | E~1%Mc?

200 220 240 260 280 300
QNM frequency (Hz) LIGO 16 (test)



SI% K& b |

Speed of

Graviton

HRENIL D 75 5 B HNEIE ] U )

Av ¢/100Hz 1018

¢ 400Mpc



2016.3.9 BIRILF—XKIE by K. loka 15

Sky Position

77 2 « ~600 deg?

| Bad localization

= KAGRA,
LIGO-India
~#— (IndIGO)

90%
U L - , Coherent WaveBurst
NG S s 0 b h e LALInference Burst
2 BAYESTAR algorithm

LALInference

Oh

N

LIGO 16 (followup)



2016.3.9 BIRILF—XKIE by K. loka 16

Follow-up Observations
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Future Prospects
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Newton Gravity

® |6784F Newton “Principia”

® Philosophiae naturalis principia mathematica

Latin title

® Theory of Gravity
in mathematics

® — Planet motion

® Classical dynamics

® Beginning of Physics
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General Relativity

® Albert Einstein
(1879-1955)

® Theory of spacetime
geometry for gravity

® Einstein eq. (1915)
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uv 4 uv
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® Establish classical gravity

= Beginning of modern cosmophysics
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Amazing Predictions
Black Hole Expanding Universe

R ~

Final fate of stellar evolution Big Bang

Astrophysics Cosmology



2016.3.9 = IRJLF—KIK by K. loka 25

Evolution to Black Hole
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Explosive Discoveries
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Multi-Messenger
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Test General Relativity
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FIG. 7. Violin plot summarizing the posterior probability density distributions for all the parameters in the GIMR model. From left to right: the
plot shows increasingly high-frequency regimes as outlined in the text and Fig. the leftmost posteriors, labeled from OPN to 3.5PN, are for
the early-inspiral PN regime; the 8; and a; parameters correspond to the intermediate and merger-ringdown regimes. Note that the constraints
get tighter in the merger and ringdown regimes. In red, we show posterior probability distributions for the single-parameter analysis while
in cyan we show the posterior distribution for the multiple-parameter analysis. The black error bar at 0PN show the bound inferred from the
double pulsar; higher PN orders are not shown as their constraints are far weaker than GW150914’s measurement and they would appear in
the plot as vertical black lines covering the entire y-axis. Summary statistics are reported in Table[I| The 2.5PN term reported in the figure
refers to the logarithmic term 6@s;. Because of their very different scale compared to the rest of the parameters, the OPN and 0.5PN order
posterior distributions from GW150914 and the double-pulsar limits at OPN order are shown on separate panels. The error bars indicate
the symmetric 90% credible regions reported in Table I} Due to correlations among parameters, the posterior distribution obtained from the
multiple-parameter analyses in the early-inspiral regimes are informative only for the 0.5PN coefficient.
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High-z BH-BH?
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Figure 2. Predictions of BBH merger rate in the comoving frame (Gpc—2 yr—!) from isolated binary evolution as a function of redshift for different metallicity values
(adopted from Figure 4 in Dominik et al. 2013). At a given redshift, the total merger rate is the sum over metallicity. The redshift range of GW150914 is indicated by
the vertical band; the range of the BBH rate estimates and the redshift out to which a system like GW150914 could have been detected in this observing period are
indicated by an open blue rectangular box.
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