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Motivation

Magnetic NS

Nuclear EoS



Modeling neutron stars

I matter inside the star: MBF formalism→
equation of state (EoS);

I stellar structure: Einstein equations→
hydrostatic equilibrium (TOV/LORENE).



Many-body forces
formalism
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MBF formalism
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g∗ωb = gωb, g∗%b = g%b, g∗φb = gφb.
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Particle Population

Chemical Potential
Interacting particles:
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Chemical Equilibrium

µi = qbi µn − qei µe

Conservation laws
Electrical charge:

ρp + ρΣ+ = ρ
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Baryon number:
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Hyperon-nucleon interaction
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C. Dover and A. Gal, Prog. Part. Nucl. Phys. 12, 171 (1985); J.

Schaffner et al, Annals Phys. 235, 35 (1994).
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Y = gωYω0(ρ0)−gσYσ0(ρ0)

UN
Λ = −28 MeV ,

UN
Σ = +30 MeV ,

UN
Ξ = −18 MeV .



Results: nuclear saturation
and hyperon stars



Results: saturation
ζ m∗n/mn K0 (MeV) (gσN/mσ)2 (gωN/mω)2

0.040 0.66 297 14.51 8.74
0.049 0.68 272 13.99 8.14
0.059 0.70 253 13.44 7.55
0.071 0.72 237 12.82 6.94
0.085 0.74 225 12.21 6.37
0.104 0.76 216 11.53 5.75
0.129 0.78 211 10.84 5.16

R.O. Gomes, V. Dexheimer, S. Schramm, C.A.Z. Vasconcellos,
The Astrophysical Journal 808 (2015) 1



Results: saturation

ζ = 0.040

(g%/m%)2 (gδ/mδ)
2

R.O. Gomes, V. Dexheimer, S. Schramm, C.A.Z. Vasconcellos,
The Astrophysical Journal 808 (2015) 1



Results: saturation

ζ = 0.129
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R.O. Gomes, V. Dexheimer, S. Schramm, C.A.Z. Vasconcellos,
The Astrophysical Journal 808 (2015) 1



Results: hyperon stars

EoS TOV
R.O. Gomes, V. Dexheimer, S. Schramm, C.A.Z. Vasconcellos,
The Astrophysical Journal 808 (2015) 1



Results: population

ζ = 0.040 ζ = 0.129

R.O. Gomes, V. Dexheimer, S. Schramm, C.A.Z. Vasconcellos,
The Astrophysical Journal 808 (2015) 1



Magnetic case: effects on the
EoS and the structure



MBF formalism with magnetic fields

L =
∑

b

ψb

[
γµ

(
i∂µ − g∗ωbξω

µ − g∗φbκφ
µ −

1
2

g∗%bητ .%µ
)
−qeγµAµ −m∗bζ

]
ψb

+
∑

l

ψlγµ (i∂µ−qeγµAµ −ml )ψl −
1
4

FµνFµν +

(
1
2
∂µσ∂

µσ −m2
σσ

2
)

+
1
2

(
−

1
2
ωµνω

µν + m2
ωωµω

µ

)
+

1
2

(
−

1
2
φµνφ

µν + m2
φφµφ

µ

)
+

1
2

(
−

1
2
%µν .%

µν + m2
%%µ.%

µ

)
+

(
1
2
∂µδ.∂

µδ −m2
δδ

2
)
.

R.O. Gomes, V.Dexheimer, C.A.Z. Vasconcellos, Astron.Nachr.
335 (2014) 666



Landau Quantization

Energy levels for interacting particles

E(k) = gωbω0 + gφbφ0 + g%bI3b%03 ± E∗0
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A. Broderick, M. Prakash, J.M. Lattimer, ApJ, 537, 351. (2000);
A. Broderick, M. Prakash, J.M. Lattimer, Physics Letters B, V. 531, Issues 3-4, 11, 167 (2002)
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Equation of state

Energy-momentum tensor:

Tµν = Tµνmatter + Tµνfield

Energy density:�� ��ε = T 00
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Magnetic fields on the structure of neutron stars



LORENE in a nutshell:

�� ��Input: Ω = 0, j0
I Axisymmetric metric: deformed stars,

I Poloidal distribution,

I EoS (h(ρb, B)),

I Einstein-Maxwell solution,

I Magnetostatic equilibrium.

�� ��Output: Mg , A, Rcirc , ...
S. Bonazzola, E. Gourgoulhon, M. Salgado, J. A. Marck, Astronomy and Astrophysics, 278, 2, 421



Results: magnetic stars
effects of B on the EoS:



Results: magnetic stars
Comparison TOV and LORENE:



Results: magnetic stars
Global effects:



Results: magnetic stars
Global effects:
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Results: magnetic stars



Results: maximum mass star

ζ = 0.040, Mg = 2.22 M�, Mb = 2.56 M�, j0 = 3.5× 1015a/m2,
Bs = 3.8× 1017 G, Bc ∼ 1.2× 1018 G



Results: Population

ζ = 0.040, Mg = 2.15 M�,
ρc = 0.86 fm−3

ζ = 0.040, Mg = 2.22 M�,
ρc = 0.7 fm−3, Bc ∼ 1.2× 1018 G



Summary

I We have developed a formalism that simulates many-body forces by the
introduction of nonlinear terms in the coupling of scalar mesons (MBF
formalism);

I We have parameterized the coupling of the model by the fitting of nuclear
properties at saturation, m∗N/mN , K0, asym and L0, from which we obtain the
range of 0.040 ≤ ζ ≤ 0.129;

I Applying the EoS to compact stars, we describe massive hyperon stars. In
particular, the astrophysical data narrows the values of the parameter of the
model to a range of 0.040 ≤ ζ ≤ 0.059, being 2.15 M� the maximum achieved
by the model to describe stars with hyperon content;
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Summary

I We studied the magnetic case by including magnetic field effects on the
strutucture (LORENE) and the EoS of the MBF formalism;

I We conclude that the inclusion of magnetic effects on the EoS of the MBF
formalism does not present significant changes on the global properties of the
stars;

I The error of including the magnetic effects only on the EoS (by solving TOV
equations) is estimated in comparison to the LORENE solution, from which we
conclude an overtimation of 13% in the maximum mass and an overestimation of
∼ 25% in the radius;

I The Lorentz force acts against gravity, increasing the radius and mass of the
stars and, in particular, we verify these effects on the global and internal
properties of neutrons stars for the MBF formalism;

I The Landau quantization, together with the reduction of the central density due
to magnetic fields, make the hyperon population vanish inside strongly
magnetized stars.
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Thank you.
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Outlook

I Extend the many-body contributions
to the vector mesons (vector
versions of the model);

I Verify the effects of temperature and
thermal evolution of the hyper stars
described by different
parameterizations of the model.

I Investigate magnetic field effects on
other populations (kaon
condensates, ∆ ressonances, etc..);
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