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O que as ondas gravitacionais 
podem nos ensinar sobre

os pulsares? 



Diagrama HR (Hertzspring - Russel)

Figura de Kevin Schroeder
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Compact Stars - Brief history

1844 - Sirius (B) is predicted as part of a binary system 
(Frederick Bessel) 

1862 - observed (Alvan Clark Jr)

1914-1915 - Both stars had the same T at the surface.
but Sirius B was much denser than Sirius A -

spectroscopy (Walter Adams)

1926 - Fowler  - White dwarf described as a gas of 
degenerate electrons whose pressure would 

compensate the gravitational force

1930 - Maximum mass of a white dwarf
(Chandrasekar)



What if a massive star is even denser 
than a white dwarf ? 

1931 - In this case, the atomic nuclei would 
overlap and the star will be a huge nucleus. 

(Lev Landau) 

(prediction of the neutron star) 

1932 - Neutron is detected (Chadwick)



1934 - Compact objects seen as possible
supernova explosion remnants 

(Baade e Zwicky) 

1939 - Tolman, Oppenheimer and Volkoff

1940 - Urca process (Gamow and Schenberg)

1964 - Quarks (Gell-Mann e Zweig)

1967 - Neutron stars detected
(Jocelyn Bell and Antony Hewish)  



Slide by Francesca Gulminelli



https://www.youtube.com/watch?v=vLbRZ353p0w


                                                      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



1974 - Hulse and Taylor (Nobel 1993)   

first binary pulsar PSR1913+16    
 (radiotelescope Arecibo)
very precise pulse period

NS mass can be measured directly
only in binary systems

(5 - 10% of known pulsars are in binaries)

explanation: loss of energy in the 
form of GW

2015 - GW150914 (two colliding black 
holes)




LIGO - Hanford (Washington) + Livingston (Louisiana)
VIRGO - Santo Stefano a Macerata (near Pisa) 



multi-messenger event



Neutron Star Merger GW170817
GW vieram da galáxia NGC 4993 

140 milhões de anos-luz

Observado (eletromagneticamente) por 
70 observatórios nos 6 continentes e no espaço 

além da colaboração LIGO-Virgo

Formas da GW baseadas em simulações 
de relatividade geral:



Marés na Terra e nas Estrelas de Nêutrons

Modelagem do fenômeno das marés - gravitação 
Newtoniana - Augustus Love - 1909 

Números de Love  - caracterizam a deformabilidade de um 
objeto (compacto) devido às forças de maré externas.

Damour, Nagar, Binnington and Poison (2009) 
estenderam o cálculo -  efeitos da relatividade geral

(Second order) Love numbers - Terra —> 0,3

NS (no sistema binário GW170817) —-> 0,1

Cesar V. Flores, Luiz L. Lopes, Luis B. Castro, DPM, EPJC (2020) 80: 1142 



Slide by Francesca Gulminelli
To calculate it, we need an EOS 



From microscopic physics 
(quantum and nuclear phys.)
to macroscopic properties 

(astronomical observations)

Equation of state            hydrostatic equilibrium

                                       stellar properties

!
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Structure of a NS

Figure by Danny Page



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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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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Rskin = Rn �Rp
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But now…
PSR J0740+6620

H.~Cromartie et al: Nat. Astr. (2020)
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�





E os raios? Quais os vínculos? 
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10.5 km  R1.4 M�  13.4 km
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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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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



Most massive 
Least massive 

       2.5 < mass gap < 5
Signal-to-noise ratio
not large enough to

obtain the tidal deformability
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The Future ???
2017

2034

2030



ET - underground infrastructure - 3rd generation
gravitational wave observatory - 2030 ?



• https://inct-

When you look up at the night sky, 
remember that almost everything you 
see is the result of a nuclear reaction. 

                                           Bill Gelletly
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Quark Stars ???

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

 Betânia C. Backes,E.Hafemann, 
I. Marzola and DPM,

J.Phys.G48, 055104 (2021)


