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Gravitational Waves from Binary Black 
Hole Mergers 



Gravitational Waves (GWs) 

•  The waves of the electromagnetic 
force are realized as (electric and 
magnetic) fields which propagate 
through space and time. 
[Maxwell, 1865] 

•  General Relativity describes 
gravity in terms of a spacetime 
which is deformable.        
[Einstein, 1915] 

•  GWs are oscillations of that 
spacetime. [Einstein, 1916] 

•  “ripples in spacetime” 
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Gravitational Waves  
in General Relativity (GR) 
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Einstein, 1915 

Einstein, 1916 
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Gravitational waves and LIGO: short version 

Binary black hole system 
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As detected by LIGO:  

GW ripples are a space strain h, 
where  h=ΔL / L   

Realistic sources: h ~ 10-23                
⇒ ΔL~ 10-19 m    (Yikes !) 



LIGO Hanford Observatory 
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Interferometer in action 
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a closer look…  
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inside the vacuum chambers…  

8 R Frey  QuarkNet  June 26, 2017       



suspended test mass 
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LIGO observatories: LHO and LLO  

10 

2 or more sites provides 
coincident detection -              
a crucial feature 
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a short history of LIGO 

•  1916: Einstein shows gravitational waves would result from General Relativity 
•  1960’s: Kip Thorne (Caltech) and Rainer Weiss (MIT) predict that gravitational 

wave detection via laser interferometry is feasible 
•  1972: Rainer Weiss (MIT) describes first realistic laser interferometer design 
•  1975: Hulse and Taylor show that the decay in the orbit of a binary neutron star 

system is consistent with energy loss due to gravitational waves 
•  1980-81: MIT and Caltech launch construction of first prototype detectors 
•  1994: Ground breaking at the Hanford, WA site; 1995 at Livingston, LA 
•  1998: UO (+Michigan, LSU, Florida, UW-Milwaukie) – founding members of the 

LIGO Scientific Collaboration 
•  2002-2010: Data taking and development of the scientific program with initial 

detectors 
•  Sept 10, 2015: Advanced detectors begin data taking, observing run O1 
•  Sept 12, 2015: Observation of GW150914, merger of binary black holes 
•  Dec 26, 2015: Detection of GW151226, a lower mass binary black hole merger 
•  Dec 2016: Start of observing run O2 
•  Jan 4, 2017: Detection of GW170104, binary black hole merger 
•  Run O2 until end of Aug 2017; Virgo may join 
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September 14, 2015, 2:51 AM Pacific  

Boom ! 

R Frey  QuarkNet  June 26, 2017       12 

Phys. Rev. Lett. 116, 061102 (2016)  
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a merger of black holes  
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Black holes?  

•  The chirp function tells us we have 2 objects each of 
mass about 30 solar masses (               ) 

•  At merger, they are orbiting each other 75 times per 
second and their separation is about 350 km… And they 
are still missing each other! 

•  They are indeed black holes.   
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Is General Relativity the correct description ? 
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A unique and important test of GR 

Phys. Rev. Lett. 116, 061102 (2016)  

•  Predicts gravitational waves… 
•  Waveforms from GR fit the data beautifully… 

þ 
þ 
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Simulated Nearby View – slowed down 100X 



GW150914 simulation II 
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Main GW150914 parameters 
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GW150914 parameters 

•  Energy radiated in GWs: 

•  Peak GW power:   
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nonetheless effectively recover systems with misaligned
spins in the parameter region of GW150914 [45]. 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 [44].
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 [45].

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 [77, 78, 89, 90], some
of which include spin precession, and for each model per-
form a coherent Bayesian analysis to derive posterior dis-

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

tributions 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) indi-
cating it is not maximally spinning, while the spin of the
secondary is only weakly constrained. These source pa-
rameters are discussed in detail in [39]. The parameter un-
certainties include statistical errors, and systematic errors
from averaging the results 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 [39]. 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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TABLE I. Summary of the parameters that characterise GW150914. For model parameters we report the median value as well as
the range of the symmetric 90% credible interval [86]; where useful, we also quote 90% credible bounds. For the logarithm of the
Bayes factor for a signal compared to Gaussian noise we report the mean and its 90% standard error from 4 parallel runs with a nested
sampling algorithm [45]. The source redshift and source-frame masses assume standard cosmology [87]. The spin-aligned EOBNR
and precessing IMRPhenom waveform models are described in the text. Results for the effective precession spin parameter �

p

used in
the IMRPhenom model are not shown as we effectively recover the prior; we constrain �

p

< 0.81 at 90% probability, see left panel of
Figure 5. The Overall results are computed by averaging the posteriors for the two models. For the Overall results we quote both the
90% credible interval or bound and an estimate for the 90% range of systematic error on this determined from the variance between
waveform models.

EOBNR IMRPhenom Overall
Detector-frame total mass M/M� 70.3+5.3

�4.8 70.7+3.8
�4.0 70.5+4.6±0.9

�4.5±1.0

Detector-frame chirp mass M/M� 30.2+2.5
�1.9 30.5+1.7

�1.8 30.3+2.1±0.4
�1.9±0.4

Detector-frame primary mass m
1

/M� 39.4+5.5
�4.9 38.3+5.5

�3.5 38.8+5.6±0.9
�4.1±0.3

Detector-frame secondary mass m
2

/M� 30.9+4.8
�4.4 32.2+3.6

�5.0 31.6+4.2±0.1
�4.9±0.6

Detector-frame final mass M
f

/M� 67.1+4.6
�4.4 67.4+3.4

�3.6 67.3+4.1±0.8
�4.0±0.9

Source-frame total mass M source/M� 65.0+5.0
�4.4 64.6+4.1

�3.5 64.8+4.6±1.0
�3.9±0.5

Source-frame chirp mass Msource/M� 27.9+2.3
�1.8 27.9+1.8

�1.6 27.9+2.1±0.4
�1.7±0.2

Source-frame primary mass msource

1

/M� 36.3+5.3
�4.5 35.1+5.2

�3.3 35.7+5.4±1.1
�3.8±0.0

Source-frame secondary mass msource

2

/M� 28.6+4.4
�4.2 29.5+3.3

�4.5 29.1+3.8±0.2
�4.4±0.5

Source-fame final mass M source

f

/M� 62.0+4.4
�4.0 61.6+3.7

�3.1 61.8+4.2±0.9
�3.5±0.4

Mass ratio q 0.79+0.18
�0.19 0.84+0.14

�0.21 0.82+0.16±0.01
�0.21±0.03

Effective inspiral spin parameter �
e↵

�0.09+0.19
�0.17 �0.03+0.14

�0.15 �0.06+0.17±0.01
�0.18±0.07

Dimensionless primary spin magnitude a
1

0.32+0.45
�0.28 0.31+0.51

�0.27 0.31+0.48±0.04
�0.28±0.01

Dimensionless secondary spin magnitude a
2

0.57+0.40
�0.51 0.39+0.50

�0.34 0.46+0.48±0.07
�0.42±0.01

Final spin a
f

0.67+0.06
�0.08 0.67+0.05

�0.05 0.67+0.05±0.00
�0.07±0.03

Luminosity distance D
L

/Mpc 390+170

�180

440+140

�180

410+160±20

�180±40

Source redshift z 0.083+0.033
�0.036 0.093+0.028

�0.036 0.088+0.031±0.004
�0.038±0.009

Upper bound on primary spin magnitude a
1

0.65 0.71 0.69 ± 0.05

Upper bound on secondary spin magnitude a
2

0.93 0.81 0.88 ± 0.10

Lower bound on mass ratio q 0.64 0.67 0.65 ± 0.03

Log Bayes factor ln B
s/n 288.7 ± 0.2 290.1 ± 0.2 —

The two BHs are nearly equal mass. We bound the mass
ratio to the range 0.65  q  1 with 90% probability.
For comparison, the highest observed neutron star mass is
2.01± 0.04 M� [90], and the conservative upper-limit for
the mass of a stable neutron star is 3 M� [91, 92]. The
masses inferred from GW150914 are an order of magni-
tude larger than these values, which implies that these two
compact objects of GW150914 are BHs, unless exotic al-
ternatives, e.g., boson stars [93], do exist. This result estab-
lishes the presence of stellar-mass BBHs in the Universe. It
also proves that BBHs formed in Nature can merge within
an Hubble time [94].

To convert the masses measured in the detector frame to
physical source-frame masses, we required the redshift of
the source. As discussed in the Introduction, GW obser-
vations are directly sensitive to the luminosity distance to a

source, but not the redshift [95]. We find that GW150914 is
at D

L

= 410+160

�180

Mpc. Assuming a flat ⇤CDM cosmol-
ogy with Hubble parameter H

0

= 67.9 km s�1 Mpc�1

and matter density parameter ⌦
m

= 0.306 [87], the in-
ferred luminosity distance corresponds to a redshift of z =
0.09+0.03

�0.04.

The luminosity distance is strongly correlated to the in-
clination of the orbital plane with respect to the line of
sight [17]. For precessing systems, the orientation of the
orbital plane is time-dependent. We therefore describe the
source inclination by ✓JN , the angle between the total an-
gular momentum (which typically is approximately con-
stant throughout the inspiral) and the line of sight, and we
quote its value at a reference gravitational-wave frequency
f
ref

= 20 Hz. The posterior PDF shows that an orientation
of the total orbital angular momentum of the BBH strongly



Some Astrophysical Implications of GW150914 
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•  GW150914 was the first observation of gravitational waves 
•  GW150914 was the first direct observation of a black hole  
•  Prior to GW150914, the astrophysical consensus was that 

there should not be ~30 M¤ black holes – more on this 
later 



Actually, three BBHs Observed in First Run… 
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FIG. 3. Search results from the two analyses. The upper left hand plot shows the PyCBC result for signals with chirp mass M > 1.74M�
(the chirp mass of a m1 = m2 = 2M� binary) and fpeak > 100Hz while the upper right hand plot shows the GstLAL result. In both analyses,
GW150914 is the most significant event in the data, and is more significant than any background event in the data. It is identified with a
significance greater than 5s in both analysies. As GW150914 is so significant, the high significance background is dominated by its presence
in the data. Once it has been identified as a signal, we remove it from the background estimation to evaluate the significance of the remaining
events. The lower plots show results with GW150914 removed from both the foreground and background, with the PyCBC result on the left and
GstLAL result on the right. In both analyses, GW151226 is identified as the most significant event remaining in the data. GW151226 is more
significant than the remaining background in the PyCBC analysis, with a significance of greater than 5s . In the GstLAL search GW151226 is
measured to have a significance of 4.5s . The third most significant event in the search, LVT151012 is identified with a significance of 1.7s

and 2.0s in the two analyses respectively. The significance obtained for LVT151012 is only marginally affected by including or removing
background contributions from GW150914 and GW151226.

been confidently identified as a signal, we remove triggers
associated to it from the background in order to get an ac-
curate estimate of the noise background for lower amplitude
events. The lower panel of Figure 3 shows the search results
with GW150914 removed from both the foreground and back-
ground distributions.

A. GW150914

GW150914 was observed on September 14, 2015 at
09:50:45 UTC with a matched filter SNR of 23.7.1 It is re-
covered with a re-weighted SNR in the PyCBC analysis of
r̂c = 22.7 and a likelihood of 84.7 in the GstLAL analysis.
A detailed discussion of GW150914 is given in [16, 38, 43],
where it was presented as the most significant event in the first

1 We quote the matched filter SNR as computed by the PyCBC search using
the updated calibration, the GstLAL values agree within 2%.
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been confidently identified as a signal, we remove triggers
associated to it from the background in order to get an ac-
curate estimate of the noise background for lower amplitude
events. The lower panel of Figure 3 shows the search results
with GW150914 removed from both the foreground and back-
ground distributions.

A. GW150914

GW150914 was observed on September 14, 2015 at
09:50:45 UTC with a matched filter SNR of 23.7.1 It is re-
covered with a re-weighted SNR in the PyCBC analysis of
r̂c = 22.7 and a likelihood of 84.7 in the GstLAL analysis.
A detailed discussion of GW150914 is given in [16, 38, 43],
where it was presented as the most significant event in the first

1 We quote the matched filter SNR as computed by the PyCBC search using
the updated calibration, the GstLAL values agree within 2%.
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Some properties of the 3 O1 BBH events 
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8

FIG. 4. Posterior probability densities of the masses, spins and distance to the three events GW150914, LVT151012 and GW151226. For the
two dimensional distributions, the contours show 50% and 90% credible regions. Top left: component masses msource

1 and msource
2 for the three

events. We use the convention that msource
1 � msource

2 , which produces the sharp cut in the two-dimensional distribution. For GW151226 and
LVT151012, the contours follow lines of constant chirp mass (M source = 8.9+0.3

�0.3 M� and M source = 15.1+1.4
�1.1 M� respectively). In all three

cases, both masses are consistent with being black holes. Top right: The mass and dimensionless spin magnitude of the final black holes.
Bottom left: The effective spin and mass ratios of the binary components. Bottom right: The luminosity distance to the three events.

a greater impact upon the inspiral. We find that smaller spins
are favoured, and place 90% credible bounds on the primary
spin a1  0.7 for GW150914, a1  0.7 for LVT151012, and
a1  0.8 for GW151226. In the case of GW151226, we infer
that at least one of the components has a spin of � 0.2 at the
99% credible level.

While the individual component spins are poorly con-
strained, there are combinations that can be better inferred.
The effective spin ceff, as defined in Equation 6, is a mass-
weighted combination of the spins parallel to the orbital an-
gular momentum [71–73]. It is +1 when both the spins are
maximal and parallel to the angular momentum, �1 when
both spins are maximal and antiparallel to the angular mo-
mentum, and 0 when there is no net mass-weighted aligned
spin. Systems with positive ceff complete more cycles when
inspiralling from a given orbital separation than those with
negative ceff [70, 110]. While ceff has a measurable effect
on the inspiral, this is degenerate with that of the mass ratio
as illustrated for the lower mass inspiral-dominated signals in
Fig. 4.

Observations for all three events are consistent with small
values of the effective spin: |ceff|  0.17, 0.28 and 0.35 at
90% probability for GW150914, LVT151012 and GW151226
respectively. This indicates that large parallel spins aligned or
antialigned with the orbital angular momentum are disfavored.

It may be possible to place tighter constraints on each com-
ponent’s spin by using waveforms that include the full effects
of precession [39]. This will be investigated in future analy-
ses.

All three events have final black holes with spins of ⇠ 0.7,
as expected for mergers of similar-mass black holes [111,
112]. The final spin is dominated by the orbital angular mo-
mentum of the binary at merger. Consequently, it is more pre-
cisely constrained than the component spins and is broadly
similar across the three events. The masses and spins of the
final black holes are plotted in Fig. 4.

The spin of the final black hole, like its mass, is calcu-
lated using fitting formulae calibrated against numerical rel-
ativity simulations. In [38] we used a formula which only in-
cluded contributions from the aligned components of the com-



First event in O2: GW170104 
Now we have 3.9 binary black hole mergers 
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Black hole spins: a clue to their origin 
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Black hole spins for GW170104 
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~30 M¤ BHs ?? 

28 

Weak wind

Strong wind

Isolated binaries 

ApJL, 818, L22, 2016 

t = 13.6 Gy 1.2 Gy 

•  Implies low metallicity 
and weak winds; Pop III 
stars? 

•  Rate may require 
dynamical formation  



An explanation for the observations which also 
explains other mysteries 
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Primordial black holes 

•  Conjectured by Hawking 
in the 1970s 

•  Quantum fluctuations 
amplified by inflation 

•  Black hole masses from 
1% of solar mass to 
10,000 times solar mass 

•  Could explain: 
•  Dark matter 
•  LIGO enhanced rate of 

black holes 
•  Lack of dwarf galaxies 
•  Supermassive black 

holes 
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t = 300,000 y 
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Can we expect more LIGO BBH events ? 
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arXiv:1602.03842 

•  Short Answer:  “Yes” 
•  Longer Answer: 

§  The ~3 months of run O1 yielded 3 BBH events. 
§  For O1, LIGO was at ~30% of its design sensitivity 
§  Expect improved sensitivity for O2, O3, … until 100% 

reached 2019-ish 
•  O2 in progress – started Nov 2016 

§  At design: 1 event/month à 1 event/day 
 



What else? 

•  population of BBH events; systems with hundreds of solar mass? 
•  stellar formation and evolution; cosmology 
•  Primordial black holes? 
 
•  GWs from NS-BH or NS-NS binary mergers 
•  associated with gamma-ray bursts (GRBs), EM afterglows  
•  cosmology (Hubble), neutron star EOS, … 

•  GWs from stellar collapse 
•  associated with Long GRBs, supernovae, afterglows, neutrinos 

•  GWs from (galactic) single neutron stars: magnetar x-ray flares, 
pulsars 

•  GWs from inflation, cosmic strings, ??     
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NS-NS mergers, NS equation of state,  
EM afterglows (kilonova), R-process elements 
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Pannarale, Ohme, ApJL 791, 7 (2014)

Principal component analysis
and numerical-relativity
results

Joint GW+EM detection
potentially places lower bound
on EOS stiffness

The analysis can be turned
into an add-on for search and
parameter-estimation
pipelines
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Potential speed-up in offline GW searches following SGRB triggers:

⇠ 35% of the parameter space is useful in following up an SGRB trigger

⇠ 57% of the CBC templates cover the SGRB active region

Valeriu Predoi GRB call - September 04, 2014



Sky locations of O1 BBHs as seen from earth 
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The 2nd generation GW detector network 
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Advanced 
LIGO, 2015 

Virgo 
2017 

Kagra 
~2019 

LIGO-India 
~2022 

GEO 
2014 

3 or more detectors: localization from 
~100 square degrees to ~10 sq degrees 



take home… 

•  Gravitational Waves discovered! 
 
•  General Relativity (still) looks good. 

•  A lot of science from the first few events 

•  The (really) exciting part:     
 A new window on the Universe…  
 The fun is just beginning! 
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