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Existing models

• Parameter dependent nuclear models should satisfy 
some nuclear bulk properties:


• Saturation density, binding energy , symmetry energy 
(and its derivatives), (in)compressibility


• Many parameters lead to many different models that 
satisfy them, both non-relativistic (Skyrme-type) and 
relativistic ones.


• How to choose? 
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•

What happens when we move to higher densities?

What about finite temperature?

SHF$

RMF$

Nuclear$MaUer$

Incompressibility$K�
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30.6 < L0 < 80.6 MeV
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25 < L0 < 115 MeVPhys. Lett. B 727, 276 (2013)

PRC 90, 055203 (2014)

Slope está correlacionado com 

a pele de nêutrons e raio da estrela de nêutrons



Pele de nêutrons
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Structure of a NS



Non-linear models
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Baryon M (MeV) q content J ~⌧ ⌧3 S electric charge
p 938.28 uud 1/2 1/2 +1/2 0 1
n 939.57 udd 1/2 1/2 -1/2 0 0
⇤ 1115.6 uds 1/2 0 0 -1 0
⌃+ 1189.4 uus 1/2 1 +1 -1 +1
⌃0 1192.5 uds 1/2 1 0 -1 0
⌃� 1197.3 dds 1/2 1 -1 -1 +1
⌅0 1314.9 uss 1/2 1/2 +1/2 -2 0
⌅� 1321.3 dss 1/2 1/2 -1/2 -2 -1

Stellar matter is  subjet to chemical equilibrium and 

charge neutrality conditions:

µ⌃+ = µp = µn � µe, µ⌃0 = µ⌅0 = µ⇤ = µn, µ⌃� = µ⌅� = µn + µe

X

B

qB⇢B +
X

l

ql⇢l = 0



Mean-field approximation (the meson fields are treated as classical fields)

Euler-Lagrange equations → equations of motion (translational and rotational 
invariance) → energy-momentum tensor → EoS

EoS is input to the Tolman-Oppenheimer-Volkoff equations:


RMF - usual steps:
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RMF Models - (relativistic) :


263 tested - nuclear bulk properties

M. Dutra et al, PRC 90, 055203 (2014)


35 approved


34 tested - astrophysical constraints

M. Dutra, O.Lourenço, DPM, PRC 93, 025806 (2016) 

15 approved - can sustain massive NS


34 tested - GW170817

O. Lourenço, M. Dutra, C. Lenzi, C. V. Flores, DPM, PRC 99, 045202 (2019)

24 approved - lie inside tidal polarizabilities confidence lines 


 

Only 5 can describe massive NS and satisfy GW170817
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But now…

PSR J0740+6620


H.~Cromartie et al: Nat. Astr. (2019)

M.C.Miller et al, arXiv: 2105.06979

Not mentioning the

hyperon puzzle

 Odilon Lourenço, Mariana Dutra, César H. Lenzi

Cesar V. Flores and DPM, 


Phys. Rev. C 99, 045202 (2019).

 Mariana Dutra, Odilon Lourenço, 

DPM, Phys. Rev. C 93, 025806 (2016)

5 modelos satisfazem

ambos 

2.07± 0.08 M�



                                                      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

M = M� ' 1030 Kg

R ' 10Km

⇢ = M/R3 ' 1018Kg/l





E os raios? Quais os vínculos? 
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R1.4 M�  11.9 km

GW170817

Capano et al, Nat. Astr. (2020)

NICER 

PSR J0740+6620
2.07± 0.08 M�

11.6 km < R < 13.1 km

11.8 km < R1.4 M� < 13.1 km

Miller et al, arXiv 2105.06979

PSR J0030+0451
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Rskin = 0.283± 0.071fm
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69 < L0 < 143 MeVPRL 126, 172503 (2021) 
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Pasta phase (inner crust)
It is the result of a frustrated system. Normally the short and large 

distance scales related to the nuclear and Coulomb interactions are 
well separated so that nucleons bind into nuclei but at very low 
densities, these length scales are comparable and  a variety of 

complex structures exist: droplet (meatball, 3D), rod (spaghetti, 2D), 
lazagna (slab, 1D), penne (tube, 2D), Swiss cheese (bubble, 3D). 



The pasta phase is the ground state configuration if its free energy 

is lower than the corresponding homogeneous phase. 



Effects of the inner (pasta) 

and outer (BPS) crusts

O. Lourenço, C. Lenzi, M. Dutra, 

T. Frederico, M.Bhuyan, 


R. P. Negreiros, C.V. Flores, G. Grams, 

DPM,  Chinese Phys. C 45,025101


(2021); arXiv 1905. 07308




But the pasta phase can indeed be important:


shear and bulk viscosities (transport equations);


electrical + thermal conductivities (magnetic evolution of 
NS);


quasi-periodic oscillations (observed in SGR);


Our previous approximation was poor 

(no fluctuations, one geometry at each density)


 

Fluctuations are confirmed in numerical simulations;


MDS is computationally very expensive 


A.S.Schneider, M.E.Caplan, D.K.Berry, C.J.Horowitz,  
Phys. Rev. C 98, 055801 (2018) 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Can NS be described by quark matter ?


Are there hybrid stars ?


Astrophysical constraints:


Maximum mass > 2 solar masses


GW170817 - tidal polarisability and the Love number


radius of canonical stars : uncertain…

(PREX2, GWs)




Thank you !


