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Absolute space, in its own nature, without relation to anything external

Absolute … time, in and of itself and of its own nature, without reference to anything external, flows uniformly

N E W T O N ’ S  I D E A S  O F  S P A C E  A N D  T I M E  
… Sir Issac Newton, Principia
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N E W T O N  T H O U G H T  M A T T E R  D O E S  N O T  A F F E C T  T H E  G E O M E T R Y  O F  
S P A C E  O R  F L O W  O F  T I M E
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E I N S T E I N ’ S  S P E C I A L  
R E L AT I V I T Y

Consequences 

E = mc2 

twin-paradox 

nothing can travel faster than light

speed of light is same for all in 
relative motion



E I N S T E I N ’ S  S P E C I A L  
R E L AT I V I T Y

Consequences 

E = mc2 

twin-paradox 

nothing can travel faster than light

speed of light is same for all in 
relative motion



P R E C E S S I O N  O F  P E R I H E L I O N  O F  
M E R C U R Y

Mercury's perihelion shifts forward 
with each pass: 
Newtonian gravity predicted  532 
arc-sec/century  
observed 575 arc-sec/century, a 
discrepancy of 43 arc-sec/century 

(1 arc-sec = 1/3600 degree).



E I N S T E I N ’ S  G E N E R A L  
R E L AT I V I T Y
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M AT T E R  T E L L S  S P A C E T I M E  H O W  
T O  C U R V E  S P A C E T I M E  T E L L S  

M AT T E R  H O W  T O  M O V E
John Wheeler

G↵� =
8⇡G

c4
T↵�



I N  E I N S T E I N ’ S  G R AV I T Y  S PA C E T I M E  C A N  B E N D ,   V I B R AT E ;  
R I P P L E S  T R AV E L  O U T  AT  T H E  S P E E D  O F  L I G H T   



S O ,  W H AT  C A N  B E N D  S P A C E T I M E ?

G↵� =
8⇡G

c4
T↵�

❖ In Einstein equations 

❖ the coupling constant has dimensions of force 

❖ Under what circumstance can such a force be felt? 
Consider force on an orbiting body: 

❖ Black holes in a binary can experience GF
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S O ,  H O W  S T I F F  I S  S P A C E T I M E ?
• a plane gravitational wave is given by: 

• now, Einstein equations                               for gravitational waves become: 

• for 1 kHz waves the Young’s modulus of spacetime is 1024 Gpa

!13

<latexit sha1_base64="TBQjmzclWUMLsEiODkNlLjdm22I="></latexit>

hij / Aij exp (i!t) ) ḧij ⇠ !2hij
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S PA C E T I M E  I S  V E R Y  R I G I D

Only catastrophic astronomical events can cause spacetime ripples of detectable magnitude

Wave Medium Elastic Modulus (Gpa)

Rubber 0.1

Wood 10

Steel 200

Diamond 1200

Spacetime 1024



G R A V I TAT I O N A L  W A V E  A M P L I T U D E  

❖ gravitational waves cause  strain in space as they 
pass 

❖ measurement of the strain gives the amplitude of 
gravitational waves

 15

�l
<latexit sha1_base64="BT8dNNTMDK8ZIvdr+nIK0DPhRsw=">AAAB8HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNnZ2WTIzOwy0yuEJV/hxYMiXv0cb/6Nk8dBRcGChqKqm+6uKJPCou9/eEvLK6tr66WN8ubW9s5uZW+/ZdPcMN5kqUxNJ6KWS6F5EwVK3skMpyqSvB2NrqZ++54bK1J9i+OMh4oOtEgEo+iku17MJVIiy/1KNaj5M5C/SRUWaPQr7704ZbniGpmk1nYDP8OwoAYFk3xS7uWWZ5SN6IB3HdVUcRsWs4Mn5NgpMUlS40ojmalfJwqqrB2ryHUqikP705uKv3ndHJOLsBA6y5FrNl+U5JJgSqbfk1gYzlCOHaHMCHcrYUNqKEOX0T9DaJ3WAr8W3JxV65eLOEpwCEdwAgGcQx2uoQFNYKDgAZ7g2TPeo/fivc5bl7zFzAF8g/f2CfAGj9M=</latexit><latexit sha1_base64="BT8dNNTMDK8ZIvdr+nIK0DPhRsw=">AAAB8HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNnZ2WTIzOwy0yuEJV/hxYMiXv0cb/6Nk8dBRcGChqKqm+6uKJPCou9/eEvLK6tr66WN8ubW9s5uZW+/ZdPcMN5kqUxNJ6KWS6F5EwVK3skMpyqSvB2NrqZ++54bK1J9i+OMh4oOtEgEo+iku17MJVIiy/1KNaj5M5C/SRUWaPQr7704ZbniGpmk1nYDP8OwoAYFk3xS7uWWZ5SN6IB3HdVUcRsWs4Mn5NgpMUlS40ojmalfJwqqrB2ryHUqikP705uKv3ndHJOLsBA6y5FrNl+U5JJgSqbfk1gYzlCOHaHMCHcrYUNqKEOX0T9DaJ3WAr8W3JxV65eLOEpwCEdwAgGcQx2uoQFNYKDgAZ7g2TPeo/fivc5bl7zFzAF8g/f2CfAGj9M=</latexit><latexit sha1_base64="BT8dNNTMDK8ZIvdr+nIK0DPhRsw=">AAAB8HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNnZ2WTIzOwy0yuEJV/hxYMiXv0cb/6Nk8dBRcGChqKqm+6uKJPCou9/eEvLK6tr66WN8ubW9s5uZW+/ZdPcMN5kqUxNJ6KWS6F5EwVK3skMpyqSvB2NrqZ++54bK1J9i+OMh4oOtEgEo+iku17MJVIiy/1KNaj5M5C/SRUWaPQr7704ZbniGpmk1nYDP8OwoAYFk3xS7uWWZ5SN6IB3HdVUcRsWs4Mn5NgpMUlS40ojmalfJwqqrB2ryHUqikP705uKv3ndHJOLsBA6y5FrNl+U5JJgSqbfk1gYzlCOHaHMCHcrYUNqKEOX0T9DaJ3WAr8W3JxV65eLOEpwCEdwAgGcQx2uoQFNYKDgAZ7g2TPeo/fivc5bl7zFzAF8g/f2CfAGj9M=</latexit><latexit sha1_base64="BT8dNNTMDK8ZIvdr+nIK0DPhRsw=">AAAB8HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeUiyhNnZ2WTIzOwy0yuEJV/hxYMiXv0cb/6Nk8dBRcGChqKqm+6uKJPCou9/eEvLK6tr66WN8ubW9s5uZW+/ZdPcMN5kqUxNJ6KWS6F5EwVK3skMpyqSvB2NrqZ++54bK1J9i+OMh4oOtEgEo+iku17MJVIiy/1KNaj5M5C/SRUWaPQr7704ZbniGpmk1nYDP8OwoAYFk3xS7uWWZ5SN6IB3HdVUcRsWs4Mn5NgpMUlS40ojmalfJwqqrB2ryHUqikP705uKv3ndHJOLsBA6y5FrNl+U5JJgSqbfk1gYzlCOHaHMCHcrYUNqKEOX0T9DaJ3WAr8W3JxV65eLOEpwCEdwAgGcQx2uoQFNYKDgAZ7g2TPeo/fivc5bl7zFzAF8g/f2CfAGj9M=</latexit>

l
<latexit sha1_base64="omVZZCRFzc6b9lpEGfzFVM0Kodo=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3UEP1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE2G6M8w==</latexit><latexit sha1_base64="omVZZCRFzc6b9lpEGfzFVM0Kodo=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3UEP1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE2G6M8w==</latexit><latexit sha1_base64="omVZZCRFzc6b9lpEGfzFVM0Kodo=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3UEP1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE2G6M8w==</latexit><latexit sha1_base64="omVZZCRFzc6b9lpEGfzFVM0Kodo=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48JmAckS5id9CZjZmeWmVkhLPkCLx4U8eonefNvnDwOKgoWNBRV3XR3Rangxvr+h1dYWV1b3yhulra2d3b3yvsHLaMyzbDJlFC6E1GDgktsWm4FdlKNNIkEtqPx9cxv36M2XMlbO0kxTOhQ8pgzap3UEP1yJaj6c5C/SQWWqPfL772BYlmC0jJBjekGfmrDnGrLmcBpqZcZTCkb0yF2HZU0QRPm80On5MQpAxIr7UpaMle/TuQ0MWaSRK4zoXZkfnoz8Tevm9n4Msy5TDOLki0WxZkgVpHZ12TANTIrJo5Qprm7lbAR1ZRZl03pfyG0zqqBXw0a55Xa1TKOIhzBMZxCABdQgxuoQxMYIDzAEzx7d96j9+K9LloL3nLmEL7Be/sE2G6M8w==</latexit>

�l

l
= h ⇠ 10�21; �l ⇠ 10�18

✓
l

km

◆

<latexit sha1_base64="55lfC4tPT9GBUvhFvEQ7xJzLEQ8="></latexit><latexit sha1_base64="55lfC4tPT9GBUvhFvEQ7xJzLEQ8="></latexit><latexit sha1_base64="55lfC4tPT9GBUvhFvEQ7xJzLEQ8="></latexit><latexit sha1_base64="55lfC4tPT9GBUvhFvEQ7xJzLEQ8="></latexit>

❖ amplitude  of a pair of 
colliding black holes at 1.3 
billion light years 



G R AV I TAT I O N A L  WAV E S  F R O M  H U L S E - TAY L O R  
B I N A R Y  P U L S A R

Credit: Michael Kramer

Observed decrease in period - about 76 μs per year



G R A V I TAT I O N A L  W A V E S  S T R E T C H  A N D  
S Q U E E Z E  S PA C E T I M E ;  T H E Y  A LT E R  
T H E  R AT E  AT  W H I C H  C L O C K S  T I C K
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S PA C E T I M E  I S  V E R Y  R I G I D

Only catastrophic astronomical events can cause spacetime ripples of detectable magnitude

Wave Medium Elastic Modulus (Gpa)
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L A S E R  I N T E R F E R O M E T E R  G R AV I TAT I O N A L  
W AV E  D E T E C T O R S
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L I G O - L I V I N G S T O N  O B S E R V A T O R Y

Credit: LIGO Livingston
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H I G H L I G H T S  F R O M  F I R S T  D I S C O V E R I E S
GW150914:  

first detection of black hole binaries, first direct evidence for a black hole 
masses far larger than expected – challenge to astrophysics, challenge to astrophysical models, generated interest in 
primordial black holes 
O1 and O2 saw 10 binary black holes in total – a population unlike what we know in astronomy 

GW170817:  
first detection of a binary neutron star merger – a new era in multimessenger astronomy 
confirmed that the speed of GWs is essentially the same EM: ruled out many cosmological models invoked to explain dark 
energy 
prodigious sites of the formation of heavy elements (gold, platinum, lanthanides …) 
a new tool for accurately measuring distances – a novel approach to cosmology 
equation of state of ultra-dense nuclear matter
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G W 1 7 0 8 1 7 : D I S C O V E R Y  O F   
I N S P I R A L L I N G  B I N A R Y  N E U T R O N  S T A R S



H O S T  L O C A L I Z E D  
T O  N G C  4 9 9 3
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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 in8.0 × 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 þ m2Þ−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

18h
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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 (28deg2, 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.

PRL 119, 161101 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
20 OCTOBER 2017

161101-4

Abbott+, PRL 119, 161101 (2017)

• resolved the source to within 28 sq. 
degrees, final localization ~16 sq. 
degrees 

• estimated distance of about 38 Mpc



this has ruled out many alternative theories of gravity proposed to 
explain dark energy

S P E E D  O F  G R A V I T A T I O N A L  W A V E S  =  C ?   
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1.7 s
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Abstract

On 2017 August 17, the gravitational-wave event GW170817 was observed by the Advanced LIGO and Virgo
detectors, and the gamma-ray burst (GRB) GRB170817A was observed independently by the Fermi Gamma-ray
Burst Monitor, and the Anti-Coincidence Shield for the Spectrometer for the International Gamma-Ray Astrophysics
Laboratory. The probability of the near-simultaneous temporal and spatial observation of GRB170817A and
GW170817 occurring by chance is 5.0 10 8´ - . We therefore confirm binary neutron star mergers as a progenitor of
short GRBs. The association of GW170817 and GRB170817A provides new insight into fundamental physics and
the origin of short GRBs. We use the observed time delay of 1.74 0.05 s+ o( ) between GRB170817A and
GW170817 to: (i) constrain the difference between the speed of gravity and the speed of light to be between

3 10 15- ´ - and 7 10 16+ ´ - times the speed of light, (ii) place new bounds on the violation of Lorentz invariance,
(iii) present a new test of the equivalence principle by constraining the Shapiro delay between gravitational and
electromagnetic radiation. We also use the time delay to constrain the size and bulk Lorentz factor of the region
emitting the gamma-rays. GRB170817A is the closest short GRB with a known distance, but is between 2 and 6
orders of magnitude less energetic than other bursts with measured redshift. A new generation of gamma-ray detectors,
and subthreshold searches in existing detectors, will be essential to detect similar short bursts at greater distances.
Finally, we predict a joint detection rate for the Fermi Gamma-ray Burst Monitor and the Advanced LIGO and Virgo
detectors of 0.1–1.4 per year during the 2018–2019 observing run and 0.3–1.7 per year at design sensitivity.

Key words: binaries: close – gamma-ray burst: general – gravitational waves

1. Introduction and Background

GW170817 and GRB170817A mark the discovery of a
binary neutron star (BNS) merger detected both as a gravitational
wave (GW; LIGO Scientific Collaboration & Virgo Collabora-
tion 2017a) and a short-duration gamma-ray burst (SGRB;
Goldstein et al. 2017; Savchenko et al. 2017b). Detecting GW
radiation from the coalescence of BNS and neutron star (NS)–
black hole (BH) binary systems has been a major goal (Abbott
et al. 2017a) of the LIGO (Aasi et al. 2015) and Virgo (Acernese
et al. 2015) experiments. This was at least partly motivated by
their promise of being the most likely sources of simultaneously
detectable GW and electromagnetic (EM) radiation from the
same source. This is important as joint detections enable a wealth
of science unavailable from either messenger alone(Abbott et al.
2017f). BNS mergers are predicted to yield signatures across the
EM spectrum(Metzger & Berger 2012; Piran et al. 2013),
including SGRBs (Blinnikov et al. 1984; Paczynski 1986; Eichler
et al. 1989; Paczynski 1991; Narayan et al. 1992), which produce
prompt emission in gamma-rays and longer-lived afterglows.

A major astrophysical implication of a joint detection of an
SGRB and of GWs from a BNS merger is the confirmation that
these binaries are indeed the progenitors of at least some SGRBs.
GRBs are classified as short or long depending on the duration of
their prompt gamma-ray emission. This cut is based on spectral
differences in gamma-rays and the bimodality of the observed

distribution of these durations (Dezalay et al. 1992; Kouveliotou
et al. 1993). This empirical division was accompanied by
hypotheses that the two classes have different progenitors. Long
GRBs have been firmly connected to the collapse of massive stars
through the detection of associated Type Ibc core-collapse
supernovae (see Galama et al. 1998, as well as Hjorth & Bloom
2012 and references therein). Prior to the results reported here,
support for the connection between SGRBs and mergers of BNSs
(or NS–BH binaries) came only from indirect observational
evidence(Nakar 2007; Berger et al. 2013; Tanvir et al. 2013;
Berger 2014), population synthesis studies (Bloom et al. 1999;
Fryer et al. 1999; Belczynski et al. 2006), and numerical
simulations (e.g., Aloy et al. 2005; Rezzolla et al. 2011; Kiuchi
et al. 2015; Baiotti & Rezzolla 2017; Kawamura et al. 2016; Ruiz
et al. 2016). The unambiguous joint detection of GW and EM
radiation from the same event confirms that BNS mergers are
progenitors of (at least some) SGRBs.
In Section 2 we describe the independent observations of

GW170817 by the LIGO–Virgo and of GRB170817A by the
Fermi Gamma-ray Burst Monitor (GBM) and by the SPectro-
meter on board INTEGRAL Anti-Coincidence Shield (SPI-
ACS). In Section 3 we establish the firm association between
GW170817 and GRB170817A. In Section 4 we explore the
constraints on fundamental physics that can be obtained from
the time separation between the GW and EM signals. In
Section 5 we explore the implications of the joint detection of
GW170817 and GRB170817A on the SGRB engine and the
NS equation of state (EOS). In Section 6 we explore the
implications of the comparative dimness of GRB170817A
relative to the known SGRB population and revise the
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P R O D U C T I O N  O F  
H E A V Y  E L E M E N T S

in the aftermath of merger heavy 
elements are produced by r-process 

many of these heavy elements are 
unstable and radioactively decay 

 the process produces a fireball called 
kilonova
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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

gravitational wave observations can determine 
the luminosity distance to the source, but not its 
redshift 

combined with electromagnetic observations we 
can measure the expansion rate of the Universe 

GW170817 was used in this way to measure the 
Hubble constant
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U N D E R S T A N D I N G  D E N S E  N U C L E A R  M A T T E R
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L I G O - V I R G O  D I S C O V E R I E S  I N  T H E  T H I R D  
O B S E R V I N G  R U N
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G W T C - 2 :  2 N D  G R AV I TAT I O N A L - W AV E  T R A N S I E N T  C ATA L O G
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P O P U L AT I O N  P R O P E R T I E S
what does the catalog contain: 

2 binary neutron star events 
44 confident binary black hole events 
1 neutron-star black hole candidate (which may be a binary black hole) 

rate at of mergers: 
 binary black holes merge at the rate of ~ 25 yr-1 Gpc-3 (still a factor of 2 uncertain) 

binary neutron stars merge at the rate of : 320 yr-1 Gpc-3 

12% to 44% of systems have spins tilted by more than 90 degrees with the orbital 
angular momentum 
mass spectrum is broken power-law with a break around 40 solar masses: 

global peak of the lower end of the mass spectrum has a peak around 8 solar masses 
a lower mass gap between 2.4 solar mass and 6 solar mass
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W H AT  D O E S  T H E  P O P U L AT I O N  T E L L  U S ?
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most of our new detections are plain vanilla systems 
some stand out: GW190412, GW190425, GW190814, GW190521, GW190924, GW190426
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second binary neutron star 
after GW170817 

heaviest binary neutron star 
ever, galactic neutron stars 
are far lighter 

origin of such systems is a 
challenge to astrophysics 

must have produced a black 
hole in the lower mass-gap

G W 1 9 0 4 2 5
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T H E  L I G H T E R  C O M PA N I O N  I N  
G W 1 9 0 8 1 4  I S  A  M Y S T E R Y  O B J E C T  

B L A C K  H O L E  O R  A  N E U T R O N  S TA R ?
masses: 2.6 M⊙ and 23.2 M⊙ 

lighter companion is a mystery object 

GW190814 represents a new class of compact binaries 

GW190814-like events should occur at the rate of 1-23 Gpc–3 yr–1 

most precisely localized source 

18.5 deg2 and 241+41-45 Mpc 

clear signature of higher multipoles



G W 1 9 0 5 2 1

with a total mass of 151 M⊙	this is the most massive black hole binary  

9 M⊙	converted to pure radiation in a matter of a few milliseconds 

the primary companion (probably also the secondary) is in the pair 
instability supernova gap 

could not have formed by stellar evolution 

first observation of an intermediate mass black hole 

the most distant binary black hole so far z=0.82 

remnant might have produced an EM counterpart!
�39



C R I S I S   I N   P H Y S I C S
✦ black hole singularity 

✦ lack of a viable theory 
of quantum gravity 

✦ accelerated expansion 
of the Universe 

✦ nature of dark energy 

✦ origin of dark matter  

✦ Hubble tension 

✦ origin of supermassive 
black holes
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F U T U R E  G R A V I TAT I O N A L - W A V E  O B S E R V AT O R I E S  
LIGO/Virgo: black holes and 
neutron stars are fundamental 
physics laboratories 

upgrades: A+, KAGRA, LIGO-India 
(2025+), Voyager 

Future Observatories 
High-f: NEMO, Einstein Telescope, 
Cosmic Explorer (2030+) 

Mid-f: MAGIS, AION, AEDGE, 
DECIGO 

Low-f: LISA, Tianqin (mid-2030s) 

Ultra-low-f: Pulsar Timing Arrays, 
Nanograv, PPTA, EPTA, SKA (on 
going)
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S E N S I T I V I T Y  A N D  D I S TA N C E  R E A C H  O F  F U T U R E  
G R O U N D - B A S E D  O B S E R V AT O R I E S

�50

Credit: Evan Hall



E A R LY  U N I V E R S E  P H A S E  T R A N S I T I O N S
bubble collisions during phase transitions could produce 
observable gravitational waves 

energy scale determines the frequency at which they might appear 

beyond standard model physics 
mass-gap between BSM particles and EW scale 

e.g. SUSY phase transitions 

is the Universe natural? 

what order is the EW phase transition? 

first order phase transitions in the Higgs condensate 

presence of new physics could alter the thermal history of the EW 
symmetry breaking 

to what extent do future GW observatories probe EW phase 
transitions? 

slow roll inflation produces primordial stochastic background 
observable in CMB B-modes

�51Credit: D. Weir, University of Helsinki. 



P R I M O R D I A L  B L A C K  H O L E S

masses of companion black holes in the first GW discovery 
was far greater than what most astrophysical models 
predicted 

however, some models with low metallicity do accommodate the 
existence of such ‘heavy’ black holes 

recent discoveries are challenging stellar formation 
scenarios 

light companion of GW190814, primary companion of 
GW190521 

some of LIGO-Virgo black holes might well be primordial in 
origin 

how can we ascertain that black holes are not of stellar origin 
or merger products? 

detection of sub-solar mass black holes 

black holes spins that are essentially zero
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F U N D A M E N TA L  P H Y S I C S
Black hole horizons, quantum gravity, information paradox  

black hole spectroscopy, multipolar structure, quantum 
modifications at horizon scales?  

Corrections to general relativity  

additional fields, modifications of inspiral radiation  

black hole uniqueness theorems violated: exotic compact objects?  
Probing dark matter  

primordial black holes?, mini-charged dark matter, ultralight boson 
clouds, bosenovas, EM signatures?  

Gravitational-wave propagation and graviton mass  

GW170817: constraints on Lorentz violation in the gravitational 
sector, Dispersion: graviton mass, extra dimensions, parity violation 
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F U T U R E  O F  G R AV I TAT I O N A L - W AV E  A S T R O N O M Y
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