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Motivation |; Observations
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Most thermally emitting NS have B > 103G

D. Aaguilera - U. Alicante. Spain — . 2/1



Motivation |; Observations

-

Most thermally emitting NS have B > 103G

# [ndication of anisotropic T distribution

s Mismatch between optical flux and extrapolated
X-Ray spectra

D. Aauilera - U. Alicante. Spain — n. 2/



Motivation |; Observations

-

Most thermally emitting NS have B > 103G

# [ndication of anisotropic T distribution
s Mismatch between optical flux and extrapolated
X-Ray spectra
o Small hot emitting area & extended cooler
component?

D. Aaguilera - U. Alicante. Spain — n. 2/



Motivation |; Observations

-

Most thermally emitting NS have B > 103G

# Indication of anisotropic T distribution
» Mismatch between optical flux and extrapolated
X-Ray spectra
o Small hot emitting area & extended cooler
component?

# High energetic phenomena are related with
highly magnetized neutron stars (NS): magnetars
B~ 10" — 10" G like Soft Gamma Repeaters (SGRs)
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Thermal diffusion

-

# Diffusion equation in 2D axial symmetry

(I)(’l") 8T —

Cpe En +V - (—FK- ﬁ(eq)(f'")T)) = 62@(T)Q
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Thermal diffusion

-

# Diffusion equation in 2D axial symmetry

(I)(T) 8T —

Cpe En +V - (—FK- ﬁ(eq)(r)T)) = quD(T)Q

#® () energy losses (v-emission, Joule heating),
~ thermal conductivity
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Thermal diffusion

f # Diffusion equation in 2D axial symmetry

I 4T (k- T(OT)) = 209G

#® () energy losses (v-emission, Joule heating),
~ thermal conductivity

Ce ®(r)

» the magnetization parameter -1 = 1 + (wp7p)* >> 1

D. Aauilera - U. Alicante

pain — n. 4/



Thermal diffusion

Diffusion equation in 2D axial symmetry

B(r >f§§ - (—h - T(P0T)) = 20000

() energy losses (v-emission, Joule heating),
~ thermal conductivity

Ce

the magnetization parameter -1 = 1 4 (wpm)* >> 1

Boundary condition: magnetlzed envelopes [poteknin &
Yakovlev 2001]

TS(B, 9, Tb) ~ Ts(Tb)X(By (9, 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 (20089 _sm@@(rA(r))’O)

A(r),

r r or
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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 (20089 _sm@@(rA(r))’O)

A(r),

r r or

# Field evolution & Joule decay [miralles & Urpin 1998]

—— = VX (VXB (VXB)XB)
ot (4770 * B
B B 1
= — — THall = &
TOhm  THall B

\— Bt<<7'ohm =~ (1 + t/THall)_l Bt>>7'0hm = eXp(_t/TOhm) J
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Microphysics |: Matter compaosition

EoS -

® Crust: A,e,n SLy

[Douchin & Haensel 2001]

® Core: RMF n,p,e,
[Glendenning 1998], Es = 32 MeV,
K = 280 MeV

| NS configuration

pc (g/cm?) | M (Mg) | Rns Re(km)

11.7km 11.3 km 10.7 km 7.6 km
IIII| T T IIIIII| T T IIIIII| T IIIIIII| T IIIIIII| T IIIIIII T T IIIIII| T
_ 2p,
- v 0.46 p, .
- Xh i
o 008
-0 outer crust . gt
g innercrust  ©
Ne) ] G;J
m =
5 ° B
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. 3.7 137 90
1et09  letl0  letll  letl2  1letl3  letld  letl5

p (g/cm3)

A 8.110%4 1.35 12.83 1.24
B 1.11015 1.63 12.36 0.86
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Microphysics |
=

® Crust: nin 1S,

® Core: pin 'S,
n N 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]

o

Matter composition
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Microphysics |

Neutrino emissivities
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Microphysics |

# Crust
f Neutrino emissivities 1. eA Bremsstrahlung T
W 710k . Plasmon decay
let22—— mBr
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-—-=npBr

| o g’ e ———————

letl8=-="

1e+16 (IR [ AR 1 111l L 1 iiinl [ AR 1 1111l
o~ 1et20}

£

D 1et16
&

let15¢

let12
1e+09
1e+06

011.._
W)e+8

2

3. Pair e — et formation
4. nn Bremsstrahlung
5. Cooper pairing of n

O,le+14 -

6. Synchrotron

® Core
1. Modified Urca

2. nn Bremsstrahlung
3. Direct Urca
4, Cooper pairing of n, p

I
\ ) ]
I [T AL

10 1efll

IIIM L L1l
letl2  1et13  letld
p (glom) Review [Yakovlev et. al 2001]
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Crust Formation & SF

-

® Crust solidification
(I" > 175)

I'

 Z%e* 77 (p)1/3

_akBTNﬁ Z

o Superfluidity (SF)
1. T/T, << 1 strong SF
2. T/T, ~ 1 weak SF

® SF neutrons in 1S
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Crust Formation & SF

-
# Crust solidification 5 AR
(I' > 175) R E
1 RN A
r— Z%e*  Z* (p)1/3 : R R
- akgT 16\ A lllt_I ut > 3
» Superfluidity (SF) ) 1y
1. T/T. << 1strong SF %
: withou B
2. T/T. ~ 1 weak SF | Wifh‘nigoFSFl |
® SF neutrons in 1S 4 e s
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Weakly magnetized NS B < 10'* G)

| Model A ' | Model B

. Low mass, minimal cooling "' High mass, enhanced cooling

6 | | | | | | | | | | | | | | | | | | | | | | | | \\ |
0 1 2 5 o6 0 i1 2 3 4 5 6 7

3 4
log t (yr) log t (yr)
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Weakly magnetized NS B < 10'* G)

. Modd A

. Low mass, minimal cooling

6 1 | 1 | 1 | 1 | 1

Model B

High mass, enhanced cooling

O 1 2 3 4
log t (yr)

1 2 3 4 5 6
log t (yr)

L o 1D Cooling & SF effects [page et al. 2006, Yakovlev et al. 2004 reviews; J

Vorskresensky et al. 2004 core cooling]
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Magnetized NS B ~ 10'° G)

B=510"G
. Model A

Low mass, minimal cooling

High mass, enhanced cooling

O 1 2 3 4
log t (yr)

@

1 2 3 4 5
log t (yr)
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pole
T, / T,

#® B induces an anisotropic T-distribution — 2D-cooling
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Magnetized NS B ~ 10'° G)
B o

#® B induces an anisotropic T-distribution — 2D-cooling
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Highly Magnetized NS (B > 10'* G)

Model A - sSF

Low mass, minimal cooling

Model B - sSF
High mass, enhanced cooling
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Highly Magnetized NS (B > 10'* G)

Model B - sSF
High mass, enhanced cooling

9
L Model A - sSF [ ___
Low mass, minimal cooling
\\
<
— 8
(@)
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\\
L \ L
\
--- B=0 \
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7 1 | 1 | 1 | 1 | 1 | \\ 1 | 1 1
(0) 1 2 3 4 5 6 @
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L # B induces an anisotropic T-distribution — 2D-cooling

1 1

2 1

3 4
log t (yr)
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o
- Model A - sSF Model B - sSF
N Low mass, minimal cooling High mass, enhanced cooling
< 8
N
O
—
()]
= L L
/. B=0 \
B=510"G \
— B =5.10" G + toroidal ‘\‘
] | ] | ] | ] | ] | 1 ]
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log t (yr)

Effect of toroidal field
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log T, (K)

8.5

7.5

6.5

Large B strength: Joule heating?

VeI slow cooling

fast cooling

B=5. 10"°G
Joule heating
tz=10°, a=100

| | |

0)

1 2 3 4 5
log t (yr)

log T, (K)

7 - fast cooling"~.}._ —
6.5 - B=5.10"3G S
Joule heating o
tg=10", a=10 S
1 | | 1 1 1 |
0 1 2 3 4 5 6 7

log t (yr)
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log T, (K)

Large B strength: Joule heating?

8.5

8
7.5

7 + fast cooling\
6.5 - B=5.10"G

Joule heating
tz=10°, a=100
| | |

VeI slow cooling

0] 1 2 3 4
log t (yr)

log T, (K)

8.5

7.5

6.5

no Joule
e —— pole
eq ———
idemred ---------
—slow cooling
— fast cooling —
- B=5.10"°G S
Joule heating ‘ ‘
tg=10", a=10 .
] ] 1 | 1 '
o 1 2 3 4 5 6 7

log t (yr)

B decay can be an efficient heating mechanism
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log T, (K)

©
Ul

©

Effect of Joule heating

Model A - sSF

Low mass, minimal cooling

N
8.5
8-
- -——-B=0
[ — B=510"G
75 — B=510"G + tor
[ — B=5.10" G + tor + Joule 10°, 10°
7F — B =5.10" G + tor + Joule 10, 10
- — B=10"G + tor + Joule 10’, 10°
L \
6-5 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1
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log t (yr)
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log T, (K)

6.5

o

a1
Ul
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Ul
OrrT o1

Effect of Joule heating

Model A - sSF
| o Low mass, minimal cooling

B =5.10"" G + tor + Joule 10’, 10°
— B =10 G + tor + Joule 10’, 10°

1 2 3 4 5 6 7 8
log t (yr)
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Conclusions

Thermal evolution of magnetized NS
2D evolution with strong magnetic field B ~ 1013~ G

Thermal crust-core coupling; next: magnetic coupling

Magnetic and thermal evolution:
1. fixed B induces a thermal anisotropy 7;(0)

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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