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CHARACTERISATION OF TRANSIENT	
NOISE IN THE  ADVANCED LIGO 
DETECTORS DURING GW150914

• How do we know that GW150914 was not caused by noise?	

• What is the detector sensitive to?	

• What are the possible noise sources?	

• How do we deal with them?
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POSSIBLE NOISE SOURCESPOSSIBLE NOISE SOURCES

Anthropogenic Sources: short duration 
transients in the data, such as human activity 
within one of the rooms that houses the vacuum 
chambers or infrequent strong ground motion 
or noise from other nearby locations. This is 
monitored by an array of  accelerometers, 
seismometers, and microphones.

Source: www.ykonline.yksd.com

Earthquakes: can produce 
ground motion at the 
detectors with frequencies 
from approximately 0.03 to 
0.1 Hz or higher if the 
epicenter is nearby. There 
are other sources such as 
sea waves hitting the coast 
of Washington and Louisiana.

Blips  are short noise transients that 
appear in the gravitational wave strain 
channel h(t) as a symmetric ‘teardrop’ 
shape in time-frequency space, typically 
between 30 and 250 Hz, with the 
majority of the power appearing at the 
lowest frequencies. They contribute to 
some of the most significant background 
triggers in both the unmodeled burst and 
modeled CBC searches.
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CONCLUSIONS

• GW150914 occurred on September 14th, 2015, 3:21 PM IST.	

• The data was collected over 39 calendar days from September 12th, 2015 
to October 20th, 2015.	

• ~18 days of coincident data was collected, out of which 16 days remain 
after data quality checks.	

• The detectors were in perfect operational state during GW150914.	

• The vetoed out segments did not include GW150914.	

• Other noisy events within a few minutes of GW150914 were not so loud 
that they could have caused it.	

• GW150914 is indeed a gravitational wave signal



FROM ALERTS TO A CONFIDENT 
DETECTION OF GW150914
Summary of:	
- Observing Gravitational-Wave Transient GW150914 with Minimal Assumptions	
- GW150914: First Results from the Search for Binary Black Hole Coalescence with Advanced 
LIGO



ONLINE BURST SEARCH

On 14 September 2015 an online burst search (cWB) reported the detection of 
a transient signal that stood well above the detector's noise background at the 
two LIGO sites. 	

The alerts were reported merely 3 minutes after the event time-stamp of 
09:50:45 Greenwich Mean Time (about 03:20PM IST).	

Another burst search pipeline (oLIB) independently confirmed the detection 
with a latency of  a few hours enhancing the confidence in the detection. 	

Detailed followup analyses of the data collected around the time of the event 
was then carried out by two high latency versions of the burst pipelines cWB 
and oLIB as well as by two template based search pipelines, GstLAL and PyCBC. 



OFFLINE SEARCHES	
Based on the analyses of 16 days of 
coincident observations between the 
two LIGO detectors from 12 
September 2015 to 20 October 2015, 
the trigger was declared to be a GW 
event of high significance, which we now 
know as GW150914.	

The template based searches observed 
the signal with a SNR of 24 and a false 
alarm rate (FAR) smaller than once in 
203,000 years, suggesting a significance 
> 5.1 sigma. 	

The burst search suggested the FAR 
smaller than 1 in 22,500 years, 
equivalent to a significance > 4.6 sigma. 



BINARY COALESCENCE 
SEARCH	

Recovers signals from the coalescences of 
compact objects, using optimal matched filtering 
of the data with a bank of waveforms predicted 
by General Relativity. 	

A template bank with about 250, 000 
waveforms were used in analysing the data using 
both search pipelines, GstLAL and PyCBC.	

Both pipelines reported the event with identical 
parameters and a significance greater than 5.1 
sigma. 
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GENERIC TRANSIENT SEARCH 
Targets broad range of generic transient signals with minimal assumptions of signal 
morphology. 	

Can identify signals with frequencies up to 1 kHz and durations up to a few seconds.	

Ranks events according to the detection statistic which quantifies the SNR of the event and 
the consistency of the data between the two detectors.

GENERIC TRANSIENT SEARCH !
• Targets broad range of generic transient signals with minimal assumptions of 

signal morphology. !

• Can identify signals with frequencies upto 1 kHz and durations upto a few 
seconds.!

• Ranks events according to the detection statistic which quantifies the SNR of 
the event and the consistency of the data between the two detectors.!



GW150914 : 
SEARCH SUMMARY

A GW event consistent with the 
observations of the Inspiral, Merger 
and Ringdown of a system of two 
BHs in two independent searches.	

The waveforms reconstructed using 
best fit model parameters show 
excellent agreements with 
Numerical Relativity simulations.	

The system is highly relativistic, ideal 
for testing predictions of the theory 
in strong field regime (Abhirup's 
presentation).



PROPERTIES OF BINARY BLACK 
HOLE MERGER GW150914
Summary of:	
- Parameters estimated and numbers reported



PARAMETER ESTIMATION

Measure the “parameters” that 
describe the binary  BH merger — 
masses, spin angular momenta, 
distance and location, orientation.	

Crucial for extracting any information: 
astrophysics (formation, rates) or 
fundamental physics (consistency with 
theory).	

Uncertainties in estimating parameters 
– probability distribution of measured 
parameters!

Astrophysics: Arunava,  Testing GR: Abhirup

TABLE I. Estimated source parameters for GW150914. We re-
port the median value as well as the range of the 90% credible
interval. Masses are measured in the source frame; to convert
masses to detector frame, multiply by (1 + z) [85]. The source
redshift assumes standard cosmology [86].

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

a 15ms window and come from the same template. The 15
ms window is determined by the 10 ms inter-site propaga-
tion time plus 5 ms for uncertainty in arrival time of weak
signals.We rank coincident events based on the quadrature
sum ⇢̂

c

of the ⇢̂ from both detectors [42].
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 607 800 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 202 600 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 [83, 84], also detected GW150914 with identical
signal parameters and consistent significance.

When an event is confidently identified as a real gravita-
tional 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 back-
ground distribution shown as a blue line in the right panel
of Fig. 4. Based on this, the second most significant event
has a false alarm rate of 1 per 2.3 years and correspond-
ing Poissonian false alarm probability of 0.02. Waveform
analysis of this event indicates that if it is astrophysical in
origin it is also a binary black hole [43].

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 the most accurate, general relativity-based models
available [75, 76, 87, 88], and perform a coherent Bayesian
analysis of the data to derive posterior distributions of the

source parameters [89]. The initial and final masses, fi-
nal spin, distance and redshift of the source are shown in
Table I and discussed in detail in [38]. This table does not
include the binary component spins as they are only weakly
constrained by the observations.

Fits to numerical simulations of binary black hole merg-
ers [90, 91] provide estimates of the mass and spin of the
final black hole, the total energy radiated in gravitational
waves, and the peak gravitational-wave luminosity [38].
The estimated total energy radiated in gravitational 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 [92]. 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 [90], 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 [93, 94] by
allowing the coefficients to deviate from the nominal val-
ues, and seeing if the resulting waveform is consistent with
the data. In this second check [92] we place constraints
on these deviations, finding no evidence for violations of
general relativity.

Finally, assuming a modified dispersion relation for
gravitational waves [95], our observations constrain the
Compton wavelength of the graviton to be �

g

> 1013 km,
which could be interpreted as a bound on the graviton mass
m

g

< 1.2 ⇥ 10�22 eV/c2. This improves on Solar Sys-
tem and binary pulsar bounds [96, 97] by factors of a few
and a thousand, respectively, but does not improve on the
model-dependent bounds derived from dynamics of galaxy
clusters [98] and weak lensing observations [99]. In sum-
mary, all three tests are consistent with the predictions of
general relativity in the strong-field regime of gravity.

GW150914 demonstrates the existence of stellar-mass
black holes more massive than ' 25M�, and establishes
that binary black holes can form in nature and merge within
a Hubble time. Binary black holes have been predicted to
form both in isolated binaries [100–102] and in dense envi-
ronments by dynamical interactions [103–105]. Formation

12
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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 [90], 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 [93, 94] by
allowing the coefficients to deviate from the nominal val-
ues, and seeing if the resulting waveform is consistent with
the data. In this second check [92] we place constraints
on these deviations, finding no evidence for violations of
general relativity.

Finally, assuming a modified dispersion relation for
gravitational waves [95], our observations constrain the
Compton wavelength of the graviton to be �

g

> 1013 km,
which could be interpreted as a bound on the graviton mass
m

g

< 1.2 ⇥ 10�22 eV/c2. This improves on Solar Sys-
tem and binary pulsar bounds [96, 97] by factors of a few
and a thousand, respectively, but does not improve on the
model-dependent bounds derived from dynamics of galaxy
clusters [98] and weak lensing observations [99]. In sum-
mary, all three tests are consistent with the predictions of
general relativity in the strong-field regime of gravity.

GW150914 demonstrates the existence of stellar-mass
black holes more massive than ' 25M�, and establishes
that binary black holes can form in nature and merge within
a Hubble time. Binary black holes have been predicted to
form both in isolated binaries [100–102] and in dense envi-
ronments by dynamical interactions [103–105]. Formation
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FIG. 4. Lambert projection of the PDF for the sky location of
GW150914 showing contours of the 50% and 90% credible re-
gions plotted over a colour-coded PDF. The sky localization
forms part of the ring, set by the time delay of 6.9+0.5

�0.4 ms be-
tween the Livingston and Hanford detectors.

ity that corroborates this result. At this order, the flux is535

F ⇡ c3|ḣ|2/(32⇡G) ⇠ 105 erg s�1 m�2, where we use a536

GW amplitude of |h| ⇡ 10�21 at a frequency of 250 Hz.537

Using the inferred distance leads to an estimated luminos-538

ity of `
GW

⇠ 1056 erg s�1. For comparison, the ultralu-539

minous GRB 110918A reached a peak isotropic-equivalent540

luminosity of (4.7 ± 0.2) ⇥ 1054 erg s�1 [? ].541

GW ground-based instruments are all-sky monitors with542

no intrinsic spatial resolution capability for transient sig-543

nals. A network of instruments is needed to reconstruct the544

location of a GW in the sky, via time-of-arrival, and am-545

plitude and phase consistency across the network [? ]. The546

observed time-delay of GW150914 between the Livingston547

and Hanford observatories was 6.9+0.5
�0.4 ms. With only the548

two LIGO instruments in operation, GW150914’s source549

location can only be reconstructed to approximately an an-550

nulus set to first approximation by this time-delay [? ? ].551

Figure 4 shows the sky map for GW150914: it corresponds552

to a projected 2-dimensional credible region of 140 deg2553

(50% probability) and 590 deg2 (90% probablity). The554

associated 3-dimensional comoving volume probability re-555

gion is ⇠ 10�2 Gpc�3; for comparison the comoving den-556

sity of Milky Way-like galaxies is ⇠ 107 Gpc�3. This area557

of the sky was targeted by follow-up observations covering558

radio, optical, near infra-red, X-ray, and gamma-ray wave-559

lengths that are discussed in [? ]; searches for coincident560

neutrinos are discussed in [? ].561

Spins are a fundamental property of BHs. Additionally,562

their magnitude and orientation with respect to the orbital563

angular momentum carry an imprint of the evolutionary564

history of a binary that could help in identifying the forma-565

tion channel, such as distinguishing binaries formed in the566

field from those produced through captures in dense stellar567

environments [? ]. The observation of GW150914 allow568

us for the first time to put direct constraints on BH’s spins.569

The EOBNR and IMRPhenom models yield consistent val-570571

ues for the magnitude of the individual spins, see Table I.572

The spins are not precisely measured. The spin of the pri-573

mary BH is constrained to a
1

< 0.7 (at 90% probability),574

and we therefore strongly disfavour the primary BH being575

maximally spinning. The bound on the secondary BH’s576

spin is a
2

< 0.9 (at 90% probability), which is consistent577

with the bound derived from the prior.578

Results for precessing spins are derived using the IM-579

RPhenom model. Spins enter the model through the two580

effective spin parameters �
e↵

and �
p

. The left panel of581

Figure 5 shows that despite the short duration of the signal582

in band we meaningfully constrain �
e↵

= �0.06+0.17
�0.18, see583

Table I. The inspiral rate of GW150914 is therefore only584

weakly affected by the spins. We cannot, however, extract585

additional information on the other spin components asso-586

ciated with precession effects. The data are uninformative:587

the posterior PDF on �
p

(left panel of Figure 5) is broadly588

consistent with the prior, and the distribution of spins (right589

panel of Figure 5) matches our expectations once the infor-590

mation that |�
e↵

| is small has been included. Two elements591

may be responsible for this. If precession occurs, at most592

one modulation cycle would be present in the LIGO sen-593

sitivity window. If the source was viewed with J close to594

the line-of-sight (Figure 2), the amplitude of possible mod-595

ulations in the recorded strain are suppressed. The joint596

posterior PDFs of the magnitude and orientation of S
1

and597

S
2

are shown in the right panel of Figure 5. The angle598

of the spins with respect to L̂ (the tilt angle) is consid-599

ered a tracer of BBH formation channels [? ]. However,600

we can place only weak constraints on this parameter for601

GW150914: the probabilities that Ŝ
1

and Ŝ
2

are at an an-602

gle between 45� and 135� with respect to the normal to603

the orbital plane L̂ are 0.78 and 0.79, respectively. For604

this specific geometrical configuration the spin magnitude605

estimates are a
1

< 0.7 and a
2

< 0.8 at 90% probability.606

Some astrophysical formation scenarios favour spins607

nearly-aligned with the orbital angular momentum, partic-608

ularly for the massive progenitors that in these scenarios609

produce GW150914 [? ? ? ]. To estimate the impact610

of this prior hypothesis on our interpretation, we used the611

fraction (2.5%) of the spin-aligned result (EOBNR) with612

Ŝ
1,2 · L̂ > 0 to revise our expectations. If both spins must613

be positively and strictly co-aligned with L, then we can614

constrain the two individual spins at 90% probability to be615

a
1

< 0.2 and a
2

< 0.3.616

The loss of linear momentum through GWs produces a617

recoil of the merger BHs with respect to the binary orig-618

inal centre of mass [? ? ]. The recoil velocity depends619

Follow-up searches: Nathan
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Spin angular momenta of initial black 
holes not fully measured.
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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), IMRPhenom (blue) and
EOBNR (red) PDFs; the dashed vertical lines mark the 90% cred-
ible 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.

lar momentum of the BBH strongly misaligned to the line481

of sight is disfavoured; the probability that 45� < ✓JN <482

135� is 0.35. This is consistent with the fact that a binary483

GW emission is weaker perpendicular to the total angular484

momentum, i.e. our instruments are more sensitive to the485

inclination we infer for GW150914.486

The masses and spins of the BHs in a (circular) binary487

are the only parameters needed to determine the final mass488

and spin of the Kerr BH that is produced at the end of the489

merger. Applying the fitting formula calibrated to NR sim-490

ulations provided in [? ] to the posterior for the component491

masses and spins, we infer the mass and spin of the rem-492

nant BH to be M source

f

= 62+4

�4

M�, and a
f

= 0.67+0.05
�0.07,493

as shown in Figure 3 and Table I. These results are fully494

consistent with those obtained using an independent non-495

precessing fit [? ]. The systematic uncertainties of the fit496

are negligible in comparison to the statistical uncertainties.497

The value of the final spin is a consequence of conservation498

of angular momentum in which the total angular momen-499

tum of the system (which for a nearly equal mass binary,500

such as GW150914’s source, is dominated by the orbital501

angular momentum) is converted partially into the spin of502

the remnant black hole and partially radiated away in GWs503

during the merger. Therefore, the final spin is more pre-504

cisely determined than either of the spins of the binary’s505

BHs.506

The calculation of the final mass also provides an esti-507

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), 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.

mate of the total energy emitted in GWs. GW150914 radi-508

ated a total of 3.0+0.5
�0.5 M�c

2 in GWs, the majority of which509

was at frequencies in LIGO’s sensitive band. The ener-510

getics of a BBH merger can be estimated at the order of511

magnitude level using simple Newtonian arguments. The512

total energy of a binary system at separation r is given by513

E ⇡ (m
1

+ m
2

)c2 � Gm
1

m
2

/(2r). For an equal-mass514

system, and assuming the inspiral phase to end at about515

r ⇡ 5GM/c2, then around 2–3% of the initial total energy516

of the system is emitted as GWs. Only a fully general rela-517

tivistic treatment of the system can accurately describe the518

physical process during the final strong-field phase of the519

coalescence. This indicates that a comparable amount of520

energy is emitted during the merger portion of GW150914,521

leading to ⇡ 5% of the total energy emitted.522

We further infer the peak GW luminosity achieved dur-523

ing the merger phase by applying to the posteriors a sep-524

arate fit to non-precessing NR simulations [? ]. The525

source reached a maximum instantaneous GW luminosity526

of 3.6+0.5
�0.4 ⇥ 1056 erg s�1 = 200+30

�20

M�c
2/s. Here, the527

uncertainties include an estimate for the systematic error528

of the fit as obtained by comparison with a separate set529

of precessing NR simulations, in addition to the dominant530

statistical contribution. These values are fully consistent531

with those given in the literature for NR simulations of532

similar binaries [? ? ]. A Newtonian-order description533

provides an order-of-magnitude estimate of the luminos-534

Final mass:

TABLE I. Estimated source parameters for GW150914. We re-
port the median value as well as the range of the 90% credible
interval. Masses are measured in the source frame; to convert
masses to detector frame, multiply by (1 + z) [85]. The source
redshift assumes standard cosmology [86].

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

a 15ms window and come from the same template. The 15
ms window is determined by the 10 ms inter-site propaga-
tion time plus 5 ms for uncertainty in arrival time of weak
signals.We rank coincident events based on the quadrature
sum ⇢̂

c

of the ⇢̂ from both detectors [42].
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 607 800 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 202 600 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 [83, 84], also detected GW150914 with identical
signal parameters and consistent significance.

When an event is confidently identified as a real gravita-
tional 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 back-
ground distribution shown as a blue line in the right panel
of Fig. 4. Based on this, the second most significant event
has a false alarm rate of 1 per 2.3 years and correspond-
ing Poissonian false alarm probability of 0.02. Waveform
analysis of this event indicates that if it is astrophysical in
origin it is also a binary black hole [43].

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 the most accurate, general relativity-based models
available [75, 76, 87, 88], and perform a coherent Bayesian
analysis of the data to derive posterior distributions of the

source parameters [89]. The initial and final masses, fi-
nal spin, distance and redshift of the source are shown in
Table I and discussed in detail in [38]. This table does not
include the binary component spins as they are only weakly
constrained by the observations.

Fits to numerical simulations of binary black hole merg-
ers [90, 91] provide estimates of the mass and spin of the
final black hole, the total energy radiated in gravitational
waves, and the peak gravitational-wave luminosity [38].
The estimated total energy radiated in gravitational 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 [92]. 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 [90], 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 [93, 94] by
allowing the coefficients to deviate from the nominal val-
ues, and seeing if the resulting waveform is consistent with
the data. In this second check [92] we place constraints
on these deviations, finding no evidence for violations of
general relativity.

Finally, assuming a modified dispersion relation for
gravitational waves [95], our observations constrain the
Compton wavelength of the graviton to be �

g

> 1013 km,
which could be interpreted as a bound on the graviton mass
m

g

< 1.2 ⇥ 10�22 eV/c2. This improves on Solar Sys-
tem and binary pulsar bounds [96, 97] by factors of a few
and a thousand, respectively, but does not improve on the
model-dependent bounds derived from dynamics of galaxy
clusters [98] and weak lensing observations [99]. In sum-
mary, all three tests are consistent with the predictions of
general relativity in the strong-field regime of gravity.

GW150914 demonstrates the existence of stellar-mass
black holes more massive than ' 25M�, and establishes
that binary black holes can form in nature and merge within
a Hubble time. Binary black holes have been predicted to
form both in isolated binaries [100–102] and in dense envi-
ronments by dynamical interactions [103–105]. Formation
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Final spin:

TABLE I. Estimated source parameters for GW150914. We re-
port the median value as well as the range of the 90% credible
interval. Masses are measured in the source frame; to convert
masses to detector frame, multiply by (1 + z) [85]. The source
redshift assumes standard cosmology [86].

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

a 15ms window and come from the same template. The 15
ms window is determined by the 10 ms inter-site propaga-
tion time plus 5 ms for uncertainty in arrival time of weak
signals.We rank coincident events based on the quadrature
sum ⇢̂

c

of the ⇢̂ from both detectors [42].
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 607 800 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 202 600 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 [83, 84], also detected GW150914 with identical
signal parameters and consistent significance.

When an event is confidently identified as a real gravita-
tional 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 back-
ground distribution shown as a blue line in the right panel
of Fig. 4. Based on this, the second most significant event
has a false alarm rate of 1 per 2.3 years and correspond-
ing Poissonian false alarm probability of 0.02. Waveform
analysis of this event indicates that if it is astrophysical in
origin it is also a binary black hole [43].

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 the most accurate, general relativity-based models
available [75, 76, 87, 88], and perform a coherent Bayesian
analysis of the data to derive posterior distributions of the

source parameters [89]. The initial and final masses, fi-
nal spin, distance and redshift of the source are shown in
Table I and discussed in detail in [38]. This table does not
include the binary component spins as they are only weakly
constrained by the observations.

Fits to numerical simulations of binary black hole merg-
ers [90, 91] provide estimates of the mass and spin of the
final black hole, the total energy radiated in gravitational
waves, and the peak gravitational-wave luminosity [38].
The estimated total energy radiated in gravitational 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 [92]. 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 [90], 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 [93, 94] by
allowing the coefficients to deviate from the nominal val-
ues, and seeing if the resulting waveform is consistent with
the data. In this second check [92] we place constraints
on these deviations, finding no evidence for violations of
general relativity.

Finally, assuming a modified dispersion relation for
gravitational waves [95], our observations constrain the
Compton wavelength of the graviton to be �

g

> 1013 km,
which could be interpreted as a bound on the graviton mass
m

g

< 1.2 ⇥ 10�22 eV/c2. This improves on Solar Sys-
tem and binary pulsar bounds [96, 97] by factors of a few
and a thousand, respectively, but does not improve on the
model-dependent bounds derived from dynamics of galaxy
clusters [98] and weak lensing observations [99]. In sum-
mary, all three tests are consistent with the predictions of
general relativity in the strong-field regime of gravity.

GW150914 demonstrates the existence of stellar-mass
black holes more massive than ' 25M�, and establishes
that binary black holes can form in nature and merge within
a Hubble time. Binary black holes have been predicted to
form both in isolated binaries [100–102] and in dense envi-
ronments by dynamical interactions [103–105]. Formation
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• One of the first accurate 
measurements of the spin angular 
momentum of a rotating black hole.	

• The total amount of energy radiated in 
GW is about 3 times the entire mass of 
the Sun all converted into energy. 	

• Most of this takes place in a fraction of 
a second around the merger.	

• A peak luminosity of ~3.6 × 1049 Watts.

Archisman, Ajith

Nathan



TESTS OF GENERAL RELATIVITY 
WITH GW150914



IMPORTANCE OF TESTING GENERAL 
RELATIVITY (GR) WITH GW150914

GENERAL RELATIVITY

DEPENDENCIES:	
!
The detection paper as well as all 
remaining companion papers assume 
that GW150914 is consistent with 
general relativity

GW150914 represents the	
first ever genuine probe of	
the dynamics of space-time

GRAVITATIONAL WAVE SCIENCE
• We perform several studies of GW150914 aimed at detecting deviations from the 

predictions of GR



IS GW150914 INDEED A BINARY BLACK 
HOLE MERGER DESCRIBED BY GR?

• Inspiral, merger and ringdown consistency 

!
• Compare the estimates of the mass and spin of the 

remnant obtained from different parts of the 
waveform, using the relations between the binary’s 
components and final masses and spins provided by 
NR.	

!
• Our inspiral-merger-ringdown test shows no evidence 

of discrepancies with the predictions of GR.

Abhirup, Archisman, Nathan, Chandra, Ajith
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GW150914, our waveform models have much higher FFs
against numerical GR waveforms, we conclude that the noise-
weighted correlation between the observed strain signal and
the true GR waveform is � 96%. This statement can be read
as implying that the GR prediction for GW150914 is veri-
fied to better than 4%, in a precise sense related to noise-
weighted signal correlation; and conversely, that e↵ects due to
GR-violations in GW150914 are limited to less than 4% (for
e↵ects that cannot be reabsorbed in a redefinition of physical
parameters).

Inspiral, merger and ringdown consistency test. We now
perform a test to show that the inspiral and merger/ringdown
parts of GW150914 do not deviate from the predictions of a
binary black-hole coalescence in GR. One way to do that is
to compare the estimates of the mass and spin of the remnant
obtained from di↵erent parts of the waveform, using the rela-
tions between the binary’s components and final masses and
spins provided by NR [59].

We first explore the posterior distributions of the bi-
nary’s component masses and spins from the “inspiral” (low-
frequency) part of the observed signal, using the nested sam-
pling algorithm from the LALInference software library [52],
and then use formulae obtained from NR simulations to get
posterior distributions of the remnant’s mass and spin. The
inspiral part of the signal is defined as follows. We fix the
frequency at which the inspiral phase ends to f end insp

GW = 132
Hz, close to the MAP waveform’s merger frequency [5] (see
Figs. 2 and 5 below), and restrict the waveform model in the
frequency domain from 20 Hz to f end insp

GW . Next, we estimate
posterior distributions on the mass and spin of the final com-
pact object from the “post-inspiral” (high-frequency) signal
that is dominated by the contribution from merger and ring-
down stages (i.e., from the waveform model that extends from
f end insp
GW up to 1024 Hz), again using formulae obtained from

NR simulations. We notice that the expectation value of the
SNRdet from the MAP waveform whose support is only from
20 Hz to 132 Hz is ⇠ 19.5, while when the support is from
132 Hz to 1024 Hz it is ⇠ 16. Finally, we compare these
two estimates of the final Mf and dimensionless spin a f , and
compare them also against the estimate performed using the
full inspiral–merger–ringdown waveform GW150914. In all
cases, we average the posteriors obtained with the EOBNR
and IMRPhenom waveform models, following the procedure
outlined in Ref. [5]. Technical details about the implementa-
tion of this test can be found in Ref. [60].

This test is similar in spirit to the �2 GW-search veto [4, 61]
that penalizes event candidates if their (noise-weighted) resid-
ual with respect to theoretical templates is too uneven across
frequency segments—a warning that some parts of the wave-
form are fit much worse than others, and thus the candidates
may be due to instrument glitches that are very loud, but
do not resemble binary-inspiral signals. However, �2 tests
are performed by comparing the data with a single theoret-
ical waveform, while in this case we allow the inspiral and
merger/ringdown partial waveforms to select di↵erent physi-
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FIG. 3. Top panel: 90% confidence regions on the joint posterior
distributions for the mass Mf and dimensionless spin af of the final
compact object predicted from the inspiral (dark violet, dashed) and
measured from the post-inspiral (violet, dot-dashed), as well as the
result from a full inspiral-merger-ringdown (IMR) analysis (black).
Bottom panel: Posterior distributions for the parameters �Mf /Mf
and �af /af that describe the fractional di↵erence in the estimates
of the final mass and spin from inspiral and post-inspiral parts. The
contour shows the 90% confidence region. The plus symbol indicates
the expected value (0, 0) in GR.

cal parameters. Thus, this test should be sensitive to subtler
deviations from the predictions of GR.

In Fig. 2 we show the EOBNR MAP waveform [5] with its
instantaneous GW frequency; the shaded areas correspond to
the 90% credible regions. The vertical line marks f end insp

GW =
132 Hz; see also Fig. 5 below, where we plot the MAP
frequency-domain amplitude and indicate the inspiral, inter-
mediate, and merger-ringdown regimes. In Fig. 3 we sum-
marize our findings. The top panel of Fig. 3 shows the poste-
rior distributions of Mf and a f estimated from the inspiral and
post-inspiral parts, as well as from the entire inspiral–merger–
ringdown signal. It confirms the expected behavior: the in-



IS GW150914 INDEED A BINARY BLACK 
HOLE MERGER DESCRIBED BY GR?
• Residuals test 
!

• Subtract the best fit waveform from the observed 
data, and find that what remains is completely 
consistent with detector noise at other times when 
there is no signal.	
!

• Constraining parametrized deformations 
!

• The parameters in the waveform that models 
GW150914 are consistent with Numerical Relativity 
(GR) predictions, within statistical uncertainties.	

!
• Also provide much stronger bounds on theoretical 

values than earlier observations 
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phenomenological approach [32–35] based on extending fre-
quency domain PN expressions and hybridizing PN/EOB with
NR waveforms. In particular, here we use the double-spin,
nonprecessing waveform model developed in Ref. [36], us-
ing NR waveforms from Ref. [37], enhanced with reduced-
order modeling to speed up waveform generation [38, 39]
(henceforth, EOBNR), and the single-e↵ective–spin, precess-
ing waveform model of Refs. [40–42] (henceforth, IMRPhe-
nom).2 Both models are calibrated against waveforms from
direct numerical integration of the Einstein equations.

As shown in Refs. [5, 36, 41, 43, 44], in the region of pa-
rameter space relevant for GW150914, the error due to dif-
ferences between the two analytical waveform models (and
between the analytical and numerical-relativity waveforms) is
smaller than the typical statistical uncertainty due to the fi-
nite SNR of GW150914. To assess potential modeling sys-
tematics, we collected existing NR waveforms and generated
targeted new simulations [45–50]. The simulations were gen-
erated with multiple independent codes, and sample the pos-
terior region for masses and spins inferred for GW150914.
To validate the studies below, we added (publicly available
and new) NR waveforms as mock signals to the data in the
neighbourhood of GW150914 [37, 50]. A further possible
cause for systematics are uncertainties in the calibration of the
gravitational-strain observable in the LIGO detectors. These
uncertainties are modeled and included in the results pre-
sented here according to the treatment detailed in Ref. [5].

Residuals after subtracting the most-probable waveform
model. The bursts analysis [51], which uses unmodeled tem-
plates, can be used to test the consistency of GW150914 with
waveform models derived from GR. Using the LALInfer-
ence [52] Bayesian-inference software library, we identify the
most-probable waveform or, equivalently, the maximum a pos-
teriori (MAP) binary black-hole waveform [5], compute its
e↵ect in the Livingston and Hanford detectors, and then sub-
tract it from the data. If the data are consistent with the the-
oretical signal, no detectable power should remain after sub-
traction other than what is consistent with instrumental noise.
We analyze the residual with the BayesWaves [53] algorithm
developed to characterize generic GW transients. BayesWave
uses the evidence ratio (Bayes factor) to rank competing hy-
potheses given the observed data. We compare predictions
from models in which: (i) the data contain only Gaussian
noise; (ii) the data contain Gaussian noise and uncorrelated
noise transients, or glitches, and (iii) the data contain Gaus-
sian noise and an elliptically polarized GW signal. We com-
pute the signal-to-noise Bayes factor, which is a measure of
significance for the excess power in the data, and the signal-
to-glitch Bayes factor, which measures the coherence of the
excess power between the two detectors. We also apply the
same analysis to 100 4-second long segments of data drawn

2 The specific names of the two waveform models that we use in the
LIGO Algorithm Library are SEOBNRv2 ROM DoubleSpin and IMR-
PhenomPv2.
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FIG. 2. 90% credible regions for the waveform (upper panel) and
GW frequency (lower panel) of GW150914 versus time as estimated
by the LALInference analysis [5]. The solid lines in each panel in-
dicate the most probable waveform from GW150914 [5] and its GW
frequency. We mark with a vertical line f end insp

GW = 132 Hz, which is
used in the IMR consistency test to delineate the boundary between
the inspiral and post-inspiral parts.

within a few minutes of GW150914, and produce the cumu-
lative distribution functions of Bayes factors shown in Fig. 1.
We find that, according to the burst analysis, the GW150914
residual is not statistically distinguishable from the instrumen-
tal noise recorded in the vicinity of the detection, suggesting
that all of the measured power is well represented by the GR
prediction for the signal from a binary black-hole merger. The
results of this analysis are very similar regardless of the MAP
waveform used (i.e., EOBNR or IMRPhenom).

We compute the 95% upper bound on the coherent net-
work SNRres identified by the unmodeled-burst search in the
GW150914 residual after subtracting the MAP waveform.
This upper bound is SNRres  7.3 at 95% confidence, inde-
pendently of the MAP waveform used (i.e., EOBNR or IMR-
Phenom). We note that this unmodeled-burst SNR has a dif-
ferent meaning compared to the (modeled) matched-filtering
binary-coalescence SNR of 24 cited for GW150914. Indeed,
the upper-limit SNRres inferred for GW150914 lies in the typ-
ical range for the data segments around GW150914 (see the
bottom panel of Fig. 1), so it can be attributed to instrument
noise alone.

If we assume that SNRres is entirely due to the mismatch be-
tween the MAP waveform and the underlying true signal, and
that the putative violation of GR cannot be reabsorbed in the
waveform model by biasing the estimates of the physical pa-
rameters [54, 55], we can constrain the minimum fitting factor
(FF) [56] between the MAP model and GW150914. An im-
perfect fit to the data leaves SNR2

res = (1 � FF2) FF�2 SNR2
det

[57, 58] where SNRdet =25.3+0.1
�0.2 is the network SNR inferred

by LALInference [5]. SNRres  7.3 then implies FF � 0.96.
Considering that, for parameters similar to those inferred for
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FIG. 6. 90% upper bounds on the fractional variations for the
known PN coe�cients compared to their known value in GR.
The orange squares are the 90% upper bounds obtained from the
single-parameter analysis of GW150914. As a comparison, the
blue triangles show the 90% upper bounds extrapolated exclusively
from the orbital-period derivative, Ṗorb, of the double pulsar J0737-
3039 [14, 86]. The GW phase deduced from an almost constant Ṗorb
cannot provide significant information as the PN order is increased.
As an illustration of the di↵erent dynamical regimes between the
double pulsar and GW150914, we show the bounds for the former
only up to 1PN order. We do not report on the 2.5PN coe�cient be-
cause, being degenerate with the reference phase, it is unmeasurable.
We also do not report on the logarithmic terms in the PN series at
2.5PN and 3PN order, which can be found in Table I and in Fig. 7.

the model is constructed, which involves fitting a waveform
phasing ansatz to a calibration set of EOB joined to NR wave-
forms [41], there is an intrinsic uncertainty in the values of
the phenomenological parameters of the IMRPhenom model.
For the intermediate and merger-ringdown regime, we veri-
fied that these intrinsic uncertainties are much smaller than
the corresponding statistical uncertainties for GW150914 and
thus do not a↵ect our conclusions. In the late-inspiral case, the
uncertainties associated with the calibration of the � j param-
eters are very large and almost comparable with our results.
Therefore, we do not report results for the � j parameters.

As said, we construct the gIMR model by introducing
(fractional) deformations, � p̂i, for each of the IMRPhenom
phase parameters pi, which appear in the di↵erent stages
of the coalescence discussed above. At each point in pa-
rameter space, the coe�cients pi are evaluated for the local
physical parameters (masses, spins) and multiplied by factors
(1 + � p̂i). In this parameterization, GR is uniquely defined
as the locus in the parameter space where each of the phe-
nomenological parameters, {�p̂i}, assumes exactly the value of
zero. In summary, our battery of testing parameters consists
of: (i) early-inspiral stage: {�'̂0, �'̂1, �'̂2, �'̂3, �'̂4, �'̂5l, �'̂6,

�'̂6l, �'̂7} 5, (ii) late-inspiral stage: {��̂2, ��̂3, ��̂4}, (iii) inter-
mediate regime: {��̂2, ��̂3}, and (iv) merger-ringdown regime:
{�↵̂2, �↵̂3, �↵̂4}. We do not consider parameters that are de-
generate with either the reference time or the reference phase.
For our analysis, we explore two scenarios: single-parameter
analysis, in which only one of the parameters is allowed to
vary while the remaining ones are fixed to their GR value,
that is zero, and multiple-parameter analysis in which all pa-
rameters in each stage are allowed to vary simultaneously.

The rationale behind our choices of single- and multiple-
parameter analyses comes from the following considerations.
In most known alternative theories of gravity [15, 16, 87], the
corrections to GR extend to all PN orders even if in most cases
they have been computed only at leading PN order. Consider-
ing that GW150914 is an inspiral, merger and ringdown sig-
nal, sweeping through the detector between 20 Hz and 300
Hz, we expect to see the signal deviations from GR at all PN
orders. The single-parameter analysis corresponds to mini-
mally extended models, that can capture deviations from GR
that predominantly, but not only, occur at a specific PN order.
Due to their covariance, we find that in the multiple-parameter
analysis the correlations among the parameters is very signif-
icant. In other words, a shift in one of the testing parameters
can always be compensated by an opposite sign change of an-
other parameter and still return the same overall GW phase.
Thus, it is not surprising that the multiple-parameter case pro-
vides a much more conservative statement on the agreement
between GW150914 and GR.

For each set of testing parameters, we perform a separate
LALInference analysis, where in concert with the full set of
GR parameters [5], we also explore the posterior distributions
for the specified set of testing parameters. Since our testing
parameters are purely phenomenological (except the ones of
the PN early-inspiral stage), we choose their prior probabil-
ity distributions to be uniform and wide enough to encompass
the full posterior probability density function in the single-
parameter case. In particular we employ: �'̂i 2 [�20, 20];
��̂i 2 [�30, 30]; ��̂i 2 [�3, 3]; �↵̂i 2 [�5, 5]. In all the anal-
yses that we performed we obtain estimates of the physical
parameters — e.g., masses and spins – that are in agreement
with the ones reported in Ref. [5].

We show in Fig. 6 the 90% upper bounds on the values of
the (known) PN parameters �'̂i with i = 0, . . . , 7 (except for
i = 5, which is degenerate with the reference phase), when
varying the testing parameters one at the time, keeping the
other parameters fixed to the GR value. As an illustration, fol-
lowing Ref. [86], we also show in Fig. 6 the bounds obtained
from the orbital-period derivative Ṗorb of the double pulsar
J0737-3039 [14]. Not surprisingly, since in binary pulsars the
orbital period changes at essentially a constant rate, the cor-
responding bounds quickly become rather loose as the PN or-

5 Unlike Ref. [41], we explicitly include the logarithmic terms �'̂5l and �'̂6l.
We also include the 0.5PN parameter that is zero in GR, thus �'̂1 is an
absolute shift rather than relative.
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terior. We note that in the single-parameter analysis, for sev-
eral parameters, the GR value is found at quantiles close to
an equivalent of 2–2.5�, i.e., close to the tails of their pos-
terior probability functions. The fact that for the majority of
the early-inspiral parameters the GR value lies in the tails of
their posteriors, is not surprising since we find that these pa-
rameters have a substantial degree of correlation. Thus, if a
particular noise realization causes the posterior distribution of
one parameter to be o↵-centered with respect to zero, we ex-
pect that the posteriors of all the other parameters to be also
o↵-centered. This is indeed what we observe. The medians
for the early-inspiral single-parameter posteriors reported in
Table I show opposite sign shifts that follow closely the sign
pattern found in the PN series.

We repeated our single-parameter analysis on 20 datasets
obtained by adding NR waveforms with GW150914-like pa-
rameters to noise-only data segments close to GW150914. In
one instance, we observed �'̂i posterior distribution very sim-
ilar to those of Table I and Fig. 7. Thus, it is not unlikely
that instrumental noise fluctuations would cause the degree
of apparent deviation from GR found to occur in the single-
parameter quantiles for GW150914, even in the absence of an
actual deviation from GR. However, we cannot fully exclude
a systematic origin from inaccuracies or even missing physics
in our waveform models. Future observations will shed light
on this aspect.

In the multiple-parameter analyses, which account for cor-
relations between parameters, GR is usually found to be very
close to the median of the distribution. This is partly due to
the fact that we are not sensitive to most of the early-inspiral
parameters, with the exception of the 0PN and 0.5PN coe�-
cients. As for the intermediate and merger-ringdown param-
eters, since most of the SNR for GW150914 comes from the
high-frequency portion of the observed signal, we find that
the constraints on those coe�cients are very robust and essen-
tially independent of the analysis configuration chosen, single
or multiple.

Finally, the last two columns of Table I report the loga-
rithm of the ratio of the marginal likelihoods (the logarithm
of the Bayes factor log10 BGR

model) as a measure of the relative
goodness-of-fit between the IMRPhenom and gIMR models
(see Ref. [5] and references therein). If log10 BGR

model < 0 (> 0)
then GR fits the data worse (better) than the competing model.
The uncertainty over log10 BGR

model is estimated by running sev-
eral independent instances of LALInference. The log10 BGR

model
corroborates our findings that GW150914 provides no evi-
dence in favor of the hypothesis that GR is violated.7

7 Because of the normalization of the prior probability distributions, the
Bayes factors include a penalty factor — the so-called Occam factor —
for models that have more parameters. The wider the prior range, the more
severe the penalization. Therefore, di↵erent choices for � p̂i would lead to
di↵erent numerical values of log10 BGR

model. To establish the significance of
the Bayes factors, validation analyses [84, 85] would be necessary and will
be presented in forthcoming studies.
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FIG. 8. Cumulative posterior probability distribution for �g (black
curve) and exclusion regions for the graviton Compton wavelength
�g from GW150914. The shaded areas show exclusion regions from
the double pulsar observations (turquoise), the static Solar System
bound (orange) and the 90% (crimson) region from GW150914.

Constraining the graviton Compton wavelength. Since
the 1970s, there have been attempts to construct theories of
gravity mediated by a graviton with a non-zero mass. Those
attempts have led to conceptual di�culties, some of which
have been addressed, circumvented or overcome, but others
remain open (see Ref. [88] and references therein). Here, we
take a phenomenological approach and consider a hypotheti-
cal massive-graviton theory in which, due to a modification of
the dispersion relation, GWs travel at a speed di↵erent from
the speed of light.

In GR, gravitons are massless and travel at the speed of light
vg = c. In a hypothetical massive graviton theory the disper-
sion relation can be modified to E2 = p2c2 + m2

gc4 where E is
the graviton energy, p the momentum, and mg is the graviton
rest mass related to the graviton Compton wavelength as �g =
h/(mgc) with h the Planck constant. Thus, we have v2g/c2 ⌘
c2 p2/E2 = 1 � h2c2/(�2

gE2), and the massive graviton propa-
gates at an energy (or frequency) dependent speed. In such a
massive graviton theory the Newtonian potential is altered by
a Yukawa-type correction: '(r) = (GM/r)[1 � exp(�r/�g)].
Bounds that do not probe the propagation of gravitational in-
teractions when �g is finite (i.e., the so-called static bounds)
from Solar System observations [89, 90], model-dependent
large-scale dynamics of galactic clusters [91] and model-
dependent weak lensing observations [92] are 2.8 ⇥ 1012 km,
6.2 ⇥ 1019 km and 1.8 ⇥ 1022 km, respectively. The only dy-
namical bound to date comes from the binary-pulsar observa-
tions [93] and it is �g > 1.6 ⇥ 1010 km. If the Compton wave-
length of gravitons is finite, then lower frequencies propagate
slower compared to higher frequencies, and this dispersion
of the waves can be incorporated in the gravitational phasing
from a coalescing binary. In particular, neglecting all possible

IS GW150914 INDEED A BINARY BLACK 
HOLE MERGER DESCRIBED BY GR?

• Bounds on mass of graviton 
!
• Although a fully consistent massive graviton theory 

has not been worked out yet, our analysis does put a 
bound on the possible mass of the graviton, by 
constraining the graviton Compton wavelength.	
!

• Least damped quasi-normal mode in the data 
!
• The final BH shakes away its asymmetries through 

exponentially damped emission of GWs as it settles 
down to a final stable Kerr BH. 	

!
• We find that the frequency and damping time of the 

least damped mode are consistent with those of a 
black hole with the final mass and spin we infer from 
the data.
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FIG. 4. We show the posterior 90% confidence regions from
Bayesian parameter estimation for a damped-sinusoid model, assum-
ing di↵erent start-times t0 = tM + 1, 3, 5, 7 ms, labeled by o↵set from
the merger time tM of the most-probable waveform from GW150914.
The black solid line shows contours of 90% confidence region for the
frequency f0 and decay time ⌧ of the ` = 2, m = 2 and n = 0 (i.e.,
the least damped) QNM obtained from the inspiral-merger-ringdown
waveform for the entire detector’s bandwidth.

tersection of the inspiral and post-inspiral 90% confidence re-
gions (defined by the isoprobability contours that enclose 90%
of the posterior) contain the inspiral-merger-ringdown 90%
confidence region. We have verified that these conclusions
are not a↵ected by the specific formula [40, 59, 62] used to
predict Mf and a f , nor by the choice of f end insp

GW within a few
cycles of the waveform’s peak.

To assess the significance of our findings more quantita-
tively, we define parameters �Mf /Mf and �a f /a f that de-
scribe the fractional di↵erence in the two estimates of the final
mass and spin [60]. In the bottom panel of Fig. 3 we show
their joint posterior distribution; the solid line marks the iso-
probability contour that contains 90% of the posterior. The
plus symbol indicates the null (0, 0) result expected in GR,
which lies on the isoprobability contour that encloses 28% of
the posterior. We have checked that when performing anal-
yses of NR signals added to LIGO instrumental noise, the
null (0, 0) result expected in GR lies within isoprobability con-
tours that encloses 68% of the posterior, roughly 68% of the
time, as expected from random-noise fluctuations. By con-
trast, our test can rule out the null hypothesis (with high statis-
tical significance) when analyzing a simulated signal that re-
flects a significant GR violation in the frequency dependence
of the energy and angular-momentum loss [60], even when we
choose violations which would be too small to be noticeable
in double-pulsar observations [14]. Thus, our inspiral-merger-
ringdown test shows no evidence of discrepancies with the
predictions of GR.

The mass and dimensionless spin of the final black hole im-
plied by formulae obtained from NR simulations together with
the component mass and spin posteriors [5] are 67+4

�4 M� (in
the source frame 62+4

�4 M�) and 0.67+0.05
�0.07 at 90% confidence.

From the posterior distributions of the mass and spin of the
final black hole, we can predict the frequency and decay time
of the least-damped QNM (i.e., the ` = 2,m = 2, n = 0 over-
tone) [63]. We find f QNM

220 = 251+8
�8 Hz and ⌧QNM

220 = 4.0+0.3
�0.3 ms

at 90% confidence.
Testing for the least-damped QNM in the data. We per-

form a test to check the consistency of the data with the pre-
dicted least-damped QNM of the remnant black hole. For
this purpose we compute the Bayes factor between a damped-
sinusoid waveform model and Gaussian noise, and estimate
the corresponding parameter posteriors. The signal model
used is h(t � t0) = A e�(t�t0)/⌧ cos

⇥
2⇡ f0 (t � t0) + �0

⇤
, h(t <

t0) = 0, with fixed starting time t0, and uniform priors over
the unknown frequency f0 2 [200, 300] Hz and damping time
⌧ 2 [0.5, 20] ms. The prior on amplitude A and phase �0 is
chosen as a two-dimensional Gaussian isotropic prior in {As ⌘
�A sin �0, Ac ⌘ A cos �0} with a characteristic scale H, which
is in turn marginalized over the range H 2 [2, 10]⇥10�22 with
a prior / 1/H. This is a practical choice that encodes relative
ignorance about the detectable damped-sinusoid amplitude in
this range.

We compute the Bayes factor and posterior estimates of
{ f0, ⌧} as a function of the unknown QNM start-time t0, which
we parameterize as an o↵set from a fiducial GPS merger time3

tM = 1126259462.423 (referring to the GPS arrival time at the
LIGO Hanford site). Figure 4 shows various di↵erent poste-
rior 90% credible contours in { f0, ⌧} as a function of the start-
time o↵set t0�tM from merger, in addition to the least-damped
QNM prediction from GR derived in the previous section.

The 90% posterior contour starts to overlap the GR predic-
tion from the IMR waveform at t0 = tM + 3 ms, or ⇠ 10 M
after merger. The corresponding Bayes factor at this point is
log10 B ⇠ 17 with an SNR in the MAP waveform { f0, ⌧} of
SNR ⇠ 9. At t0 = tM + 5 ms the MAP waveform actually falls
within the (much smaller) IMR prediction uncertainty, and the
Bayes factor is log10 B ⇠ 9 and SNR ⇠ 7. At t0 = tM + 7 ms,
or about 20 M after merger, the posterior uncertainty becomes
quite large, and the Bayes factor drops to log10 B ⇠ 2.6 with
SNR ⇠ 4.4. The signal becomes undetectable shortly there-
after, t0 � tM + 8 ms or so, where B ⇠ 1.

Measuring only the frequency and decay time of one
damped sinusoid in the data does not allow us to conclude
that we have observed the least-damped QNM of the final
black hole. The measured quality factor can be obtained from
several QNMs that have di↵erent black-hole’s spin, harmon-
ics and overtones (see, e.g., Ref. [63] and references therein).
However, the overlap between the 90% posterior contour of
the damped-sinusoid waveform model and the 90% confi-
dence region estimated from the IMR waveform indicates that
the data are consistent with the presence of the least-damped

3 The merger time is obtained by taking the EOBNR MAP waveform and
lining this waveform up with the data such that the largest SNR is obtained.
The merger time is then defined as the point at which the quadrature sum
of the h+ and h⇥ polarizations is maximum.
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MULTIMESSENGER ASTRONOMY: 
WHAT AND WHY

Multiwavelength electromagnetic observations — 
now common and important for understanding 
sources (e.g., gamma-ray bursts)	

Multimessenger observations — use the other 
three fundamental forces: gravity (GWs), strong 
nuclear (cosmic rays), and weak nuclear (neutrinos)	

Coalescences of neutron stars with other neutron 
stars or black holes (of sufficiently small mass) will 
emit copious amounts of energy in photons and 
neutrinos, from, e.g., the ejecta, in addition to GWs.	

LIGO thus has MOUs with electromagnetic and 
neutrino astronomers to share triggers (for O1, 62 
electromagnetic and 2 neutrino teams).

Radio

Gamma-ray (Fermi)

Optical 5

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
charm atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫

µ

spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

excess at low energies, hardening the spectrum of the re-
maining data. The corresponding range of best fit astro-
physical slopes within our current 90% confidence band
on the charm flux [9] is �2.0 to �2.3. As the best-fit
charm flux is zero, the best-fit astrophysical spectrum
is on the lower boundary of this interval at �2.3 (solid
line, Figs. 2, 3) with a total statistical and systematic
uncertainty of ±0.3.
To identify any bright neutrino sources in the data, we

employed the same maximum-likelihood clustering search
as before [11], as well as searched for directional corre-
lations with TeV gamma-ray sources. For all tests, the
test statistic (TS) is defined as the logarithm of the ratio
between the best-fit likelihood including a point source
component and the likelihood for the null hypothesis, an
isotropic distribution [34]. We determined the signifi-
cance of any excess by comparing to maps scrambled in
right ascension, in which our polar detector has uniform
exposure.
As in [11], the clustering analysis was run twice, first

with the entire event sample, after removing the two
events (28 and 32) with strong evidence of a cosmic-ray
origin, and second with only the 28 shower events. This
controls for bias in the likelihood fit toward the positions
of single well-resolved muon tracks. We also conducted
an additional test in which we marginalize the likelihood
over a uniform prior on the position of the hypothetical
point source. This reduces the bias introduced by muons,
allowing track and shower events to be used together, and
improves sensitivity to multiple sources by considering
the entire sky rather than the single best point.
Three tests were performed to search for neutrinos cor-

FIG. 5. Arrival directions of the events in galactic coordi-
nates. Shower-like events (median angular resolution ⇠ 15�)
are marked with + and those containing muon tracks (. 1�)
with ⇥. Approximately 40% of the events (mostly tracks
[13]) are expected to originate from atmospheric backgrounds.
Event IDs match those in the catalog in the online supple-
ment [29] and are time ordered. The grey line denotes the
equatorial plane. Colors show the test statistic (TS) for the
point source clustering test at each location. No significant
clustering was observed.

related with known gamma-ray sources, also using track
and shower events together. The first two searched for
clustering along the galactic plane, with a fixed width
of ±2.5�, based on TeV gamma-ray measurements [35],
and with a free width of between ±2.5� and ±30�. The
last searched for correlation between neutrino events and
a pre-defined catalog of potential point sources (a com-
bination of the usual IceCube [36] and ANTARES [37]
lists; see online supplement [29]). For the catalog search,
the TS value was evaluated at each source location, and
the post-trials significance calculated by comparing the
highest observed value in each hemisphere to results from
performing the analysis on scrambled datasets.

No hypothesis test yielded statistically significant evi-
dence of clustering or correlations. For the all-sky cluster-
ing test (Fig. 5), scrambled datasets produced locations
with equal or greater TS 84% and 7.2% of the time for
all events and for shower-like events only. As in the two-
year data set, the strongest clustering was near the galac-
tic center. Other neutrino observations of this location
give no evidence for a source [38], however, and no new
events were strongly correlated with this region. When
using the marginalized likelihood, a test statistic greater
than or equal to the observed value was found in 28% of
scrambled datasets. The source list yielded p-values for
the northern and southern hemispheres of 28% and 8%,
respectively. Correlation with the galactic plane was also
not significant: when letting the width float freely, the
best fit was ±7.5� with a post-trials chance probability
of 2.8%, while a fixed width of ±2.5� returned a p-value
of 24%. A repeat of the time clustering search from [11]

Neutrino (IceCube)

Cosmic ray (Auger)

?
GWs
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di↵erences in the energy scale of the experiments and the fact that they operate on
opposite hemispheres [1].

Besides the presented correlation of arrival directions with AGNs, the Auger col-
laboration has performed further extended analysis of the UHECR arrival direction
distributions in several energy ranges and di↵erent angular scales. For a overview of
the latest results of these analysis please refer to [55].

Figure 2.5: Map of the of the sky in galactic coordinates (Aito↵-Hammer projection)
showing the arrival direction of 69 UHECRs in excess of 55 EeV (black dots) as
measured by the Pierre Auger Observatory until December 2009. The solid line
represents the border of the field of view of the Observatory for zenith angles smaller
than 60�. The blue circles of radius 3.1� are centered around AGNs in the VCV
catalog closer than 75 Mpc and within the field of view of Auger. Darker blue
indicates larger relative exposure. Taken from [51].



ELECTROMAGNETIC FOLLOWUP 
OF GW150914

GW triggers below some false alarm rate 
(for O1 < 1/month) are communicated to 
EM partners via private GCN circulars.	

Stellar-mass BBH signals are not expected 
to have any detectable electromagnetic 
counterpart, but EM observers did not 
know about inferred source properties 
initially (BBH inference was not 
watertight at time of initial circular).	

Source was followed up by 21 teams, with 
both ground- and space-based 
instruments, across much of the 
electromagnetic spectrum, from radio to 
gamma-rays.



EM RESULTS
The entire electromagnetic follow-up campaign will 
be described in a paper that is in the final stages of 
preparation and is expected to be released early 
this coming week.	

The Swift and Fermi Gamma-ray Burst Monitor 
teams have already posted their preprints online. 
We expect preprints from the remaining 
electromagnetic follow-up teams to appear very 
soon.	

Swift did not detect any counterpart (but 
GW150914 was not in the field of view of its wide-
field instrument at the time, and its pointed follow-
up two days later. was focussed on nearby galaxies).	

Fermi GBM detected a weak transient temporally 
coincident (within 0.4 s) of GW150914 and poorly 
localized, but consistent with the GW sky 
localization. It is unclear if this is a counterpart, 
which would be extremely unexpected and a major 
discovery. Note that these results still await review 
from the LIGO/Virgo side.

Evolution of the sky map from initial fast	
localization to final results



NEUTRINO RESULTS + OVERALL 
OUTLOOK 

Bound energy radiated in neutrinos 
to be < ~0.01 - ~1 solar mass 
(depending on sky location).	

Prospects for future multimessenger 
followup campaigns are good: Had 
GW150914 been a system 
containing a neutron star (at a 
distance to which such systems can 
be detected), this campaign would 
have provided constraints on 
various emission mechanisms.	

Note:  After 4 GW detections have 
been published, LIGO triggers will 
be made publicly available promptly.

3

FIG. 1. GW sky map (90% confidence region) and the recon-
structed directions of high-energy neutrinos detected by Ice-
Cube (cross) during a ±500 s time window around the GW
event candidate. The neutrino directional uncertainties are
< 1� and are not shown. GW shading indicates the recon-
structed probability density of the GW event, darker regions
corresponding to higher probability. Neutrino numbers refer
to the first column of Table I.

system [37].188

We note that the relative propagation time for >GeV189

neutrinos over the source distance, compared to that of190

light, is ⌧ 1 s. The relative propagation time between191

neutrinos and GWs may change, however, in alternative192

gravity models. This could be probed by a joint GW-193

neutrino detection by comparing the times of arrivals194

with the expected emission time frame.195

Directionally, we searched for overlap between the GW196

sky map and the neutrino point spread functions, exclud-197

ing neutrino point spread function beyond 4� from the198

nominal reconstructed direction.199

The search identified no neutrino that was temporally200

coincident with [G184098] [GW150914] with Antares.201

For IceCube, none of the three neutrinos that were tem-202

porally coincident [G184098] [GW150914] was direction-203

ally coincident. See Fig. 1 for the directional relation of204

[G184098] [GW150914] and the detected IceCube neutri-205

nos within the ±500 s window. [] [This non-detection is206

consistent with our expectation from a binary black hole207

merger.]208

To better understand the probability of the detected209

neutrinos being consistent with the background, we210

briefly consider di↵erent aspects of the data separately.211

(i) The number of detected neutrino candidates, i.e. 3 (0)212

for IceCube (Antares), is fully consistent with the ex-213

pected background rate of 4.4 (⌧ 1), with p-value 0.64.214

(ii) With the most significant neutrino energy having a p-215

value of 0.09 (Table I), the corresponding p-value for the216

full 3-neutrino sample is 0.25. (iii) With the GW sky area217

90% CL being 590 deg2, the probability of a background218

neutrino being directionally coincident is ⇠ 0.015, there-219

fore the lack of coincidence for 3 neutrinos has a p-value220

⇠ 0.95. Note that this number is somewhat lower due to221

the neutrino directional uncertainty being non-zero, and222

since the GW signal has 10% chance of coming from out-223

side the sky area. Overall, we see that the observations224

FIG. 2. Upper limit on the high-energy neutrino spec-
tral fluence dN/dE from [G184098] [GW150914] as a func-
tion of source direction, assuming dN/dE / E�2 (top) and

dN/dE / E�2 exp[
p

(E/100TeV)] (bottom) neutrino spec-
tra. The region surrounded by a white line shows the part of
the sky in which Antares is more sensitive (close to nadir),
while on the rest of the sky, IceCube is more sensitive. For
comparison, the contour of the GW sky map is also shown.
Note that this upper limit is not directly applicable in the
vicinity of the detected neutrinos.

are fully consistent with our background expectations.225

B. Constraints on the source226

We used the non-detection of coincident neutrinos by227

IceCube and Antares to derive a standard frequen-228

tist neutrino spectral fluence upper limit for [G184098]229

[GW150914] at 90% CL. Considering 0 coincident neu-230

trino, we calculated the source fluence that on average231

would produce 2.3 detected neutrino candidates. We car-232

ried out this analysis as a function of source direction,233

and independently for IceCube and Antares. For each234

direction, we selected the upper limit from the detector235

for which the upper limit is more stringent.236

The obtained spectral fluence upper limits as a func-237

tion of source direction are shown in Fig. 2. We consider238

Three TeV neutrinos detected by IceCube	
in the 1000 seconds centred on the GW150914	

trigger; all are consistent with atmospheric	
background.  ANTARES did not detect any neutrinos	

during this period.

IceCube

ANTARES
South Pole Mediterranean Sea



ASTROPHYSICAL BACKGROUND  
AND INTERPRETATION
Summary of:	
- Astrophysical Implications of the Binary Black-Hole Merger GW150914	
!
Overview:	
• Formation Of (Stellar-Mass) Black Holes In Our Universe	
• Formation And Evolution Of Binary Black Holes In Nature	
• Inspiraling And Merging: Producing Gravitational Waves	
• Predicting Such Events Observable In (Near) Future



FORMATION OF STELLAR-MASS 
BLACK HOLES IN NATURE

Illustration of stellar 
evolution of stars in our 

universe

Depicts the formation of 
stellar-mass black holes 

through the stellar 
evolution

Most massive stars, after 
running out of the fuel, 

explode in supernovae and 
become black holes!



FORMATION OF A BINARY BLACK HOLE 
FROM AN ISOLATED BINARY

Two massive stars (OB-type) RLOF by primary

RLOF by secondary primary goes supernovacommon envelope phase

He-rich OB-companion

secondary goes supernova
two BHs emitting GW and inspiralling towards each other!

Credit: Harald Pfeiffer on behalf of SXS



MERGER OF BINARY BLACK HOLES: 	
A COMPUTER SIMULATION

… and then these black holes inspiral towards each other and collide!

Credit: Harald Pfeiffer on behalf of SXSVisualization available at https://www.black-holes.org/gw150914

https://www.black-holes.org/gw150914


ASTROPHYSICAL BBH MERGER RATES AND 
SENSITIVITY FOR ADVANCED LIGO DETECTORS
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Table 2. Counts and sensitive time-volumes to BBH
mergers estimated under various assumptions. See Sec-
tions 2.1 and 2.2.

⇤ hV T i /Gpc

3

yr

pycbc gstlal pycbc gstlal

GW150914 2.1+4.1
�1.7 3.6+6.9

�2.9 0.130+0.084
�0.051 0.21+0.14

�0.08

G197392 2.0+4.0
�1.7 3.0+6.8

�2.7 0.032+0.020
�0.012 0.048+0.031

�0.019

Both 4.5+5.5
�3.1 7.4+9.2

�5.1 · · · · · ·

Astrophysical

Flat

3.2+4.9
�2.4 4.8+7.9

�3.8
0.093+0.060

�0.036 0.150+0.096
�0.059

Power Law 0.031+0.020
�0.012 0.0479+0.031

�0.019
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Figure 6. Left panel: The median value and 90% credible interval for the expected number of highly significant events
(FARs <1/century) as a function of surveyed time-volume (shown as a multiple of hV T i0). The expected range of
values of hV T i for O2 and O3 are shown as vertical bands. Right panel: The probability of observing N > 0 (blue),
N > 5 (green), N > 10 (red), and N > 35 (purple) highly significant events, as a function of surveyed time-volume.
The vertical line and bands show, from left to right, the expected sensitive time-volume for the end of O1 (dashed
line), O2, and O3.

Applying Eq. (20), and integrating over our posterior on
⇤ from the analysis in Section 2.1, we obtain the posterior
probability of more than n high-significance events in a
subsequent observation with sensitivity hV T i 0 given our
current observations:

p (N > n| {xj} , hV T i 0) =
Z

d⇤0 d⇤1 p (N > n|⇤0 (⇤1)) p (⇤0, ⇤1| {xj}) . (22)

The right panel of Figure 6 shows this probability for566

various values of n and hV T i 0.567

The rates presented here are consistent with the theo-568

retical expectations detailed in Abadie et al. (2010). See569

Abbott et al. (2016a) for a detailed discussion of the im-570

plications of our rate estimates for models of the binary571

BH population.572

GW150914 is unusually significant; only ⇠ 8% of573

the astrophysical distribution of sources with a FAR574

smaller than one per century will be more significant575

than GW150914. However, it is not so significant as to576

call into question the assumption used here that BBH co-577

alescences are distributed uniformly in comoving volume578

and source time. As we accumulate more BBH sources579

with ongoing Advanced LIGO observing runs, we may580

eventually be able to test this assumption. Similarly, as581

we accumulate more sources and observation time, we582

will learn more about the mass distribution of BBH sys-583

tems. This is only the beginning.584

Left panel: The median value and 90% credible interval for the expected number 
of highly significant events, as a function of surveyed time-volume. The 
expected range of values of ⟨VT⟩ for O2 and O3 are shown as vertical bands. 

Right panel: The probability of observing N > 0 (blue), N > 5 (green), N > 10 
(red), and N > 35 (purple) highly significant events. The vertical line and bands 
show, from left to right, the expected sensitive time-volume for the end of O1 
(dashed line), O2, and O3. 

Figure below

Figure above: The rate at 
which the LIGO detectors 
accumulate time-volume 
around this discovery, shown as 
a function of redshift. Curves for 
different component masses (in 
M⊙) are shown here, assuming 
sources with fixed masses in the 
comoving frame and without 
spin.


