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Abstract: We discuss how we can use numerical-relativity simulations to& nbsp;derive gravitational-wave and electromagnetic models describing
the binary&nbsp; neutron star coalescence. We show how these models can be used within a&nbsp;multi-messenger framework to
derive& nbsp;new constraints on the neutron-star& nbsp;equation of state and the Hubble constant. For this purpose, we& nbsp;analyze
the& nbsp;gravitational wave signal GW170817 and its electromagnetic counterparts& nbsp;AT2017gfo and GRB170817A, together with
X-ray& nbsp;observations by NICER, radio& nbsp;observations of massive pulsars, and nuclear theory computations. Similarly,& nbsp;we also
discuss that a non-detection of a kilonova for the second binary& nbsp;neutron-star merger detection GW190425 placed constraints on the
properties& nbsp;of the system.
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Why study
neutron stars?

Nuclear physics O

Equation of state of supranuclear matter

Gravitational Wave Astronomy

Source properties and binary population

High-energy astrophysics

sGRBs and heavy element formation
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Why study R
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Why study How to study neutro

neutron stars? star binaries?
Nuclear physics O ®) Modeling:
Equation of state of supranuclear matter Numerical Relativity
Gravitational Wave Astronomy Observatlon? .
Source properties and binary population The multl-messeng ¢I picture
© o
High-energy astrophysics

sGRBs and heavy element formation

O

Tests of General Relativity,
Cosmology, ...
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The multi-messenger picture

! !

Gravitational Electromagnetic
Waves Waves
-inspiral -kilo/macronovae
(optical/UV/IR)
-postmerger -short GRB

-X-ray and radio
flares
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Gravitational
Waves
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GWI170817 was just the beginning ...
and GW190425 proved our expectations wrong

Simulation variety:
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BNS database

http://www.computational-relativity.org/

TD etal, CQG 35 (2018) 24LT01
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- first publicly available database for BNSs

- about 400 individual simulations
- more than 300 simulations done with BAM

- more than 450 million CPUhs

(c) Lino Mirgeler (dpa)
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BNS database

http://www.computational-relativity.org/

TD et al, CQG 35 (2018) 24LT01
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- first publicly available database for BNSs
- about 400 individual simulations
- more than 300 simulations done with BAM

- more than 450 million CPUhs

(c) Lino Mirgeler (dpa)

Pirsa: 21050025 Page 12/61



Real Life: Gravitational-Wave
Astronomy
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Real Life: Gravitational Waves

hundreds of millions of templates
need to be evaluated to interpret data

BNS signals significantly
longer than BBH ones

(¢) M.Hannam, C. North

2 3 4 5
time observable (seconds)

Ed  hitps://www.youtube.com/watch?v=vTe AFAGpfso
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Real Life: Gravitational Waves

hundreds of millions of templates
need to be evaluated to interpret data

BNS signals significantly
longer than BBH ones

(¢) M.Hannam, C. North

GW170104
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Real Life: Gravitational Waves

hundreds of millions of templates
need to be evaluated to interpret data

BNS signals significantly
longer than BBH ones

(¢) M.Hannam, C. North
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10 15 20
time observable (seconds)

SIEH hitps://www.youtube.com/watch?v=vTe AFA Gpfso
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Real Life: Gravitational Waves

Tim [0 etricﬁ-u,.

hundreds of millions of templates
need to be evaluated to interpret data

BNS signals significantly
longer than BBH ones

(¢) M.Hannam, C. North

15 20 25
time observable (seconds)

=& https://www.youtube.com/watch?v=vTe AFA Gpfso
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Real Life: Gravitational Waves

hundreds of millions of templates
need to be evaluated to interpret data

BNS signals significantly
longer than BBH ones

(¢) M.Hannam, C. North

15 20 25 30 35 40
time observable (seconds)

SIEH  hitps://www.youtube.com/watch?v=vTe AFA Gpfso
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Inspiral waveforms

Numerical Relativity
Simulations

+ solve Einstein equations ¢ e
+ predictions of postmerger

— only the last orbits

— SUPER slow

Post-Newtonian Theory

+ fast to compute
— Inaccurate near merger g °

Effective-one-body Formalism

+ agree well with most NR data
— slow to compute
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BNS database

http://www.computational-relativity.org/

TD etal, CQG 35 (2018) 24LT01
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- first publicly available database for BNSs

- about 400 individual simulations

- more than 300 simulations done with BAM

(c) Lino Mirgeler (dpa)

- more than 450 million CPUhs
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Inspiral waveforms

Numerical Relativity
Simulations

+ solve Einstein equations
+ predictions of postmerger
— only the last orbits

— SUPER slow

Post-Newtonian Theory

+ fast to compute
— Inaccurate near merger

Effective-one-body Formalism

+ agree well with most NR data
— slow to compute

—.-

TD et al., (2017)
PRD96,121501

Phenomenological tides
(NRTidal)

+ combination of PN/EOB/NR
+ accurate until merger
— just a fit
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Phenomenological model: NRTidal
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Phenomenological model: NRTldal
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Application: GW170817 — Tidal Effects

Determine the Equation of State

GW observations favor NSs with smaller radii
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Application: Lensed or not-lensed that is the question.

Pang, Hannuksela, TD, Pagano, Harry, MNRAS 10.109

0.3
0.2
I\/H
5 0.1
& 0.0
7 -0,
=027 lensed
——unlensed
—UAB T T , T T T T
—12 -10 -8 —6 —4 -2 0
s time [msl
(c) NASA/ESA e .
ey lensing changes the
.'/ d .
Z o magnitude but not
" -
H e ——— g the phase evolution
= Galactic double nentron star prior A P /
121 M Observed mass Magnification-biased mass -f o
Intrinsic mass d _i;
10 / 3
5 g
._—Z Debias mass by pt
L—f [
4 Intrinsic mass
2 .
Mass bias due to
(']2.2 24 2.6 2.8 3.0 3.2 34

¢ lensing

Pirsa: 21050025

Page 25/61



Appli
cation: LL
ensed
or not-lensed that i
is the qu
eStl()n

Pang, H
3 annuksel
a, TD, Pagano, Harry, M
, MNRAS
10.109

Qearc
tDu\cd: 13

We gearch 1€ for signatd ures oL &
cences detecte y v ;0 and ¢ dva
\N cudy: Lcted rate . o gt current detector
L,\L sngora’ y
{ 1"1.\1\\'\\"\6\);\ high-

qne by galani€

pmm mass T

his <ense, ¢
[Eects, ank

Posterior

1. U
MM O Ma _
o) M5 Lo s bias due to
sing

Pirsa:
: 21050025
Page 2
6/61



Application: Measuring Q-Love with GW data
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Gravitational Waves: Postmerger

postmerger signal at higher frequencies with low chances of detection
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Gravitational Waves: Postmerger

postmerger signal at higher frequencies with low chances of detection
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Gravitational Waves: Postmerger

postmerger signal at higher frequencies with low chances of detection
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Gravitational Waves: Postmerger I
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Gravitational Waves: Postmerger

. inspiral+merger+postmer }
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Gravitational Waves: Postmerger I
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Electromagnetic Signals and Multi-
messenger Astronomy

Tim Dietrich
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Incorporating NR results
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EM Signals — Kilonova

- neutron rich ejecta produce heavy r-process elements
- pseudo-black body radiation from r-process elements

- mergers are major sites for the formation of heavy elements
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Incorporating NR results

Predictions about ¢jecta mass and compositions

dynamical ejecta disk winds
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Combine predictions with radiative
tl‘aﬂSfer SimlllatiOIIS Kasen et al., Nature 551
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Photometric lightcurves EM Signals 1{‘
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Fundamental physics with Multi-
messenger astronomy
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Prior construction
(A) Chiral effective field theory:
EOS denved with the chiral EF1
framework

3 Ry 1.377 ;5 km

M

PDF

Parameter estimation

(D) GW170817:
reanalysis with

IMRPhenomPv2_NRTidalv2

M M
#
7

(G) No EM detection for GW190425:

| Ryy = 1L74M0 8k,
<2 ..—..-‘é‘x::_ r o
! e |
= plx 107! f T
g 0 12 14
R [km]|

(B) Maximum Mass Constraints:

PSR J0740+6620/ PSR J0348+4032/ PSR
J1614-2230 and GW 17081 7/AT2017gfo
remnant classification

3| Ry = 1151 Tkm

M M)

PDI
o=

(E) AT2017gfo:
analysis of the observed lightcurves

(C) NICER:
PSR J0030+0451

(F) GW190425:
reanalysis with
IMRPhenomPv2_NRTidalv2

31 Ry, =117 '\‘l‘ku

E Z |
) — A - 21 —
€ o=ty § -
1 s 1
B pIx 10 :l.l- 10
=3 | -
8 10 12 14 8 110 12
R [km R (k|
(H) 3
E 12+ S S— + +
21 -
10
4 ) # Z ¢ N\
&M o & 3P 35
w & S o Ol A
5 & oA Ly
o -~ oy _\\\\\
' oy
S

TD et al. Science, Vol. 370, Issue 6523, pp. 1450-1453

Page 44/61



Prior construction

(A) Chiral effective field theory: (B) Maximum Mass Constraints: (C) NICER:
EOS denved with the chiral EF1 PSR JO740+6620/ PSR J0348+4032/ PSR PSR J0030+0451
framework J1614-2230 and GW170817/AT2017gfo
T 1 et . i 1
B — (A) Chiral effective field theory:
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Ongoing studies (preliminary)
including experimental data from heavy
ion collisions

Results of the ASY-EOS experiment at GSI: The symmetry energy
at suprasaturation density
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Multi-messenger astronomy: Hubble constant measurement
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Coughlin, et al, PRR(R), 022006

Multi-messenger astronomy: Hubble constant measurement I
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Multi-messenger astronomy: Hubble constant measurement

Using previously observed kilonovae

to improve measurement of the
Hubble constant

Alternatively: use again nuclear
physics — multi-messenger astronomy

Coughlin, et al, Nature Commun. 11 (2020) 1, 4
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Summary

- numerical relativity BNS database with largest simulation variety

- development of NRTidal model

- predictions about kilonova signatures

- Bayesian analysis within a nuclear physics — multi-messenger framework

- Applications: measuring tides, GW lensing, Q-Love relations, Hubble
measurement, EOS measurement, probe of exotic compact objects
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