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Neutron stars...
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Neutron stars...

- collapsed core of a massive star

- smallest and densest known class of stellar
compact objects

- typical size of 12 kilometer and masses
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... how to study them?

Single Neutron Stars

- radio pulsars
- through X-ray emission
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Neutron stars...
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... how to study them?

/Binary Neutron Stars
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Input from a variety of sources:

Koehn et al. 2024, 2402.04172 (accepted in PRX) and PRD 110 (2024) 10, 103015
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Input from a variety of sources:

Koehn et al. 2024, 2402.04172 (accepted in PRX) and PRD 110 (2024) 10, 103015
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Combining different constraints on the EOS from different research fields

€3 combined Equationof 5' X | +

An overview of existing and new nuclear and astrophysical constraints on the equation of state of
neutron-rich dense matter

This tool can be used to combine various constraints on the equation of state (EOS) for dense matter. Select the constraints you are interested in. Clicking on the buttons below will then give you the combined posterior and
provide the figures for either EOS-derived quantities or show how the estimate for the canonical neutron star radius changes. Dependencies are taken into account automatically.

By clicking on the images, you can switch between the M-R curve and the corresponding pressure-density relation.

You can also choose weights for the individual inputs, so when the log-likelihoods are added, the weight will be used as a coefficient. We emphasize that the weights are for demonstrative purpose only and do not warrant a
sound statistical interpretation.

Microscopic Theory

Microscopic Experiments

Astrophysical Limits on the TOV Mass

Astrophysical M-R Constraints

Gravitational-Wave and Multimessenger Constraints

Prior

Compare Evolution Compare Observables

The Numanji Collaboration

AG Theoretische Astrophysik
Institut fir Physik und Astronomie
Universitat Potsdam
Karl-Liebknecht-Str. 24/25

14476 Potsdam

Germany

Science case:
Koehn et al. 2024

arXiv:2402.04172v1

Accessible here:



https://arxiv.org/abs/2402.04172v1

Combining different constraints on the EOS from different research fields
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p in MeV fm~3

Input from a variety of sources:

Koehn et al. 2024, 2402.04172
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/ The Binary Neutron Star Merger Simulation \
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/ The Binary Neutron Star Merger Simulation \

gravitational wave
emission

deformation before
merger, ejection of
material, heavy

element production

black hole formation

70 milliseconds /




G’heoretical Framework:

» well-posedness of PDESs
e advantageous properties
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/Theoretical Framework: P KComputationaI Methods: D
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parallelized code
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fTheoreticaI Framework:

» well-posedness of PDEs

e advantageous properties
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« HPC facilities

 parallelizable code
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« Magnetic fields
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« Can we test matter above the TOV limit? »  MicCrophyics (EOSH Il
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t = tmerger = 45.57[ms]
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Charged Current Processes
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Inclusion of muonic neutrinos - Gieg et al., 2024, arXiv: 2409.04420
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t =8.13 ms
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Neuweiler etal.,
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Inspiral waveforms

Various models

hundreds of millions of templates
need to interpret the data

Numerical Relativity
Simulations

e 0 Post-Newtonian Theory

. Effective-one-body
- Formalism

Phenomenological Models

tidal effects lead to an accelerated inspiral




Waveform Model Development through NR simulations
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Inspiral waveforms
/ Various models \
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Inspiral waveforms
/ Various models \
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/ Various models

Inspiral waveforms

Note: Kunert et al.,, PRD 110 (2024) 4, 4 shows that Hubble
constant measurements show less waveform modelling bias.
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Gravitational Wave Analysis

GWI170817

/\ determines tidal deformability

2 ™
2 K\_/Q A




Gravitational Wave Analysis

GWI170817

A determines tidal deformability
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Gravitational Wave Analysis

/ Assumption: The merging objects were neutron stars
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Gravitational Wave Analysis

ﬁ;m 70817 \
A

determines tidal deformability
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Assumption: The merging objects were neutron stars
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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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Photometric lightcurves
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Photometric lightcurves /

>

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

Gcompute lightcurves for a set (grid) of ejecta
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Photometric lightcurves

Gcompute lightcurves for a set (grid) of ejecta
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Photometric lightcurves

o

.) compute lightcurves for a set (grid) of ejecta
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o e properties with a radiative transfer code
L
g . SN
-2 ey ® . S . . .
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I Process Regression or a Neural Network
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/ Uncertainties

1.) Knowledge about the outflowing
material (mass, velocity, geometry,
composition)

2.) Heating rates depend on the formed
elements and ejecta properties

3.) Incomplete knowledge about
opacities for complicated elements

>

/

Cross-code comparisons for
numerous geometries and
assumptions - estimate on the
modelling uncertainty
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.) compute lightcurves for a set (grid) of ejecta
properties with a radiative transfer code

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
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Prior construction

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

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

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