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1)  Gravity  compresses matter at very high density 

2)  Pauli principle                                                                                               

Stellar constituents are different species of  identical fermions  (n, p,...,e-, μ-)                

 antisymmetric wave function for particle exchange       Pauli principle 

Chemical potentials                                 rapidly increasing functions of the density 

3)  Weak interactions   change the isospin and strangeness content of                

                                 dense matter to minimize the energy    

epn  ,,

Neutron star physics in a nutshell 

  Cold catalyzed matter   (Harrison, Wakano, Wheeler, 1958)                            

The ground state  (minimum energy per baryon) of a system of hadrons  

and leptons with respect to their mutual  strong  and weak interactions      

at a given total baryon density n and temperature T = 0.  



“Neutron Stars” 
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-stable nuclear matter 
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 Equilibrium with    

respect to the weak 

interaction processes 

 Charge neutrality 

To be solved for any given value of the total baryon number density  n 

neutrino-free matter 
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 Nucleon Stars      



models  of  

nuclear interactions 

VNN  , VNNN  ,… 

Quantum  

many-body approach 

EOS: P = P() 

Neutron Stars  

properties 

observational data 
(measured NS properties) 

TOV 

Microscopic approach to nuclear matter EOS 

NN scattering data ( 4300) 

Properties of light nuclei  (A = 3, 4) 

Properties of stable and unstable nuclei 

 ( 3300 ) 

 e-Nucleus scattering  

 

Nuclear matter  

empirical saturation point    

n0= 0.16 fm-3 ,   E/A = -16 MeV  

Symmetry energy  Esym(n0) = 28  32 MeV  

  

Experimental data 
Theory 



IAS = constraint from Isobaric Analog States in nuclei      
(P.  Danielewicz, J. Lee,  Nucl. Phhys. A922 (2014) 1)  

Particle fractions 

D. Logoteta,  I. Bombaci,  A. Kievsky,    Phys. Rev. C94 (2016) 064001 

Symmetry energy 

Microscopic  BHF  nuclear matter EOS 

N3LOΔ   ChPT  NN potential   (Piarulli  et al. Phys. Rev. C 94 (2016) 054007 ) 
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The composition of -stable nuclear matter 

depends on the nuclear symmetry energy. 



D. Logoteta,  I. Bombaci,  A. Kievsky,    Phys. Rev. C94 (2016) 064001 

N3LOΔ   ChPT  NN potential   (Piarulli  et al. Phys. Rev. C 94 (2016) 054007 ) 

Microscopic  BHF  nuclear matter EOS 

 Three-body 

nuclear 

interactions  

VNNN                   
are necessary  to 

reproduce the   

empirical 

saturation point 

of nuclear matter  

Neutron matter Symmetric nuclear  matter 



I. Bombaci,  D. Logoteta, (2017)  in preparation 

Nucleon Stars  (neutron stars with a nuclear matter core) 



Artificially turning off the weak interaction          
i.e. considering  a stable neutron  

 

                                                                           

leads to an overestimate of  Mmax  and  R 

n    p   +  e–  + e 

Nucleon Stars  (neutron stars with a nuclear matter core) 

I. Bombaci,  D. Logoteta, (2017)  in preparation 



Nucleon Stars  (neutron stars with a nuclear matter core) 
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Comparison of different EOS models 



Nucleon Stars  (neutron stars with a nuclear matter core) 

PSR J0348+0432 

Comparison of different EOS models 

I. Bombaci,  D. Logoteta, (2017)  in preparation 



Nucleon Stars  (neutron stars with a nuclear matter core) 

NS radius  vs  nuclear matter EOS models 

M/M ΔR(km) 

2.0 

1.5 

1.0 

2.93 

2.87 

2.83 

I. Bombaci,  D. Logoteta, (2017)  in preparation 



   NN interactions are essential  to have “large” stellar mass                   

For a free relativistic  neutron gas  Mmax = 0.71 M    (Oppenheimer and Volkoff, 1939)                      

 

   NNN interactions  are essential  

(i)  to reproduce the correct empirical saturation point of nuclear matter  

(ii) to reproduce measured neutron star masses, i.e. to have  Mmax  > 2 M                      
   

Message taken from Nucleon Stars                            
(i.e. Neutron Stars with a pure nuclear matter core)  

Few-body (A ≤ 4) nuclear systems properties   and/or                               

the  saturation properties of nuclear matter   can not constrain                       

the NNN interactions at high density 



models of Nucleon Stars                                 
(i.e. Neutron Stars with a pure nuclear matter core)   

are able to explain  

measured Neutron Star masses  

as those of  

PSR J1614-2230  and   PSR J0348+0432 

MNS ≈  2 M 
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Happy?                                          

Not the end of the story!  



models of Nucleon Stars                                 
(i.e. Neutron Stars with a pure nuclear matter core)   

are able to explain  

measured Neutron Star masses  

as those of  

PSR J1614-2230  and   PSR J0348+0432 

MNS ≈  2 M 

the presence of hyperons in the 

star seems unavoidable:  

hyperon puzzle problem                                     



baryon octet : Jπ  =   (1/2)+ baryon decuplet: Jπ  =   (3/2)+ 

,.....,,,,,, 00  Hyperons                                                                                

Hypernuclei:  bound states  (n, p, hyperon )                                                       

Strange baryons  



 Nucleon Stars  [(n, p, e–, μ–)-matter]   having               

  Mmax(EOS)    2 M                          ρc (Mmax)  >  ρY-thr             

D. Logoteta, I. Bombaci (2014) 

 

Hyperons appear in the 

stellar core above a threshold 

density                             

Y-thr  (2 – 3) 0  
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 Equation of State of Hyperonic Matter 

Stellar mass  
 D. Logoteta, I. Bombaci (2014)      

Particle fractions  

BHF: Av18 + TNF + ESC08b    no hyperonic TBF 

Av18+TNF+ESC08b Av18+TNF+ESC08b 

hyperons produce a 

strong softening       

of the EOS 



Many hyperonic matter EOS  models (mostly 

microscopic models)  predict the presence of 

hyperons in the NS core, but they give    

Mmax  <   2 M                                                                        

not compatible with measured NS masses   
  

The hyperon puzzle in Neutron Stars 



Many hyperonic matter EOS  models (mostly 

microscopic models)  predict the presence of 

hyperons in the NS core, but they give    

Mmax  <   2 M                                                                        

not compatible with measured NS masses   
  

The hyperon puzzle in Neutron Stars 

A baffling problem which likely originates from 

our incomplete knowledge (model dependence) 

of the baryonic interactions                                        
(NN,  NNN,  NY,  YY,  NNY,  NYY,  YYY)    

                                                          
N = nucleon,    Y = hyperon 



Hyperons in Neutron Stars: implications for the stellar structure   

The presence of hyperons  reduces the maximum mass of neutron stars:        

                      Mmax    (0.5 – 1.2) M                                                        

Therefore,  to neglect hyperons always leads to an overestimate of the    

      maximum mass of neutron stars. 

hyperon puzzle 
in Neutron Stars 

Need for       

extra pressure   

at high density 

Improved  NY, YY 

two-body interaction 

Three-body forces: 

NNY, NYY, YYY 

Need for new            

experimental data from  

hypernuclear physics 

and  YN scattering  



 Neutron Stars in the QCD phase diagram  

Lattice QCD                           

at μb=0 and finite T 

►   The transition to Quark Gluon 

Plasma is a crossover                         

Aoki et ,al., Nature, 443 (2006) 675 

►  Deconfinement transition     .    

 temperature  Tc  

HotQCD Collaboration                   

 Tc= 154 ± 9 MeV                

Bazarov et al., Phys.Rev. D85 (2012) 

054503     

Wuppertal-Budapest Collab.             

 Tc= 147 ± 5 MeV          

Borsanyi et al., J.H.E.P. 09 (2010) 073 

Neutron Stars: high μb and low T   

Lattice QCD calculations are presently not possible                                                       

Quark deconfinement transition expected of the first order                  

Z. Fodor, S.D. Katz, Prog. Theor Suppl. 153 (2004) 86 

“A link between lattice QCD and measured neutron star masses”                               
 I. Bombaci, D. Logoteta,  Mont. Not. Royal Astron. Soc.  433 (2013) L79 



1st order phase transitions  are triggered by the  nucleation  of a      

critical size drop of the new (stable) phase in a metastable mother phase  

Virtual drops of the stable phase are created by small localized fluctuations 

in the state variables of the  metastable phase   

  A common event in nature, e.g.: 

•  fog or dew formation in 

 supersaturated vapor  

•  ice formation in supercooled water 
Pure and distilled water at standard 

pressure (100 kPa) can be supercooled 

down to a temperature of  -48.3 C. In the 

tempearture range  (-48.3  0) C, water is 

in a metastable phase and ice cristals will 

form via a nucleation process. 

 Quark matter nucleation in Neutron Stars 



In NS cores when  Pcentr=  P(r=0)  > P0   

   Hadronic matter phase is 

metastable  

The  stable Quark matter phase            

formed by a nucleation process 
 

 

P0 pressure 

H 

Q 

H  = Q  0  

TH = TQ   T 

P(H)  = P(Q)  P(0)  P0    

Gibbs’ criterion  for phase equilibrium 

j = Gibbs’ energy per baryon                 

(j-phase average chemical pot.)  j = H, Q 
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P0 pressure 

H 

Q* 

stellar conversion process 

HSQS 

First drop of             

Q*-matter 

Hadronic Stars  with  Pcentr > P0   

are  metastable to the conversion  

to  Quark Stars   

The mean lifetime of the metastable Hadronic Star 

configuration is related to nucleation time  of the 

first drop of Q*-phase   
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Metastability of Hadronic Stars 

Mthr( = )                

Mmax 

Mcr critical mass 

Hadronic Stars  above 

a threshold value of 

their gravitational 

mass  are metastable 

to the conversion to      

Quark Stars (QS) 

(hybrid stars or 

strange stars) 
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Metastability of Hadronic Stars 

Mthr( = )                

Mmax 

Mcr critical mass 

       Mcr , critical mass    

of hadronic stars.          .    

.      Two families of  

 compact stars      

.     stellar conversion  

 HSQS         
Econv  1053  erg      (possible 

energy source for some GRBs) 

 

    extension of the concept of 

limiting mass of compact stars 

with respect to the classical one 

given by                  

Oppenheimer and Volkoff  



Two families of compact stars 

I. Bombaci, D. Logoteta (2017) 



Two families of compact stars 

PSR J0348+0432 

I. Bombaci, D. Logoteta (2017) 

PSR B1913+16 



Two families of compact stars 

PSR J0348+0432 

I. Bombaci, D. Logoteta (2017) 

PSR B1913+16 
Stars with same mass        

and different radius  



Summary   

        The  EoS of matter at supranuclear densities  is a key ingredient to describe   

Neutron Stars and related astrophysical phenomena (SNEs,  NS-NS merging, GRBs) 

 

       Experimental data of low-energy nuclear physics   (NN scattering,  properties of 

atomic nuclei,  reactions with Radioactive Ion Beams  …. )  can constrain the EoS  
below and  around the  empirical saturation density  of nuclear matter.    

 

       At supranuclear densities various particle species  (e.g. hyperons)  and phases of 

matter (e.g. quark deconfined matter) are expected.  

Needs of  new experimental data e.g. from hypernuclear physics  to constrain  

models of  NY  (nucleon-hyperon),  YY,  NNY, NYY, YYY   interactions.  

Relativistic Heavy Ions experiments to confirm the existence of  QGP and to 

constrain its EoS  

eXTP   will provide a unique opportunity to explore the 

properties of  matter at extreme densities  and to deepen our 

understanding of the fundamental constituents of matter     

and their mutual interactions.  


