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Can NS be described by


quark matter - MIT, NJL, NJLv ?


hadronic+quark matters in hybrid stars ?






Estrelas hadrônicas, híbridas, de quarks


1969 - estrelas híbridas (possibilidade de um

caroço supercondutor)


 Ivanenko + Kurdgelaidze


1970 - estrelas de quarks - Itoh


conjectura de Bodmer (1971) - Witten (1984)  

 estrelas estranhas 


estrelas híbridas - com ou sem fase mista
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Msc. Thesis - James Rudinei Torres



Courtesy picture: C. Kouveliotou and Chengmin Zhang


Quark star candidates



Quark stars - Stability window

 Two-flavor quark matter (2QM) must be unstable :

 E/A > 930 MeV  (Fe binding energy) 

 Three-flavor quark matter (SM) must be stable:


  E/A ≤ 930MeV 




From microscopic physics 

(quantum and nuclear phys.)

to macroscopic properties 


(astronomical observations)

Equation of state            hydrostatic equilibrium


                                       stellar properties
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Charge neutrality

Chemical equilibrium 
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Quark Stars - MIT Bag Model 

J.R. Torres and DPM, Europhysics Letters,101 (2013) 42003



Density dependent mass quark model
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Quark Stars - DDQM 

 Betânia C. Backes,E.Hafemann, 

I. Marzola and DPM,


J.Phys.G48, 055104 (2021)



    Motivation: why magnetic fields?
   

   Magnetars - eB ≃ 0.5m2
π                      m2

π ≃ 3.5 × 1018 G

       Non-central HIC - eB ≃ 5 − 15m2
π 


   Early Universe - eB ≃ 30m2
π

eB = 1 GeV2 B = 1.69⇥ 1020G

Heaviside-Lorentz, Gaussian and natural units lead to different conversions!

in natural units:





Pulsars x Magnetars

B = 1012 G B = 1015 G

Crab nebula pulsar/ Chandra Just my imagination

magnetic field at the surface



                                                    Main NS manifestations:


                                                                                                                                   • Pulsars - powered by rotation                 

                                                   energy (1900 observed in 

                                                    radio-frequency)


                                                                                                                                • Accreting X-Ray Binaries

                                                powered by gravitational energy 

                                             rotation periods 0.0015-1000 s)

  

•

NS interior composition explorer - 06/2017

Advanced  telescope for high energy astrophysics 

 to be launched in 2030 

M = M� ' 1030 Kg

R ' 10Km

⇢ = M/R3 ' 1018Kg/l



Magnetars don’t fit into these categories! They are normally isolated 
NS whose main power source is the magnetic field.
 

              There are 2 classes of magnetars (29):

http://www.physics.mcgill.ca/~pulsar/magnetar/main.html

• Soft gamma-ray repeaters (discovered in 1979 as transient X-ray 
sources and giant flares - 11 confirmed, 4 candidates);


• Anomalous X-ray pulsars (identified in 1990 as a class of persistent 

• X-ray with no sign of a binary companion - 12 confirmed, 

• 2 candidates);


http://www.physics.mcgill.ca/~pulsar/magnetar/main.html


Courtesy picture: C. Kouveliotou and Chengmin Zhang




The formalism - hadronic matter - chaotic EoS

Luiz Laércio Lopes and DPM, JCAP 08, 002 (2015) 
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Neutron star oscillations

Before the merging, tidal interactions can excite the fluid 
modes by resonance; 


oscillation modes perturb the metric; 


quadruple modes dominate the emission of GW; 


non-radial oscillations can be calculated and their frequency 
computed; 


a family of modes can be calculated; 


we look at the fundamental mode (around 2 kHz), 

which are expected to be detected by the Einstein telescope.



Cesar V. Flores, Luiz L. Lopes, 

Luis B. Castro and DPM, 


EPJC 80, 1142 (2020);

arXiv:1905.11170





f-mode is only sensitive 

to  very strong Bs


frequencies generated

by massive stars are very 


sensitive to their EOS



Uncertainties concerning EOS to describe magnetars:


Can magnetars be part of binary systems? 

 How strong is B inside the star?


Although low B’s do not affect the EOS and the 

macroscopic properties, they affect the crust-core 


transition, with many consequences:

- can explain glitches,

- different Love number and tidal polarizabilities.


density dependent B not really justified, but calculations 
with LORENE may produce too large B’s at the surface 


and too big crusts. 




Space Observatories (X- ray telescopes) 

XMM Newton

X-ray multi-mirror mission

European Space Agency


1999-2022

in orbit

NuSTAR

Nuclear Spectroscopy Telescope Array


NASA - launched in 2012

Chandra

Earth-satellite


NASA

1999-2021




The Future ???
2017

2034

2030



ET - underground infrastructure - 3rd generation

gravitational wave observatory - 2030 ?



Final Remarks
Hadron physics is a very rich field, with many aspects


still to be investigated


Different (T, chemical potential) of the QCD phase diagram

can be described


In general, it involves multidisciplinary areas 

(thermodynamics, statistical mechanics, astrophysics,…)


Modelling hadronic matter properly remains a challenge

and NS are excellent laboratories



The quest for the holy grail (EOS and a good 
formalism) continues…


• https://inct-

Physics is an empirical science


It is not physics unless it can be tested empirically


It is not proved unless it is verified experimentally


