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• A few crucial observational points about neutron stars 
– A 2 Ms star 

– What about radii? 

– Other observational data: fast rotation and cooling 

• Hyperon production in compact stars 

• Kaon condensation? 

• Delta resonance production? 

• Quark stars: is Witten’s hypothesis still alive? 

• Conclusions: which are the possibilities?  



Masses of compact stars 



Known masses of compact stars 
Lattimer and Prakash 2010 







Radii of compact stars 



Oezel, Baym, Guever 2010 
from LMXBs transient and quiescent emission 



The Equation of State  
from Observed Masses and Radii of Neutron Stars 

Steiner, Lattimer, Brown 2011 

Bayesian analysis based on LMXBs  and on x-ray bursts data 

assumption that all neutron stars must lie on the same mass–radius curve 



Guever et al. 2013 
analysis of 5 QLMXBs 



Lattimer and Steiner 2013 

Strong dependence 
of the results on 
the composition of 
the atmosphere of 
the star, either H or He 

What if there are two 
different types of  
compact stars? 



Other astrophysical constraints 



Spin frequencies of accreting compact stars  

The observed spin 
frequencies are all much 
lower than the max frequency 
given by break-up at equator   



Cooling of compact stars 
Blaschke 2008 



Strangeness production 

 

• In heavy ion experiments strangeness can be produced only by strong-
interaction and therefore via associated production. The typical fraction of 
strangeness is less than 10% 

• In a compact star strangeness is mainly produced by weak interaction. 
Hyperons start appearing at densities above (2.5 – 3) r0 

• Hyperons can significantly soften the EoS: is it possible to have a  

     2 Ms compact star with hyperons? Yes, but… 

 



Hyperons in b-stable matter 



Stone, Guichon and Thomas 1012.2919, in connection with 
the discovery by Demorest at al. of the 2 Ms star: 

“…Rather than being a surprise to find hyperons 
it would stretch our understanding of 
fundamental strong and weak interaction 
processes to breaking point if they were not to 
appear. It is certainly inconceivable that a 
nucleon-only EoS could be realistic at such large 
densities.” 

 



The problem of the maximum mass 



Hyperonic stars in a non-relativistic BHF  
Baldo,Burgio, Schulze Phys.Rev. C61 (2000) 055801  

The maximum mass of a hyperonic star in BHF is smaller than 1.4 Ms ! 



Hyperonic stars in a non-relativistic BHF 
with parametrised 3-body forces between hyperons 

Vidana et al. Europhys.Lett. 94 (2011) 11002  

3-body forces are not sufficent to reach two solar masses 
Note that the central density is very large, 5 – 9 r0 

A relativistic approach could be needed 



Hyperonic stars in a relativistic mean-field 
with a repulsive vector f-meson interaction                     

Weissenborn, Chatterjee, Schaffner-Bielich Nucl.Phys. A881 (2012) 62 

SU(6) 
symmetry 
imposed 

Large maximum masses can be obtained but only if the effective mass 
of the nucleon is strongly reduced 



Hyperonic stars in a relativistic mean-field 
with a repulsive vector f-meson interaction                      

Weissenborn, Chatterjee, Schaffner-Bielich Phys.Rev. C85 (2012) 065802  

Beyond SU(6) 
Ideal mixing 
for vector 
mesons, but 
g8/g1 = z free 



Kaon condensation? 



Glendenning & Schaffner-Bielich 1998 



Gupta & Arumugam 2012 



Taking into account also Delta resonances 

Schurhoff, Schramm, Dexheimer 2010 Lavagno et al, in preparation 



Implications and speculations 

 

• Hyperons, kaons and Delta resonances can appear more or 
less in the same density range, about 2-3 r0 

• Their effect is to soften the EOS, making it difficult to obtain a 
2 Ms star 

• Somehow similar to heavy ion situation where the hadron 
resonance gas seems too soft to explain the data 

• Transition to a new and stiffer phase of matter? 



What about quarks? 



Hyperons and quarks in b-stable matter 



Hybrid and quark stars can be massive 
Alford, Blaschke, Drago, Klaehn, Pagliara, Schaffner-Bielich     Nature 445, E7 (2007) 

Transitions from a purely hadronic configuration to a configuration 

containing at least in part deconfined quark matter are possible. 

Energies of the order of a few 1053 erg are liberated in the transition 



Hybrid stars are possible 
Zdunik and Haensel 2012 

Density jumps at the phase transitions have to be small and sound speeds 
in quark matter large 

2SC CFL 



Phys.Rev.Lett. 103 (2009) 011101 

Are quark stars ruled out? 



Maximum masses for quark stars 

MIT-bag model with gluonic interaction 
Weissenborn et al. Astrophys.J. 740 (2011) L14  



Maximum masses for quark stars 

MIT-bag model with CFL condensate 
Weissenborn et al. Astrophys.J. 740 (2011) L14  

Maximum masses up to 2.2 Ms can be obtained 



The role of LOFT 



 

LOFT: the Large Observatory For x-ray Timing 

 

LOFT Consortium: national representatives: 

 

Jan-Willem den Herder SRON, the 

Netherlands 

Marco Feroci   INAF/IAPS-Rome, 

Italy 

Luigi Stella   INAF/OAR-Rome, 

Italy 

Michiel van der Klis  Univ. Amsterdam, 

the Netherlands 

Thierry Courvousier ISDC, Switzerland 

Silvia Zane  MSSL, United 

Kingdom 

Margarita Hernanz  IEEC-CSIC, Spain 

Søren Brandt  DTU, Copenhagen, 

Denmark 

Andrea Santangelo  Univ. Tuebingen, Germany 

Didier Barret  IRAP, Toulouse, 

France 

Renè Hudec   CTU, Czech 

Republic 

Andrzej Zdziarski  N. Copernicus Astron. 

Center, Poland 

Juhani Huovelin Univ. of Helsinki, Finland 

Paul Ray  Naval Research Lab, USA 

Joao Braga  INPE, Brazil  

Tad Takahashi  ISAS, Japan 

LOFT Science Team composed of 

scientists from:  

  

Australia, Brazil, Canada, 

CzechRepublic, Denmark,  

Finland, France, Germany, Greece, 

Ireland, Israel, Italy,  

Japan, theNetherlands, Poland,  

Spain, Sweden, Switzerland, Turkey, 

United Kingdom, USA  



LOFT Instruments  

37 

LAD – Large Area Detector 

Effective Area 4 m2  @ 2 keV 

8 m2  @ 5 keV 

10 m2 @ 8 keV 

1 m2   @ 30 keV 

Energy range 2-30 keV primary 

30-80 keV extended 

Energy resolution 

FWHM 

260 eV @ 6 keV 

200 eV @ 6 keV (45% of 

area) 

Collimated FoV  1 degree FWHM 

Time Resolution 10 s 

Absolute time 

accuracy 

1 s 

Dead Time <1% at 1 Crab 

Background <10 mCrab (<1% syst) 

Max Flux 500 mCrab full event info 

15 Crab binned mode 

WFM- Wide Field Monitor 

Energy range 

 

2-50 keV primary 

50-80 keV extended 

Active Detector Area 1820 cm2 

Energy resolution 300 eV FWHM @ 6 keV 

FOV (Zero Response)  180x90 + 90x90 

Angular Resolution 5’ x 5’ 

Point Source Location 

Accuracy (10-σ) 
1’ x 1’ 

Sensitivity (5-σ, on-
axis) 

Galactic Center, 3 s 

Galactic Center, 1 day 

 

270 mCrab 

2.1 mCrab 

Standard Mode 5-min, energy resolved 

images 

Trigger Mode Event-by-Event (10s 

res) 

Realtime downlink of 

transient coordinates 



LOFT and ESA’s Cosmic Vision program 

 
 

 

 

  
Strong Gravity 

 

 

Dense Matter  

 

  



LOFT: measuring masses and radii with (5-10)% precision 



Conclusions 

• Astrophysical possibilities: 

– If radii of all stars are larger than about 11-12 Km just one type of compact stars 

probably exists, not yet clear if it is made of nucleons, of hyperons or if it is a 

hybrid star 

– If stars with radii smaller than about 10 Km exist than it is possible that there are 

two types of compact stars, one made of  soft matter and one made of stiffer 

matter. Possible transition from one type to the other? 

• Hadronic physics implications: 

– Strangeness plays a crucial role in the composition and the evolution of compact 

stars 

– Measuring the potentials of L and S in nuclear matter would allow to fix the critical 

densities of production of hyperonic matter 

– Measuring the potential of the LL in nuclear matter would allow to put constraints 

on the hyperon-hyperon interaction and therefore on the high density behaviour 

– A large value of an attractive kaon potential in nuclear matter would likely indicate 

a dramatic instability of matter at high densities 




