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High energetic phenomena are related with
highly magnetized neutron stars (NS): magnetars
B ≃ 1014 − 1015 G like Soft Gamma Repeaters (SGRs)
and Anomalous X-Pulsars (AXPs)

Coupled magneto-thermal evolution
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Motivation II: Theory

Calculations of cooling of magnetized NS need an underlying
model with ingredients:

Strong magnetic field B ≃ 1013 − 1015 G

Coupling of the crust-core physics

Coupled magnetic and thermal evolution:
B induces a thermal anisotropy Tb(θ)

B evolution and decay could be heating sources.

Dynamic timescales for: cristalization of the crust,
growth of the superfluid core, reorganization of B,
deformations in the crust, etc.

Magnetic field is unavoidable in NSs!

D. Aguilera - U. Alicante, Spain – p. 3/19



Thermal diffusion

Diffusion equation in 2D axial symmetry

Cve
Φ(r)∂T

∂t
+ ~∇ · (−κ̂ · ~∇(eΦ(r)T )) = e2Φ(r)Q
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Thermal diffusion

Diffusion equation in 2D axial symmetry

Cve
Φ(r)∂T

∂t
+ ~∇ · (−κ̂ · ~∇(eΦ(r)T )) = e2Φ(r)Q

Q energy losses (ν-emission, Joule heating),
κ̂ thermal conductivity

the magnetization parameter κ‖

κ⊥
= 1 + (ωBτ0)

2 >> 1

Boundary condition: magnetized envelopes [Potekhin &

Yakovlev 2001]

Ts(B, θ, Tb) ≃ Ts(Tb)χ(B, θ, Tb)
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Magnetic field structure

Crustal confined poloidal magnetic field that matches
(continuity of B⊥) with the vacuum dipolar solution at
the surface

~B = C

(

2
cos θ

r
A(r),−

sin θ

r

∂(rA(r))

∂r
, 0

)
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Crustal confined poloidal magnetic field that matches
(continuity of B⊥) with the vacuum dipolar solution at
the surface

~B = C

(

2
cos θ

r
A(r),−

sin θ

r

∂(rA(r))

∂r
, 0

)

Field evolution & Joule decay [Miralles & Urpin 1998]

∂ ~B

∂t
= −~∇×

(

c2

4πσ‖

(

~∇× ~B +
ωBτ0

B

(

~∇× ~B
)

× ~B
)

)

≃ −
~B

τOhm
−

~B

τHall
τHall ≃

1

B

Bt≪τOhm
≃ (1 + t/τHall)

−1 Bt≫τOhm
≃ exp(−t/τOhm)
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Microphysics I: Matter composition
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Crust: A, e, n SLy
[Douchin & Haensel 2001]

Core : RMF n, p, e,
[Glendenning 1998], Es = 32 MeV,

K = 280 MeV

NS configuration

ρc (g/cm3) M (M⊙) RNS Rc(km)

A 8.1 10
14

1.35 12.83 1.24

B 1.1 10
15

1.63 12.36 0.86
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Microphysics I: Matter composition

Crust: n in 1S0

Core: p in 1S0

n in 3P2

Parameterizations from [Anders-
son etal. 2005], [Kaminker 2001]
Calculations from [Wambach et
al. 1993], [Schulze et. al 1998],
[Elgaroy 1996], [Admunsen 1985],
[Baldo et al. 1998]
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Microphysics II

Neutrino emissivities
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Review [Yakovlev et. al 2001]
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Crust Formation & SF

Crust solidification
(Γ > 175)

Γ =
Z2e2

akBT
≈

Z2

T 6

( ρ

A

)1/3

Superfluidity (SF)
1. T/Tc << 1 strong SF
2. T/Tc ≃ 1 weak SF

SF neutrons in 1S0
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Weakly magnetized NS (B ≤ 10
12 G)
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Weakly magnetized NS (B ≤ 10
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1D cooling & SF effects [Page et al. 2006, Yakovlev et al. 2004 reviews;

Vorskresensky et al. 2004 core cooling]
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Magnetized NS (B ≃ 10
13 G)
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Magnetized NS (B ≃ 10
13 G)
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Highly Magnetized NS (B ≥ 10
14 G)
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Effect of toroidal field
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Large B strength: Joule heating?
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B decay can be an efficient heating mechanism
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Effect of Joule heating
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Conclusions

Thermal evolution of magnetized NS
2D evolution with strong magnetic field B ≃ 1013−15 G

Thermal crust-core coupling; next: magnetic coupling

Magnetic and thermal evolution:
1. fixed B induces a thermal anisotropy Tb(θ)

2. B decay affects the thermal state of the NS through
Joule heating

3. next: consistent (B, T ) evolution

Dynamic timescales for cristalization of the crust &
growth of the superfluid core: preliminary results
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