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Constraints from nuclear experiments and astrophysical observations

Bayesian framework
Results on nuclear equation of state and neutron star properties

Sen5|t|V|ty analysis of constramts on the nuclear equatlon of state



Constraints from nuclear experiments and astrophysical observations

Nuclear experiments Astrophysical observations
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Constraints from nuclear experiments (nuclei properties)
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Heavy-ion collisions

Pressure (MeV/fm?3)

-_XH M Theory

Nuclei properties
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1.5 20 2.5
Number Density n (n,)

Sub-saturation densities:

* n/p &t/*He

 Isospin diffusion/transport

* Neutron-proton differential flow
* lIsospin scaling

Supra-saturation densities:

e Charged pion & Kaon ratios

* n/p differential transverse flow

* Nucleon elliptic flow at high
transverse momentum

* n/p ratio of squeezed out
nucleons perpendicular to
the reaction plane




Constraints from heavy ion collisions (symmetric nuclear matter)

» HIC (DLL):
* Au+ Au collision data in the energy range
of 0.15 to 10 GeV/nucleon

* Transverse and elliptical flow were
studied

* Flow data exclude very repulsive and very
soft equations of state
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» HIC (FOPI):
* FOPI experiments of Au+Au collisions at 0.4
to 1.5 GeV/nucleon

e Elliptic flow of protons and heavier

isotopes
T T Y T T
’/
30| =
!
o5 ,
= 4 -
§ ’I ‘//
o 20 g / -
= e S
=g 2 2 e
o A
= = v B
@ 10 |- W il
@ - >
o P -
-z
0 r-”‘ -
1 : 1 A 1 . 1
1.0 1.5 2.0 2D
n/ng
Nuclear Physics A 945, 112 (2016)
6




Constraints from heavy ion collisions (symmetry energy)
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Constraints from heavy ion collisions (symmetry energy)

Pressure (MeV/fm3)

[ HIC(FOPI),HIC(DLL)
102 L,
=s———————4
10'F R AICW)
£ R{LAM )
- § R(2Mg)
o
100 =
0.0 0.5 1.0 1.5 2.0 25 3.0

Number Density n (n,)
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See also talks by C. Y. Tsang and W. Lynch
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Constraints from astrophysics observations

st e e Gravitational tidal field distorts shapes of neutron stars just before they merge
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Pulse profile modeling of hot spots on the rapidly rotating neutron stars
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Posterior Prior Likelihood

P(EoS|Constraints) o< P(EoS) H L(i* Constraint)

Priors MetaModeling EoS: No inbuilt correlations
among parameters, wide enough to include
all data points

15 total constraints from nuclear experiments Nuclear experiments

and astrophysical observations

Astrophysical observations
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Predictions for Predictions for Neutron star
Nuclear EOS properties
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Uniform prior distribution P(M) in the ranges of

Parameters

Priors
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Any reliable nuclear EoS should give a stable
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Predictions for Nuclear EQOS
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* Uncertainty in predictions increases with increase in the density

* Combining nuclear data with astrophysical observations better constraints the EoS
* Need to reduce the error bars for HIC data in the density range of 1-2n,

* More data points needed in the density range of 1-2n,
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Benchmarking equation of state for nuclear theory
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Results only directed by nuclear experiments

' And astrophysical observations
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Pressure (MeV/fm?)

Predictions for Neutron stars

Neutron star matter
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Neutron star equation of state

Huth, Pang et al., Nature 606, 279 (2022)

Neutron star matter | Chiral Effective Field theory
] (upto 1.5n,)

Heavy-ion collision constraints

Astrophysical observations
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Non-parametric EOS

Astrophysical observations

* Combining nuclear experiments with astrophysical observations also helps to reduce the

Uncertainties in the predictions of neutron star EoS and their properties .



Direct URCA process

The symmetry energy is very important to understanding the composition and dynamics of 120,
matter within neutron stars because it contributes to the chemical potentials of the particles Bnd il
that compose the stellar matter.
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In B-equilibrium the chemical potentials of neutron ,, proton p; and electron p, satisfy

He = K, — K, @and the proton fraction y,, satisfies, 40+
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Note, neutron star cooling depends on possible super fluid pairing gaps in addition to y, but not Mg e
considered in the present work
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Sensitivity analysis of different constraints

Without PREX-Il constraint <=

All 15 constraints <= ‘

1 12 13 14
R (1.4M)

Remove PREX-II constraint

No significant effect on neutron star radius

17



Role of different constraints

Without SE at high density

\ Without Astrophysical observations
All 15 constraints
<;——A

All 15 constraints
<;‘—A
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Further improvements in the future

Strongest constraining power

50% Reduced errors

HIC + Astro observation HIC constraints

Present: all 15 constraints +

astrophysical observations

50% Reduced errors

Astrophysical observations 50% Reduced errors

HIC results

Need of improvements on HIC results and
astrophysical observations

i1 12 13 14 y
R (1.4Mo)



Summary

We have constrained the equation of state using the existing constraints from nuclear structure, masses, monopole
resonance studies, heavy-ion collision studies and astrophysics observations.

* One can use these results as benchmarking equation of state for future developments of theories

* Adding heavy-ion collisions constraints at higher densities helps to tighten the predictions on equation of state
« Constraints from symmetric nuclear matter (FAIR, RHIC)

e Better constraints on symmetry energy at supra-saturation densities (ASY-EOS, RIBF, FRIB & FRIB400)

* Next measurements from NICER, LIGO/VIRGO, eXTP and STROBE-X
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