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How to study neutron stars?

- X-ray observations of rotating neutron stars
- radio measurements of rotating neutron stars

- Binary mergers:
- gravitational waves

- gamma-ray, X-ray, ultraviolet, optical,
infrared, radio observations




How to study neutron stars?
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Nuclear Physics
Experiment and Theory

EM: Kilonovae / GRB
GWs (post-merger)

- X-ray observations of rotating neutron stars

- radio measurements of rotating neutron stars

- Binary mergers:
- gravitational waves

- gamma-ray, X-ray, ultraviolet, optical,
infrared, radio observations
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The principle idea:
Multi-Messenger Interpretation of the Equation of State

(initially) multistep procedure

incorporation of nuclear physics
and astrophysics information

Prior construction

(A) Chiral effective field theory:
EOS derived with the chiral EFT result
and My > 1.9M,

_3| Riy=11.96"]13km

(B) Maximum Mass Constraints:
PSR J0348+4032/PSR J1614-2230 and
GW170817/AT2017gfo remnant
classification

3 Ryy= 11714 km

(C) NICER:
PSR J0030+0451 and PSR J0740+6620

3| Ryy = 12,0570 km

]

reanalysis with
IMRPhenomPv2_NRTidalv2

analysis of the observed lightcurves
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(A) Chiral effective field theory: W G e——
EOS derived with the chiral EFT result
and My« > 1.9M
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(F) GW190425:
reanalysis with
IMRPhenomPv2_NRTidalv2
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would be less than 0.1 mm in size and the
atom would be about 10 km acrg
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EM Signals — Maximum Neutron Star Mass

lower bound

Measurement of massive pulsars

through Shapiro time delay
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EM Signals — Maximum Neutron Star Mass

lower bound upper bound
Measurement of massive pulsars postmerger evolution of GW170817’s
through Shapiro time delay remnant
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| (C) NICER: 030+0451 and PSR JOT40+6620
PSR J0030+0451 and PSR J0740+6620
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| (D) GW170817: o
reanalysis with )30+0451 and PSR J0740+6620
IMRPhenomPv2 NRTidalv2 .= 120519
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EM Signals — Kilonova

Photometric lightcurves
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EM Signals — Kilonova

Photometric lightcurves
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1.) compute lightcurves for a set (grid) of ejecta
properties with a radiative transfer code

See talk by M. Bulla

2.) interpolate within this grid through Gaussian
process regression or a neural network

3.) link ejecta properties through numerical-relativity
predictions to the binary properties



EM Signals — Kilonova
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(E) AT2017gfo:
analysis of the observed lightcurves

3 R1.4 = 11987:%?%1{111
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2.) interpolate within this grid through Gaussian
process regression or a neural network

3.) link ejecta properties through numerical-relativity
predictions to the binary properties




(F) GW190425:
reanalysis with
IMRPhenomPv2 NRTidalv2
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Prior construction

(A) Chiral effective field theory:
EOS derived with the chiral EFT result

(B) Maximum Mass Constraints:
PSR J0348+4032/PSR J1614-2230 and

(C) NICER:
PSR J0030+0451 and PSR J0740+6620

and M, > 1.9Mg GW170817/AT2017gfo remnant
classification
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Constraints through multi-messenger astronomy
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NMMA: Steps towards a nuclear-physics and multi-
messenger astrophysics framework






NMMA: Steps towards a nuclear-physics and multi-
messenger astrophysics framework

- simultaneous analysis of GW, kilonova, and

GRB afterglow
- HPC facilities needed
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NMMA
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NMMA: Steps towards a nuclear-physics and multi-
messenger astrophysics framework
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NMMA Details:

* EOS information
* precomputed EOS sets
* Sampling in tidal deformability/compactness

 additional astrophysical information
* e.g. NICER/pulsar measurements through full posteriors

* GW models employing LALSimulation/sampling through bilby

e kilonova models
* simple analytic models
 radiative transfer simulations (POSSIS, Kasen et al.)

 GRB afterglow:

* afterglowpy
* soon also Pyblastafterglow (Nedora et al.)



NMMA Applications:
Model Selection

GRB 200826A
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T. Ahumada, et al., Nature Astron. 5 (2021) 9, 917-927




NMMA Applications:
Model Selection
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NMMA Applications:
Model Selection

GRB 200826A
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NMMA Applications: Model Selection

GW190814 Maximum mass and posterior distribution

NMMA M, with sup{M,...}
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Another Science Target: The Hubble Constant

Hubble constant measurement

Radio Counterpart

R )
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AT2017gfo - 95%,

By including previous kilonova candidates, the
estimate can be further improved

Coughlin, TD et al., Phys.Rev.Res. 2 (2020) 2, 022006
Coughlin, Antier, TD, et al, Nature Commun. 11 (2020) 1, 4129
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Outlook, e.g., the Hubble Constant:
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