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The most energetic processes 

in the universe
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Coalescing 
Compact Binary 
Systems: 
Neutron Star-NS, 
Black Hole-NS, 
BH-BH

- Strong emitters, 
well-modeled, 

- (effectively) 
transient

Asymmetric Core 
Collapse 
Supernovae

- Weak emitters, 
not well-modeled 
(‘bursts’), transient 

- Cosmic strings, 
soft gamma 
repeaters, pulsar 
glitches also in 
‘burst’ class 

NASA/WMAP Science Team 

Cosmic Gravitational-
wave Background
- Residue of the Big 
Bang, long duration
- Long duration,  
stochastic background

Spinning neutron 
stars
- (effectively) 
monotonic waveform
- Long duration
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GWs from coalescing compact 
binaries (NS/NS, BH/BH, NS/BH)

Tidal disruption of neutron star

Gravitational waveform: inspiral              merger  BH-ringdown

A unique and powerful laboratory to study
strong-field, highly dynamical gravity
and the structure of nuclear matter
in the most extreme conditions

3Waveform carries lots of information about binary masses, orbit, merger 



4https://www.black-holes.org/explore/movies



CBC waveforms
§ General Relativity can be used to solve the “two body problem” in dynamical gravity –

a GW waveform that carries information about the orbit, inspiral, merger and ringdown of a 
binary black hole system. It took decades to solve this problem!

§ Waveforms depend on a long list of “parameters” – see next slides.
§ For systems involving neutron stars, “matter effects” are important in the last fraction of a 

second before merger (tidal distortion & disruption, formation of a merged hyper-massive 
neutron star, …)

§ If GR is not the correct theory of gravity in this highly strong-field, rapidly changing regime, 
this will be reflected in the observed waveform.

§ Waveforms are used as:
» Templates for search template bank
» Parameter estimation via MCMC
» Estimating detector sensitivity (eg, BNS range)
» Testing search and PE pipelines with software and 

hardware injections
» Tools for modeling matter effects, beyond-GR effects, 

as governed by extra parameters
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CBC waveforms

§ Three phases: Inspiral, merger, ringdown
§ The (early) inspiral phase can be computed as a 

“post-Newtonian” expansion in powers of (v/c), where 
v is the orbital velocity of the binary, by taking into 
account the orbital energy and the flux (energy and 
angular momentum loss) of emitted GWs that cause 
the orbit to shrink towards merger

§ Kepler’s 3rd law: 𝜔!"#$ 𝑟!"#% = 𝐺𝑀&!&

§ 𝜔!"# = 2𝜋𝑓!"# = 𝜋𝑓'( ,
𝑣!"# = 𝜔!"#𝑟!"# ⇒
𝑣!"#% = 𝜋𝐺𝑀&!& 𝑓'(
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Binary merger Model parameters
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Intrinsic parameters:
masses (𝑚!, 𝑚") ,
spins (𝑆!, 𝑆") , 
tidal deformability (%Λ),
eccentricity

Extrinsic parameters: 
time (𝑡#), reference phase (𝜑#),
sky position (𝛼, 𝛿), distance (𝑑$), 
orbital orientation (𝜃%&, 𝜓), 

Spin magnitudes and 
orientations, eccentricity, … 
tell us something about how 
these binaries formed



CBC waveforms in GR:
parameters

§ Two Component masses:   m1,	m2

§ Six component spins:  𝑆!, 𝑆"
§ 2-D sky location: right ascension 𝛂, declination δ
§ Luminosity distance: dL
§ Orbital plane: inclination ι ≅	θLN , polarization angle ψ

» If component spins are not aligned with the orbital angular 
momentum L, the orbital plane will precess about
𝐽 =	𝐿 + 𝑆! + 𝑆" , so the inclination angle is θJN , 

and the precession dynamics must be computed properly!
§ At coalescence: phase φc , time tc

» Coalescence is defined by convention; eg, waveform peak of h ~ |cosφ +	i sin	φ|
§ That’s 15 parameters (so far), for (adiabatically) quasi-circular orbits
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CBC waveforms in GR:
more parameters

§ Eccentricity: Gravitational radiation circularizes eccentric orbits, long before it 
gets into the LIGO band (> 10 orbits/s); 
but if the binary is formed (eg, through dynamical capture) in a tight eccentric 
orbit, already in the LIGO band, 
three more parameters are needed to describe eccentric orbits: eccentricity, 
angular location and orbital phase of periapsis. 

§ More parameters required to describe: 
» tidal distortion and disruption of neutron stars, 
» Hyper-massive massive neutron star (HMNS) properties, 
» beyond-GR effects; e.g., 

– deviations of post-Newtonian expansion as v/c → 1
– Disagreement between observed final BH mass and spin from 

predictions from component masses and spins
– Deviations of final BH higher-order mode spectrum (frequencies, 

damping times) from BHPT prediction
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Binary inspiral in the PN expansion
§ PN orbital energy:

§ PN energy loss:
§ GW strain, time domain:

§ PN waveform phase

§ Or you can easily do it numerically!
10

…

Sathyaprakash & Schutz



GW strain 
in the frequency domain:
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Sathyaprakash & Schutz
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Merger and ringdown
§ The PN expansion fails as (v/c) → 1, BBH merger
§ After merger, the final merged black hole rings down, 

as described by BH perturbation theory.
§ In between (inspiral → merger → ringdown), 

full GR is required. No analytical solution is known!
§ Instead, numerically solve the GR field equations 

through (extremely compute-intensive) simulations 
(numerical relativity, NR).

§ These simulations take months, even for just a few orbits. 
§ To produce waveforms that span many orbits, “stitch” PN inspiral

to NR-simulated merger-ringdown waveforms – “hybridization”.

12

Gravitational waveform: inspiral              merger  BH-ringdown



Black hole ringdown

§ The final, merged BH is highly perturbed; it radiates its 
excess energy in a GW “ringdown” , in a series of 
“quasi-normal modes” (QNMs) – BH spectroscopy.

§ The higher order modes have not yet been observed!

13
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Higher order modes
§ The dominant GW radiation mode is the “quadrupole”, from the “quasi-circular” 

binary orbit
§ The radiation emission follows the 

“spin-weighted harmonic” '(𝑌(( 𝜃, 𝜑 ,
§ 𝑖𝑒, 𝑌)* 𝑤𝑖𝑡ℎ 𝑙 = 2,𝑚 = 2
§ The dominant GW frequency is:
§ 𝑓+, = 𝑚 𝑓-./01 = 2 𝑓-./01
§ Eccentric orbits will radiate 

“higher order modes” with different values of
𝑙, 𝑚 , at different frequencies and different angular distributions

§ Even non-eccentric orbits will depart from “quasi-circular” as they approach merger 
(plunge, merger, ringdown), emitting (fully predictable in GR) HOMs

§ The ringdown HOMs are fully characterized by the final BH mass and spin 
(black hole perturbation theory, no-hair theorem) 

§ LIGO is now able to detect such emission, so we need waveform templates that 
accurately model them (numerical relativity -> NR-tuned phenom families),
with no extra parameters. 14



Parametrized waveform families
§ For, eg, CBC parameter estimation, a Markov Chain Monte Carlo (MCMC) steps through 

this parameter space, repeatedly generating waveforms that are match-filtered against the 
data; waveform generation is a limiting step, and NR computations are prohibitively slow.

§ Different groups have developed IMR waveform “families” which can be “quickly” computed 
from input parameters (10 parameters for quasi-circular orbits with aligned component 
spins; up to 15 parameters for generic spins – precessing orbits).

§ Many waveform families have been developed (PN, NR, eccentric orbits, tides, NEOS, etc).
§ For the BBH search and parameter estimation pipelines, popular waveform families include:

» IMRPhenomP – “phenomenological” model, non-aligned spins (precession) and HOMs
» SEOBNR – Based on the “equivalent one-body” formalism, with parameterized M-R 

from NR “stitched on”; now including non-aligned spin, and HOMs
» NRSur7dq4 – state of the art, interpolating between NR waveforms

§ $ python ../examples/waveform/what_waveform.py
['TEOBResum_ROM', 'TaylorEt', 'SEOBNRv3_opt', 'IMRPhenomA', 'IMRPhenomC', 'IMRPhenomB', 'EOBNRv2', 'NRSur7dq2', 'TEOBv4', 

'SEOBNRv4_opt', 'PhenSpinTaylor', 'PhenSpinTaylorRD', 'NR_hdf5', 'TEOBv2', 'SEOBNRv3_pert', 'EOBNRv2HM', 'SpinTaylorT4', 'TaylorT1', 
'TaylorT3', 'TaylorT2', 'HGimri', 'TaylorT4', 'IMRPhenomD', 'IMRPhenomPv2', 'SEOBNRv1', 'SpinDominatedWf', 'SEOBNRv3', 'SEOBNRv2', 
'SpinTaylorT1', 'SEOBNRv4', 'SpinTaylorT2', 'EccentricTD', 'SEOBNRv2_opt', 'SEOBNRv3_opt_rk4'] ['IMRPhenomD_NRTidal', 'TaylorF2', 
'SEOBNRv2_ROM_EffectiveSpin', 'IMRPhenomA', 'IMRPhenomC', 'IMRPhenomB', 'IMRPhenomD', 'SpinTaylorT2Fourier', 'IMRPhenomPv2_INTERP', 
'SpinTaylorT4Fourier', 'TaylorF2NLTides', 'IMRPhenomD_INTERP', 'SEOBNRv2_ROM_DoubleSpin', 'IMRPhenomP', 'SEOBNRv4_ROM_NRTidal', 
'SpinTaylorF2', 'SEOBNRv2_ROM_DoubleSpin_INTERP', 'SEOBNRv1_ROM_DoubleSpin_INTERP', 'EOBNRv2_ROM_INTERP', 'TaylorF2_INTERP', 
'SEOBNRv2_ROM_DoubleSpin_HI', 'SpinTaylorF2_INTERP', 'TaylorF2NL_INTERP', 'EOBNRv2_ROM', 'SEOBNRv1_ROM_EffectiveSpin', 
'SEOBNRv1_ROM_DoubleSpin', 'TaylorF2NL', 'EccentricFD', 'SpinTaylorF2_SWAPPER_INTERP', 'SEOBNRv4_ROM', 
'SEOBNRv1_ROM_EffectiveSpin_INTERP', 'EOBNRv2HM_ROM', 'EOBNRv2HM_ROM_INTERP', 'TaylorF2RedSpinTidal', 'IMRPhenomPv2', 
'SEOBNRv4_ROM_INTERP', 'TaylorF2RedSpin', 'Lackey_Tidal_2013_SEOBNRv2_ROM', 'IMRPhenomC_INTERP', 'SEOBNRv2_ROM_EffectiveSpin_INTERP', 
'NRSur4d2s', 'SEOBNRv2_ROM_DoubleSpin_HI_INTERP', 'SpinTaylorF2_SWAPPER']
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Subtle (but important!) differences 
between waveform families

§ If we knew which waveform 
family(s) were “right” (most 
accurate representation of GR 
prediction), we’d just use them…

§ But we don’t. 
(Well, maybe with NRSur, we do!)

§ Different waveform families can 
help us estimate the “systematic 
error” associated with our 
imperfect knowledge of the correct 
GR prediction.

§ This is crucial for testing GR!
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Observed signal durations (above ~30 Hz)
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Gravitational Wave Polarization
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Solution for an outward propagating wave in z-direction: 

h(t, z) = hµνe
i(ωt−kz) = h+(t − z / c)+ h×(t − z / c)

h+ hx

hµν =

0 0 0 0
0 h+ h× 0
0 h× −h+ 0
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Response of the LIGO/Virgo 
detectors to gravitational waves

19

Frames of reference:
§ Detector coordinate frame
§ Radiation coordinate frame
§ Celestial coordinates 

(source coordinates)
§ Geographic coordinates 

(detectors on the Earth)

Sathyaprakash & Schutz



Computing the detector response

§ Strain tensor, two polarizations:

§ Detector response:

§ Detector tensor:

§ Detector response as a tensor “inner product”:
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hµν =
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Antenna response functions
§ Detector response in terms of antenna pattern:

§ Detector antenna response functions:

§ In detector frame:

§ These formulae are rarely used. Easier to work with 
radiation tensor and detector tensor, in celestial coordinates

21

hdet(t) = 



Time-scales of GW signals from BNS mergers, 
BBH mergers, CCSNe, CWs, stochastic, …

LIGO Hanford

LIGO Livingston

Virgo, Italy

http://ligo.org/detections/GW170817.php



Non-tensor polarization
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(Spatial part of the) 
general metric field 
tensor:

Effect on a ring of test masses:
Antenna patterns:



Finding the needle in the messy haystack

§ CBC signals are typically < 1 second in-band ([20-3000] Hz). We found 
10 of them in O1+O2 = around 6 months of coincident (H+L) ovserving. 
Needle in a haystack!

§ It has been shown that, if a suitably precise model of the signal(s) of 
interest exist, matched filtering, using the model as a template, is 
“optimal” for identifying weak signals in Gaussian noise (Extraction of 
Signals from Noise: Wainstein and  Zubakov, 1962).

§ This is true even if unknown model parameters (masses & spins) mean 
we have not one template, but 100,000’s or more. (CW searches: ~1013
templates!)

§ The templates must be accurate over (potentially) very many cycles in-
band!

§ But aLIGO data are non-Gaussian and non-stationary – a big challenge!
§ CBC detection pipelines used in LIGO & Virgo: 

pycbc, gstlal, MBTA, SPIIR, …

24



Search pipelines
§ We need to sift through months of two-detector-coincident strain data h(t) 

to look for signals with durations from minutes to fractions of a second, 
above the detector noise.

§ Two different template-based searches for compact binary coalescence 
(CBC): BNS, NSBH,BBH:
» Low-latency (10’s of seconds) – gstlal (gstreamer-based)
» “Offline” and “Live” - pyCBC (fft-based)

§ Two different searches for short-duration, unmodeled “bursts” of GW 
power in the time-frequency plane, with low latency:
» Coherent WaveBurst - cWB
» Online LIGO Inference Burst – oLIB

§ All make use of two-detector coincidence in time and in signal morphology.
§ All estimate the background from accidental coincidence of instrumental noise 

triggers, using “time slides” or variations thereof.
§ All detected GW150914 and the other LIGO-Virgo detected events, 

with high significance above detector noise



Template-based searches
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A Search for Gravitational Waves from Compact Binary Coalescences in 33 Days of1

Advanced LIGO Data Associated with GW1509142

The LIGO Collaboration and The Virgo Collaboration3

(Dated: 15 January 2016)4

Advanced LIGO made the first observation (GW150914) of gravitational waves from the coales-
cence of two black holes on September 14, 2015. In this paper, we describe two modeled search
pipelines for observing gravitational wave signals emitted from compact binary coalescence. These
pipelines were used to analyze the first 33 days of Advanced LIGO’s first observational run (O1),
during which this event occurred. We present results from these analyses as pertains to our inter-
pretation of GW150914 as a gravitational wave signal, and describe additional tests conducted to
validate these results. Additionally, we discuss the second most significant event found by these
search pipelines during this time; this event is also consistent with a binary black hole merger, but
is not significant enough to confidently rule out that it is due to instrumental noise. The full results
of the analysis of these data, as well as analysis of the remaining O1 observations, will be presented
in a future publication.

I. INTRODUCTION5

On September 14, 2015, the Advanced LIGO (aLIGO)6

gravitational wave detectors [1] in Hanford, Washing-7

ton and Livingston, Louisiana observed a loud gravita-8

tional wave signal [2]. The event, designated GW150914,9

was initially identified by a low-latency transient gravita-10

tional wave search [3], which makes minimal assumptions11

about the signal morphology. The later interpretation12

of GW150914 as a binary black hole (BBH) merger was13

achieved with two modelled detection pipelines, which we14

report on here.15

Our analyses were performed on data collected be-16

tween 00:00 UTC on September 12, 2015 and 13:30 UTC17

on October 20, 2015. These data constitute the most18

sensitive data taken by gravitational wave observatories19

to date. The expected signal rate in this short 33 days of20

data exceeds that surveyed in 158 days of the final initial21

LIGO observations by an order of magnitude. The first22

aLIGO observing run continued until January 12, 2016.23

Results from the full observing run will be reported in a24

subsequent publication.25

We searched these data for gravitational wave (GW)26

signals from compact binary coalescence using two de-27

tection pipelines : pycbc [4–6] and gstlal [7, 8]. The28

pycbc pipeline is fundamentally the same as that used29

to search for gravitational waves from compact binaries30

in Initial LIGO’s Sixth Science Run and Virgo’s Science31

Runs 2 and 3 [9, 10], with the improvements described32

in Ref. [6]. The gstlal pipeline complements the pycbc33

pipeline with a collection of novel algorithms that pro-34

vide for a tunable search latency [7]. We describe these35

pipelines in Sec. IV.36

Both pipelines filtered the data using a common bank37

of template waveforms. The template bank covers com-38

pact object binaries with component masses m1, m2 �39

1 M� and total mass M = m1 + m2  100 M�, as40

shown in Fig. 1, which includes binary neutron star41

(BNS), neutron star–black hole binary (NSBH), and stel-42

lar mass binary black hole (BBH) sources. The tem-43

FIG. 1. Sensitive distance as a function of the component
masses for a fiducial single detector SNR of 8. Sources are
assumed to be non-spinning; for sources with both spins set
to 0.99 (�0.99) distances are increased (reduced) by a factor
of 3 or less. The masses of the template producing the loudest
response to GW150914 are indicated with a star. Masses and
distances are given in the observer frame.

plate waveforms also include the e↵ects of component44

spin angular momentum S aligned with the direction of45

orbital angular momentum. For components with mass46

mi � 2 M�, we allow dimensionless spins �i ⌘ cSi/Gm2

i47

up to |�i|  0.99; for lower mass components, we restrict48

the spins to |�i|  0.05. We describe the construction49

and verification of the filter bank in Sec. II. In Fig. 1, we50

illustrate the expected astrophysical reach of the search51

as a function of mass, using the average noise curve of52

the two instruments during the observation time.53

Both analysis pipelines observed the same two loud-54

est events, which are discussed in Sec. V and summa-55

rized in Tbl. I. The loudest event in each pipeline is56

GW150914, which is significantly louder than all mea-57

sured background events. The probability of GW15091558

being due to noise is less than 2 ⇥ 10�7, as measured59

Masses and (aligned) spins
Templates spaced for < 3%
loss of SNR: 250K templates.

Sensitive distance in Mpc

> 900 Mpc

https://dcc.ligo.org/LIGO-P1500269/public/main 26Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 
https://arxiv.org/abs/1606.04856, accepted in Phys. Rev. X 

BNS

BBH

NSBH

GW150914

GW170817



Matched Filtering 
in the time domain
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Matched filtering 
in the frequency domain

28

LVC, B. Abbott et al.,
Phys. Rev. Lett. 116, 061102 –11 February 2016



Whitening in frequency domain
§ The LIGO and Virgo detectors have lots of 

noise at low (< 20 Hz) and high (> 2000 Hz) 
frequencies.

§ We will only be able to detect weak GWs in 
the “detection band” between 20 – 2000 Hz.

§ The S/N ratio thus is most easily calculated 
in the frequency domain, weighting (dividing 
by) the noise power.

§ SNR integrand = $̃ %
&'∗ %

((%)
= $̃(%)

((%)

&'∗(%)
((%)

which is the whitened data times the 
whitened template.

§ Whitening both of these is thus the first step 
in most any LIGO analysis.
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Search results
Advanced LIGO Observing Run O1

30

Three events above the estimated “background”
from accidental coincidence of noise fluctuation triggers.

Two have high significance (> 5σ).
Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 

https://arxiv.org/abs/1606.04856, Phys. Rev. X 6, 041015 (2016)

BNS

BBH

NSBH

GW150914



GW150914

31Whitened and band-passed [40-300] Hz

Reconstructed
(no whitening)

Audio:
• filtered data
• freq-shifted data
• reconstructed & shifted

https://dcc.ligo.org/LIGO-P150914/public/main
Phys. Rev. Lett. 116, 061102 – Published 11 February 2016



GW150914 in the 
frequency domain

32

inspiral
merger

ringdown

Made with data from the 
LIGO Open Science Center, losc.ligo.org



Three BBH events, compared

33

inspiral
merger

ringdown

Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 
https://arxiv.org/abs/1606.04856, Phys. Rev. X 6, 041015 (2016)



Exploring the Properties of GW150914

§ Bayesian parameter estimation:  Adjust physical 
parameters of waveform model to see what fits the 
data from both detectors well

34

Illustration by N. Cornish and T. Littenberg



Three BBH events, 
black hole masses

35https://arxiv.org/abs/1606.04856 (Accepted by Phys. Rev X)

For the higher mass systems, 
we see the merger,
measure Mtot = m1+m2

For lower mass systems,
we see the inspiral, 
measure the “chirp mass”

These masses are surprisingly large!

Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 
https://arxiv.org/abs/1606.04856, Phys. Rev. X 



GWs measure the chirp mass best, 
the mass ratio less well. 

Total mass: Mtot = M1 + M2
Symm. mass ratio: η =M1 M2 / Mtot

2

Chirp mass:  Mch = Mtot η3/5

And it depends on whether 
we think neutron stars spin 
a lot or only a little.

Assuming low spin, 
component masses 
are in the range 
1.17 to 1.60 M☉, 
typical of pulsars 
(NSs) in binaries

GW170817 – BNS event



BH spins – aligned with orbital angular 
momentum, and precessing spin

§ The component BH spins 
measurably modulate the 
inspiral frequency evolution.

§ Spin-orbit couplings cause the 
orbital plane to precess, 
producing amplitude 
modulation at the detectors.

§ Parameterize with aligned spin
χeff and “precessing” spin χP

dr
af

t

LIGO-P1500218-v12
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FIG. 5. Left: PDFs (solid black line) for the �p and �e↵ spin parameters compared to their prior distribution (green line). The
dashed vertical lines mark the 90% credible interval. The 2-dimensional plot shows probability contours of the prior (green) and
marginalised PDF (black). The 2-dimensional plot shows the contours of the 50% and 90% credible regions plotted over a colour-
coded PDF. Right: PDFs for the dimensionless component spins cS1/(Gm2

1) and cS2/(Gm2
2) relative to the normal to the orbital

plane L̂, marginalized over uncertainties in the azimuthal angles. The bins are constructed linearly in spin magnitude and the cosine of
the tilt angles cos

�1
(Ŝi · L̂), where i = {1, 2}, and, therefore, by design have equal prior probability.

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

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

+2
�3%, consistent

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

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

surements may have been contaminated by stellar winds as
discussed in [118] and references therein. Our results at-
test that BBHs do form and merge within a Hubble time.
We have constrained the spin of the primary BH of the bi-
nary to be a1 < 0.7 and we have inferred the spin of the
remnant BH to be af ⇡ 0.7. Up to now, spin estimates of
BH candidates have relied on modelling of accretion disks
to interpret spectra of X-ray binaries [119]. In contrast,
GW measurements rely only on the predictions of general
relativity for vacuum spacetime. Further astrophysical im-
plications of these results are discussed in [94, 120].

The statistical uncertainties with which we have charac-
terised the source properties and parameters, reflect the fi-
nite signal-to-noise ratio of the observation of GW150914
and the error budget of the strain calibration process. The
latter degrades primarily the estimate of the source loca-
tion. If we assume that the strain was perfectly calibrated,
i.e. hM

= h, see Eqs. (1) and (4), the 50% and 90%

credible regions for sky location would become 48 deg
2

and 150 deg
2, compared to the actual results of 140 deg

2

and 590 deg
2, respectively. The physical parameters show

only small changes with the marginalisation over cali-
bration uncertainty, for example, the final mass M

source
f

changes from 62
+4
�4 M� including calibration uncertainty

to 62
+4
�3 M� assuming perfect calibration, and the final

spin af changes from 0.67
+0.05
�0.07 to 0.67

+0.04
�0.05. The effect

of calibration uncertainty is to increase the overall parame-
ter range at given probability, but the medians of the PDFs

9

GW150914

GW151226



Three BBH events,
distances

38

It’s hard to measure distances 
in astronomy!
(few “standard candles”)

BBH events are 
“standardizable sirens” 
(need to know their masses, 
orbital orientation, etc).

Distances measured poorly 
with only two detectors.

Our two loud events are far away! 
(400 Mpc ~ 1.3 Gly) – merged 1.3 By ago!

Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 
https://arxiv.org/abs/1606.04856, Phys. Rev. X 6, 041015 (2016)



Radiated energy & luminosity

39

§ GW150914: EGW ≈ 3 M¤c2, or ~4.5% of the total mass-energy of the system. 
§ Roughly 1080 gravitons.
§ Peak luminosity LGW ~ 3.6×1054 erg/s, briefly outshining the EM energy output of 

all the stars in the observable universe (by a factor ~ 50).



Extracting Astrophysical 
Parameters from Detections

40

Hanford

Livingston

Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, “Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 
https://arxiv.org/abs/1606.04856, accepted in Phys. Rev. X 



GWTC-1 - #UpToEleven

41



Event detection confidence

§ It is crucial to understand the background due to accidental coincidence of noise 
fluctuations in two or more detectors.

§ LIGO & Virgo noise fluctuations are far from Gaussian (glitches), but as you can 
see (cyan “noise model” on left), we have (with a huge effort) tamed them!

§ One can then transform the cumulative background event distribution into an 
“Inverse False Alarm Rate (IFAR)”

42



Starting to build up a mass distribution

43http://ligo.org/detections/GW170814.php



We can measure the masses 
(in the combination “Chirp mass”) very well:

44

“stellar mass”
black holes

Neutron stars
(pulsars)

“mass gap”?

MSun

what is left behind?

http://ligo.org/detections/GW170817.php



Astrophysical rates

45

Roughly consistent with astrophysical expectations from:
• Core collapse supernova rate
• Short GRB rate
• Astrophysical modeling of compact binary formation (“population synthesis”) 
• A half-dozen BNS systems in our galaxy (including Hulse-Taylor)



Event Localization With An
Array of GW Interferometers

46

LIGO
Livingston

LIGO
Hanford

TAMA GEO

VIRGO

q

1 2

DL
 = 

dt/
c

cosq = dt / (c D12)
Dq ~ 0.5 deg

D

§ Gravitational-wave astronomy is 
greatly enhanced by having a 
multiplicity of interferometers 
distributed over the globe. 
» GW interferometry,  ‘Aperture synthesis’  

§ Advantages include:
» Source localization in near real time
» Enhanced network sky coverage
» Maximum time coverage – a fraction of 

the detectors are‘always listening’
» Detection confidence - coincidence
» Source parameter estimation
» Polarization resolution



Greatly improved sky localization
(but, these are black holes…)

47
http://ligo.org/detections/GW170814.php



3-dimensional localization

B. Abbott et al, LIGO-Virgo, Phys. Rev. Lett. 119, 161101 (2017)

GW170817 – BNS event



Source localization with the 
global network of GW detectors

49
Prospects for Observing and Localizing Gravitational-Wave Transients with Advanced LIGO and Advanced Virgo

http://www.livingreviews.org/lrr-2016-1



The emerging Advanced 
GW Detector Network

50

GEO-HF

Virgo
LIGO Livingston

LIGO Hanford

4 km

4 km

600 m

3 km 3 km

4 km

(pending)

3 separate collaborations 
working together

2015

2015 2017

2011

~2024

~2019



Coming years: more, and 
more sensitive detectors

51https://arxiv.org/abs/1304.0670



THANK YOU for your attention!
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Extra slides
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Enabling multi-messenger astronomy 
with gravitational waves

54

Swift

LIGO 
Livingston

Virgo
t1 t2 t3

LIGO 
Hanford

X-ray, g-ray 
follow-up  

Optical 
follow-up

Coherent 
Detector
Network

θGW ~λGW / d ~ few degrees

Image:
http://earthobservatory.nasa.gov/

Swift

Palomar Transient 
FactoryAbadie, et al, (LSC & Virgo Collaborations) 

Astron. Astrophys. 541 (2012) A155.
Nissanke, Kalsiwal, Georgieva, 
Astrophysical J. 767 (2013) 124.
Singer, Price, et al., Astrophysical J., 795 
(2014) 105. 



Localization and broadband follow-up 
of BNS event GW170817

55
Multi-messenger Observations of a Binary Neutron Star Merger, Astrophys. J. Lett. 848:L12 (2017)



Testing General Relativity
in the strong-field, dynamical regime

§ Test post-Newtonian expansion of inspiral phase. 

§ Test Numerical Relativity waveform prediction 
for merger phase. 

§ Test association of inspiral and ringdown phases: 
BH perturbation theory, no-hair theorem. 

56

EOB-NR

nonlocal.com/hbar/blackholes.html

www.black-holes.org



Testing beyond-GR
in wave generation and propagation

§ We can test GR in the new regime of strong-field, 
highly dynamical gravity!

§ Gravitational lensing & multiple “images” (not beyond GR!)
§ Constrain “parameterized post-Einsteinian framework”

(Yunes & Pretorius, 2009)
§ Directly measure speed of gravitational waves (cGW ≠ clight), 

constrain (or measure) the mass of the graviton. 
§ Constrain (or measure) longitudinal (vector, scalar) polarizations.
§ Constrain (or measure) Lorentz violating effects.
§ Constrain (or measure) cosmic anisotropies.
§ Constrain (or measure) parity-violating effects.
§ Constrain (or measure) dissipative gravity effects.
§ Test specifically for scalar-tensor and other alt-gravity theories 
§ Quantum Gravity: echoes from “firewalls”, …

57

Beyond Einstein



Parameterized waveforms for 
tests of General Relativity

§ Waveform models are described by post-
Newtonian and phenomenological 
coefficients calibrated against numerical 
relativity (NR) solutions

58Phys. Rev. Lett. 116, 221101 (2016) 



Tests of consistency with 
predictions from General Relativity

§ Matches between parametric 
models and NR waveforms can 
be better than 1%

§ In the region of the parameter 
space appropriate for 
GW150914, tests based on 
parametric models are valid 
tests of GR

59Tests of General Relativity with GW150914
Phys. Rev. Lett. 116, 221101 (2016) 



Measuring the response in 
three non-co-oriented detectors permits a 

measurement of GW polarization for the first time! 

60

From the pattern of signal 
amplitudes in three detectors:

For GW170814 
(no optical counterpart),

Bayes factor (T/V) = 200
Bayes factor (T/S) = 1000

Pure tensor is strongly favored
over pure vector or pure scalar.

To measure small admixtures of 
S,V in dominant T requires 
five non-co-oriented detectors



As the stars spiral together, they get 
torn apart by each other’s gravity: 

Tidal distortion → Disruption!

61

The disruption of the stars 
results in a huge outflow of
neutron-rich “dynamical ejecta” 
that powers a GRB 
and broad-band afterglow

NASA

NSF/LIGO/Sonoma State University/A. Simonnet



BNS mergers, 
tidal distortion and disruption

62

Credit: Daniel Price and Stephan Rosswog



Neutron stars

§ Dead remnants of massive star 
core collapse supernovae

§ A unique laboratory for 
fundamental physics

§ All four forces of nature, 
Strong, Weak, EM, gravity –
all under the most extreme 
beyond-laboratory conditions

§ Structure can be revealed 
through binary mergers

63

http://www.astro.umd.edu/~miller/nstar.html



All four fundamental forces 
under the most extreme conditions 

§ Gravity: Compact stars have gravitational 
fields GM/c2R ~ O(1), strong tidal effects, 
strong curvature, highly relativistic

§ Strong interaction at > 2x nuclear density 
in core
» Hard repulsive core of nucleon-

nucleon interaction plays crucial role
» Potential transition to hyperonic

matter, strange quark matter, QGP
» Complex ionic crystal lattice structure 

in crust: “nuclear pasta”
§ Weak interaction under extreme conditions 

with neutrino trapping -> beta equilibrium
§ EM: Superfluid core supporting extreme 

magnetic fields (perhaps > 1015 Gauss at 
surface), flux tube pinning in core

64



NEOS, NS structure, 
and NS mass-radius relation

65



Tidal disruption of 
neutron stars near merger

66

Credit: Daniel Price and Stephan 
Rosswog

iLIGO

aLIGO

ET

Read, Shibata, et al



Nuclear Astrophysics: 
BNS Merger waveforms

67C. D. Ott @ NucAstro Town Meeting, 2012/10/09

plus and cross modes of GWs extracted from the metric in
the local wave zone. The waveforms are composed of the
so-called chirp waveform, which is emitted when the BNS
is in an inspiral motion (for tret & tmerge), and the merger

waveform (for tret * tmerge), on which we here focus. For

the HMNS formation, the merger waveforms are com-
posed of quasiperiodic waves for which h & 10!22 for
D ¼ 100 Mpc and the peak frequencies are in a narrow
range fpeak ¼ 2:1– 2:5 kHz depending weakly on M. They

agree with that in the approximate general relativistic study
[12]. Note that fpeak depends on adopted EOS [12], and we

will describe the dependence of GWs on EOS elsewhere.

The accumulated effective amplitude, heff #0:4hðf!TÞ1=2,
is much larger where the factor 0.4 comes from the aver-
ages of angular direction of the source and rotational axis
of the HMNS. Figure 4(b) shows the effective amplitude
defined by 0:4hðfÞf & 4– 6 ' 10!22 for D ¼ 100 Mpc,
where hðfÞ is the absolute value of the Fourier transforma-
tion of hþ þ ih' . This suggests that for a specially
designed version of advanced GW detectors such as broad-
band LIGO, which has a good sensitivity for a high-
frequency band, GWs from the HMNS oscillations may

be detected with S=N ¼ 5 if D & 20 Mpc or the source is
located in an optimistic direction.
Summary.—We have reported the first results of the

numerical-relativity simulation performed incorporating
both a finite-temperature (Shen’s) EOS and neutrino cool-
ing effect. We showed that for such a stiff EOS, HMNS is
the canonical outcome and BH is not promptly formed
after the onset of the merger as long as the total mass of
the system is smaller than 3:2M). The primary reason is
that thermal pressure plays an important role for sustaining
the HMNS. We further showed that the lifetime of the
formed HMNS with mass & 3M) is much longer than its
dynamical time scale,* 10 ms, and will be determined by
the time scale of neutrino cooling. Neutrino luminosity of
the HMNS was shown to be high as & 3– 10 ' 1053 erg=s.
The effective amplitude of GWs is 4– 6 ' 10!22 at fpeak ¼
2:1– 2:5 kHz for a source distance of 100 Mpc. If the BNS
merger happens at a relatively short source distance or is
located in an optimistic direction, such GWs may be
detected and HMNS formation will be confirmed.
Numerical simulations were performed on SR16000 at

YITP of Kyoto University and on SX9 and XT4 at CfCA
of NAOJ. This work was supported by Grant-in-Aid
for Scientific Research (21018008, 21105511, 21340051,
22740178), by Grant-in-Aid for Scientific Research
on Innovative Area (20105004), and HPCI Strategic
Program of Japanese MEXT.
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FIG. 4 (color online). (a) GWs observed along the axis per-
pendicular to the orbital plane for the hypothetical distance
to the source D ¼ 100 Mpc. (b) The effective amplitude of
GWs as a function of frequency for D ¼ 100 Mpc. The noise
amplitudes of Advanced Laser Interferometer Gravitational
wave Observatories (adv. LIGO), broadband configuration of
Advanced LIGO (bro. LIGO), and Large-scale Cryogenic
Gravitational wave Telescope (LCGT) are shown together.

PRL 107, 051102 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
29 JULY 2011

051102-4

Sekiguchi+ ‘11
Mass [MSun]

1.35 + 1.35

1.50 + 1.50 

1.60 + 1.60 

Sekiguchi+ 11: First full GR NS-NS simulation with realistic microphysics,
finite-temperature nuclear EOS of H. Shen+ ‘98,‘11



Constraints on tidal distortion

§ Tidal deformability:

§ k2 is the 2nd Love number
§ R and M are the radius 

and mass of the star
§ LIGO results for 

GW170817 are most 
consistent with more 
compact stars, R < 14 km

Λ =
2
3𝑘$

𝑐$

𝐺
𝑅
𝑀
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Formation mechanisms
§ How do massive binary black 

hole systems form?
§ Common envelope evolution of 

isolated binaries: two massive 
stars survive successive CCSNe

§ Dynamical capture of isolated 
black holes in N-body exchange 
interactions.

§ Even the most massive stars 
(60-100 M¤) can only produce 
black holes with mass > 20 M¤

only in low-metalicity
environments (~ 0.1 Z¤).

§ https://dcc.ligo.org/LIGO-P1500262/public/main



Formation channels
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Fun with CBCs!
§ GWs from compact binary coalescence is our most powerful probe 

of strong-field, highly-dynamical gravity.
§ Fundamental physics: 

» properties of GWs: energy loss during inspiral, spin-orbit dynamics, 
propagation speed, polarizations, dispersion, …

» Powerful tests of GR as the fundamental theory of gravity
» Properties of nuclear matter under extreme conditions (NEOS)

§ Astrophysics: 
» merger rates, populations, masses of binary black holes 
» merger rates, populations, masses and radii of neutron stars
» Formation mechanisms
» Production of heavy elements
» …

§ The fun is just beginning! Join in!
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General Relativity predicts that rapidly 
changing gravitational fields produce 
ripples of curvature in fabric of 
spacetime
• Stretches and squeezes space between 

“test masses” – strain   h = DL / L
• propagating at speed of light

• mass of graviton = 0
• space-time distortions are transverse 

to direction of propagation
• GW are tensor fields (EM: vector fields)

two polarizations: plus (Å) and cross (Ä)
(EM: two polarizations, x and y )

Spin of graviton = 2

Nature of Gravitational Radiation

Contrast with EM dipole 
radiation:

(( )) ))

))

h = DL / L



Gravitational Waves
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Solution for an outward propagating wave in z-direction: 

h(t, z) = hµνe
i(ωt−kz) = h+(t − z / c)+ h×(t − z / c)

h+

Physically, h is a strain: DL/L

hx

hµν =

0 0 0 0
0 h+ h× 0
0 h× −h+ 0
0 0 0 0

#

$

%
%
%
%%

&

'

(
(
(
((

hµν ≈
1
r
G
c4
Iµν

worb

R
Mh ≈ 8GMR2ωorb

2

rc4
~10−21

Kepler 3rd: R3  ωorb2 = G Mtot



Strong-field
•Most tests of GR focus on small 
deviations from Newtonian dynamics                     
(post-Newtonian weak-field 
approximation)

•Space-time curvature is a tiny effect 
everywhere except:

• The universe in the early 
moments of the big bang

• Near/in the horizon of black holes

•This is where GR gets non-linear and 
interesting!

•We aren’t very close to any black holes 
(fortunately!), and can’t see them with 
light or other EM radiation…

But we can search for (weak-field) 
gravitational waves as a signal of their 
presence and dynamics
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