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INNER CORE
UNKNOWN

The equation of state inside the stars cores are
unknown, but the global properties allow us to
draw some reasonable conclusions.
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Input from a variety of sources
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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.

ﬁ\luclear Physics

- Chiral EFT

- pQCD

- PREX-II/ CREX

- Pb dipole measurem
- Heavy lon Collisions

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
Universitét Potsdam

Karl-Liebknecht-Str. 24/25
14476 Potsdam
Germany

= e

LO 0(?\1)

(2 LECs)

wo off)

(7 LECs)

NN

X H

XKIK
MH

N2LO O(T\) 1t

(2 LECs: 3N)

NLo of%)

(15 LECs)

Astrophysics

- Heavy pulsars
- NICER

- HESS object

- gLMXBs

3N

- Thermo-nuclear accretion

bursts

- GW170817
+ AT2017gfo
+ GRB170817A
- GW190425

- GRB211211A

- Postmerger constraints from GW170817




Input from a variety of sources

Koehnet al. 2024, PRX 15 (2025) 2, 021014

MeV fm=3

p in
2

2

pQCD

NS mass and

radius measurements

Nuclear theory
and experiment

Postmerger GW
and EM signals

ﬁ\luclear Physics

Chiral EFT

pQCD

PREX-II/ CREX

Pb dipole measuremi
Heavy lon Collisions
e

-

LO 0(?\:)

(2 LECs)

wo off)

(7 LECs)

N2LO 0(31) ¥

(2 LECs: 3N)

NLo of%)

(15 LECs)

NN 3N

ﬂstrophysics

Heavy pulsars
NICER

HESS object
gLMXBs

Thermo-nuclear accretion

bursts

GW170817
+ AT2017gfo

+ GRB170817A
GW190425

GRB211211A
Postmerger constraints from GW170817




/ The Binary Neutron Star Merger Simulation \

gravitational wave
emission

/




/ The Binary Neutron Star Merger Simulation \

gravitational wave
emission

deformation before
merger, ejection of
material, heavy

element production




/ The Binary Neutron Star Merger Simulation \

gravitational wave
emission

deformation before
merger, ejection of
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element production

black hole formation
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Theoretical Framework: Schianchiet al., PRDL09(2024)4, 044012

A well-posednessf PDEs
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Inspiral waveforms

ﬁ/arious models \

Numerical Relativity
Simulations

Post-Newtonian Theory

: Effective-one-body
Formalism

\ _ = Phenomenological Models/

cf. talks by Husa, Hi nder er | 2




Inspiral waveforms

ﬁ/arious models \

Numerical Relativity
- Simulations
h 4
= since 2017 ongoing development to m(@
o e Post-Newtonian Theory tidal contributions
s Models:
A NRTidal (2017/2018)
k Effective-one-body A used for GW170817 and GW190425
N Formalism

A NRTidalv2 (2019)

A NRTidalv3 (2024)

e . soon NRTiIidal v3 I
higher modes
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IMRPhenomXPHM _NRTidalv3 and

New inSpiraI models: SEOBNRV5_ROM NRTidalv3
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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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Waveform Model Development through observations
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Waveform Model Development through observations
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Waveform Model Development through observations

KIjTidale‘AA'PA‘l‘B'AB‘PB \
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Gravitational Wave Analysis

GW170817

A determines tidal deformability
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Gravitational Wave Analysis

GW170817

A determines tidal deformabilit
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/ Assumption: The merging objects were neutron stars
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Gravitational Wave Analysis
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determines tidal deformability
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Gravitational Wave Analysis
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EM Signalsi Kilonova
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- neutron rich ejecta produce heavprocess elements
- pseudeblack body radiation fromprocess elements
- mergers are major sites for the formation of heavy elements
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EM Signalsi Kilonova
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- neutron rich ejecta produce heavprocess elements
- pseudeblack body radiation fromprocess elements

- mergers are major sites for the formation of heavy elements
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Photometric lightcurves
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Photometric lightcurves /
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1.) computdightcurvesfor a set (grid) of ejecta
properties with a radiative transfer code

2.) interpolate within this grid through Gaussian
Process Regression or a Neural Network
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Photometric lightcurves

.) computdightcurvesfor 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 numericalativity
predictions to the binary properties
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/ Uncertainties \

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

Crosscode comparisons for v ;[

_ numerous geometries and
2.) Heating rates depend on the formed | assumption® estimate on the = 5=,

elements and ejecta properties modelling uncertainty .
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-16 e o v ——— |
Y g e Tre
~-12 B
J -16 9900 0e |ge.

14 = —
12
H L61- C
~14 [
: —
12
16 S E— -
K 14 oo  So % L 2 e
12
0 2 4 10 12 14



Bestfit light curve X AT2017gfo —8— Bestlit systematic error

16F
/ Uncertainties \ 7 A
g 20 A"‘m\\
24+ | | B T
1.) Knowledge about the outflowing - 20k 1
material (mass, velocity, geometry, 24 : : m——
composition) e S
24 | . | | : |
2.) Heating rates depend on the formed G e
elements and ejecta properties 24t | , | | ; |
J QOM »
2 | | | | : |
3.) Incomplete knowledge about Hoo ™ e
opacities for complicated elements Kzﬁl\&)mmx\ S
\\ / i : : : : : :
[ e
= 0 : : | | : |
zb% 11—’—“\/14*’/.\\
Data-driven approach to £ %j | | | | | |
determine uncertainties T — T,

6 8 10 12 14
Jhawar et al., PRD 111 (2025), 4, 043046 Time [days]



ﬁ\II\/II\/IA: Steps towards a nucleaphysics and mum

messenger astrophysics framework

- simultaneousinalysis of GWkilonova, and GRB afterglow while
sampling nuclear physics parameters

- HPC facilities needed or GR&akceleration required

Normalized amplitude
2 4

Frequency (Hz)




NMMA: Main Contributions by

University of Potsdam and

Max Planck Institute for Gravitational Physics
- computational astrophysics

- gravitationalwave modelling

- multi-messenger data analysis

University of Minnesota
- optical and neainfrared observations
- multi-messenger analysis

Observatory of la Cote d'Azur
- optical and neainfrared observations
- multi-messenger analysis

SuoIeAISSUO

Utrecht University
- gravitationalwave data analysis
- multi-messenger data analysis

University of Ferrara
- modelling of electromagnetic signals

Aloay |

Los Alamos National Lab
- nuclear physics




https://github.com/nuclearmultimessengeiastronomy

Pang et al., Nat. Comm. 14 (2023) 1, 8352

Work done by H. Rose, H. Koehn,
A. Puecher et al.




