
Illustration of GW170817 & GRB170817A  
NSF/LIGO/Sonoma State University/Aurore Simonnet 

GW170817 
LIGO/VIRGO Observations  of a 

Neutron Star Merger

Jocelyn Read
California State University, Fullerton

LIGO Document G1800814

 1



• Intro to gravitational-wave astronomy 

• Observation of neutron-star merger GW170817 

• Focus on “offline” gravitational-wave analysis 
(days-months after initial analysis & alerts) 

• Implications for neutron-star matter 

• Future GW prospects
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American Museum of Natural History 
“Gravity: Making Waves”

“Matter tells space-time how to curve and  
space-time tells matter how to move.” 

- John A. Wheeler
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Palm Springs Neutron star

Mass = 1.5 ☀

???

(small) 
Black hole
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Compact objects 



Gravitational 
waves

• Curvature of spacetime 
changes around moving 
objects 

• Information propagates away 
from system at speed of light 

• Linearized General Relativity 
→ wave equation 

• Waves stretch and squeeze 
the distance between freely-
falling objects (Pirani 1957)

Two polarizations: + and x

Propagation

�5 www.einstein-online.info/spotlights/gravWav



Compact objects orbit Wave effects from 
above plane of screen

Strong gravitational-wave 
source: compact binaries

E Flynn, CSUF 6



LIGO Hanford, Washington LIGO Livingston, Louisiana Virgo, Italy
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Precision measurement 
Fractional change from astronomical waves at Earth is δL/L~10-21

Laser
Beam

splitter

Mirrors

Detector

4 km long arms

Thermal motion of 
mirror coatings

Seismic motion  
of ground shakes 

mirrors

Quantum noise: radiation pressure  
and photon shot noise

Slide from Josh Smith

Class. Quantum Grav. 32 (2015) 074001

Frequency [Hz]
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GW170817
 LSC/Virgo PRL 119, 161101 (2017)   
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August 17, 2017 12:41:04 UTC
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 LSC/Virgo et al ApJL, 848:L12, 2017, adapted by V Raymond 
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Source properties after detection 
Generating millions of waveform models to compare with data.

• LEFT: example 
estimate of 
masses in BBH 
system 

• LSC/VSC http://
arxiv.org/abs/
1304.1775, 
Veitch et al 
https://
arxiv.org/abs/
1409.7215 
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Recovered Waveforms

22 M⊙ 

51 M⊙

65 M⊙

56 M⊙

37 M⊙ 

2.7 M⊙

thousands of GW cycles, 30 Hz to 1000+ Hz

19 M⊙ 
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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
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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.
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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.
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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
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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
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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
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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.
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Equal mass, 

1.36-1.36 M⊙

mass ratio ➔
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GW170817 Masses and Spin

Update to initial results, LVC Source Properties 1805.11579

Minimal assumptions about source properties 
(Talk Friday by Ben Lackey)
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GW170817 Masses and Spin

Equal mass, 

1.36-1.36 M⊙

mass ratio ➔

↔
ch
irp

 m
as
s

𝜒 < 0.05

Assume low spins, as seen in galactic systems. 
Reduced mass/spin degeneracy, shift toward equal mass. 

𝜒 < 0.05
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Update to initial results, LVC Source Properties 1805.11579



Neutron-star merger: Last 30 ms

Simulation compatible with GW170817 parameters 
Other scenarios are possible; post-merger GW not recovered 

T. Dietrich, S. Ossokine, H. Pfeiffer, A. Buonanno (AEI) 16



Matter in GW170817: 
An astrophysical collider
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Matter Impact on GW170817

GW170817-compatible signals

LSC/Virgo/E.Leon. Noise curves from LSC/Virgo SOURCE PROPERTIES, LIGO-T0900288-v3 
Numerical simulation data (above ~500 Hz) courtesy Tim Dietrich (AEI/FSU/BAM Collaboration)  
Simulations published in Phys. Rev. D95(12):124006 and Phys. Rev. D95(2):024029

effectively point-particle
tidal effects

post-merger
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• Response of a given neutron star characterized by 
its tidal deformability or polarizability:

� =
2

3
k2R
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Tidal deformability � for realistic EOS

� =
Q

E =
size of quadrupole deformation

strength of external tidal field

� =
2

3
k2R

5

Calculate via linear Y20 perturbation of spherical neutron star
Q and E defined by external field of perturbed star
leading terms � r2 and � r�3 when far from star

For given realistic EOS, � is function of M
(similar to radius or moment of inertia)

Jocelyn Read (AEI) Tidal e�ects in BNS Inspiral 04/03/10 11 / 26

• R radius of star 
• k2 Relativistic love numbers (Damour 1983)  

• Mass distribution inside the star
�19

Tidally deformed stars
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• Tides accelerate inspiral - extra energy into 
deforming stars, extra quadrupole moment.

R
r

R
r

Tidal deformability of neutron stars with realistic equations of state

Various methods are being developed to study the e�ect of tidal deformation with di�erent EOS on
the late inspiral of binary neturon stars. These include perturbative tidal deformability calculations,
quasiequilibrium sequences, and full GR. Here are some preliminary comparisons of perturbative
results with published results using numerical and quasiequilibrium.

A. Perturbative method

The first order contribution to the binding energy from a PN perspective is calculated via a linear axisymmetric
⇧ = 2 perturbation around the axis connecting two stars, due to leading order tidal field contributions from the other
star. This gives a tidal deformation as a function of PN parameter x � m/r (m total mass, r orbital radius). In
the linear approximation, this is characterized for each neutron star mass M by a single EOS-dependent parameter
� � k2R5 with k2 the ⇧ = 2 apsidal constant and R the neutron star radius. The contribution to the binding energy,
luminosity, and phase evolution can be calculated by adding this contribution to a given PN order formulation.
Formally of order x5 � m5/r5, the tidal contribution coe⇤cient is � R5/m5, which leads to an overal scaling � R5/r5

which becomes significant as orbital radius approaches neutron star radius.
One can calculate the parameter � for arbitray equations of state. In particular, we can estimate first order

corrections to binding energy and gravitational wave phase evolution for the EOS used in the numerical simulation of
arXiv:0901.3258. This would be a formal, and possibly in the extreme radius case (EOS 2H) a practical, improvement
over the assumption of point particle inspiral before the gravitational waveform.

Fig 1 shows some preliminary waveform results, taking the � calculated from the perturbative method for the EOS
used in arXiv:0901.3258, and continuing the waveform through to where x⇥⇤.

⇥30 ⇥25 ⇥20 ⇥15 ⇥10 ⇥5 0

⇥0.2

⇥0.1

0.0

0.1

0.2

t �ms⇥

h
�
D
⇤M

FIG. 1: EOS 2H is green, H is cyan, HB is blue, B is purple, and 2B is red. Black is PP. Waveforms started with same phase
at x = 0.05, f = 268Hz

With this new understanding of the PN waveforms with tidal contributions, it may be useful to revisit some of the
analysis involving varied EOS and numerical simulation.

B. Was the PP approximation for early inspiral in arXiv:0901.3258 justified?

The PN plus perturbative tidal calculation, compared to the plots of arXiv:0901.3258 in Fig. 2, indicates that for
waveforms H to 2B, the assumption of point-particle evolution was reasonable; the first order tidal phase correction
is small compared to the point-particle waveform at the start of the numerical inspirals and through to the point
where numerical simulations depart significantly. Incorporating this early e�ect into a NRDA analysis might increase
distinguishability, but probably not significantly.

However, the largest-radius 2H waveform is estimated to be already dephased from the point-particle inspiral at
the start of the numerical simulations - this early PN-regime departure would have a significant contribution for such
large-radius neutron stars.

C. Is the perturbative binding energy compatible with quasiequilibrium binding energy?

Analysis of error in the approximation used suggests that one of the largest sources of error comes from higher order
tidal perturbation results. This includes higher-order harmonics, such as ⇧ = 3 deformation and above, where pertur-
bative calculations of such higher order deformations are possible [Mora and Will, Binnington and Poisson, Damour

⬌

�20

EOS
Waveforms

BH

Higher EOS pressures → larger radii → more deformation

Flanagan & Hinderer 2008



Merger matter dependence
Compact stars: 
merge at higher 
frequency, more 
similar to BBH

Large-radius stars: 
collide earlier, 

merge at lower  
frequency

Numerical simulations: K. Hotokezaka, YITP
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Simulations verify/calibrate waveform models for LSC/VSC 
analyses; functions of star Λs (Bernuzzi, Dietrich, & Tichy 1706.02969)



Tidal measurements from GW170817
Discovery

Restricted frequencies, 
simplified waveform 

model, independent Λ 
Updated properties

Independent Λ 
Any spin Λ ≦ 630,  

Low spin Λ = 300+420-230 
EOS

Quasi-universal relation 
between components 

Common spectral-
parameterized eos

 22

Λ1.4 = 190+390-120

Without requiring support 
of 2 solar mass stars 

Initial constraint

Λ1.4 < 800

~
~

LSC-Virgo EOS 1805.11581 Source Properties 1805.11579



Implications of first limit: Λ1.4 ≦ 800

• See also: Nandi and Char (R1.4 ≤ 13.2–13.5 km), Raithel et al (R < 13 km), 
Most et al (12.00 km < R1.4 <13.45 km) , Tews et al (R1.4 <13.6 km) … 

• Independent common-radius result of De et al (8.7 km < R <14.1 km) 

Fattoyev et al 
Phys. Rev. Lett. 120, 172702 
R1.4 < 13.76 km

Annala et al 
Phys. Rev. Lett. 120, 172703 
9.9 km < R1.4 <13.6 km

 23



New Common-EOS Radius constraints

Quasi-universal Λ1-Λ2 & Λ-R 
(similar w/ spectral eos)

Spectral parameterized eos,  
AND support of 1.97 Msun star

 24LSC-Virgo EOS 1805.11581

R1=10.8+2.0-1.7, R2=10.7+2.1-1.5 R1=11.9+1.4-1.4, R2=11.9+1.4-1.4



For  
comparison: 
H4 (top) 
APR4 
WFF1 (bottom)

Central pressures

Prior  
90% range

Overlap x-ray 
constraints (e.g. 
Steiner, Lattimer, 
Brown 2010)

Posterior  
90% (50%) range

GW170817 +  Mmax >1.97 M☉

Su
pp

or
t 

m
as

si
ve

 s
ta

rs

G
W

17
08

17
 

da
ta
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Twice saturation:  22+11-17 MeV fm-3  (GW only: 18+7-15 MeV fm-3) 

LSC-Virgo EOS 1805.11581



And there 
was light!

NRAO/AUI/NSF/D. Berry 26

LVC et al ApJL 848 L13 2017, 
LVC et al Nature 551 85–88 
2017, … … … … … … 
.

Upcoming talks: 
additional 

implications for 
dense matter

X-ray 

Gamma ray 

UV 

Optical 

Infrared 

Radio



• Goal for next few years: improve BNS range by factor 
~2, high-frequency sensitivity by factor ~5     

• Combine information from multiple detections?

Observing Plan (under development)

KAGRA/LIGO/Virgo Observing scenarios, Living Reviews in Relativity; 21:3; 2018  27

We were here ➛
We were here ➛

GW170817-based rate 
320–4740 Gpc-3 yr-1    

LSC/Virgo PRL 119, 161101 (2017) 

1000  Gpc-3 yr-1 

⬇ 
~40 yr-1 detected w/ 

Advanced LIGO Design 
LSC/Virgo Class.Quant.Grav.27:173001 

(2010)



 28image: Shane Larson, Northwestern University

2010
2016

~2020

image: Shane Larson, Northwestern University



Thank you!
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2020
2021

2022

2025

LIGO / Caltech

Operation at Designed Sensitivity

Inspired by TJ Massinger

International network of 
gravitational-wave observatories

!30



BBH detections
PRL 118, 221101 (2017)

GW170814

GW170104

GW150914 PRL 116, 061102 (2016)

GW151226 

PRL 119, 141101 (2017)

PRL 116, 241103 (2016) GW170608

PRL 119, 141101 (2017)

< 2 s of 
data shown 

for each
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M=36,29Msun 
D=440Mpc

M=31,19Msun 
D=880Mpc

M=12,7Msun 
D=340Mpc

M=31,25Msun 
D=540Mpc

M=14,7Msun 
D=440Mpc

Teresa Ramirez/CSUF/SXS

Simulations of BBH sources
Time  
to merger: 
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Known host galaxy
• Hubble constant / 

inclination angle constraint 
LVC et al Nature 551 85–88 2017

 33

LVC Source Properties 1805.11579



Sky location: Detector dependent strain

LIGO/Virgo/ Brown, Lovelace, Nitz, and Read

Livingston
SNR ~25

Hanford
SNR ~16

Virgo
SNR ~2

HL amplitudes 
recovered 

by matched-filter 
GW search, 

Virgo  
reconstruction

 34



Inspiral and chirp

time
from

merger
0

~10 -100 ms

r

• Energy loss -> decreasing radius -> increasing freq.

δL/L
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Matched-filter search for compact 
binary mergers

• Integrate known signal 
predictions against data over 
many cycles, for coincident time 
and parameters 
• 𝝌2-weighted SNR, time slide 

background estimate 
• Relative likelihood of noise 

model and signal, single 
detector background estimate

-0.05 -0.04 -0.03 -0.02 -0.01 0.00
-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15

t HsL

h +
M
to
tê
D

fGW = 404 Hz, a = 57.3 km

＊
SNR =

data template

noise

"Binary Black Hole Mergers in the first Advanced LIGO Observing Run” https://arxiv.org/abs/1606.04856 36

https://arxiv.org/abs/1606.04856


Ozel and Friere 2016

Equation of state in

beta equilibrium

Mass-radius relation,

max mass, deformability

Properties of 
dense matter

Nuclear 
density

↔
Neutron star 
properties
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Counterpart 
identified! 
Host galaxy NGC 4993, 
only 40 Mpc away

 38

NASA

NRAO

Swope

Abbott et al ApJL 848 2 (2017)


