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C O N T E X T
❖ gravitational wave observations 

have ushered in a new era of 
scientific discovery 

❖ will advance the exploration of 
extremes of astrophysics and 
gravity 

❖ solve open questions in 
fundamental physics and 
astronomy 

❖ provide insights into most 
powerful events in the Universe 

❖ boost the impact of multi-
messenger astronomy 

❖ likely to reveal new objects and 
phenomena
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LIGO-Livingston, and Virgo data respectively, making it
the loudest gravitational-wave signal so far detected. Two
matched-filter binary-coalescence searches targeting
sources with total mass between 2 and 500 M⊙ in the
detector frame were used to estimate the significance of this
event [9,12,30,32,73,81–83,86,87,91–97]. The searches
analyzed 5.9 days of LIGO data between August 13,
2017 02∶00 UTC and August 21, 2017 01∶05 UTC.
Events are assigned a detection-statistic value that ranks
their probability of being a gravitational-wave signal. Each
search uses a different method to compute this statistic and
measure the search background—the rate at which detector
noise produces events with a detection-statistic value equal
to or higher than the candidate event.
GW170817 was identified as the most significant event

in the 5.9 days of data, with an estimated false alarm rate of
one in 1.1 × 106 years with one search [81,83], and a
consistent bound of less than one in 8.0 × 104 years for the
other [73,86,87]. The second most significant signal in this
analysis of 5.9 days of data is GW170814, which has a
combined SNR of 18.3 [29]. Virgo data were not used in
these significance estimates, but were used in the sky
localization of the source and inference of the source
properties.

IV. SOURCE PROPERTIES

General relativity makes detailed predictions for the
inspiral and coalescence of two compact objects, which

may be neutron stars or black holes. At early times, for low
orbital and gravitational-wave frequencies, the chirplike
time evolution of the frequency is determined primarily by
a specific combination of the component masses m1 and
m2, the chirp mass M ¼ ðm1m2Þ3=5ðm1 þm2Þ−1=5. As the
orbit shrinks and the gravitational-wave frequency grows
rapidly, the gravitational-wave phase is increasingly influ-
enced by relativistic effects related to the mass ratio
q ¼ m2=m1, where m1 ≥ m2, as well as spin-orbit and
spin-spin couplings [98].
The details of the objects’ internal structure become

important as the orbital separation approaches the size of
the bodies. For neutron stars, the tidal field of the
companion induces a mass-quadrupole moment [99,100]
and accelerates the coalescence [101]. The ratio of the
induced quadrupole moment to the external tidal field is
proportional to the tidal deformability (or polarizability)
Λ ¼ ð2=3Þk2½ðc2=GÞðR=mÞ&5, where k2 is the second Love
number and R is the stellar radius. Both R and k2 are fixed
for a given stellar massm by the equation of state (EOS) for
neutron-star matter, with k2 ≃ 0.05–0.15 for realistic neu-
tron stars [102–104]. Black holes are expected to have
k2 ¼ 0 [99,105–109], so this effect would be absent.
As the gravitational-wave frequency increases, tidal

effects in binary neutron stars increasingly affect the phase
and become significant above fGW ≃ 600 Hz, so they are
potentially observable [103,110–116]. Tidal deformabil-
ities correlate with masses and spins, and our measurements
are sensitive to the accuracy with which we describe
the point-mass, spin, and tidal dynamics [113,117–119].
The point-mass dynamics has been calculated within the
post-Newtonian framework [34,36,37], effective-one-body
formalism [10,120–125], and with a phenomenological
approach [126–131]. Results presented here are obtained
using a frequency domain post-Newtonian waveform
model [30] that includes dynamical effects from tidal
interactions [132], point-mass spin-spin interactions
[34,37,133,134], and couplings between the orbital angular
momentum and the orbit-aligned dimensionless spin com-
ponents of the stars χz [92].
The properties of gravitational-wave sources are inferred

by matching the data with predicted waveforms. We
perform a Bayesian analysis in the frequency range
30–2048 Hz that includes the effects of the 1σ calibration
uncertainties on the received signal [135,136] (< 7% in
amplitude and 3° in phase for the LIGO detectors [137] and
10% and 10° for Virgo at the time of the event). Unless
otherwise specified, bounds on the properties of
GW170817 presented in the text and in Table I are 90%
posterior probability intervals that enclose systematic
differences from currently available waveform models.
To ensure that the applied glitch mitigation procedure

previously discussed in Sec. II (see Fig. 2) did not bias the
estimated parameters, we added simulated signals with
known parameters to data that contained glitches analogous
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FIG. 3. 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-Living-
ston-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. The bottom-right
panel shows the a posteriori luminosity distance distribution
from the three gravitational-wave localization analyses. The
distance of NGC 4993, assuming the redshift from the NASA/
IPAC Extragalactic Database [89] and standard cosmological
parameters [90], is shown with a vertical line.
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W H Y  3 G ,  W H Y  N O W ?
❖ LIGO and Virgo both have facility-imposed limits on sensitivity 

❖ at most, x 3 improvements in strain sensitivity possible, gravity 
gradient noise limits sensitivity below 10 Hz 

❖ there is a compelling case to build detectors that can observe 
deeper into the cosmos  

❖ LIGO and Virgo took ~ 15 years each for initial and advanced 
configuration 

❖ vision to build a facility that’s good ~30-40 yrs after construction 
❖ need to explore/understand funding scenarios in different regions 

❖ to succeed it is critical to have a common/shared global vision 

❖ articulate for the excellent science we know is possible from a 
strong platform
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S C O P E
❖ to fully exploit the GW window we will need new facilities 

❖ GWIC formed a subcommittee to develop a vision for the next 
generation of ground-based detectors 

❖ one of the charges to the GWIC subcommittee is: 

❖ “commission a study of ground-based gravitational wave science 
from the global scientific community, investigating potential science 
vs. architecture vs. network configuration vs. cost trade-offs, …”  

❖ GWIC subcommittee has constituted five 3G subcommittees: 
❖ (1) Science Case Team (3G-SCT), (2) R&D Coordination, (3) 

Governance, (4) Agency Interfacing, (5) Community Networking 
❖ the Science Case will be developed by an international 

consortium of scientists under the leadership of the 3G-SCT (18 
members)
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S T R U C T U R E
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Working Group Co-chairs

Extreme Gravity Buonanno and Van Den Broeck

Neutron Stars Papa, Reddy, Rosswog

Compact Binaries Bailes, Kalogera, Mandel

Seed Black Holes Colpi, Fairhurst

Supernova Bizouard, Burrows

Cosmology Mandic, Sathyaprakash

Waveforms Buonanno and Lehner

Detector Networks Evans, Fairhurst, Hild

Multi-messenger Observations Bailes, Kasliwal



K E Y  Q U E S T I O N S  T H AT  
M O T I V AT E  T H E  S C I E N C E  
C A S E
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Densities ~ 4 x1017 kg/m3

E Q U A T I O N  O F  S T A T E  O F  D E N S E  
N U C L E A R  A N D  O T H E R  E X T R E M E  

M A T T E R



E X T R E M E  G R A V I T Y ,  
D Y N A M I C A L  
S P A C E T I M E S
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F O R M A T I O N  A N D  E V O L U T I O N  
O F  C O M P A C T  B I N A R I E S
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A S T R O P H Y S I C S  O F  S T E L L A R  
C O L L A P S E  A N D  S U P E R N O V A E

❖ Energy reservoir 

❖ few x 1053 erg 
❖ Explosion energy 

❖ 1051 erg 

❖ Time frame for explosion 

❖ 300 - 1500 ms after bounce 
❖ Formation of black hole 

❖ At baryonic mass > 1.8-2.5 M
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M U LT I - M E S S E N G E R  A S T R O P H Y S I C S :  
S Y N E R G Y  B E T W E E N  G W - E M

F E R M I  G B M  -  A L L  
S K Y     

G W  N E T W O R K  -  A L L  S K Y  
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F O R M A T I O N  A N D  E V O L U T I O N  O F  L I G H T  
S E E D  B L A C K  H O L E S  A N D  T H E I R  G R O W T H
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S TA N D A R D  S I R E N  C O S M O L O G Y

❖ Compact binaries are 
standard sirens; GW 
observations can 
measure the luminosity 
distance  

❖ Can measure distance 
and redshift from GW 
observations of binary 
neutron stars 

14Schutz; Read and Messenger PRL 2012; Messenger+ PRX 2014



A S T R O P H Y S I C A L  
A N D  P R I M O R D I A L  

S T O C H A S T I C  
B A C K G R O U N D S
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N U M E R I C A L  R E L A T I V I T Y  S I M U L A T I O N S  
A N D  A N A L Y T I C A L  R E L A T I V I T Y  T H E O R Y
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❖ challenges in 
waveform modelling: 

❖ relativistic effects in 
binary black holes 

❖ matter effects in 
binary neutron stars 

❖ supernova signals

W A V E F O R M :  S X S ,  
F R O M  B U O N A N N O  
A N D  S A T H YA P R A K A S H  

I M A G E :  A N U R A D H A  
G U P TA
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D E T E C T O R  N E T W O R K S  
A N D  F I G U R E S  O F  M E R I T
❖ detector networks 

❖ how many detectors do we 
need  

❖ heterogeneous detector 
networks 

❖ what is the role of less 
sensitive detectors 

❖ what are the different 
figures-of-merit to sum-up 
detector performance?  

❖ distance reach, angular 
resolution, ability to measure 
specific parameters, …



J O I N I N G  T H E  3 G  S C I E N C E  
C A S E  C O N S O R T I U M

❖ open to anyone who wishes to contribute to the 
development of the science case for 3G 

❖ send a one-page CV and research interests 
relevant to 3G to:  

❖ B.S. Sathyaprakash  bss25@psu.edu or Vicky 
Kalogera <vicky@northwestern.edu>

18

mailto:bss25@psu.edu

