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Our group: Welcome to visit! 
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Outline

● Basic for neutron star structure and the EOS
● Recent work towards the determination of the 

#(hyper)nuclear force and NS properties from 
multimessenger astronomy

● Summary and Exciting future
equation of state (EOS)

mainly p(𝜌)
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Lev Landau James Chadwick Walter Baade Fritz Zwicky J. Robert 
Oppenheimer

1932- 
Dame Jocelyn Bell 
BurnellAntony Hewish

“the density of matter becomes so 
great that atomic nuclei come in close 
contact, forming one gigantic nucleus.”

1967

What is the nature of the particles that make up neutron stars?

A ~ 1057; For R=10 km, M=1.4 M⨀ , 
average density ~(2-3) nuclear density 𝜌

0

~several hundreds MeV (nonperturbative)

Extreme conditions make it impossible to 
attain by theo./exp. methods only.

beta equilibrium; 
charge neutrality;
extremely neutron-rich

EOS uncertainty from QCD phase uncertainty and model uncertainty 

● Hyperon puzzle; Δ(1232)/hyperon/Kaon/quark complication
● 1) Unified crust-core; 2) High-density extrapolation

Nobel prize 1974
Fundamental Physics Breakthrough Prize 2018

https://www.youtube.com/watch?v=h1JprDaZN4g&t=90s
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Hyperon puzzle: Heavy pulsars larger than 2M⨀ is a pain

BHF (NN + NNN + NY)

Schulze & Rijken 2016

Is it possible to combine NS multi-messenger (2017-) observations with hypernuclei 
experiments to understand better the hypernuclear force? How? What new? 

fitted from scattering data

Li et al. 2007

(2001 Nagara 
event  ΛΛ6He)

RMF(NN+NY+YY) 
consistent with 
hypernuclei data 
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2205.10631

From Referee “The present article addresses 

a long-standing issue in neutron star 

physics, namely the hyperon puzzle. The 

authors incorporate new information 

from hypernuclei calculations and treat 

the hyperon couplings in a more general 

way than what exists in the present 

literature. This is an interesting work that 

can have important future implications.” Huang, Raaijmakers, Watts, 
Tolos, & Providência, 2303.17518 
MNRAS

A major advantage of this methodology 

is the possibility, once the inference is 

completed, to discuss the possible 

composition of matter or the nuclear 

properties.

https://arxiv.org/abs/2205.10631
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Outline
● Basic for neutron star structure and 

the EOS
● Recent work towards the 

determination of the #hypernuclear 
force and NS properties from 
multimessenger astronomy

● Summary and Exciting future

NUCL   ASTRO

new methodology
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Combining (binary) NS observations with hypernuclei experiments 
p(𝛉,D) ∝ π(𝛉) ⨉ L(D|𝛉,𝕄))

Formerly:                               Presently: GW + X-ray + NUCL
GW + X-ray                              

Strong linear RσΛ-RωΛ relations from fitting (with some statistical error) 
calculated Λ separation energies of eleven A ≥ 12 single Λ hypernuclei 
(Rong, Tu & Zhou, 2021):

Assuming 
the sources 
are hyperon 
stars:
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Linear RσΛ-RωΛ relations consistent with both finite-range meson-exchange and zero-range PC models 

#different statistical errors

Hyperon star properties do NOT 
rely sensitively on the choice of 
the statistical error.
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Employed 18 stiff relativistic EOSs with 7 types of variation of the 
RMF effective interactions

1) Original linear Walecka model, 
2) Nonlinear Walecka model with 𝜎 self-interacting mesons
3) Nonlinear Walecka model with 𝜎, 𝜔 self-interacting mesons, 
4) Nonlinear Walecka model with 𝜎, 𝜔 self-interacting mesons 

and possible mesonic cross terms, 
5) Models in which the parameters that couple the baryons with 

the mesons are density-dependent, 
6) Models with the inclusion of 𝛿 mesons, i.e., a0(980), 
7) Point-coupling (PC)  models without exchanging mesons.

M
max

(NS)≥2.3M⨀

Dashed: w.o. Y
Solid: with Y

Reproducing nuclear saturation with varying stiffnessNN potential general scheme
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B                        B

(P, I, J symmetry) Eqs. of motion of baryons and mesons can be generated by the 
Euler-Lagrangian eq. from the Lagrangian:

Then, p & 𝜺 (with arbitrary isospin asymmetry) from nuclear 
part can be generated by the energy-momentum tensor.

1. Model for interaction                                  2. the EOS                                   
                                                                                                             between particles   

3. NS observations
 (M-R relation, Lambda)

Static approximation considered in the Lagrangian on 
mesons so that their time components are neglected; 

Spatial part of ω meson disappears for the time 
reversal symmetry;

Infinite nuclear matter has translational invariance, 
removing the partial part of the coordinate space.

Prepare EoS prior starting for a RMF parameter set
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waveform depending on 
17(4) parameters

Bayesian inference of hyperon-nucleon interaction strengths
from combining (binary) NS observations with hypernuclei experiments 
● Finite size effects of the merging star alter late inspiral GW signal:
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Kernel density 
estimation

Bayesian inference of hyperon-nucleon interaction strengths
from combining (binary) NS observations with hypernuclei experiments 
●

Trace rays from hot spots on NS surface:

Pulse profile modeling 
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Software: 
Bilby (Ashton et al. 2019, version 0.5.5, https://git.ligo.org/lscsoft/bilby/), 

PyMultiNest (Buchner 2016, version 2.6, https://github. com/JohannesBuchner/PyMultiNest), 

Toast (Hernandez Vivanco et al. 2020, https://git.ligo.org/francisco.hernandez/toast), 

Corner (Foreman-Mackey 2016, https://github.com/dfm/corner.py).

Bayesian inference of #hyperon-nucleon interaction strengths 
from combining (binary) NS observations with hypernuclei experiments 

Likelihood

●

●

●

NUCL   ASTRO

new methodology
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Span uncertainty in YN interaction
#parameters and priors

● ONLY explore the 

couplings of Λ 

hyperons;

● Keep Σ, Ξ hyperon 

couplings fixed to their 

empirical values or 

based on SU(3) 

symmetry.

#posteriors
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Current status of the hypernuclear matter and hyperon star properties 
due to the uncertain YN interaction

● Taking the NL3ωρ one as an exemplary stiffest one;

Due to hyperons, the maximum mass is 
lowered by ~20%：                                            (68% 
credible interval);  

And the steller radius is smaller above ∼0.5 M
⊙
 

and grows with the stellar mass.

~2.2M⨀

threshold density of Λ hyperons: 1.4-3.8ρ
0

Unclear whether Λ or Ξ− appear first.

future: +a few ΛΛ hypernuclei, Ξ hypernuclei

2205.10631

https://arxiv.org/abs/2205.10631
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Hyperon-nucleon interactions in the relativistic Lagrangian
● Hypernuclei constraint favors large values 

of RσΛ 
and RωΛ and disfavors small values of 

both couplings; 

No existence of hyperon puzzle?!

● The addtion of astrophysical observational data on top 
of the laboratory RσΛ-RωΛcorrelation rotates the linear 
correlation slightly towards the direction of small 
values of RωΛ.

laborato
ry

 co
rre

latio
n

excluded

 narrowed



AngLi@QCHSC2024    20 of 22

   Perform Bayesian inference to find the golden EoS (2021-) 

+mocked MoI (radio)
+DM

2021                                          2022 2023       2024          

Massive PSRs (radio)
+ GW (static tide)
+ X-ray (NICER)

+n skin
+hypernuclei
+kilonova 
(optical+)

+GW (dynamic tide)
+X-ray 
(NICER ⨉XMM-Newton)

Data:
GW event of GW170817(+GW190425) & kilonova light curve of AT2017gfo,

NICER  ⨉XMM-Newton’s measurement of mass and radius of 2 PSRs, 

 (Mocked) SKA’s moment of inertia measurement on PSR J0737-3039,

Neutron-skin from PREX-II, CREX and the ab initio predictions on 208Pb, 48Ca; 

2103.15119 

2204.05560
2205.10631

2211.02007

2305.084012305.16058

2402.02799 

2107.07979

https://arxiv.org/abs/2103.15119
https://arxiv.org/abs/2204.05560
https://arxiv.org/abs/2205.10631
https://arxiv.org/abs/2211.02007
https://arxiv.org/abs/2305.08401
https://arxiv.org/abs/2305.16058
https://arxiv.org/abs/2402.02799
http://arxiv.org/abs/2107.07979
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Procedure used until now

❏ Piecewise polytrope EoS: Logarithm of the adiabatic index (𝜞) of the EoSs are 
treated as polynomial: Little to no microphysics;

Black box = EoS microphysics 

Better procedure
❏ More physics at the EoS modelling stage;
❏ Support quantitative studies of the EoS at different density 

regimes;
❏ With prior explicitly considering phase transition;
❏ Allow for straightforward extensions to higher-dimensional 

models, accommodating the inclusion of additional particles 
within NSs, even dark matter;

❏ Can discuss the composition of matter and the underlying strong 
interaction;

❏ Facilitate a connection with the ongoing research efforts in the 
field of relativistic HIC.
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Summary and Exciting future
● We incorporate new information from hypernuclei 

calculations to addresses a long-standing issue in NS physics;

● We find that the strong correlation between the scalar and 
vector channel of YN interactions indicated by s.p. separation 
energy of available Λ hypernuclei ENSURE that there is 
sufficient (vector) repulsion and a prediction of hyperon 
stars with Mmax~2.2M⨀ ;

● Comprehensive analysis of multi-messenger, 
multi-wavelength data ongoing to probe the EOS at different 
density regimes…

NUCL   ASTRO

new methodology

🌹


