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OVERVIEW

-2 GW170817: first observation of a binary neutron star merger
-® source properties and constraint on tidal deformability

-» refined analysis (cleaned data, improved models and
analysis)

- universal relations, parameterized models
& results

-2 tidal deformability

‘& neutron star radius

- equation of state



LASER INTERFEROMETER
GRAVITATIONAL-WAVE DETECTORS
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Under Construction

Planned

Credit: LVC/EPO



LIGO-LIVINGSTON OBSERVATORY

Credit: LIGO Livingston i 5



LIGO-HANFORD OBSERVATORY

Credit: LIGO Hanford



VIRGO AT CASCINA, ITALY

Credit: Virgo



Solar Masses

BINARY BLACK HOLE MERGERS IN
LIGO AND VIRGO
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GW170817: DISCOV E
MERGING NEUTRON
'BINARY

Credit: University of Warwick / Mark Garlick 9



DETECTION AND MEASUREMENT

* detection and characterization uses matched filtering

* rapid analysis algorithms that can issue alerts with ~ minute
latency

» working on issuing alerts even before merger
* requires very accurate waveforms

e >3 decades of effort on analytical and numerical modeling of
waveform, and still ongoing

* Bayesian methods for parameter estimation and model inference

— — —

p(d|d) o< p(?)p(d|?)
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Strain (x10~2!)
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GW170817 LASTED FOR

SEVERAL MINUTES IN BAND
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Normalized amplitude
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SPEED OF GRAVITATIONAL WAVES

Gamma rays, 50 to 300 keV GRB 170817A
. g g 1500
Fermi | .
Reported 16 seconds f& s
after detection - ;
500
LIGO-Virgo
Reported 27 minutes after detection Gravitational-wave strain GW170817
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SKY POSITION AND DISTANCE
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ELECTROMAGNETIC FOLLOW-UP
OF GW170817
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KILONOVA: OPTICAL, INFRARED
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SIMULATION OF A BINARY NEUTRON
STAR MERGER
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Takami+ 2014 20



BINARY BLACK HOLE SIGNAL COMPA

TO BINARY NEUTRON STAR SIGNA

RED

* inspiral phase: well described by post-

Newtonian approximation + tides

post-merger bar-deformed hyper-

| L

massive neutron star
|| Ww
/|

GNH3

H4

ALF2

SLY

APR4
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TIDAL DEFORMABILITY OF

NEUTRON STARS

* tidal field € of one of one A RN
’ o.  MSIb
companion induces a quadrupole 1w § T )
moment Q in the other =13 T2,
. . . . . = 12;— R\ et N R MPA1
* in the adiabatic approximation N 2\ enc
— E LN
|
* A(m) is tidal deformability, ka(m) < w1 G| ek
8E - o < (5
is the 2nd second Love number  _+# NN B
(varies from 0.05-0.15) and Ris % i
the NS radius (8 km-16 km) g AL
~< 3F - s A\
« dimensionless tidal deformability %} e )
1F Sl 54/(;041
PR T T T [ TR T TN T [ T T T T N T .‘y. PR M T T BT T T
80 0.5 1.0 2.0 2.5




TIDAL EFFECTS DURING INSPIRAL

Flanagan, Hinderer 2008; Vines, Flanagan, Hinderer 2014; Damour, Nagar, Villain 2012




SPIN-INDUCED TIDAL DEFORMATION

 Spin-induced deformation leads to quadrupole

Poisson 1998:
L aarakkers+Poisson 1999

Yagi, Yunes 2013a, 2013b




AY [rad]

Agathos+ 2015
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FIRST RESULT ON A

-2 TaylorF2 - a PN-based model used, A; and A, independent

3000

. U ™)
2500 2500 -
2000 -- 2001 -
~ 2 Less Compact o Less Compact
= 1500 / =" 1500 - /
1000 1000
500 500
0 T T T JI O = : I I : T I 2I
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Ay Ay

Black hole companion cannot be ruled out
Abbott+, PRL 119, 161101 (2017) 2%



IMPROVEMENTS SINCE 10/2017

 first step: “minimal assumptions” ¢ second step

* re-calibrated Virgo data
(reduced calibration uncertainty)

e known source location:
NGC4993

e more accurate waveform
models

* reduced lower frequency cutoff:
23 Hz, down from 30 Hz

source contains two neutron
stars

neutron star spins are low,
v < 0.05

both stars are described by the
same equation of state

max total mass of the neutron
star is at least ~ 2 solar mass

* Properties of the Binary Neutron Star Merger GW170817
Preprint (also arxiv.org/abs/1805.11579)

e GW170817: Measurements of Neutron Star Radii and Equation of State
Preprint (also arxiv.org/abs/1805.11581)

27



WAVEFORM MODELS

spin-induced

model tidal effects precession comment

quadrupole

TaylorF2 (1) 6PN (5) none none basic

SEOBNRT (2) m.atchele to NR one “one re.Ievant
simulations (6) physical eftects

PhenomDNRT matched to NR relevant

none none ,

(3) simulations (6) physical effects
PhenomPNRT m.atchefj to NR 3PN yes many physical

(4) simulations (6) effects

(1) BSS+(1991), Bohe+ (2013, 2015), Arun+ (2009), Mikoczi+ (2005), Mishra+ (2016)
(2) Bohe+ (2017), Purrer (2014),
(3) Husa+ (2016), Khan+ (2016)

(4) Hannam+ (2014)

(5) Vines+ (2017)

(6) Dietrich+ (2016, 2018) Abbott+, arXiv 1805.11579
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AN EFF

-2 approximate
analytical description
matched to

numerical simulations 05}

of binary neutron star
mergers

post-Newtonian
expressions are
resummed to obtain
better agreement
with simulations

ECTIVE
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| %(Thgg)/M - - ¢EOB — gbINR |
05 o, n N N f\ /\ A Wﬂ/#
/) ,\P\,\f\,\/\l/\/\ \ \f\[\!l,”
[\ 4\ \ \ L /1 _ WENEN|
-0 \/ ‘\’ \JI ‘ul “J ‘nll \ul ‘i’ ji;, :{/, ;i},*\:} :jj
SLy(l) gg | | | | ‘\
0 500 1000 1500 2000
8(5) ; l/\ lf\ JIP\\ B\
0.5 J VUV
| IMS‘Ib(i)z]ggl | | |
0 500 1000 1500 2000
05 - A A A A A A NN NN A | f [‘P
\ /\ [ AWA ,/‘ \ /\ [\ /\LI\\. /\ '\IIU II\L/U\"‘E::
05 \J \jl \‘,I \\'I ‘\JI \I | I ] . “3 . \ “
. ,SI—Y1.65—|—1110 | | | oo
0 500 1000 1500 2000 2500
t/M

Dietrich, Hinderer Phys. Rev. D 95.124006
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ANOTHER EXAMPLE OF A DOUBLE
BINARY NEUTRON STAR SYSTEM

LOF 'SLy135, ki ~ 7
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0.0F| |
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NS-BH SYSTEM

0 1000 2000 3000
| | | |

— =2 pdlytropic |

0.2 B NS-BH mass ratio 2, Cng=0.1444

ad. tides 2PN

AQy; (rad) Re(Dphyy/M)

-0.5 m—ad. tides Bernuzzi+ ~
| == == 3. tides GSF N -
1.0 m—— dyn.|tides 1 1 s
2850 2900 2950 3000 3050
(t — r*)M

Hinderer+ PRL:116.181101, 2016
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COMPARISON OF MODELS

PhenomD _NRTidal - -
PhenomD
SEOBNRv4_ROM _NRTidal

PhenomPv2

SEOBNRv4_ROM
PhenomPv2_NRTidal - =

TaylorF21iqes
TaylorF2

TaylorT4ides
TaylorT4

0.00(0.00

SLY1.35\1.35

0.14]0.14
H41.37\1.37

0.00/0.00
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—30 —20
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COMPONENT MASSES

] = TaylorF2
1/ —— PhenomDNRT
1.3 = PhenomPNRT
= SEOBNRT

os| high-spin prior, y < 0.89

1.4 1.6 1.8 2.0 2.9 24

m1 € (1.36, 1.89) Mg
mo, € (1.00, 1.36) Mg

Abbott+, arXiv 1805.11579

. 4
Vi R
4
/
4
/

| low-spin prior, < 0.05

= TaylorkF2

e PhenomDNRT |
= PhenomPNRT
—— SEOBNRT

m1 € (1.36, 1.60) Mg
mo € (1.16, 1.36) Mg
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UNIVERSAL RELATIONS AND
PARAMETRIZED EOS

-2 a possible approach (not pursued in the current papers)
-2 use model selection to determine which EOS is favored by data
& this will be time consuming and compute intensive

-2 use EOS-insensitive, universal relations to measure posterior
distribution of tidal deformability

-# infer posterior distribution of radius of each neutron star using
universal relations

-2 directly sample the EOS using parametrized relations

-& similar to the first choice above but far less compute intensive

Universal Relations: Yagi+Yunes 2013, 2015, 2016, 2017; Chatziioannou 2018;

Parameterized Relations: Lindblom 2010, 2018; Lackey+Wade 2015; Carney+ 2018
34



RESULTS BASED ON MINIMAL
ASSUMPTIONS

3000
i — PhenomPNRT\ - — PhenomPNRT\
== PhenomDNRT === PhenomDNRT
= SEOBNRT = SEOBNRT
25001 === Taylork2 2500 TaylorF2

2000 1 2000

<" 15001 =" 1500

_-~" Less Compact

b
1000 ,q"’ Ar"”'

-~~~ More Compact

1000

200

Y,

A .
1400 1600

600 800 1000 1200 1400 1600 0 200 400 600 800
A1 Al

1000 1200

Abbott+, arXiv 1805.11579 .



IMPROVED RESULTS ASSUMING BOT
COMPANIONS ARE NEUTRON STARS

90% Cl 2000

EOS insensitive

z/

parametrized EOS -
independent EOSs 1500'_

50% ClI

..... EOS insensitive < 1()()()-
----- parametrized EOS 17
---- independent EOSs

0 250) 500 750 1000 1250

Abbott+, arXiv 1805.11581 A %



GW170817: TIDAL
DEFORMABILITY CONSTRAINTS

» under minimal assumptions about the nature ot
companions:

e 0 <A14< 630 (large spin priors) or 70 < A1.4 < 720 (low
spins)

e assuming that GW170817 contained two neutron stars
and have low spins:

e /0 < /A4 <580

Abbott+, arXiv 1805.11581
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NS RADIUS

EOS insensitive

parameterized EOS and
assume NS mass of at
least ~ 2 solar mass

Abbott+, arXiv 1805.11581

v
-z i
ot
7,
7’
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GW170817:
RADIUS CONSTRAINTS

e constraints on NS radius based on:

e EOS insensitive analysis: 9.1 km < R1 < 12.8 km, 9.2 km
<R, <12.8 km

e Parametrized EOS and EOS consistent with heaviest
observed NS: 10.5 km < Ry2 < 13.3 km

* not imposing heaviest NS constraint gives results
similar to EOS insensitive analysis

* softer EoS (e.g. APR4) are preferred over stifter EoS (e.qg.
MS1 or H4)

Abbott+, arXiv 1805.11581
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DIRECT CONSTRAINT ON EOS

-2 EOS should support a
NS mass of at least
1.97 solar mass

-2 orange: 90% prior

& dark ( ) blue

shaded: 50% ( )
posterior

# 7oy HA, APR4, WFF1

Abbott+, arXiv 1805.11581
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FUTURE RUN PLANS

Early m=smMid mm | ate msmDesign

60-80 60-100 120-170 190
Mpc Mpc Mpc Mpc

25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc

25-40 40-140 140
Mpc  Mpc Mpc

LIGO & & _ -

Virgo 02 _ I .

KAGRA ] | -

2015 2016 2017 2018 2019 2020 2021 2022 2023

Abbott+, Living Rev Relativ (2018) 21:3
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PROSPECTS

* third observing run (O3) from early 2019

* aLlGO range: 120-170 Mpc, Virgo range: 65-85 Mpc
 design sensitivity by 2020+

» advanced LIGO range: 190 Mpc, Virgo range: 125 Mpc
* binary neutron star rate inferred from GW170817

« volumetric rage: [300, 5000] mergers yr' Mpc

 implied detection rate in O3: 1-50 per year and at

design:

Abbott+, Living Rev Relativ (2018) 21:3
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EXTRA SLIDES
AND QUESTIONS



NUMERICAL RELATIVITY
SIMULATIONS

what physical effects are still lacking?

* neutrino transport, magnetic fields, hyperons/quark-gluon
plasma

now do simulations from different groups compare?

now well do simulations cover the parameter space?
* component masses, mass ratio, spins,

simulations of neutron star-black hole mergers

e parameter space coverage (as above)

 up to what mass ratios are matter effects relevant

» for GW modeling, for EM observation

 simulations of ~1:1 neutron star-black hole mergers

44



ANALYTICAL MODELING

are waveform models good enough for unbiased estimation of
NS EoS?

» waveform models based on independent NR simulations

» comparison of analytical models across the parameter space
physics that is lacking in modeling

* spins, magnetic fields, equations of state

post-merger models

 spectra, time-domain models

inspiral-post merger unified models

» what, if anything, do we gain by IPM models?

45



ANALYSIS METHODS

are our analysis methods mature?

* what further improvements are needed in inference
techniques?

prior probability distribution of parameters

* what priors are appropriate for: masses, spins, and magnetic

fields
can we continue to assume the same EoS for both companions?
* phase transition, distinguishing NS-BH vs NS-NS
does EoS parametrization work for all SNRs and for EoS?

* do we need to work with specific EoS for very loud signals or
when combining a large number of events?

46
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HOW DIFFERENT ARE THE
SPECTRA FOR DIFFERENT EOS?

1.35 - 1.35 solar mass neutron stars

* (same mass BBH for comparison)

Effective distance 100 Mpc: optimally oriented
EOS 2H: Large-radius stars (>15 km) -

EOS HB: Moderate-radius stars (~11.6km) -

Results based on Read et al Phys. Rev. D 88, 044042
(arXiv:1306.4065)
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HARD EQUATION OF STATE

10727
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