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The Study of gravitational waves is at the frontiers of 
science in at least four different fields:

• General Relativity (GR) – physics at the extremes: 
strong (non-linear) gravity, relativistic velocities

• Astrophysics of compact sources – neutron stars, 
black holes, the big bang – the most energetic 
processes in the universe

• Interferometric gravitational wave detectors – the 
most precise measuring devices ever built

• GW data analysis – the optimal extraction of the 
weakest signals possible out of noisy data. 

Gravitational wave science 



Einstein’s view of gravity:
The General Theory of Relativity

• Starting in 1915, Albert Einstein began the development of
a new theory of gravity.

• The basic idea is that gravity is not a force, but rather a
manifestation of the curvature of space-time.

• Space and time aren't just a simple backdrop to the world,
but have properties of their own. In particular, they can be
“curved”, which means that matter can be prevented by
the properties of space-time from moving uniformly in a
straight line.

• Space-time curvature is caused by mass.
Thus, General Relativity embodies the idea of gravity, and

even “explains” it.



Einstein and relativity

It all starts with Einstein!
• Special relativity (1906)

– Distances in space and time change 
between observers moving relative to 
one another, but the space-time 
interval remains invariant:  

ds2 = dx2 + dy2 + dz2 - c2dt2

– space + time         4D space-time 
geometry

– Energy and momentum form a 4D 
vector with invariant (rest) mass:
(m0c2)2 = E2 – (pc)2 (or E = mc2)



Space-time geometry

Relativity and space-time geometry:
• Discards concept of absolute motion; 

instead treats only relative motion 
between systems

• Space and time no longer viewed as 
separate; rather as four dimensional
space-time

• Gravity described as a warpage (curving) 
of space-time, not a force acting at a 
distance



• A geometric theory of gravity
– Gravitational acceleration depends only on the geometry of the space that the 

“test mass” occupies, not any properties of the test mass itself
– For gravity (as opposed to all other forces), motion (acceleration) depends only on 

location, not mass
• Image space as a stretched rubber sheet.
• A mass on the surface will cause a deformation
• Another mass dropped onto the sheet will roll toward that mass
• Einstein theorized that smaller masses travel toward larger masses, not because they 

are “attracted” by a mysterious force, but because the smaller objects travel through 
space that is warped by the larger object.

Warped space-time: Einstein’s 
General Relativity (1916)
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Weak field approximation -
-
space-time is slightly 
perturbed from flat space-
time:
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General Relativity and Gravitational Waves
Einstein field tensor Stress-energy-momentum tensor



Solution for an outward propagating wave in z-direction: 
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General relativity (1916)

• Space-time warps in response to the presence of matter, energy,
motion.

• Motion of matter is determined by space-time curvature.
• For gravity (as opposed to all other forces), motion (acceleration)

depends only on location, not mass.
• 16 coupled non-linear differential equations; analytical solutions in only

the simplest of cases (spherical symmetry, static, etc).



Metric perturbation h

• In the weak-field limit (h << 1), Einstein’s field equations can 
be linearized.

• In the “transverse traceless” (TT) gauge, they become a wave 
eqn for h (no matter sources):

• The metric perturbation is interpreted as a gravitational wave 
amplitude, travelling at the speed of light.

• Gravitational wave metric perturbations stretch and squeeze 
the space they pass through (strain amplitude).



Gravitational waves



Hulse-Taylor binary pulsar

Neutron Binary System
PSR 1913 + 16  -- Timing of pulsars

•

•

17 / sec

~ 8 hr

• A rapidly spinning pulsar (neutron star 
beaming EM radiation at us 17 x / sec)
• Orbiting around an ordinary star with 8 
hour period 
• Only 7 kpc away
• Discovered in 1975, orbital parameters 
measured continuously over 25 years!



emission of gravitational waves by compact binary system

GWs from 
Hulse-Taylor binary

§ Period speeds up 14 sec from 1975-94
§ Measured to ~50 msec accuracy
§ Deviation grows quadratically with time
§ Merger in about 300M years 

(<< age of universe!)
§ shortening of period Ü orbital energy loss 
§ Compact system: 

negligible loss from friction, material flow
§ Beautiful agreement with GR prediction
§GW emission will be strongest near the end:

– Coalescence of neutron stars!
§ Nobel Prize, 1993



Outline

Ø Einstein and the General Relativity
Ø Basic Analysis Concepts
Ø Gravitational Wave Detectors
Ø Some of the most interesting discoveries so far



s



LIGO

LIGO Antenna Patterns



Virgo

Virgo Antenna Patterns



The Gravitational-Wave Spectrum
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The Astrophysical 
Gravitational-Wave Source Catalog

Credit: Casey Reed, Penn State 

Coalescing Binary 
Systems
• Black hole – black 
hole
•Black hole – neutron 
star
• Neutron star –
neutron star 
• modeled waveform Credit: Chandra X-ray Observatory 

Transient‘Burst’Sources
• asymmetric core 
collapse supernovae
• cosmic strings
• ???
•Unmodeled waveform

Credit: Planck Collaboration

Cosmic GW Background
• residue of the Big Bang

• probes back to < 10-15 s
• stochastic, incoherent 
background
• Difficult (impossible?) 
for LIGO-Virgo to detect

Continuous Sources
• Spinning neutron 
stars
• monotone waveform

Credit: Bohn, Hébert, Throwe, SXS
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Credits:
SXS collaboration

Gravitational Wave Targets



The Matched Filter is the best linear approach 
to extract a signal of known shape when it is 

embedded in a stationary Gaussian noise



Modelling colliding black holes

Slide: G.C. Davies





• Compact object 
parameters encoded in the 
waveforms: 
– Constituent masses, 

constituent spins, sky 
location, luminosity distance, 
orbital inclination, time of 
arrival

• Intrinsic degeneracies 
make parameter estimation 
difficult! 
– E.g., luminosity distance vs. 

inclination angle

• The SNR of the waveform 
matters
– often buried in detector noise; 

lower SNR obscures 
parameter estimation

26

LIGO Scientific Collaboration and Virgo Collaboration, 
“Parameter estimation for compact binary coalescence 
signals  with the first generation gravitational wave 
detector network” Phys. Rev. D 88(2013) 062001

Extracting Astrophysical Parameters 
from GW Waveforms 

Inspiral                            Merger Ringdown



Detection problem

Slide: G.C. Davies



Matched filter

Slide: G.C. Davies
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• Matched filter search: X-correlation of L1, H1 data streams

• Background computed from time-shifting coincident data in 100 ms 
steps 
– For GW150914, 51.5 days à 5x106 years

Assessing Statistical Significance: Modeled Search



SNR time series

Slide: G.C. Davies



Modelling the Waveforms

Slide: B. Ewing



How many templates do we need?

Slide: B. Ewing



Which waveforms do we use?

Slide: B. Ewing



Revisiting our assumptions –
non-stationarity

Slide: B. Ewing



Non-stationarity

The detector sensitivity is not
constant, this can happen
rapidly or slowly.

Slide: B. Ewing



Non-Gaussian glitches

Gravity Spy: https://www.zooniverse.org/projects/zooniverse/gravity-spy

Slide: G.C. Davies



Glitch classification
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The Initial and Enhanced 
GW detector network

• The three Initial LIGO detectors completed five science observation runs (S1-
S5) from 2002-2007.

• Virgo’s VSR1 was conducted in 2007, jointly with LIGO’s S5, which operated at
design sensitivity for 2 years.

• Two “Enhanced LIGO” detectors conducted S6 during 2009-2010, jointly with
Virgo VSR2 and (enhanced) VSR3.

• Many different searches were done with these data, but no gravitational wave
signals were found; upper limits are still above plausible expectations.

• Two Advanced LIGO detectors are now taking data since September 14th 2015.
• The Advanced Virgo started the data acquisition in August 2017, joining the

second observation run of LIGO.
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The Advanced GW Detector Network

GEO600 (HF)Advanced LIGO 
Hanford 

Advanced LIGO 
Livingston 

Advanced 
Virgo

LIGO-India

KAGRA 



LIGO: Laser Interferometer 
Gravitational-wave Observatory

LLO

LHO

4 km (H1) 
+ 2 km (H2)

4 km
L1

Hanford, WA

Livingston, LA

Caltech

MIT
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Despite a few difficulties, science 
runs started in 2002.



Virgo Interferometer



Virgo Interferometer



Laser

• Gravitational waves twist
the space-time and
during their crossing they
produce a positive or
negative separation
among the two free
masses.

€ 

h =
ΔL
L

“+” polarized GW 
propagating 

orthogonal to the 
screen

• The h parameter is the
measure of relative
variation among the two
free masses.

Laser

How does an 
interferometer work?



Title





Sky localization: triangulation

• A pair of detectors
localizes to a ring on the
sky.

• Width of rings depends
upon timing accuracy
and distance between
detectors.

• More widely spaced
detectors improves
localization

arXiv 1304.0670

LH ßà V   27ms
LH ßà LL  10ms  



Sky localization – 2015

Localization expected for a BNS system at 80 Mpc by the HLV network. The
ellipses show 90% confidence localization areas and the red crosses regions of
the sky where the signal would not be confidently detected.



Sky localization – 2019+ (design)

Localization expected for a BNS system at 160 Mpc by the HLV network. The
ellipses show 90% confidence localization areas and the red crosses regions of
the sky where the signal would not be confidently detected.



Sky localization – 2022+ (LIGO-India)

Localization expected for a BNS system at 160 Mpc by all detectors at final
design sensitivity. The inclusion of a fourth site in India provides good
localization over the whole sky.
LIGO-KAGRA network qualitatively similar. (Fairhurst 2011)
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Ref: Phys. Rev. Lett. 116, 061102 (2016)

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced 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 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5

ðm1 þm2Þ1=5
¼ c3

G

!
5

96
π−8=3f−11=3 _f

"
3=5

;

where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 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
frequency 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. Furthermore, the decay of the waveform after it
peaks is consistent 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 parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting 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 mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth 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 Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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The Keplerian effective black hole
separation in unit of Schwarzschild
radii

and the effective relative velocity
given by the post-Newtonian
parameter



Gravitational Waves in 
Pop Culture
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From The Guardian, Feb 12 2016



GW150914 EM Follow Up
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LOCALIZATION AND BROADBAND FOLLOW-UP OF GW150914 15

100 101 102

t � tmerger (days)

Initial GW
Burst Recovery

Initial
GCN Circular

Updated GCN Circular
(identified as BBH candidate)

Final
sky map

Fermi GBM, LAT, MAXI,
IPN, INTEGRAL (archival)

Swift
XRT

Swift
XRT

Fermi LAT,
MAXI (ongoing)

BOOTES-3 MASTER Swift UVOT, SkyMapper, MASTER, TOROS, TAROT, VST, iPTF, Keck,
Pan-STARRS1, KWFC, QUEST, DECam, LT, P200, Pi of the Sky, PESSTO, UH

Pan-STARRS1
VST TOROS

VISTA

MWA ASKAP,
LOFAR

ASKAP,
MWA

VLA,
LOFAR

VLA,
LOFAR VLA

Figure 1. Timeline of observations of GW150914, separated by band and relative to the time of the GW trigger. The top row shows
GW information releases. The bottom four rows show high-energy, optical, near-infrared, and radio observations respectively.
Optical spectroscopy and narrow-field radio observations are indicated with darker tick marks and boldface text. More detailed
information on the timeline of observations is reported in Table 2.

matched-filter searches using a template bank which includes
both NS binary and BBH mergers. The waveform was con-
firmed to be consistent with a BBH merger and this infor-
mation was shared with observers about 3 weeks after the
event (GCN 18388). The FAR was evaluated with the data
collected through 20 October, reported to be less than 1 in
100 years (GCN 18851; Abbott et al. 2016c), and ultimately
determined to be much lower. The final results of the offline
search are reported in Abbott et al. (2016a).

3. SKY MAPS

We produce and disseminate probability sky maps using a
sequence of algorithms with increasing accuracy and compu-
tational cost. Here, we compare four location estimates: the
prompt cWB and LIB localizations that were initially shared
with observing partners plus the rapid BAYESTAR localiza-
tion and the final localization from LALInference. All four
are shown in Fig. 2.

cWB performs a constrained maximum likelihood (ML) es-
timate of the reconstructed signal on a sky grid (Klimenko
et al. 2015) weighted by the detectors’ antenna patterns (Es-
sick et al. 2015) and makes minimal assumptions about the
waveform morphology. With two detectors, this amounts to
restricting the signal to only one of two orthogonal GW polar-
izations throughout most of the sky. LIB performs Bayesian
inference assuming the signal is a sinusoidally modulated
Gaussian (Lynch et al. 2015). While this assumption may
not perfectly match the data, it is flexible enough to produce
reliable localizations for a wide variety of waveforms, in-
cluding BBH inspiral-merger-ringdown signals (Essick et al.
2015). BAYESTAR produces sky maps by triangulating the
times, amplitudes, and phases on arrival supplied by the CBC
pipelines (Singer & Price 2016). BAYESTAR was not avail-
able promptly because the low-latency CBC searches were

not configured for BBHs; the localization presented here is
derived from the offline CBC search. LALInference performs
full forward modeling of the data using a parameterized CBC
waveform which allows for BH spins and detector calibra-
tion uncertainties (Veitch et al. 2015). It is the most accurate
method for CBC signals but takes the most time due to the
high dimensionality. We present the same LALInference map
as Abbott et al. (2016e), with a spline interpolation proce-
dure to include the potential effects of calibration uncertain-
ties. The BAYESTAR and LALInference maps were shared
with observers on 2016 January 13 (GCN 18858), at the con-
clusion of the O1 run. Since GW150914 is a CBC event, we
consider the LALInference map to be the most accurate, au-
thoritative, and final localization for this event.

All of the sky maps agree qualitatively, favoring a broad,
long section of arc in the Southern hemisphere and to a lesser
extent a shorter section of nearly the same arc near the equa-
tor. While the majority of LIB’s probability is concentrated
in the Southern hemisphere, a non-trivial fraction of the 90%
confidence region extends into the Northern hemisphere. The
LALInference shows much less support in the Northern hemi-
sphere which is likely associated with the stronger constraints
available with full CBC waveforms. The cWB localization
also supports an isolated hot spot near ↵ ⇠ 9h, � ⇠ 5�. While
all algorithms assume elliptical polarization throughout most
of the sky, cWB’s assumptions are relaxed near this island
where the detector responses make it possible to distinguish
other polarizations.

Table 1 shows that the size of confidence regions varies be-
tween the algorithms. For this event, cWB produces smaller
confidence regions than the other algorithms. While cWB
produces reasonably accurate maps for typical BBH signals,
it can systematically misestimate the sizes of large confidence

Abbott, et al. ,LIGO Scientific Collaboration and Virgo 
Collaboration, “Localization and Broadband Follow-Up of 
the Gravitational-Wave Transient GW150914”, Ap. J. Lett, 
826:L13, 2016.

• Follow-up observations reported by 
25 teams via private Gamma-ray 
Coordinates Network (GCN) 
Circulars



LIGO-G1601976-v2 TWAS General Assembly, Kigali ��

Events Observed During O1

&RXUWHV\�&DOWHFK�0,7�/,*2�/DERUDWRU\Courtesy Caltech/MIT/LIGO Laboratory

Events Observed during O1



Event Sky Location
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• With 2 detectors can only limit location to annulus on the sky
– Preferential angles from interferometer antenna patterns 

• 90% credible regions:
– GW150914: 230 deg2

– GW151226: 850 deg2

– LVT151012: 1600 deg2

– (GW170104: 1200 deg2)



Event Sky Location
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• With 2 detectors can only limit location to annulus on the sky
– Preferential angles from interferometer antenna patterns 

• 90% credible regions:
– GW150914: 230 deg2

– GW151226: 850 deg2

– LVT151012: 1600 deg2

– (GW170104: 1200 deg2)

With Virgo, 90% credible regions decrease 
by approximately 2 – 6 times: 
• Assuming Equal LIGO sensitivities; Virgo 1/3 as sensitive 
• Also depends on duty cycle and sky location
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Assessing Statistical Significance: Modeled Search



• Pipelines look for excess power in time-frequency 
domain
– e.g. wavelet basis
– More sensitive to generic sources, but also to noise transients in 

the interferometers 
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Unmodeled Search

Simulation: Reed 
Essick, LIGO MIT
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Abbott, et al., LIGO Scientific Collaboration and Virgo Collaboration, 
“Binary Black Hole Mergers in the first Advanced LIGO Observing Run”, 
Phys. Rev. X 6, 041015 (2016).

• Total Mass:

• Mass ratio: 

• Chirp Mass:

• Black Hole Spins:

• Spin component aligned with 
orbital angular momentum:

• Effective spin parameter:

• Luminosity Distance DL

• Bayesian computation of posterior PDFs
• Markov chain Monte Carlo
• Nested Sampling  

Extracting Astrophysical 
Parameters from Waveforms 



Astrophysical Parameters of the 
Detected BBH Mergers
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GW170104



GW170104

LVT151012

GW150914

GW151226

Sky Locations of Gravitational-wave Events: LIGO Only



GW170104

LVT151012

GW150914

GW151226

GW170104+V

LVT151012+V

GW150914+V

GW151226+V

Sky Locations of Gravitational-wave Events: LIGO + Virgo







The Black Hole Mass Menagerie

40 Years of X-ray 
Astronomy

18 Months of 
Gravitational-wave 
Astronomy!  
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Credit: Robert Hurt/Caltech, Aurore Simmonet, SSU  

Black Holes Detected By LIGO



LIGO-G1601976-v2

Frequency dependence of 3 events 
compared to the LIGO sensitivity

https://arxiv.org/abs/1606.04856

TWAS General Assembly, Kigali ��

Frequency dependence of 3 events in O1 
compared to the LIGO sensitivity
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GW170814: First three-detector signal



If we only had the two LIGO detectors, we’d have an uncertainty on the source’s sky position of
over 1000 square degrees (yellow), but adding in Virgo, we get this down to 60 square degrees
(green). The purple map is the final localization from our full parameter estimation analysis.
That’s still pretty large by astronomical standards (the full Moon is about a quarter of a square
degree), but a fantastic improvement!





GW170817: 
observation of a binary neutron star merger



GW170817: 
observation of a binary neutron star merger





https://doi.org/10.1103/PhysRevLett.119.161101

LIGO-Virgo/Geoffrey Lovelace, Duncan Brown, Duncan Macleod, Jessica McIver, Alex Nitz

1

GW170817



Credit: NASA GSFC & Caltech/MIT/LIGO Lab

Fermi detected a short gamma ray burst
in coincidence with GW170817 



Shown here is a spectrogram of the gravitational waves
as seen in the LIGO-Livingston detector. Here we show
the spectrograms from all three LIGO-Virgo detectors.
You can see the characteristic "chirp", when the
frequency increases, of a binary merger.



Sky location reconstructed for GW170817 by a
rapid localization algorithm from a Hanford-
Livingston (190 deg2, light blue contours) and
Hanford-Livingston-Virgo (31 deg2, dark blue
contours) analysis. A higher latency Hanford-
Livingston-Virgo analysis improved the
localization (28 deg2, green contours). In the top-
right inset panel, the reticle marks the position of
the apparent host galaxy NGC 4993.

Two dimentional posterior distribution
for the component masses m1 and m2 in
the rest frame of the source for the low-
spin scenario (|χ| < 0.05, blue) and the
high-spin scenario (|χ|< 0.89, red). The
colored contours enclose 90% of the
probability from the joint posterior
probability density function for m1 and
m2.



GW170817: 
observation of a binary neutron star merger





Shown here are 8 images of the aftermath of the BNS merger (designated SSS17a/AT2017gfo).
On the left are six optical images taken between 10 and 12 hours after the merger by different
telescopes. On the right are images constructed from x-ray and radio observations. The x-ray
image was taken 9 days after the merger by NASA's Chandra X-ray Observatory. 16 days after
the merger NRAO's Jansky Very Large Array (VLA) captured the radio image. In all 8 images the
galaxy NGC 4993 is seen in the middle and SSS17a/AT2017gfo is marked by two lines.

https://www.nasa.gov/mission_pages/chandra/main/index.html
http://www.vla.nrao.edu/


Credits: European Southern Observatory (ESO)

Brightness of the kilonova
For the first time, it was observed an
ultraviolet, optical, and infrared transient
(known as a kilonova), due to the
radioactive decay of heavy elements
formed by neutron capture.

This observation firmly connects
kilonovae with the BNS merger,
providing evidence supporting the idea
that kilonovae result from the radioactive
decay of the heavy elements formed by
neutron capture duringa BNS merger.





Observations 
Across the 

Electromagnetic
Spectrum
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Abbott, et al. ,LIGO Scientific Collaboration and Virgo 
Collaboration, “Multi-messenger Observations of a 
Binary Neutron Star Merger” Astrophys. J. Lett., 
848:L12, (2017)

NGC 4993
D=1.3 x 108 ly

Credit: European Southern Observatory 
Very Large Telescope



Search for neutrinos in coincidence
with the BNS merger

Astrophys.J. 870 (2019) no.2, 134



Speed of gravitational waves
• GW170817 provides a stringent 

test of the speed of gravitational 
waves  

• Dt =1.74 +/- 0.05 s
• D ≈ 26 Mpc

– Conservative limit – use 90% confidence level 
lower limit on GW source from parameter 
estimation

• GW170814 also puts limits on 
violations of Lorentz Invariance 
and Equivalence Principle

100

Dt = 1.7 s

LIGO Scientific Collaboration and Virgo Collaboration, Gravitational Waves 
and Gamma-Rays from a Binary Neutron Star Merger: GW170817 and GRB 
170817A” Astrophys. J. Lett., 848:L13, (2017)



Binary Neutron Star Mergers 
Produce Kilonovae

• Electromagnetic follow-up of GW170817 provides 
strong evidence for kilonova model 
– kilonova - isotropic thermal emission produced by radioactive decay of rapid 

neutron capture (‘r-process’) elements synthesized in the merger ejecta

• Spectra taken over 2 week period across all 
electromagnetic bands consistent with kilonova 
models
– “Blue” early emission dominated by Fe-group and light r-process formation; 

later “red” emission dominated by heavy element (lanthanide) formation

• Recent radio data prefers ‘cocoon’ model to classical 
short-hard GRB production!

Kasliwal et al. 2017,  
Science, DOI: https://doi.org/10.1126/science.aap9455

Cowpersthwaite, et al. 2017,  
Ap. J. Lett. DOI: https://doi.org/10.3847/2041-8213/aa8fc7



A gravitational-wave standard siren 
measurement of the Hubble constant

• Gravitational waves are ‘standard sirens’, providing absolute measure of 
luminosity distance dL

• can be used to determine H0 directly if red shift is known:
c z = H0 dL

• … without the need for a cosmic distance ladder!

102
Abbott, et al., LIGO-Virgo Collaboration, 1M2H, DeCAM GW-EM & DES, DLT40, Las Cumbres
Observatory, VINRO UGE, MASTER Collaborations, A gravitational-wave standard siren measurement of 
the Hubble constant”, Nature 551, 85–88 (2017).

H0 = 70 (+12, - 8) km/s/Mpc

https://www.nature.com/nature/journal/v551/n7678/full/nature24471.html


Constraining the Neutron Star Equation of State 
with GW170817

• Gravitational waveforms contain information about 
NS tidal deformations à allows us to constrain NS 
equations of state (EOS)

• Tidal deformability parameter:

• GW170817 data consistent with softer EOS à more 
compact NS

103

Abbott, et al. ,LIGO Scientific 
Collaboration and Virgo 
Collaboration, “GW170817: 
Observation of Gravitational 
Waves from a Binary Neutron 
Star Inspiral” Phys. Rev. Lett.
161101 (2017)

O
zeland Friere

(2016)

Low Spin High Spin





B. P. Abbott, et al., (LIGO Virgo Collaboration), “GWTC-1: A Gravitational-Wave Transient 
Catalog of Compact Binary Mergers Observed by LIGO and Virgo during the First and Second 
Observing Runs” , https://arxiv.org/abs/1811.12907



O3 Science Highlights (IV)
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• q

Detected Events in the First Two LIGO-Virgo 
Observing Runs



• 1
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Detected Events in the First Two LIGO-Virgo 
Observing Runs and the O3a Run



Gravitational waves encode source 
properties, like …





Image : Carl Knox (OzGrav, Swinburne University of Technology) Slide: S. Fairhurst

GW150914: First Detection

GW150914

Abbott et al, “Observation of Gravitational Waves from 
a Binary Black Hole Merger”, 2016 110

Slide: S. Fairhurst



Image : Carl Knox (OzGrav, Swinburne University of Technology)

GW170817: Neutron Stars and 
Multi-messenger Observation

From Abbott et al, “Multi-Messenger Observations 
of 

a Binary Neutron Star Merger ”, 2017



GW190521: A Black Hole in the Pair Instability 
Mass Gap

156 Msun

66 Msun

95 Msun

Evidence for a hierarchical merger?
Or perhaps dynamical capture? 

Slide: S. Fairhurst



The Most Massive & Distant 
Black Hole Merger Yet: GW190521

(May 21, 2019)

The signal was shorter in duration (0.1 s), and peaked at lower frequency than any other
binary black hole merger observed to date.
The time interval that the signal spends in the sensitivity band is inversely propotional to the
total mass of the binary system.
The frequency of the merger is also inversely proportional to the binary’s total mass.



GW190521 parameters



The most massive black hole ever 
observed with gravitational waves



The first black hole in the 
pair-instability mass gap

GW190521 crashes the party because the mass of larger black hole that merged (the ‘primary’
black hole) sits squarely in the interval where stellar collapse is not expected to directly
produce black holes – and, moreover, it produced a post-merger remnant black hole that can
be classified as an intermediate mass black hole.



Challenge for the models 
of black hole formation

This multiple merger scenario requires that black holes form in special environments where there
are enough other black holes nearby for multiple merger events to occur. Astronomers have
proposed dense clusters of stars or the disks of active galactic nuclei as possible examples of such
special environments.
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The Most Massive & Distant 
Black Hole Merger Yet: GW190521

(May 21, 2019)
! The furthest GW event ever

recorded: ~ 7 Glyr distant

! At least one of the progenitor black
holes (85 Msun) lies in the pair
instability supernova gap

! Strong evident for spin precession;
both progenitor black holes were
spinning

! Evidence that GW190521 might be
a 2nd generation merger!!

! The final black hole mass is 145
Msun is the first ever observation of
an intermediate mass black hole

Orbital Angular Momentum
Orbital Plane Precession

(BH Spin)

A 2nd Generation Black Hole Merger?

Abbott, et al., "GW190521: A Binary Black Hole Merger with a Total Mass of 150 Msun, Phys. 
Rev. Lett. 125, 101102 (2020).

Abbott, et al., "Properties and Astrophysical Implications of the 150 Msun Binary Black Hole 
Merger GW190521, Ap. J. Lett. 900, L13 (2020).

https://dcc.ligo.org/public/0165/P2000020/012/LS17910.pdf
https://iopscience.iop.org/article/10.3847/2041-8213/aba493
https://iopscience.iop.org/article/10.3847/2041-8213/ab960f
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! Zwicky Transient Facility surveyed 
48% of the LIGO-Virgo 90% error box 
for GW190521

! An electromagnetic flare in the visible 
was found within the initial 90% 
LIGO-Virgo contour beginning ~ 25 
days after GW190521, lasting for ~ 
100 days

» Consistent with LIGO-Virgo 
initial  distance estimates

» But less consistent with updated 
maps  

! The EM flare is consistent with 
emission from gas in the accretion 
disk an active galactic nucleus (AGN) 
excited by the ‘kicked’ black hole 
passing through the AGN disk

Graham, et al., "Candidate Electromagnetic Counterpart to the Binary Black Hole Merger 
Gravitational-Wave Event S190521g*, Phys. Rev. Lett. 124, 251102 (2020).

EM Flare from S190521g (g-band, r-band)

A Possible Electromagnetic Counterpart to 
GW190521

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.251102


https://catalog.cardiffgravity.org

Interactive Catalogue of Binary Black Holes



GW190412: Unequal mass binary

121

Slide: S. Fairhurst



GW190412: the first unequal-mass 
black hole merger

• One black hole in the system is
more than 3 times heavier than the
other: 30 M☉+ 8 M☉.

• This asymmetry in masses
modifies the gravitational-wave
signal in such a way that we can
better measure other parameters,
such as the distance and
inclination of the system, the spin
of the heavier black hole, and the
amount that the system is
precessing.

• Due to the unequal masses of
GW190412 we can for the first
time put strong constraints on the
spin of the larger black hole,
which we find to be spinning at
about 40% of the maximal spin
allowed by general relativity.



GW190814: the coalescence of a stellar mass 
black hole and a mystery compact object 

Black hole (23 M☉) + ‘Mass Gap’ (~3 M☉) (?)
800 million light-years away



GW190814



GW190814
• Exactly two years after the
first triple coincidence event,
the extremely loud event
GW190814 was produced by
the merger of a black hole
and an undetermined object.

• The most asymmetric system
observed (the heavier
compact object is about nine
times more massive than its
companion), 23 M☉ + ~3 M☉.

• The second mass is either the
lightest black hole or the
heaviest neutron star ever
discovered in a system of two
compact objects.
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Mystery Merger: GW190814
(Aug 14, 2018)

! The secondary mass of 2.6 Msun lies in a
‘mass gap’;

! It’s greater than estimates of the
maximum possible NS mass and less than
masses of the lightest black holes ever
observed
» Mass of this object comparable to
the final merger product in
GW170817, which was more likely a
black hole.

! How did this system form? This detection
challenges existing binary formation
scenarios
» young dense star clusters and disks
around active galactic nuclei are
slightly favored, but many other
possibilities

! Many follow up observations by
electromagnetic observatories, but no
confirmed counterpart found

Abbott, et al., "GW190814: Gravitational Waves from the Coalescence of a 23 Msun

Black Hole with a 2.6 Msun Compact Object, Ap. J. Lett. 896, L44 (2020)

https://iopscience.iop.org/article/10.3847/2041-8213/ab960f


GW190814

• For a system as massive and asymmetric as GW190814, the tidal imprint is too small to measure. In
this case, our attempt to measure tides does not tell us whether GW190814 was caused by the merger
of a black hole and a neutron star, as opposed to two black holes.

• Theoretical models for neutron-star matter, as well as observations of the population of neutron stars
with electromagnetic astronomy, allow us to estimate the maximum mass that a neutron star can
attain. These predictions suggest that the lighter compact object is probably too heavy to be a neutron
star, and is therefore more likely to be a black hole.

• We can’t rule out the possibility that GW190814 contains an especially heavy neutron star.



GW200105 and GW200115: 
Observation of Neutron Star
Black Hole Mergers

First unambiguous observations 
of NS-BH system

Slide: S. Fairhurst



Neutron star – Black hole Binaries: 
GW200105 and GW200115



Neutron star – Black hole Binaries



• GW200105: 8.9 M☉+ 
1.9 M☉, their merger 
happened 800 million 
years ago.

• GW200115: 5.7 M☉+ 
1.5 M☉, their merger 
happened nearly 1 
billion years ago.

Neutron star – Black hole Binaries



• Isolated binary evolution:
two stars orbiting each other
explode in supernova
explosion leaving behind a
black hole and a neutron
star.

• The spin directions of the
BH tend to align with the
binary orbit, we expect the
neutron star to orbit in the
equatorial plane of the black
hole.

• Dinamical interaction: the
neutron star and the black
hole formed separately in
unrelated supernova
explosions and afterwards
find each other.

• No prefer direction of the
spin, and so the neutron star
orbit could have any
orientation relative to the
black hole’s equatorial
plane.

Neutron star – Black hole Binaries: 
how did they form?



GW200105 and GW200115





Scientific Achievements
• Direct observation of a gravitational wave signal (The LIGO
Scientic Collaboration, the Virgo Collaboration, Abbott, et al.,
2016).

• Evidence for the existence of black holes
• Observation of electromagnetic and gravitational wave signature
from the merger of binary neutron stars: start of multi-messenger
astronomy (The LIGO Scientific Collaboration, the Virgo
Collaboration, Abbott, et al., 2017).

• Multiple observations are providing insights on the population
properties of binary black-holes and also illuminating on their
formation channels (The LIGO Scientific Collaboration, the Virgo
Collaboration, Abbott, et al., 2021).

• A new way to test general relativity in the strong field limit and a
new way to probe the cosmological history of the universe (The
LIGO Scientific Collaboration et al., 2020).



10-9 Hz 10-4 Hz 100 Hz 103 Hz

Relic radiation
Cosmic Strings

Supermassive BH Binaries

BH and NS Binaries

Binaries coalescences

Extreme Mass Ratio
Inspirals

Supernovae

Spinning NS

10-16 Hz
Pulsar timing Space detectors Ground interferometers
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The Gravitational Wave Spectrum





www.gw-openscience.org



Bibliography 
• B.P. Abbott et al,  Phys.Rev.Lett. 116 (2016) no.24, 241102
• B.P. Abbott et al,  Astrophys.J. 818  no.2, L22, 2016.
• B.P. Abbott et al, Phys.Rev.Lett. 116 no.22, 221101, 2016.
• B.P. Abbott et al,  Phys. Rev. D 93, 122010, 2016.
• B.P. Abbott et al,  The Astrophysical Journal Letters, Volume 826, Number 

1 2016.
• B.P. Abbott et al,  Phys.Rev.Lett. 116 (2016) no.24, 241103.
• B.P. Abbott et al,  Phys.Rev. X6 (2016) no.4, 041015.
• B.P. Abbott et al,  Astrophys.J. 832 (2016) no.2, L21.
• B.P. Abbott et al,  Astrophys.J. 841 (2017) no.2, 89.
• A.Albert et al, Phys.Rev. D96 (2017) no.2, 022005.
• B.P. Abbott et al,  Phys.Rev.Lett. 118 (2017) no.22, 221101.
• B.P. Abbott et al, Phys.Rev.Lett. 119 (2017) no.14, 141101.
• B.P. Abbott et al, Phys.Rev.Lett. 119 (2017) no.16, 161101.
• B.P. Abbott et al,  Astrophys.J. 848 (2017) no.2, L12.



• B.P. Abbott et al,  Astrophys.J. 848 (2017) no.2, L13.
• A.Albert et al, Phys.Rev. D96 (2017) no.2, 022005.
• B.P. Abbott et al, Nature 551 (2017) no.7678, 85-88.
• B.P. Abbott et al,  Astrophys.J. 850 (2017) no.2, L39. 
• A.Albert et al,  Astrophys.J. 850 (2017) no.2, L35.
• B.P. Abbott et al,  Astrophys.J. 851 (2017) no.2, L35.
• B.P. Abbott et al,  Astrophys.J. 851 (2017) no.1, L16
• B.P. Abbott et al,  Phys.Rev.Lett. 121 (2018) no.16, 161101
• B.P. Abbott et al, Phys.Rev. X9 (2019) no.1, 011001.
• B.P. Abbott et al,  Astrophys.J. 871 (2019) no.1, 90.
• B.P. Abbott et al, Phys.Rev. X9 (2019) no.3, 031040.
• B.P. Abbott et al,  Astrophys.J. 882 (2019) no.2, L24.
• B.P. Abbott et al,  Physical Review D, 2020, 102(4), 043015.
• B.P. Abbott et al,  Physical review letters, 2020, 125(10).
• R. Abbott et al, Astrophys.J.Lett. 913 (2021) 1, L7.
• R. Abbott et al, Phys.Rev.X 11 (2021) 021053.
• R. Abbott et al, Astrophys.J.Lett. 915 (2021) 1, L5.
• R. Abbott et al, Astrophys.J.Lett. 941 (2022) 2, L30

Bibliography 



Overflow slides



The coordinate systems used to compute the GW antenna pattern of a Michelson interferometer: the origin is set 
at the beamsplitter, the arms lie along the x and y axes, the source is identified by two polar angles θ and φ



Interferometer Instrinsic Noise Spectrum

Frequency (Hz)Credit: P. Leaci



Revisiting our assumptions

Slide: B. Ewing



Revisiting our assumptions – colored noise

Slide: B. Ewing



• GWTC-1: 11 confirmed events (10 BBHs, 1BNS), O1+O2 
• GWTC-2: 39 confirmed events, O3a
• GWTC-2.1: 8 new events in O3a and reclassified 3 

candidates in GWTC-2-> 55 total events
• GWTC-3: 35 events in O3b

• O1 from 12th September 2015 to 19th January 2016
• O2 from 30th November 2016 to 25th August 2017
• O3a  from April 1st to October 1st,2019
• O3b from November 2019 to March 2020

Gravitational Wave Transients Catalog



Detector Sensitivity



LVC observations after O1-O2: 
11 detections (10 BBH + 1BNS)



LVC candidates (so far) in O3 –
since April 2019 – 33 Candidates

https://gracedb.ligo.org/superevents/public/O3/



We use a set of 74
compact binary mergers
identified in LIGO-Virgo
data up to the end of the
third observing run
including 70 binary black
hole (BBH) events, two
binary neutron stars
(BNS), and two neutron-
star black hole (NSBH)
mergers.

The population properties



• We can identify two new bumps in the distribution of the more massive
black hole in each binary (also called the primary) at around 10 and 18 M⊙,
in addition to the previously-identified peak at about 35 M⊙.

• While isolated binary evolution models can explain the clustering of sources
in the 8-10 M⊙ range, the origins of the additional peaks are not yet
understood. Similarly to the lower mass gap, we are unable to confidently
identify the presence of an upper mass gap for binary black holes.

The population properties of black 
holes and neutron stars




