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Interdisciplinary collaboration
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Nuclear theoretical and experimental Astrophysical modelling and observations



Neutron star equation-of-state
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Neutron star equation-of-state

● Relating bulk properties

○ Energy density, pressure, 

speed of sound etc

● Zero temperature

● Beta equilibrium
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Bayesian statistics

Posterior ∝ Likelihood   ✕   

Prior
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Bayesian statistics

Posterior ∝ Likelihood   ✕   

Prior ● Astrophysical observations

● Experimental results

● Theoretical calculations
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Bayesian statistics

Posterior ∝ Likelihood   ✕   

Prior ● Encode prior information / knowledge

● As generic as possible
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Bayesian statistics

Posterior ∝ Likelihood   ✕   

Prior
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What we know about the EOS (so far)



Previous work
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Huth & Pang et al., Nature 2022

● Chiral effective theory up to 1.5nsat

● Heavy-ion collision

● Gravitational waves

● Radio and X-ray pulsars

What can we do better?



● 100k EOS candidates

● Meta-Model up to 1 - 2 nsat

● 9 segments speed-of-sound extension up to nTOV
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Prior
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Prior
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Chiral effective field theory
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● CEFT calculation up to N2LO (3rd order)

● Likelihood is designed that

○ j / (j + 1) -> 75% probability mass 

enclosed in band

○ see Furnstahl et al. Phys. Rev. C 92, 

024005 (2015)

○ The EOS has to be in band across 

meta-model densities



Chiral effective theory
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Perturbative QCD
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● At ~40 nsat, QCD becomes perturbative

● Constraint on EOS at chemical potential of 2.6 GeV 



Perturbative QCD
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● At ~40 nsat, QCD becomes perturbative

● Constraint on EOS at chemical potential of 2.6 GeV 

If the TOV density point can 
connect to the pQCD point

pressure

energy density

cS = 0

cS = c



Perturbative QCD
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● At ~40 nsat, QCD becomes perturbative

● Constraint on EOS at chemical potential of 2.6 GeV 

The pQCD point given the 
chemical potential and the 
renormalization scale



Perturbative QCD

21

● At ~40 nsat, QCD becomes perturbative

● Constraint on EOS at chemical potential of 2.6 GeV 

Uncertainty on the 
renormalization scale



Perturbative QCD
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PREX-II and CREX
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● Measurement on the neutron skin 

thickness

● Make use of the correlation between the 

thickness and Lsym

● Correlation between Esym and Lsym 

considered



PREX-II and CREX
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PREX-II CREX



PREX-II and CREX
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PREX-II CREX



Heavy ion collision

26

● FOPI and ASY-EOS are considered

● Allow us to draw contour (purple) on 

the p-n plane



Heavy ion collision
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Neutron star equation-of-state
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Radio timing
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● The maximum support mass of NS depends on the EOS

● Heavy pulsars set the lower bound of it



Black widow J0952-0607
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● Most massive neutron star ever observed

● Low-mass companion’s outer atmosphere 

is evaporated by the pulsar's radiation.

● Uncertainties from heat transport and 

temperature variations on the 

companion’s surface
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Black widow J0952-0607



Mass measurement on neutron star
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Mass-radius measurement on neutron star
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● The Neutron Star Interior Composition Explorer Mission (NICER)

○ Measure the X-ray pulsating profile

○ PSR J0030, PSR J0740+6620, J0437-4715

● Quiescent thermal X-ray spectra

○ qLMXBs (ω Centauri and  X5 in Tucanae 47), HESS J1731-347

● Thermonuclear bursts

○  4U 1702-429, J1808.8-3658

https://heasarc.gsfc.nasa.gov/docs/nicer/


NICER
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Quiescent thermal X-ray spectra
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● Radius and mass can be deduced from X-ray spectra (thermal component)

○ Flux for informing the radius

○ Gravitational bending / redshift informing the compactness

● Systematics and uncertainty:

○ Distance estimates

○ Interstellar extinction

○ Non-thermal spectrum contributions

○ Surface emission models and atmospheric composition



Quiescent thermal X-ray spectra
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Thermonuclear accretion burst
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● Low-mass X-ray binaries (LMXBs)

○ Small orbital separation -> Roche limit -> accretion disk

○ Accretion can cause thermonuclear X-ray bursts (Type-I bursts)

○ Temperature, spin, mass, and radius

● Systematics and uncertainty:

○ Accretion environment

○ Incomplete burst observation

Wagoner, Nature 2003
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Thermonuclear accretion burst



Neutron star equation-of-state
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Binary neutron star
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Gravitational channel

● GW170817

● GW190425 Electromagnetic channel

● AT2017gfo

● GRB170817A

● GRB211211A
Remnant fate

● Spinning

● Non-spinning



Gravitational waves
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Gravitational wave of inspiral

● Encodes the masses of the binary

● Tidal deformation footprints

Reanalyse the gravitational wave data

● Ensure a full exploration

● Avoid the usage of importance 

sampling (KDE)



Electromagnetic signal
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http://www.youtube.com/watch?v=x_Akn8fUBeQ


Electromagnetic signal
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Electromagnetic signal

● Kilonova

○ Driven by r-process

○ Inform us about ejecta properties

● GRB afterglow

○ Energy of the central engine

○ Precise viewing angle measurement



Electromagnetic signal
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Binary properties
● Mass
● Spin
● EOS

Ejecta properties

Kilonova

GRB afterglow

Quasi-universal relations

Semi-analytical / radiative transfer model

Bayesian statistics



Electromagnetic signal
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github.com/nuclear-multimessenger-astronomy/nmma

Make use of NMMA

● GW + KN + GRB all-at-once

○ ~ 22 - 24 dimension + 60 auxiliary 

parameters

● Fully incorporate underlying correlation



Fate of remnant

48

GW170817 collapse into a black hole

● Place an upper bound on the maximum mass

●    

●
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Nuclear experiment / theory Isolated neutron star Binary neutron star

Chiral EFT Radio timing GW170817
+ AT2017gfo
+ GRB170817A

pQCD NICER
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Likelihood

SYSTEMATICS
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Set A (Conservative) Set B (Middle ground) Set C (Aggressive)

Chiral EFT Set A            Set B

pQCD Heavy ion collision PREX-II + CREX

Radio timing Black widow GW190425

NICER J0030+0451 
J0740+6620

qLMXBs Brusters, HESS, GRB211211A

GW170817 GW170817 + KN + GRB Post-merger of GW170817

Constraints
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Combined



53

Combined



54

Combined
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https://multi-messenger.physik.uni-potsdam.de/eos_constraints/

https://multi-messenger.physik.uni-potsdam.de/eos_constraints/
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Conclusions

● An overview of multi-messenger constraint on neutron star EOS

○ Nuclear experiments

○ Nuclear theoretical calculations

○ Astrophysical observations

● Largely extension from previous work

● Proposed novel and statistically robust likelihood function

● Interactive portal for both nuclear physicists and astrophysicists

○ https://multi-messenger.physik.uni-potsdam.de/eos_constraints/ 

https://multi-messenger.physik.uni-potsdam.de/eos_constraints/


Chiral effective theory
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● CEFT calculation up to N2LO

● Based on Furnstahl et al. Phys. Rev. C 92, 024005 

(2015).

○ 75% probability mass enclosed in band



PREX-II and CREX
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● Measurement on the neutron skin thickness

● Make use of the correlation between the 

thickness and Lsym

● Correlation between Esym and Lsym considered



Heavy ion collision
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● FOPI and ASY-EOS are considered

● Allow us to draw contour (purple) on 

the p-n plane



Gravitational waves
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Kilonova and GRB
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● 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

Schianchi et al., Phys. Rev. D  2024

Kilonova
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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

Kilonova


