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The Challenge of Detecting 
Gravitational Waves

They are tiny!  
A gravitational wave from two merging neutron stars 500 million light years away is:

ΔL
L
~10−22

Equivalent to measuring distance 
between the sun and Proxima Centauri to less 

than the width of a human hair!



LIGO:  
Laser Interferometer Gravitational-wave Observatory

Einstein’s messengers,  
National Science Foundation video
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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 band-pass 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 6.9+0.5

�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 [36, 37] confirmed to 99.9% by an independent calculation based on [12]. Shaded areas show
90% credible regions for two independent waveform reconstructions. The first models the signal using binary black hole template
waveforms [38]. The second does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [39, 40]. These reconstructions have a 94% overlap, as shown in [38]. Third row: Residuals after subtracting
the filtered numerical relativity waveform from the filtered detector time series. Bottom row: A time-frequency representation [41] of
the strain data, showing the signal frequency increasing over time.

Only the LIGO detectors were observing at the time of
GW150914. The Virgo detector was being upgraded, and
GEO 600, though not sensitive enough to have detected
this event, was operating but not in observational mode.
With only two detectors, the arrival time difference de-
termines the source position to an annular region on the
sky. GW150914 is localized to an area of approximately
590 deg2 (90% credible region) [38, 45].

The basic features of GW150914 point to it being pro-
duced by the coalescence of two black holes� i.e., their
orbital inspiral and merger, and subsequent final black hole
ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150Hz where
the amplitude reaches a maximum. The most plausible ex-
planation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission.
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Matched Filter Search
• GW signals from compact binaries are well-

modeled. 

• Matched filtering of data in the frequency domain 
used to search for these signals — optimal for 
modeled signals in noise. 

• Since we do not know a priori the parameters of 
individual binaries we may detect, a bank of 
template waveforms is generated that spans the 
astrophysical signal space (mass, spin) 

• We need enough templates to match the full 
range of signals we expect.  Template banks are 
made “dense” enough so that <1% of signals 
have a matched-filter SNR loss greater than 3% 
— this requires ~250k templates in a bank! 

• Every chunk of time-series data from the detector 
must be compared to every template.  This is the 
dominant computational cost of our search.



Matched Filter Search
• An SNR threshold identifies “triggers” in each interferometer. 

• Chi-square detection statistic tells us how well each trigger matches the 
template waveform — this is also computationally expensive — performed 
only on coincident triggers in >1 interferometer. 

• Background estimation using “time slides" — tells us the likelihood that 
triggers of any given strength are to be caused by coincident noise (rather 
than a signal). 

• Multiply ~250k templates in a bank by the number of chunks to analyze, 
times the number of slides in an observing run — lots of computing 

• Embarrassingly parallel — can be parallelized over time and/or templates. 

• Search input = primarily time series data (few TB), output = triggers (few MB)
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FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show
the number of candidate events (orange markers) and the mean number of background events (black lines) in the search class where
GW150914 was found as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the
significance of an event in Gaussian standard deviations based on the corresponding noise background . The significance of GW150914
is greater than 5.1 � and 4.6 � for the binary coalescence and the generic transient searches, respectively. Left: Along with the
primary search (C3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2+C3). The classes C2 and C3 are defined in the text. Right: The tail in the black-
line background of the binary coalescence search is due to random coincidences of GW150914 in one detector with noise in the other
detector. (This type of event is practically absent in the generic transient search background because they do not pass the time-frequency
consistency requirements used in that search.) The purple curve is the background excluding those coincidences, which is used to assess
the significance of the second strongest event.

subtracted from the data. The statistic ⌘
c

thus quantifies the
SNR of the event and the consistency of the data between
the two detectors.

Based on their time-frequency morphology, the events
are divided into three mutually exclusive search classes, as
described in [40]: events with time-frequency morphology
of known populations of noise transients (class C1); events
with frequency that increases with time (class C3); and all
remaining events (class C2).

Detected with ⌘
c

= 20.0, GW150914 is the strongest
event of the entire search. Consistent with its coalescence
signal signature, it is found in the search class C3 of events
with increasing time-frequency evolution. Measured on a
background equivalent to over 67 400 years of data and in-
cluding a trials factor of 3 to account for the search classes,
its false alarm rate is lower than 1 in 22 500 years. This
corresponds to a probability < 2⇥ 10�6 of observing one
or more noise events as strong as GW150914 during the
analysis time, equivalent to 4.6 �. The left panel of Fig. 4
shows the C3 class results and background.

The selection criteria that define the search class C3 re-
duce the background by introducing a constraint on the sig-
nal morphology. In order to illustrate the significance of
GW150914 against a background of events with arbitrary
shapes, we also show the results of a search that uses the
same set of events as the one described above but without

this constraint. Specifically we use only two search classes:
the C1 class and the union of C2 and C3 classes (C2+C3).
In this two-class search the GW150914 event is found in
the C2+C3 class. The left panel of Fig. 4 shows the C2+C3
class results and background. In the background of this
class there are four events with ⌘

c

� 32.1, yielding a false
alarm rate for GW150914 of 1 in 8 400 years. This corre-
sponds to a false alarm probability of 5⇥ 10�6 equivalent
to 4.4 �.

For robustness and validation, we also use other generic
transient search algorithms [40]. A different search
[72] and a parameter estimation follow-up [73] detected
GW150914 with consistent significance and signal param-
eters.

Binary coalescence search — This search targets
gravitational-wave emission from binary systems with in-
dividual masses from 1M� to 99M�, total mass less than
100M� and dimensionless spins up to 0.99 [44]. To
model systems with total mass larger than 4M�, we use
the effective-one-body (EOB) formalism [74], which com-
bines results from the Post-Newtonian approach [75, 76]
with results from black hole perturbation theory and nu-
merical relativity. The waveform model [77, 78] assumes
that the spins of the merging objects are aligned with the
orbital angular momentum, but the resulting templates can
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FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full band-
width of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical-relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Kep-
lerian effective black hole separation in units of Schwarzschild
radii (R

S

= 2GM/c2) and the effective relative velocity given
by the post-Newtonian parameter v/c = (GM⇡f/c3)1/3, where
f is the gravitational-wave frequency calculated with numerical
relativity and M is the total mass (value from Table I).

At the lower frequencies, such evolution is characterized
by the chirp mass [46]

M =
(m1m2)3/5

(m1 +m2)1/5
=

c3

G


5

96
⇡�8/3f�11/3ḟ

�3/5

,

where f and ḟ are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and ḟ from the data in Fig. 1
we obtain a chirp mass of M ' 30M�, implying that the
total mass M = m1 + m2 is >⇠ 70M� in the detector
frame. This bounds the sum of the Schwarzschild radii of
the binary components to 2GM/c2 >⇠ 210 km. To reach
an orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this fre-
quency would be only ' 350 km apart. A pair of neutron
stars, while compact, would not have the required mass,
while a black hole-neutron star binary with the deduced
chirp mass would have a very large total mass, and would
thus merge at much lower frequency. This leaves black
holes as the only known objects compact enough to reach

an orbital frequency of 75 Hz without contact. Further-
more, the decay of the waveform after it peaks is consis-
tent with the damped oscillations of a black hole relaxing
to a final stationary Kerr configuration. Below, we present
a general-relativistic analysis of GW150914; Fig. 2 shows
the calculated waveform using the resulting source param-
eters.

Detectors — Gravitational-wave astronomy exploits multi-
ple, widely separated detectors to distinguish gravitational
waves from local instrumental and environmental noise, to
provide source sky localization from relative arrival times,
and to measure wave polarizations. The LIGO sites each
operate a single Advanced LIGO detector [32], a modi-
fied Michelson interferometer (see Fig. 3) that measures
gravitational-wave strain as a difference in length of its or-
thogonal arms. Each arm is formed by two mirrors, act-
ing as test masses, separated by L

x

= L
y

= L = 4 km.
A passing gravitational wave effectively alters the arm
lengths such that the measured difference is �L(t) =
�L

x

� �L
y

= h(t)L, where h is the gravitational-wave
strain amplitude projected onto the detector. This differ-
ential length variation alters the phase difference between
the two light fields returning to the beamsplitter, transmit-
ting an optical signal proportional to the gravitational-wave
strain to the output photodetector.

To achieve sufficient sensitivity to measure gravitational
waves the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains
a resonant optical cavity, formed by its two test mass mir-
rors, that multiplies the effect of a gravitational wave on
the light phase by a factor of 300 [48]. Second, a partially
transmissive power-recycling mirror at the input provides
additional resonant buildup of the laser light in the interfer-
ometer as a whole [49, 50]: 20 W of laser input is increased
to 700 W incident on the beamsplitter, which is further in-
creased to 100 kW circulating in each arm cavity. Third,
a partially transmissive signal-recycling mirror at the out-
put optimizes the gravitational-wave signal extraction by
broadening the bandwidth of the arm cavities [51, 52].
The interferometer is illuminated with a 1064-nm wave-
length Nd:YAG laser, stabilized in amplitude, frequency,
and beam geometry [53, 54]. The gravitational-wave sig-
nal is extracted at the output port using homodyne read-
out [55].

These interferometry techniques are designed to maxi-
mize the conversion of strain to optical signal, thereby min-
imizing the impact of photon shot noise (the principal noise
at high frequencies). High strain sensitivity also requires
that the test masses have low displacement noise, which
is achieved by isolating them from seismic noise (low fre-
quencies) and designing them to have low thermal noise
(mid frequencies). Each test mass is suspended as the final
stage of a quadruple pendulum system [56], supported by
an active seismic isolation platform [57]. These systems
collectively provide more than 10 orders of magnitude of
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Enabling multi-
messenger astronomy  

with gravitational 
waves: 

• ~60 Partners from 
19 countries 

• ~150 instruments 
covering the full 
spectrum from 

radio to very high-
energy gamma-

rays



What is next?



Computing
• LIGO data is analyzed by a big, distributed collaboration of 

scientists — the LIGO Scientific Collaboration (LSC). 

• Compute-intensive science.  100’s of millions of CPU core-hours per 
year.  Almost all of it embarrassingly parallel HTC work. 

• Traditionally, data analysis computing performed “in-house” on the 
LIGO Data Grid (LDG), which consists of dedicated HTC clusters at 
7 LSC sites, including the LIGO Laboratory.  About half of these LDG 
cycles are from the U.S., about half from Europe.  Most of the U.S. 
cycles are funded by the NSF. 

• Plus volunteer computing with Einstein @ Home! 

• With more computing resources we can do more and better science.



The Problem
• We’ve increasingly had opportunities to utilize additional dedicated, shared, and opportunistic 

HPC+HTC resources beyond the LIGO Data Grid, but have had difficulty using them: 
• XSEDE allocations 
• Individual PI clusters 
• Campus clusters (e.g., OrangeGrid @ Syracuse University) 
• HPC centers (e.g., PACE @ Georgia Tech, SciNet in Canada) 
• Opportunistic OSG resources 
• Virgo collaboration resources (CNAF, Lyon, Nikhef clusters in Europe) 
• future: cloud? (Amazon EC2, Azure, etc.) 

• Difficult to integrate these into the LIGO Data Grid.  LDG sites seem to require 0.5-2 FTEs of 
dedicated LIGO sysadmins to operate. 

• Difficult to run data analysis pipelines on resources that don’t look like the LIGO Data Grid. 
• Result: in the past we’ve either not used these resources, or have developed labor-

intensive one-off solutions to utilize them individually and temporarily.



The Idea
• Use the Open Science Grid as “universal adapter” 

to allow LSC data analysts to submit their search 
pipelines via a familiar Condor interface at a local 
LDG site, but have them seamlessly run on these 
diverse external resources. 

• If our LIGO data scientists can talk to OSG, and 
OSG can talk to everyone else, we’ve got a 
solution.



Last Year
• My agenda before a meeting with Brian B at 

Condor Week last year (found this on Tuesday 
while preparing this talk): 

• “1) Is my vision sane for ‘OSG as plumbing’ for 
connecting Condor-based LIGO submit sites to 
campus compute clusters (and then later maybe 
even for LIGO-managed compute clusters)?” 

• Answer: YES



LIGO Use of OSG
• LIGO’s OSG computing contributed directly 

to the results in the detection paper. 

• LIGO analyses have run across 17 different 
OSG resources. 

• >17 million CPU core-hours from OSG.

• Approx. 1/3 of the total core-hours were from 
Syracuse, a site affiliated with LIGO (with half 
of that allocated in advance on dedicated 
cores, and half opportunistic on both 
dedicated and opportunistic cores) 

• Approx 1/3 of the total core-hours were from 
XSEDE (with half of that allocated @ 
Stampede, half opportunistic @ COMET). 

• Approx. 1/3 of total core-hours were from 
OSG sites unaffiliated with LIGO (all 
opportunistic).

• ~5TB of input data stored at the Holland Computing 
Center (HCC) at the University of Nebraska-Lincoln. 

• The total data volume distributed to jobs from Nebraska 
>1PB. 

• Data rates from Nebraska storage to worker nodes 
~10Gbps sustained.  (Recently demonstrated 
>30Gpbs by accident!)



Today
• OSG was 2nd largest contributor to O1 computing after the Albert 

Einstein Institute in Hannover, Germany, more than any U.S. LDG site. 

• O1 did not yet include dedicated cycles from Georgia Tech, SciNet, 
or Virgo resources — O2 may include all three via OSG. 

• The catch: OSG requires some adaptation by scientists to utilize, vs. 
just running on the LDG. 

• LIGO’s most computationally intensive search pipeline (PyCBC) is the 
only production pipeline running on OSG now — we hope LIGO’s 
second most intensive pipeline (cWB) will be able to use OSG in O2, 
as well as two other major pipelines (lalinference and BayesWave). 

• Data analyst training is an issue!  OSG Summer Schools FTW.



What in it for LIGO?
• Access to considerable, previously un-utilized or 

underutilized resources beyond the LDG. 
• Elasticity at periods of high demand. 
• If a quick phone call can bring new resources to bear, 

we want to be able to actually use them. 
• Seamless access to cloud resources if/when we 

should want them. 
• This is still controversial — not clear it’s cheaper or 

a good idea — but the plumbing is there if we 
decide to try.



What’s in it for LSC data analysts?
• Cycles — access to additional computing resources beyond the LDG. 

• Cluster agnosticism — submit in one place, run wherever there are 
cycles. 

• Decentralized dependency management — users can build and 
deploy their own external dependencies in CVMFS without 
coordinating with or breaking other pipelines (vs. OS package installs 
in system paths). 

• You can quickly bring new resources online — easier to bring your 
own local (or others' friendly) resources to bear on your searches. 

• Expanding pie — Those who don’t use OSG benefit as other LSC 
computing moves onto OSG, and off of the LDG clusters they need.



What’s the Catch?
• OSG provides a flexible but much less rich and curated 

environment than LDG today (this could change, but these are 
early days) 

• Developers have to manage their own dependencies in CVMFS 
rather than relying on LDG computing staff to preinstall them in OS 
paths. 

• Accounting is still crude. 

• Prioritization is harder — can’t just ask your favorite LDG site’s PI to 
kick everyone else off so your jobs run. 

• Debugging pipeline failures and issues can be trickier — more 
middleware, more resource providers.



What’s yet to be done?
• LDG management of common pipeline dependencies in CVMFS. 

• Complements rather than excludes decentralized search 
group, pipeline, or user-managed software! 

• Usage accounting by search tag, LIGO.ORG username, etc. 
• Remove CVMFS deployment bottlenecks by delegating per-

search or per-user deployment capabilities. 
• We could solve this ourselves by hosting our own CVMFS 

repo and building our own solution, but I’d rather someone 
solve it for us.  Are we unique? 

• Making more LDG resources available via OSG. 
• Einstein @ Home (BOINC)?



Why OSG Is Awesome
• OSG really is a “universal adapter” to diverse resource types for 

LIGO: dedicated LIGO CPUs, “friendly” campus clusters, “friendly” 
PI clusters, opportunistic OSG CPUs, XSEDE allocations, (and in 
the future, cloud CPUs?) 

• Outsourced plumbing (factories, CEs, etc.) + expert help = easy to 
get started without making a huge labor investment. 

• Track record of success — HEP forged a path. 

• Friendly, enthusiastic, skilled, results-oriented, flexible OSG staff.  
Not hung up on boundaries, processes — focused on science 
goals.



Challenges Using OSG
• Search pipelines must be “ported” from LIGO Data Grid environment to OSG 

environment 

• assume lowest-common-denominator OS install, understand external dependencies, 
build and deploy them into CVMFS. 

• LIGO input data is not local. 

• New checkpointing challenges (Condor stduniv -> application checkpointing) 

• Complicated Accounting: currently manual aggregation of two sources of data, with 
different units and metadata (CPU core hours vs SUs, users, pipelines, etc.) 

• May reduce systems administration burden in some ways, but may also “shift” it from 
sysadmins to “grid admins” — how much can OSG help? 

• Complicates our computing model — funding implications — need to be clear that 
elasticity does not provide the same benefits as in-house computing to meet baseline 
demand and deliver low-latency computing.



Thank you!



Extras



What Gravitational Waves Can  
Tell Us About the Universe  

 (A Partial List) 
Gravitational waves are an entirely new way to probe 
the nature of the universe!  
Physics 

• Is General Relativity the correct theory of gravity?
• How does matter behave under extreme gravity? 
• Are black holes really the black holes of General Relativity?

Astrophysics & Astronomy  
• What powers short gamma ray bursts, the brightest events 

in the universe?
• How do stars explode?
• How many stellar mass black holes are there in the universe?
• Do intermediate mass black holes exist?  How many are 

there in the universe?

Cosmology 
• Can we detect the residue of the Big Bang? 

Image credit: W. Benger

Black Hole Merger and Ringdown

Neutron Star Formation

Image credit: NASA

Supernovae

Image credit: Hubble
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Advanced LIGO  
First Science Run  

(Sept 12, 2015 - Jan 12, 2016)



Sensitivity Improvement
7

S6 run
O1 run
Adv. LIGO design
Future upgrades

0.03 0.1 0.3 1 3

10

30

100

300

1000

Redshift

SN
R

GW150914

GW150914 (S6) S6 Threshold (SNR=8)

30M Black Hole Binaries⊙

FIG. 1. The left plot shows the strain sensitivity during the first observation run (O1) of the Advanced LIGO detectors and
during the last science run (S6) of the initial LIGO detectors. The O1 strain noise curve is shown for H1 (solid red) and L1
(light red); the two detectors have similar performance. The Advanced LIGO design sensitivity as well as a possible future
upgrade [11] are shown to highlight the discovery potential in the coming years. The right plot shows the single detector
signal-to-noise ratio (SNR) under optimal orientation as function of redshift z—for two merging black holes with mass 30M�
each. GW150914 was not optimally orientated and was detected with a single detector SNR of 13 to 20 at z = 0.09; this event
would not have been seen in S6.

tween September 12 and October 20 the H1 and L1 de-
tectors had a duty cycle of 70% and 55%, respectively,
while the observing time in coincidence was 48%. Af-
ter data quality processing [17], 16 days of data were90

analyzed around GW150914, resulting in a time-volume
product of 0.1Gpc3yr for binary black hole systems with
masses similar to GW150914 [18].

The Displacement Measurement.—The current gener-
ation of advanced detectors uses two pairs of test masses95

as coordinate reference points to precisely measure the
distortion of the space-time between them. A pair of in-
put and end test masses is located in each of the two arms
of a Michelson laser interferometer, as shown in Figure 2.
The Advanced LIGO test masses are very pure and ho-100

mogeneous fused silica mirrors of 34 cm diameter, 20 cm
thickness and 40 kg mass.

It is critical that the test masses are free from sources of
displacement noise, such as environmental disturbances
from seismic noise, or thermally driven motion. These105

noise sources are most relevant at frequencies below
100Hz, while shot noise of the optical readout is dom-
inant at high frequency. Figure 3 shows the measured
displacement noise of Advanced LIGO during the first
observing run, together with the major individual con-110

tributions, as discussed below.

To minimize ground vibrations, the test masses are
suspended by multi-stage pendulums [19], thus acting
as free masses well above the pendulum resonance fre-
quency of 0.4Hz. Monolithic fused silica fibers [20] are115

incorporated at the bottom stage to minimize suspension
thermal noise [21], which limits the useful frequencies to
10Hz and above. The Advanced LIGO test masses re-
quire about 10 orders of magnitude suppression of ground

motion above 10Hz. The multi-stage pendulum system120

attenuates the ground motion by seven orders of magni-
tude. It is mounted on an actively controlled seismic iso-
lation platform which provides three orders of magnitude
of isolation of its own [22, 23]. Moreover, these platforms
are used to reduce the very large displacements produced125

by tidal motion and microseismic activity. Tidal forces
can produce displacements up to several 100µm over a
multi-kilometer baseline on time scales of hours. Mi-
croseismic activity is driven by the ocean swell near the
shore. The resulting ground motion can be as large as130

several µm at frequencies around 0.15Hz—even far in-
land.

The entire test mass assembly including the suspension
system and part of the seismic isolation system resides
inside an ultra-high vacuum system, with pressures typi-135

cally below 1µPa over the 10, 000m3 volume, to prevent
acoustic couplings to the test masses and to minimize
Rayleigh scattering in the optical readout.

The test masses are also susceptible to changes in the
local gravitational field caused by changing mass distri-140

butions in their vicinity. While not limiting presently, at
design sensitivity this time-dependent Newtonian noise
source possibly becomes relevant below 20Hz, and might
require active cancellation [24, 25].

Thermally driven motion is another important source145

of displacement noise. It includes the Brownian motion of
the suspension system [26] as well as the test masses [27],
and mechanical loss in the mirror optical coatings [28].
The mirror coatings, a dielectric multilayer of silica and
titania-doped tantala [29, 30], were developed to provide150

the required high reflectivity while minimizing coating
thermal noise [31–33]; it limits the design sensitivity in

Optimal orientation
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uncertainty of no more than 10% in amplitude and 10�665

in phase [1, 81]. We use zero-mean Gaussian priors on666

the values of the spline at each node with widths corre-667

sponding to the uncertainties quoted above [37]. Calibra-668

tion uncertainties therefore add 10 parameters per instru-669

ment to the model used in the analysis. For validation pur-670

poses we also considered an independent method that as-671

sumes frequency-independent calibration errors [82], and672

obtained consistent results.673

Results— The results of the analysis using binary coa-674

lescence waveforms are posterior PDFs for the parameters675

describing the GW signal and the model evidence. A sum-676

mary is provided in Table I. For the model evidence, we677

quote (the logarithm of) the Bayes factor B
s/n = Z/Z

n

,678

which is the ratio of the evidence for a coherent signal hy-679

pothesis divided by that for (Gaussian) noise [44]. At the680

leading order, the Bayes factor and the optimal signal-to-681

noise ratio ⇢ = [
P

khhM

k |hM

k i]1/2 are related by lnB
s/n ⇡682

⇢2/2 [83].683

Before discussing parameter estimates in detail, we684

consider how the inference is affected by the choice of685

compact-binary waveform model. From Table I, we see686

that the posterior estimates for each parameter are broadly687

consistent across the two models, despite the fact that they688

are based on different analytical approaches and that they689

include different aspects of BBH spin dynamics. The mod-690

els’ log Bayes factors, 288.7±0.2 and 290.1±0.2, are also691

comparable for both models: the data do not allow us to692

conclusively prefer one model over the other [86]. There-693

fore, we use both for the Overall results in Table I. We com-694

bine the posterior samples of both distributions with equal695

weight, in effect marginalising over our choice of wave-696

form model. These averaged results give our best estimate697

for the parameters describing GW150914.698

In Table I, we also indicate how sensitive our results are699

to our choice of waveform. For each parameter, we quote700

systematic errors due to the waveform models considered701

in the analysis on the boundaries of the 90% credible in-702

tervals; these are the 90% range of a normal distribution703

estimated from the difference between the two waveform704

models. Assuming normally distributed error is the least705

constraining choice [87] and gives a conservative estimate.706
4 The uncertainty from waveform modelling is less signifi-707

cant than statistical uncertainty; therefore, we are confident708

that the results are robust against this potential systematic709

error. We consider this point in detail later in the paper.710

The analysis presented here yields an optimal coherent711

signal-to-noise ratio of ⇢ = 25.1+1.7
�1.7. This value is higher712

than the one reported by the search [1, 3] because it is ob-713

tained using a finer sampling of (a larger) parameter space.714

4 For parameters with bounded ranges, like the spins, these normal distribu-
tions should be truncated. For transparency, we quote the 90% range of the
untruncated distributions. Both provide estimates of the order of magnitude
of the potential systematic error.

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), 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 posterior density
function.

GW150914’s source corresponds to a stellar-mass BBH715

of individual source-frame masses msource

1

= 36+5

�4

M�716

and msource

1

= 29+4

�4

M�, see Table I and Figure 1. The717

two BHs are nearly equal mass. We bound the mass ra-718

tio to the range 0.65  q  1 with 90% probability.719

For comparison, the highest observed neutron star mass is720

2.01± 0.04 M� [88], and the conservative upper-limit for721

the mass of a stable neutron star is 3 M� [89, 90]. The722

masses inferred from GW150914 are an order of magni-723

tude larger than these values, which in turn implies that724

these two compact objects of GW150914 are BHs, unless725

exotic alternatives, e.g., boson stars [91], do exist. This re-726

sult establishes the presence of stellar-mass BBHs in the727

universe; additionally, it proves that astrophysical forma-728

tion channels exist such that BBHs can merge within an729

Hubble time [15].730

To convert the masses measured in the detector frame to731

physical source-frame masses, we required the redshift of732

the source. As discussed in the Introduction, GW obser-733

vations are directly sensitive to the luminosity distance to a734

source, but not the redshift [92]. We find that GW150914 is735

at D
L

= 410+160

�180

Mpc. Assuming a flat ⇤CDM cosmol-736

ogy with Hubble parameter H
0

= 67.9 km s�1 Mpc�1

737

and matter density parameter ⌦
m

= 0.306 [85], the in-738

ferred luminosity distance corresponds to a redshift of z =739

0.09+0.03
�0.04.740

IMRPhenom = analytical + numerical hybrid waveforms, aligned spin (no precession) 
EOBNR = effective one body approximation, calibrated with numerical relativity, aligned spin 

(no precession)



GW150914: Parameters
spins aligned 

with orbital angular momentum 
are constrained  

to be small

in-plane spins 
are unconstrained
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FIG. 4. Search results from the generic transient search (left) and the binary coalescence search (right). These histograms show
the number of candidate events (orange markers) and the mean number of background events (black lines) in the search class where
GW150914 was found as a function of the search detection statistic and with a bin width of 0.2. The scales on the top give the
significance of an event in Gaussian standard deviations based on the corresponding noise background . The significance of GW150914
is greater than 5.1 � and 4.6 � for the binary coalescence and the generic transient searches, respectively. Left: Along with the
primary search (C3) we also show the results (blue markers) and background (green curve) for an alternative search that treats events
independently of their frequency evolution (C2+C3). The classes C2 and C3 are defined in the text. Right: The tail in the black-
line background of the binary coalescence search is due to random coincidences of GW150914 in one detector with noise in the other
detector. (This type of event is practically absent in the generic transient search background because they do not pass the time-frequency
consistency requirements used in that search.) The purple curve is the background excluding those coincidences, which is used to assess
the significance of the second strongest event.

subtracted from the data. The statistic ⌘
c

thus quantifies the
SNR of the event and the consistency of the data between
the two detectors.

Based on their time-frequency morphology, the events
are divided into three mutually exclusive search classes, as
described in [40]: events with time-frequency morphology
of known populations of noise transients (class C1); events
with frequency that increases with time (class C3); and all
remaining events (class C2).

Detected with ⌘
c

= 20.0, GW150914 is the strongest
event of the entire search. Consistent with its coalescence
signal signature, it is found in the search class C3 of events
with increasing time-frequency evolution. Measured on a
background equivalent to over 67 400 years of data and in-
cluding a trials factor of 3 to account for the search classes,
its false alarm rate is lower than 1 in 22 500 years. This
corresponds to a probability < 2⇥ 10�6 of observing one
or more noise events as strong as GW150914 during the
analysis time, equivalent to 4.6 �. The left panel of Fig. 4
shows the C3 class results and background.

The selection criteria that define the search class C3 re-
duce the background by introducing a constraint on the sig-
nal morphology. In order to illustrate the significance of
GW150914 against a background of events with arbitrary
shapes, we also show the results of a search that uses the
same set of events as the one described above but without

this constraint. Specifically we use only two search classes:
the C1 class and the union of C2 and C3 classes (C2+C3).
In this two-class search the GW150914 event is found in
the C2+C3 class. The left panel of Fig. 4 shows the C2+C3
class results and background. In the background of this
class there are four events with ⌘

c

� 32.1, yielding a false
alarm rate for GW150914 of 1 in 8 400 years. This corre-
sponds to a false alarm probability of 5⇥ 10�6 equivalent
to 4.4 �.

For robustness and validation, we also use other generic
transient search algorithms [40]. A different search
[72] and a parameter estimation follow-up [73] detected
GW150914 with consistent significance and signal param-
eters.

Binary coalescence search — This search targets
gravitational-wave emission from binary systems with in-
dividual masses from 1M� to 99M�, total mass less than
100M� and dimensionless spins up to 0.99 [44]. To
model systems with total mass larger than 4M�, we use
the effective-one-body (EOB) formalism [74], which com-
bines results from the Post-Newtonian approach [75, 76]
with results from black hole perturbation theory and nu-
merical relativity. The waveform model [77, 78] assumes
that the spins of the merging objects are aligned with the
orbital angular momentum, but the resulting templates can

6

C3: frequency increases with time 
C2: all other unknown morphology
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Advanced LIGO  
First Science Run  

(Sept 12, 2015 - Jan 12, 2016)

Livingston

Hanford

x3  improvement in 100-300 Hz 
x100 improvement @ 50 Hz 

~50% duty cycle
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GW150914 analysis: 0.1 Gpc^3 yr (16 days calendar time)

Rate from GW150914:  
2-400/Gpc^3/yr

More BBH detections to 
come …  

Reveal underlying BBH 
mass distribution 

Quantitative model 
constraints 

More reliable constraints

Gravitational-Wave 
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Enabling multi-messenger astronomy  
with gravitational waves:
» ~60 Partners from 19 countries
» ~150 instruments covering the full spectrum 

from radio to very high-energy gamma-rays
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