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GW150914
• The Center for Gravitational Wave Astronomy is 

now a center for a real discipline.

2

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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• Laser Interferometer Gravitational-wave 
Observatory (LIGO) has observed gravitational 
waves from the inspiral and coalescence of at least 
two stellar-mass black hole binaries. 

• Details of the generation of waves at the source 
and detection of the waves at the interferometer. 

• Using the waveform to determine the properties of 
the source. 

• Prospects for detection with Laser Interferometer 
Space Antenna (LISA)
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Outline

• Gravitational radiation emission from the source. 

• Gravitational radiation detection from 
interferometers. 

• Parameter estimation. 

• Prospects for eLISA.
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Emission from the source
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http://www.soundsofspacetime.org/spinning-binaries.html

Can measure initial spins through spin-orbit 
coupling if enough cycles of inspiral are measured.

http://www.soundsofspacetime.org/spinning-binaries.html
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Interferometric Detection
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Properties of the binary black hole merger GW150914

The LIGO Scientific Collaboration and The Virgo Collaboration
(compiled 12 February 2016)

On September 14, 2015, the Laser Interferometer Gravitational-wave Observatory (LIGO) detected a
gravitational-wave transient (GW150914); we characterise the properties of the source and its parameters.
The data around the time of the event were analysed coherently across the LIGO network using a suite
of accurate waveform models that describe gravitational waves from a compact binary system in general
relativity. GW150914 was produced by a nearly equal mass binary black hole of masses 36+5

�4

M� and
29+4

�4

M� (for each parameter we report the median value and the range of the 90% credible interval). The
dimensionless spin magnitude of the more massive black hole is bound to be < 0.7 (at 90% probability).
The luminosity distance to the source is 410+160

�180

Mpc, corresponding to a redshift 0.09+0.03
�0.04 assuming

standard cosmology. The source location is constrained to an annulus section of 590 deg2, primarily in
the southern hemisphere. The binary merges into a black hole of mass 62+4

�4

M� and spin 0.67+0.05
�0.07. This

black hole is significantly more massive than any other known in the stellar-mass regime.

PACS numbers: 04.80.Nn, 04.25.dg, 95.85.Sz, 97.80.–d

Introduction— In Ref. [1] we reported the detec-
tion of gravitational waves (GWs), observed on Septem-
ber 14, 2015 at 09:50:45 UTC by the twin instruments of
the Laser Interferometer Gravitational-wave Observatory
(LIGO) located at Hanford, Washington, and Livingston,
Louisiana, in the USA [2, 3]. The transient signal, named
GW150914, was detected with a false-alarm-probability of
< 2 ⇥ 10�7 and has been associated with the merger of a
binary system of black holes (BHs).

Here we discuss the properties of this source and its in-
ferred parameters. The results are based on a complete
analysis of the data surrounding this event. The only in-
formation from the search-stage is the time of arrival of the
signal. Crucially, this analysis differs from the search in
the following fundamental ways: it is coherent across the
LIGO network, it uses waveform models that include the
full richness of the physics introduced by BH spins, and
it covers the full multidimensional parameter space of the
considered models with a fine (stochastic) sampling; we
also account for uncertainty in the calibration of the mea-
sured strain.

In general relativity, two objects in orbit slowly spiral
together due to the loss of energy and momentum through
gravitational radiation [4, 5]. This is in contrast to New-
tonian gravity where bodies can follow closed, elliptical
orbits [6, 7]. As the binary shrinks, the frequency and am-
plitude of the emitted GWs increase. Eventually the two
objects merge. If these objects are BHs, they form a sin-
gle perturbed BH that radiates GWs at a constant frequency
and exponentially damped amplitude as it settles to its final
state [8, 9].

An isolated BH is described by only its mass and spin,
since we expect the electric charge of astrophysical BHs to
be negligible [10–13]. Merging binary black holes (BBHs)
are therefore relatively simple systems. The two BHs are
described by eight intrinsic parameters: the masses m

1,2

and spins S
1,2 (magnitude and orientation) of the individ-

ual BHs. For a BH of mass m, the spin can be at most

Gm2/c; hence it is conventional to quote the dimension-
less spin magnitude a = c|S|/(Gm2)  1. Nine ad-
ditional parameters are needed to fully describe the binary:
the location (luminosity distance D

L

, right ascension↵ and
declination �); orientation (the binary’s orbital inclination
◆ and polarization  ); time t

c

and phase �
c

of coalescence,
and the eccentricity (two parameters) of the system.

Radiation reaction is efficient in circularising orbits [14]
before the signal enters the sensitive frequency band of the
instruments. In our analysis, we assume circular orbits (we
therefore do not include the eccentricity parameters), and
we find no evidence for residual eccentricity, see the Dis-
cussion. Under the approximation of a circular orbit, dom-
inant emission from the binary occurs at twice the orbital
frequency [15].

The gravitational waveform observed for GW150914
comprises ⇠10 cycles during the inspiral phase from
30 Hz, followed by the merger and ringdown. The proper-
ties of the binary affect the phase and amplitude evolution
of the observed GWs allowing us to to measure the source
parameters. Here we briefly summarise these signatures,
and provide an insight into our ability to characterise the
properties of GW150914 before we present the details of
the Results; for methodological studies, we refer the reader
to [16–21] and references therein.

In general relativity, gravitational radiation is fully de-
scribed by two independent, and time-dependent polariza-
tions, h

+

and h⇥. Each instrument k measures the strain

hk = F
(+)

k h
+

+ F
(⇥)

k h⇥ , (1)
a linear combination of the polarisations weighted by the
antenna beam patterns F (+,⇥)

k (↵, �, ), which depend on
the source location in the sky and the polarisation of the
waves [22, 23]. During the inspiral and at the leading order,
the GW polarizations can be expressed as

h
+

(t) = A
GW

(t)
�
1 + cos2 ◆

�
cos�

GW

(t) , (2a)
h⇥(t) = �2A

GW

(t) cos ◆ sin�
GW

(t) , (2b)

ar
X

iv
:1

60
2.

03
84

0v
1 

 [g
r-q

c]
  1

1 
Fe

b 
20

16



6th Nepal Meeting, Kathmandu October 17, 201611

dr
af

t

8

FIG. 4. An orthographic projection of the PDF for the sky loca-
tion of GW150914 showing contours of the 50% and 90% cred-
ible regions plotted over a colour-coded PDF. The sky localiza-
tion forms part of an annulus, set by the time delay of 6.9+0.5

�0.4 ms
between the Livingston and Hanford detectors.

mode, the flux can be estimated by ⇡ c3|ḣ|2/(16⇡G) ⇠
105 erg s�1 m�2, where we use a GW amplitude of |h| ⇡
10�21 at a frequency of 250 Hz [1]. Using the inferred dis-
tance leads to an estimated luminosity of ⇠ 1056 erg s�1.
For comparison, the ultraluminous GRB 110918A reached
a peak isotropic-equivalent luminosity of (4.7 ± 0.2) ⇥
1054 erg s�1 [101].

GW ground-based instruments are all-sky monitors with
no intrinsic spatial resolution capability for transient sig-
nals. A network of instruments is needed to reconstruct
the location of a GW in the sky, via time-of-arrival, and
amplitude and phase consistency across the network [102].
The observed time-delay of GW150914 between the Liv-
ingston and Hanford observatories was 6.9+0.5

�0.4 ms. With
only the two LIGO instruments in observational mode,
GW150914’s source location can only be reconstructed
to approximately an annulus set to first approximation
by this time-delay [103, 104]. Figure 4 shows the sky
map for GW150914: it corresponds to a projected 2-
dimensional credible region of 140 deg2 (50% proba-
bility) and 590 deg2 (90% probablity). The associated
3-dimensional comoving volume probability region is ⇠
10�2 Gpc3; for comparison the comoving density of Milky
Way-equivalent galaxies is ⇠ 107 Gpc�3. This area of the
sky was targeted by follow-up observations covering radio,
optical, near infra-red, X-ray, and gamma-ray wavelengths
that are discussed in [105]; searches for coincident neutri-
nos are discussed in [106].

Spins are a fundamental property of BHs. Additionally,

their magnitude and orientation with respect to the orbital
angular momentum carry an imprint of the evolutionary
history of a binary that could help in identifying the forma-
tion channel, such as distinguishing binaries formed in the
field from those produced through captures in dense stellar
environments [94]. The observation of GW150914 allows
us for the first time to put direct constraints on BH spins.
The EOBNR and IMRPhenom models yield consistent val-
ues for the magnitude of the individual spins, see Table I.
The spin of the primary BH is constrained to a

1

< 0.7 (at
90% probability), and strongly disfavours the primary BH
being maximally spinning. The bound on the secondary
BH’s spin is a

2

< 0.9 (at 90% probability), which is con-
sistent with the bound derived from the prior.

Results for precessing spins are derived using the IMR-
Phenom model. Spins enter the model through the two ef-
fective spin parameters �

e↵

and �
p

. The left panel of Fig-
ure 5 shows that despite the short duration of the signal in
band we meaningfully constrain �

e↵

= �0.06+0.17
�0.18, see

Table I. The inspiral rate of GW150914 is therefore only
weakly affected by the spins. We cannot, however, extract
additional information on the other spin components asso-
ciated with precession effects. The data are uninformative:
the posterior PDF on �

p

(left panel of Figure 5) is broadly
consistent with the prior, and the distribution of spins (right
panel of Figure 5) matches our expectations once the infor-
mation that |�

e↵

| is small has been included. Two elements
may be responsible for this. If precession occurs, at most
one modulation cycle would be present in the LIGO sen-
sitivity window. If the source was viewed with J close to
the line-of-sight (Figure 2), the amplitude of possible mod-
ulations in the recorded strain is suppressed.

The joint posterior PDFs of the magnitude and orienta-
tion of S

1

and S
2

are shown in the right panel of Figure 5.
The angle of the spins with respect to L̂ (the tilt angle) is
considered a tracer of BBH formation channels [94]. How-
ever, we can place only weak constraints on this parameter
for GW150914: the probabilities that Ŝ

1

and Ŝ
2

are at an
angle between 45� and 135� with respect to the normal to
the orbital plane L̂ are 0.78 and 0.79, respectively. For
this specific geometrical configuration the spin magnitude
estimates are a

1

< 0.7 and a
2

< 0.8 at 90% probability.
Some astrophysical formation scenarios favour spins

nearly-aligned with the orbital angular momentum, partic-
ularly for the massive progenitors that in these scenarios
produce GW150914 [94, 107, 108]. To estimate the impact
of this prior hypothesis on our interpretation, we used the
fraction (2.5%) of the spin-aligned result (EOBNR) with
Ŝ

1,2 · L̂ > 0 to revise our expectations. If both spins must
be positively and strictly co-aligned with L, then we can
constrain the two individual spins at 90% probability to be
a
1

< 0.2 and a
2

< 0.3.
The loss of linear momentum through GWs produces a

recoil of the merger BH with respect to the binary’s origi-
nal centre of mass [109, 110]. The recoil velocity depends
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Hz. The priors on spin orientation for the precessing model
is uniform on the 2-sphere. For the non-precessing model,
the prior on the spin magnitudes may be interpreted as the
dimensionless spin projection onto L̂ having a uniform dis-
tribution [�1, 1]. This range includes binaries where the
two spins are strongly antialigned relative to one another.
Many such antialigned-spin comparable-mass systems are
unstable to large-angle precession well before entering our
sensitive band [82, 83] and could not have formed from an
asymptotically spin antialigned binary. We could exclude
those systems if we believe the binary is not precessing.
However, we do not make this assumption here and instead
accept that the models can only extract limited spin infor-
mation about a more general, precessing binary.

We also need to specify the prior ranges for the
amplitude and phase error functions �Ak(f ; ~#) and
��k(f ; ~#). The calibration during the time of observa-
tion of GW150914 is characterised by a 1-� statistical
uncertainty of no more than 10% in amplitude and 10�

in phase [1, 38]. We use zero-mean Gaussian priors on
the values of the spline at each node with widths corre-
sponding to the uncertainties quoted above [39]. Calibra-
tion uncertainties therefore add 10 parameters per instru-
ment to the model used in the analysis. For validation pur-
poses we also considered an independent method that as-
sumes frequency-independent calibration errors [84], and
obtained consistent results.

Results— The results of the analysis using binary coa-
lescence waveforms are posterior PDFs for the parameters
describing the GW signal and the model evidence. A sum-
mary is provided in Table I. For the model evidence, we
quote (the logarithm of) the Bayes factor B

s/n = Z/Z
n

,
which is the ratio of the evidence for a coherent signal hy-
pothesis divided by that for (Gaussian) noise [45]. At the
leading order, the Bayes factor and the optimal signal-to-
noise ratio ⇢ = [

P
khhM

k |hM

k i]1/2 are related by lnB
s/n ⇡

⇢2/2 [85].
Before discussing parameter estimates in detail, we

consider how the inference is affected by the choice of
compact-binary waveform model. From Table I, we see
that the posterior estimates for each parameter are broadly
consistent across the two models, despite the fact that they
are based on different analytical approaches and that they
include different aspects of BBH spin dynamics. The mod-
els’ log Bayes factors, 288.7±0.2 and 290.1±0.2, are also
comparable for both models: the data do not allow us to
conclusively prefer one model over the other [88]. There-
fore, we use both for the Overall column in Table I. We
combine the posterior samples of both distributions with
equal weight, in effect marginalising over our choice of
waveform model. These averaged results give our best es-
timate for the parameters describing GW150914.

In Table I, we also indicate how sensitive our results are
to our choice of waveform. For each parameter, we give
systematic errors on the boundaries of the 90% credible

FIG. 1. Posterior PDFs for the source-frame component masses
msource

1

and msource

2

, where msource

2

 msource

1

. In the
1-dimensional marginalised distributions we show the Overall
(solid black), IMRPhenom (blue) and EOBNR (red) PDFs; the
dashed vertical lines mark the 90% credible interval for the Over-
all PDF. The 2-dimensional plot shows the contours of the 50%
and 90% credible regions plotted over a colour-coded posterior
density function.

intervals due to the uncertainty in the waveform models
considered in the analysis; the quoted values are the 90%
range of a normal distribution estimated from the variance
of results from the different models.4 Assuming normally
distributed error is the least constraining choice [89] and
gives a conservative estimate. The uncertainty from wave-
form modelling is less significant than statistical uncer-
tainty; therefore, we are confident that the results are ro-
bust against this potential systematic error. We consider
this point in detail later in the paper.

The analysis presented here yields an optimal coherent
signal-to-noise ratio of ⇢ = 25.1+1.7

�1.7. This value is higher
than the one reported by the search [1, 3] because it is ob-
tained using a finer sampling of (a larger) parameter space.

GW150914’s source corresponds to a stellar-mass BBH
with individual source-frame masses msource

1

= 36+5

�4

M�
and msource

2

= 29+4

�4

M�, as shown in Table I and Figure 1.

4 If X were an edge of a credible interval, we quote systematic uncertainty
±1.64�sys using the estimate �2

sys = [(XEOBNR � XOverall)2 +

(XIMRPhenom � XOverall)2]/2. For parameters with bounded ranges,
like the spins, the normal distributions should be truncated. However, for
transparency, we still quote the 90% range of the uncut distributions. These
numbers provide estimates of the order of magnitude of the potential sys-
tematic error.

Mc = µ3/5M2/5

v2

c2
and

GµM

rc2
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FIG. 2. Posterior PDFs for the source luminosity distance D
L

and
the binary inclination ✓JN . In the 1-dimensional marginalised
distributions we show the Overall (solid black), IMRPhenom
(blue) and EOBNR (red) PDFs; the dashed vertical lines mark the
90% credible interval for the Overall PDF. The 2-dimensional
plot shows the contours of the 50% and 90% credible regions
plotted over a colour-coded PDF.

misaligned to the line of sight is disfavoured; the probabil-
ity that 45� < ✓JN < 135� is 0.35.

The masses and spins of the BHs in a (circular) binary
are the only parameters needed to determine the final mass
and spin of the BH that is produced at the end of the
merger. Appropriate relations are embedded intrinsically
in the waveform models used in the analysis, but they do
not give direct access to the parameters of the remnant BH.
However, applying the fitting formula calibrated to non-
precessing NR simulations provided in [96] to the posterior
for the component masses and spins [97], we infer the mass
and spin of the remnant BH to be M source

f

= 62+4

�4

M�,
and a

f

= 0.67+0.05
�0.07, as shown in Figure 3 and Table I.

These results are fully consistent with those obtained us-
ing an independent non-precessing fit [55]. The systematic
uncertainties of the fit are much smaller than the statistical
uncertainties. The value of the final spin is a consequence
of conservation of angular momentum in which the total
angular momentum of the system (which for a nearly equal
mass binary, such as GW150914’s source, is dominated by
the orbital angular momentum) is converted partially into
the spin of the remnant black hole and partially radiated
away in GWs during the merger. Therefore, the final spin
is more precisely determined than either of the spins of the
binary’s BHs.

The calculation of the final mass also provides an esti-

FIG. 3. PDFs for the source-frame mass and spin of the rem-
nant BH produced by the coalescence of the binary. In the
1-dimensional marginalised distributions we show the Overall
(solid black), IMRPhenom (blue) and EOBNR (red) PDFs; the
dashed vertical lines mark the 90% credible interval for the Over-
all PDF. The 2-dimensional plot shows the contours of the 50%
and 90% credible regions plotted over a colour-coded PDF.

mate of the total energy emitted in GWs. GW150914 ra-
diated a total of 3.0+0.5

�0.5 M�c
2 in GWs, the majority of

which was at frequencies in LIGO’s sensitive band. These
values are fully consistent with those given in the literature
for NR simulations of similar binaries [98, 99]. The ener-
getics of a BBH merger can be estimated at the order of
magnitude level using simple Newtonian arguments. The
total energy of a binary system at separation r is given by
E ⇡ (m

1

+ m
2

)c2 � Gm
1

m
2

/(2r). For an equal-mass
system, and assuming the inspiral phase to end at about
r ⇡ 5GM/c2, then around 2–3% of the initial total energy
of the system is emitted as GWs. Only a fully general rela-
tivistic treatment of the system can accurately describe the
physical process during the final strong-field phase of the
coalescence. This indicates that a comparable amount of
energy is emitted during the merger portion of GW150914,
leading to ⇡ 5% of the total energy emitted.

We further infer the peak GW luminosity achieved dur-
ing the merger phase by applying to the posteriors a sep-
arate fit to non-precessing NR simulations [100]. The
source reached a maximum instantaneous GW luminosity
of 3.6+0.5

�0.4 ⇥ 1056 erg s�1 = 200+30

�20

M�c
2/s. Here, the

uncertainties include an estimate for the systematic error
of the fit as obtained by comparison with a separate set
of precessing NR simulations, in addition to the dominant
statistical contribution. An order-of-magnitude estimate of
the luminosity corroborates this result. For the dominant

DL / ḟ

hf3
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FIG. 2. Posterior PDFs for the source luminosity distance D
L

and
the binary inclination ✓JN . In the 1-dimensional marginalised
distributions we show the Overall (solid black), IMRPhenom
(blue) and EOBNR (red) PDFs; the dashed vertical lines mark the
90% credible interval for the Overall PDF. The 2-dimensional
plot shows the contours of the 50% and 90% credible regions
plotted over a colour-coded PDF.

misaligned to the line of sight is disfavoured; the probabil-
ity that 45� < ✓JN < 135� is 0.35.

The masses and spins of the BHs in a (circular) binary
are the only parameters needed to determine the final mass
and spin of the BH that is produced at the end of the
merger. Appropriate relations are embedded intrinsically
in the waveform models used in the analysis, but they do
not give direct access to the parameters of the remnant BH.
However, applying the fitting formula calibrated to non-
precessing NR simulations provided in [96] to the posterior
for the component masses and spins [97], we infer the mass
and spin of the remnant BH to be M source

f

= 62+4

�4

M�,
and a

f

= 0.67+0.05
�0.07, as shown in Figure 3 and Table I.

These results are fully consistent with those obtained us-
ing an independent non-precessing fit [55]. The systematic
uncertainties of the fit are much smaller than the statistical
uncertainties. The value of the final spin is a consequence
of conservation of angular momentum in which the total
angular momentum of the system (which for a nearly equal
mass binary, such as GW150914’s source, is dominated by
the orbital angular momentum) is converted partially into
the spin of the remnant black hole and partially radiated
away in GWs during the merger. Therefore, the final spin
is more precisely determined than either of the spins of the
binary’s BHs.

The calculation of the final mass also provides an esti-

FIG. 3. PDFs for the source-frame mass and spin of the rem-
nant BH produced by the coalescence of the binary. In the
1-dimensional marginalised distributions we show the Overall
(solid black), IMRPhenom (blue) and EOBNR (red) PDFs; the
dashed vertical lines mark the 90% credible interval for the Over-
all PDF. The 2-dimensional plot shows the contours of the 50%
and 90% credible regions plotted over a colour-coded PDF.

mate of the total energy emitted in GWs. GW150914 ra-
diated a total of 3.0+0.5

�0.5 M�c
2 in GWs, the majority of

which was at frequencies in LIGO’s sensitive band. These
values are fully consistent with those given in the literature
for NR simulations of similar binaries [98, 99]. The ener-
getics of a BBH merger can be estimated at the order of
magnitude level using simple Newtonian arguments. The
total energy of a binary system at separation r is given by
E ⇡ (m

1

+ m
2

)c2 � Gm
1

m
2

/(2r). For an equal-mass
system, and assuming the inspiral phase to end at about
r ⇡ 5GM/c2, then around 2–3% of the initial total energy
of the system is emitted as GWs. Only a fully general rela-
tivistic treatment of the system can accurately describe the
physical process during the final strong-field phase of the
coalescence. This indicates that a comparable amount of
energy is emitted during the merger portion of GW150914,
leading to ⇡ 5% of the total energy emitted.

We further infer the peak GW luminosity achieved dur-
ing the merger phase by applying to the posteriors a sep-
arate fit to non-precessing NR simulations [100]. The
source reached a maximum instantaneous GW luminosity
of 3.6+0.5

�0.4 ⇥ 1056 erg s�1 = 200+30

�20

M�c
2/s. Here, the

uncertainties include an estimate for the systematic error
of the fit as obtained by comparison with a separate set
of precessing NR simulations, in addition to the dominant
statistical contribution. An order-of-magnitude estimate of
the luminosity corroborates this result. For the dominant

f ' 32 kHz⇥
⇣
1� 0.63 (1� a)0.3

⌘✓
M�
M
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FIG. 5. Left: PDFs (solid black line) for the �
p

and �
e↵

spin parameters compared to their prior distribution (green line). The
dashed vertical lines mark the 90% credible interval. The 2-dimensional plot shows probability contours of the prior (green) and
marginalised PDF (black). The 2-dimensional plot shows the contours of the 50% and 90% credible regions plotted over a colour-
coded PDF. Right: PDFs for the dimensionless component spins cS

1

/(Gm2

1

) and cS
2

/(Gm2

2

) relative to the normal to the orbital
plane L̂, marginalized over uncertainties in the azimuthal angles. The bins are constructed linearly in spin magnitude and the cosine of
the tilt angles cos�1 (Ŝi · L̂), where i = {1, 2}, and, therefore, by design have equal prior probability.

on the spins (magnitude and orientation) of the BHs of
the binary and could produce super-kicks for spins in the
orbital plane of the binary [111–113]. Unfortunately, the
weak constraints on the spins (magnitude and direction) of
GW150914 prevent us from providing a meaningful limit
on the kick velocity of the resulting BH.

Finally, we can cast the results into PDFs of the strain
at the two instruments p(~h(~#)|~d) and compare them to
the posterior estimates p(~h|~d) obtained using the minimal-
assumption wavelet model [81]. The waveforms are shown
in Figure 6. There is remarkable agreement between the
actual data and the reconstructed waveform under the two
model assumptions. As expected, the uncertainty is greater
for the minimal-assumption reconstruction due to greater
flexibility in its waveform model. The agreement between
the reconstructed waveforms using the two models can be
quantified through the noise-weighted inner product that
enters Eq. (5), and it is found to be 94+2

�3

%, consistent
with expectations for the signal-to-noise ratio at which
GW150914 was observed.

Discussion— We have presented measurements of the
heaviest stellar-mass BHs known to date, and the first
stellar-mass BBH. The system merges into a BH of ⇡
60 M�. So far, stellar-mass BHs of masses ⇡ 10 M�
have been claimed using dynamical measurement of Galac-
tic X-ray binaries [114]. Masses as high as 16–20 M� and
21–35 M� have been reported for IC10 X-1 [115, 116]
and NGC300 X-1 [117], respectively; however, these mea-

surements may have been contaminated by stellar winds as
discussed in [118] and references therein. Our results at-
test that BBHs do form and merge within a Hubble time.
We have constrained the spin of the primary BH of the bi-
nary to be a

1

< 0.7 and we have inferred the spin of the
remnant BH to be a

f

⇡ 0.7. Up to now, spin estimates of
BH candidates have relied on modelling of accretion disks
to interpret spectra of X-ray binaries [119]. In contrast,
GW measurements rely only on the predictions of general
relativity for vacuum spacetime. Further astrophysical im-
plications of these results are discussed in [94, 120].

The statistical uncertainties with which we have charac-
terised the source properties and parameters, reflect the fi-
nite signal-to-noise ratio of the observation of GW150914
and the error budget of the strain calibration process. The
latter degrades primarily the estimate of the source loca-
tion. If we assume that the strain was perfectly calibrated,
i.e. hM = h, see Eqs. (1) and (4), the 50% and 90%
credible regions for sky location would become 48 deg2

and 150 deg2, compared to the actual results of 140 deg2

and 590 deg2, respectively. The physical parameters show
only small changes with the marginalisation over cali-
bration uncertainty, for example, the final mass M source

f

changes from 62+4

�4

M� including calibration uncertainty
to 62+4

�3

M� assuming perfect calibration, and the final
spin a

f

changes from 0.67+0.05
�0.07 to 0.67+0.04

�0.05. The effect
of calibration uncertainty is to increase the overall parame-
ter range at given probability, but the medians of the PDFs
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FIG. 7. Left: Search results from the PyCBC analysis. The histogram shows the number of candidate events (orange) and the number of
background events due to noise in the search class where GW150914 was found (black) as a function of the search detection-statistic and
with a bin width of Dr̂c = 0.2. The significance of GW150914 is greater than 5.1 s . The scales immediately above the histogram give the
significance of an event measured against the noise backgrounds in units of Gaussian standard deviations as a function of the detection-statistic.
The black background histogram shows the result of the time-shift method to estimate the noise background in the observation period. The
tail in the black-line background of the binary coalescence search are due to random coincidences of GW150914 in one detector with noise
in the other detector. The significance of GW150914 is measured against the upper gray scale. The purple background histogram is the
background excluding coincidences involving GW150914 and it is the background to be used to assess the significance of the second loudest
event; the significance of this event is measured against the upper purple scale. Right: Search results from the GstLAL analysis. The histogram
shows the observed candidate events (orange) as a function of the detection statistic lnL . The black line indicates the expected background
from noise where zero lag events have been included in the noise background probability density function. The purple line indicates the
expected background from noise where zero lag events have not been included in the noise background probability density function. The
independently-implemented search method and different background estimation method confirms the discovery of GW150914.

Event Time (UTC) FAR (yr�1) F M (M�) m1 (M�) m2 (M�) ceff DL (Mpc)

GW150914
14 September

2015
09:50:45

< 5⇥10�6 < 2⇥10�7

(> 5.1s)
28+2

�2 36+5
�4 29+4

�4 �0.06+0.17
�0.18 410+160

�180

LVT151012
12 October

2015
09:54:43

0.44 0.02
(2.1s)

15+1
�1 23+18

�5 13+4
�5 0.0+0.3

�0.2 1100+500
�500

TABLE I. Parameters of the two most significant events. The false alarm rate (FAR) and false alarm probability (F ) given here were
determined by the PyCBC pipeline; the GstLAL results are consistent with this. The source-frame chirp mass M , component masses m1,2,
effective spin ceff, and luminosity distance DL are determined using a parameter estimation method that assumes the presence of a coherent
compact binary coalescence signal starting at 20 Hz in the data [90]. The results are computed by averaging the posteriors for two model
waveforms. Quoted uncertainties include both the 90% credible interval and an estimate for the 90% range of systematic error determined
from the variance between waveform models. Further parameter estimates of GW150914 are presented in Ref. [18].

r̂L1 = 13.3 are larger than that of any other single-detector
triggers in the analysis; therefore the significance measure-
ment of 5.1s set using the 0.1 s time shifts is a conservative
bound on the false alarm probability of GW150914.

Fig. 8 (right) shows ±5 ms of the GstLAL matched-filter
SNR time series from each detector around the event time to-
gether with the predicted SNR time series computed from the
autocorrelation function of the best fit template. The differ-
ence between the autocorrelation and the observed matched-
filter SNR is used to perform the GstLAL waveform con-
sistency test. The autocorrelation matches the observed

matched-filter SNR extremely well, with consistency test val-
ues of xH1 = 1 and xL1 = 0.7. No other triggers with compa-
rable matched-filter SNR had such low values of the signal-
consistency test during the entire observation period.

Both analyses have shown that the probability that
GW150914 was formed by random coincidence of detec-
tor noise is extremely small. We therefore conclude that
GW150914 is a gravitational-wave signal. To measure the
signal parameters, we use parameter estimation methods that
assume the presence of a coherent coalescing binary signal
in the data from both detectors [18, 90]. Two waveform
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Prospects for eLISA
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orbital period, and distance. The black hole masses cover the range from M 2 (6, 80) M�, the
orbital periods cover the range Porb 2 (0, 2000) s, and the distances are less than 30 Mpc. The
orbital inclinations and sky locations were randomly chosen. All of these binaries were then run
through an eLISA simulator to determine the expected signal to noise ratio. We include the
gravitational chirp in the evolution of this sample of binaries. Only those binaries that remain
within the eLISA band for a full year are included in the signal to noise ratio calculations. Using
the initial pool from the Monte Carlo study and the pool of binaries with a signal to noise ratio
above the threshold, we can determine the likelihood of detection for any binary with a given
chirp mass, orbital period, and distance. Projections of the likelihood are shown in Figure 1.

Figure 1. Likelihood of detection for binary black holes obtained from the Monte Carlo study.
The likelihoods have been marginalized over frequency on the left, chirp mass in the center, and
distance on the right. The abrupt cuto↵ in the likelihoods on the right is due to systems that
evolve out of the eLISA band in one year.

Using the known locations of the populated galaxies in the catalogue along with the binary
properties to the potential eLISA sources, we can then estimate the likelihood of detection for
each binary in the population. We obtain a first order estimate of the number of observable
extragalactic binaries through this approach, which averages over orbital inclinations and does
not take into account the sky location of each host galaxy. There were no observable binaries
within the elliptical galaxy population, five potentially observable binaries in the spiral galaxy
population, and five in the irregular galaxy population. Out of the ten, two of these binaries
had a greater than 50% probability of detection. The results are shown in Table 2

Table 2. Probability for detection from the 10 binary black holes.

Galaxy type Detection Probability (%)

Spiral 89.6 2.2 2.2 1.7 0.3
Irregular 51.1 17.2 9.7 2.1 2.1

4. Conclusions
We have used a very simple population synthesis technique to perform an initial investigation
into the possibility of observing stellar mass binary black holes at extragalactic distances. For
one realization of the population, using simple prescriptions for the population as a function

3

If a binary black hole merges, this implies that there 
are many more binary black holes at lower 
frequencies. 

These will be eLISA sources

MB, Hinojosa, Mata, Belczynski 2015
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• Frequency evolution of a binary: 

• Number density of binaries in frequency range df: 

• Number density of binaries above fmin:

ḟ = k0f
11/3

dn =
⌘

k0
f�11/3df

k0 =
96

5
(2⇡)8/3

G5/3

c5
m1m2

M1/3

n =
⌘

k0

3

8
f�8/3
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Volume to 30 Mpc and minimum frequency of 1 mHz. 

Merger rate in events/Gpc3/yr. 

All systems with same chirp mass. 

The number of systems in this volume is numerically 
equal to the merger rate. 

Expect more than 2-400 systems within 30 Mpc in the 
eLISA band.
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2

FIG. 1: The multi-band GW astronomy concept. The violet lines are the total sensitivity curves (assuming two Michelson) of
three eLISA configurations; from top to bottom N2A1, N2A2, N2A5 (from [11]). The orange lines are the current (dashed) and
design (solid) aLIGO sensitivity curves. The lines in di↵erent blue flavours represent characteristic amplitude tracks of BHB
sources for a realization of the flat population model (see main text) seen with S/N> 1 in the N2A2 configuration (highlighted
as the thick eLISA middle curve), integrated assuming a five year mission lifetime. The light turquoise lines clustering around
0.01Hz are sources seen in eLISA with S/N< 5 (for clarity, we down-sampled them by a factor of 20 and we removed sources
extending to the aLIGO band); the light and dark blue curves crossing to the aLIGO band are sources with S/N> 5 and
S/N> 8 respectively in eLISA; the dark blue marks in the upper left corner are other sources with S/N> 8 in eLISA but
not crossing to the aLIGO band within the mission lifetime. For comparison, the characteristic amplitude track completed by
GW150914 is shown as a black solid line, and the chart at the top of the figure indicates the frequency progression of this
particular source in the last 10 years before coalescence. The shaded area at the bottom left marks the expected confusion
noise level produced by the same population model (median, 68% and 95% intervals are shown). The waveforms shown are
second order post-Newtonian inspirals phenomenologically adjusted with a Lorentzian function to describe the ringdown.

0.73) [12], and dtr/dfr describes the temporal evolution
of the source due to GW emission assuming circular or-
bits:

dtr
dfr

=
5c5

96⇡8/3
(GMr)

�5/3f�11/3
r . (3)

As mentioned above, for both the flat and salp models,
probability distributions of the intrinsic rate R are given
in [3] (see their figure 5). We make 200 Monte Carlo
draws from each of those, use equation (2) to numeri-
cally construct the cosmological distribution of emitting
sources as a function of mass redshift and frequency, and
make a further Monte Carlo draw from the latter. For
each BHB mass model, the process yields 200 di↵erent
realizations of the instantaneous BHB population emit-
ting GWs in the Universe. We limit our investigation
to 0 < z < 2 and fr > 10�4Hz, su�cient to cover all
the relevant sources emitting in the eLISA and aLIGO
bands.

Signal-to-noise ratio computation. An in-depth study

of possible eLISA baselines in under investigation [11],
and the novel piece of information we provide here might
prove critical in the selection of the final design. There-
fore, following [11], we consider six baselines featuring
one two or five million km arm-length (A1, A2, A5) and
two possible low frequency noises – namely the LISA
Pathfinder goal (N1) and the original LISA requirement
(N2)–. We assume a two Michelson (six laser links) con-
figuration, commenting on the e↵ect of dropping one arm
(going to four links) on the results. We assume a five year
mission duration.

In the detector frame, each source is characterized
by its redshifted quantities M = Mr(1 + z) and f =
fr/(1 + z). During the five years of eLISA observations,
the binary emits GWs shifting upwards in frequency from
an initial value fi, to an ff that can be computed by in-
tegrating equation (3) for a time tr = 5yr/(1 + z). The
sky and polarization averaged S/N in the eLISA detector

Sesana 2016
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eLISA error 
box 
superimposed 
on a chart of 
the Virgo 
cluster, 
centered on 
NGC 4365 for 
a typical BBH 
signal.
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8 Brodie et al.

Fig. 7.— A three color (gri) Suprime-Cam image of NGC 4365, with its globular cluster (GC) candidates marked by small circles. This
image is a zoom-in at ⇠ 180 ⇥ 170 (⇠ 120⇥ 110 kpc) of the original, which is three times the area. An HST/Advanced Camera for Surveys
image mosaic was also used to select GCs out to ⇠ 40 from the galactic center. Blom et al. (2012a) determined that NGC 4365 has
6450±110 GCs and that its GC system extends beyond 9.5 galaxy e↵ective radii.

of GCs (NGC) around each galaxy and are vital ingredi-
ents in models that use GCs as kinematic tracers.

The GC systems of massive ETGs typically extend
to projected radii greater than 100 kpc, and require
wide-field imaging covering tens of arcminutes on a side
in order to obtain reasonably complete spatial cover-
age. Therefore the early photographic surveys of nearby
galaxies (e.g., Harris & Racine 1979) remained the state
of the art for decades until modern CCD cameras reached
the requisite field sizes (e.g., Rhode & Zepf 2001; Dirsch
et al. 2003; Peng et al. 2004a).

Some of this work emphasized the use of three-band
(two-color) photometry in order to reduce the contami-
nation of the GC samples by foreground stars and back-
ground galaxies – a problem which can otherwise become
severe at large radii and for the less luminous galaxies.
This issue can be addressed even further by subarcsec-
ond image quality, which resolves out many of the back-
ground contaminants. Deep exposures are also impor-
tant to reach beyond the peak of the GC luminosity func-
tion and thereby to allow for proper GC number counts.

This critical combination of imaging attributes – wide-
field, deep, good seeing, multi-color – has never before

been carried out in a homogeneous survey of galaxies,
but is now an integral part of both NGVS and SLUGGS.
The main imaging source for SLUGGS is Suprime-Cam:
the best instrument in the world for producing spatially-
complete GC system catalogs, owing to the telescope’s
8 m aperture, the large areal coverage (340 ⇥ 270), and
the typically excellent seeing on Mauna Kea. Most of the
data are taken explicitly for our survey, although some
of the images are found in the SMOKA archive (Baba
et al. 2002). For a few of the galaxies, we make use
of archival data from CFHT/MegaCam (Boulade et al.
2003). In almost all cases these wide-field data are sup-
plemented with HST imaging of the galaxy centers (see
Section 3.1.3).

3.1.2. Imaging Acquisition and Reduction

Imaging is carried out in three filters for each galaxy: g,
r and i (except for a few galaxies with adequate archival
data available). Our nominal target for each filter is
S/N ⇠ 20 at one magnitude fainter than the turnover
of the GC luminosity function (occurring at Mi ⇠ �8).
The total exposure times depend on the band, galaxy
distance, and observing conditions, ranging from ⇠ 300 s
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