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How to study neutron stars?

Image:  N. Moldenhauer

- 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

Science cases
Expansion rate of our 
Universe

Heavy element production

Forbes
NASA

State of matter at extreme 
densities

Shutterschock



The Binary Neutron Star Merger Simulation

gravitational wave 
emission
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black hole formation

gravitational wave 
emission

70 milliseconds
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The Binary Neutron Star Merger Simulation
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Assumption: The merging objects were neutron stars

determines tidal deformability

GW170817

Gravitational Wave Analysis

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



TD et al. Science, Vol. 370, Issue 6523, pp. 1450-1453
Huth et al., Nature 606 (2022) 276-280

The principle idea: 
Multi-Messenger 
Interpretation of the 
Equation of State

• (initially) multistep procedure

• incorporation of nuclear 
physics and astrophysics 
information 
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EM Signals – Maximum Neutron Star Mass

Measurement of massive pulsars 
through Shapiro time delay

postmerger evolution of GW170817’s 
remnant 

lower bound upper bound

probability distribution for 
the maximum NS mass

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



NASA

TD et al. Science, Vol. 370, Issue 6523, pp. 1450-1453
Huth et al., Nature 606 (2022) 276-280NASA
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Photometric lightcurves
1.) 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



TD et al. Science, Vol. 370, Issue 6523, pp. 1450-1453
Huth et al., Nature 606 (2022) 276-280



Image: W. Trautmann

Huth et al., Nature 606 (2022) 276-280



A nuclear-physics and multi-messenger astrophysics 
framework

github.com/nuclear-multimessenger-astronomy



NMMA: Main Contributions by

University of Minnesota
- optical and near-infrared observations
- multi-messenger analysis

Observatory of la Côte d'Azur
- optical and near-infrared observations
- multi-messenger analysis 

Utrecht University
- gravitational-wave data analysis 
- multi-messenger data analysis 

University of Ferrara
- modelling of electromagnetic signals 

Los Alamos National Lab 
- nuclear physics

University of Potsdam and 
Max Planck Institute for Gravitational Physics
- computational astrophysics
- gravitational-wave modelling
- multi-messenger data analysis

O
bservations

Theory



Gravitational Waves Kilonova Gamma-ray burst 
and afterglow

Image: W. Trautmann

Nuclear-Physics Computation Nuclear-Physics Experiments

Nuclear Physics and Multi-messenger 
Astrophysics



Parameter estimation through Bayes theorem

Probability of the Hypothesis 
given the data

Probability of the Hypothesis 

Probability of the data 

Probability of the data given 
the hypothesis
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Hypothesis testing through Bayes theorem

Occam’s razor is automatically built in, i.e., if two hypotheses explain 
the data equally well, the simpler one is preferred

Model selection



Hypothesis testing through Bayes theorem

• Estimate the Bayesian evidence
• Monte Carlo integration
• Parallel-tempering MCMC
• Nested sampling

• Estimate the posterior distribution
• Sample from the posterior distribution
• Markov chain Monte Carlo (MCMC)

https://johannesbuchner.github.io/UltraNest/_static/mcmc-demo/app.html



• 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 
• kilonova models

• simple analytic models 
• radiative transfer simulations (POSSIS, Kasen et al.) 

• GRB afterglow:
• afterglowpy
• soon also Pyblastafterglow (Nedora et al.)

NMMA Details:
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Pang et al., arXiv: 2205.08513
(accepted in Nat. Comm.)
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Investigating properties of quarkyonic models 

Pang et al., arXiv: 2308.15067
• Clear evidence for speed of sound 

above the conformal limit

NMMA Applications: Constraining Nuclear 
Parameters



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

GRB 200826A

NMMA Applications: 
Model Selection

shortest long GRB 
(no BNS merger, but collapsar)
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GRB 211211A

potential kilonova due to BNS merger

N.Kunert et al., MNRAS 527, 2 (2024)

GRB 200826A

shortest long GRB 
(no BNS merger, but collapsar)

NMMA Applications: 
Model Selection

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

Kann et al., APJL 948 (2023) 2, L12

GRB 221009A

brightest observed GRB to date 

GRANDMA analysis



GW190814 

LIGO/Caltech/MIT/R. Hurt (IPAC)

NMMA Applications: Model Selection



GW190814 

Tews et al., APJL 908 (2021) 1, L1

• under the assumption that GW170817 produced a BH, GW190814 was a BBH 
P(BBH) > 0.999

• relaxing this assumption, it was a BBH P(BBH) ~ 0.83

NMMA Applications: Model Selection



Understanding the composition of material in the mass outflow

Anand et al., 2307.11080

NMMA Applications: Predicting the Chemical Evolution



Kiendrebeogo et al., APJ 958 (2023) 2, 158

NMMA Applications: Observing scenarios

Hubble constraints 
for future observing 
runs 
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Brian Healy

Trigger NMMA Studies directly from fritz
Determine properties for the analysis and submit the run



Where to find 
more?

• Weekly NMMA calls to 
discuss progress and 
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• Discussion about issues and 
problems on git

• Documentation on git
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Summary: Multi-messenger Astronomy helps to answer 
fundamental physics questions

Pang et al., arXiv: 2205.08513

Equation of State Hubble Constant Heavy element formation

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

and                       is one tool to enable multi-messenger studies, but there is 
still plenty to do: • improved models 

• more robust sampling
• faster sampling
• ….
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