Basic estimates for thermal conductivities
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For strongly degenerate electron gas:

Electron-ion scattering
[Potekhin, Baiko, Haensel, Yakovlev (1999) A&A4, 346, 345]
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Electron-electron scattering
[Shternin & Yakovlev (2006) PRD, 74, 043004]
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Partially degenerate electron gas

Electron-ion scattering in arbitrary magnetic field
[e.g., Potekhin (1999) A&A, 351, 787]
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Thermal conductivities in a strongly magnetized envelope
http://www.ioffe.ru/astro/conduct/
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[Ventura & Potekhin (2001), in The Neutron Star — Black Hole Connection, ed. Kouveliotou et al. (Dordrecht: Kluwer) 393]

UPDATED ! - Cassisi, Potekhin, Pietrinferni, Catelan, & Salaris (2007) 4pJ 661, 1094
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Conductive opacities of helium as functions of
degeneracy (left) and Coulomb coupling
parameter (right): comparison to Hubbard &
log T/Ty Lampe tables [Cassisi, Potekhin, Pietrinferni,
Catelan, & Salaris (2007) ApJ 661, 1094]




Thermal evolution Cooling of neutron stars

; : with proton superfluidity in the cores
“Basic cooling curve” p perfluidity

of a neutron star

(no superfluidity, no exotica)
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Cooling of neutron stars
with nucleon and exotic cores

[based on Yakovlev et al. (2005)
Nucl. Phys. A 752, 590c]
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Thermal structure with a magnetic field
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Temperature drops in magnetized envelopes of neutron stars
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[based on Potekhin, Yakovlev, Chabrier, & Gnedin (2003) ApJ 594, 404]
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Cooling of neutron stars
with accreted envelopes

Cooling of neutron stars

with magnetized envelopes
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[Chabrier, Saumon, & Potekhin (2006) J.Phys.A: Math. Gen. 39, 4411,
used data from Yakovlev et al. (2005) Nucl. Phys. A 752, 590c]

Superstrong fields: Energy transport below the plasma frequency
may affect the temperature profile and T
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Temperature profiles in the accreted envelope of a neutron star with “ordinary” (left panel)
and superstrong (right) magnetic field, for the local effective temperature 10°° K, with
(solid lines) and without (dashed lines) plasma-frequency cut-off

[Potekhin, Yakovlev, Chabrier, & Gnedin (2003) ApJ 594, 404]
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Temperature profiles in magnetized envelopes of neutron stars

The effects of neutrino emission, chemical composition, and magnetic fields
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Temperature drops in magnetized envelopes of neutron stars

The effects of neutrino emission, chemical composition, and magnetic fields
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Application: Restrictions to models
of crustal heating of magnetars

lg L (erg s71)

36

34

32

S

-0

M=1.1M, ©
B=5x10 G

1=3SCGR 1900+14
2=SGR 0528-66
3=1E 1841-045
4=CXQU J010043.1
-721134
5=1RXS J170849
-400910
6=4U 0142+61

%4 T7=1E 2259+586

1=Crab
2=PSR JO206+64
3=RX J0B22-43

4=1E 1207-52 _]

65=CTA 1

6=Vela

7=PSR 1706-44
8=PSR J0538+28
8=Ceminga
10=RX I1856-37
11=PSR 1055-52
12=RX JO720-31




Application: Restrictions to models
of crustal heating of magnetars

1=3SGR 1900+14

2=SGR 0526-866 E

3=1E 1841-045

= 4=CXOU J010043.1

] —-721134
5=1RXS J170849

: -400910 A

1 6=4U 0142+61

%% 7=1E 22594586

36 -

1=Crab

2=P3R J0206+64
3=RX J0B22-43
4=1E 1207-52 _]
5=CTA 1

6=Vela

7=PSR 1706-44 -
8=PSR J0538+28
8=Ceminga 4
10=RX J1856-37
11=PSR 1055-52
12=RX J0720-31 7

34

lg L (erg s71)

M=1.1M,

2 Ros -
black: DH
blue: APR III 7

R B

T 1T ‘ T T T I L I L I L I—
- outersrust inner crust core b
o2 I i e —
ot moom
t=1 kyr |
9 ]
— -
[ |
= -
&~ 8.8 —
30 -
8.6 - H, [erg cm™ s7!] —
o 3x10%  3x10'® 1
L 1 i
L — 1 4
- ———— 1l —

8'4 1 1 1 | { 1 111 I I I | I 1111 I

1 12 13 14 15
lg p (g cm™)



log p [g cm™3]

IIIIIIIIIIIIIIIIIIIIIII’IIIIIIIIIIII IIII
B outer crust inner crust |core’
9.2 - -
- B(G) -
i — 1014 7
i 5x10147
9 r 1015 7
— B 2x10157
5 - ]
B — 1016 7
& 8.8 -
B0 t=1 kyr A
B.6 H/10%% erg em~3 -1 —
3 4
8.4 IIIIIIIIIIIIII-IhliIII-IIIIIIIIIIIIIIIII
7 8 9 10 11 12 13 14 15
lg p (g cm=3)
97
g L
e 8
]
3 -
7
e B=0 at p>1010
L | L | L | | |
4 6 8 10
log p [g em~?]
D et 2o
"? 3k e | ]
E i
© 2 ! i —
[<"1] ! \
= F 4
w 1 I
s T A
o - | 1 B
:.0 AR BRI
I 10 11 10 11

log p [g cm™3]



lg T (K)

lg T (K)

9.2

6.8

8.6

B4

6.8

log T [K]

H=0

e B=0 at p>1010

1
8 10

W 10 —
a0 i
B
(1] E
© .
5 0 -
—
— -
- E
1 | = ‘
1 L 1 1 1 1 L 1 _lo
10 11 10 11
logp [g cm™3] logp [g cm™3]
L L L L R ImEE
Fouter erust inner erust care o
Hy,=3x10% erg cm™? 5°!
= B=10M G
———— B=10% G _| "T"‘
b= ]
B Hy=ax101 -
\ ———— B=l0Mq{ 3§
L | -
& B=l0® g
=3
M aeo A o2

F =1 kyr 1
coa vl b vwi by ol
11 12 13 14 15
lg p (g em™)
|.,[| ay O
ouler erust inner erust care
FoM=1.9 M, ]
H,=3x10% i = 36
s E:]Dlt -1 m
18 S
——— B=10 i vl
Hy=3x10" Em 35 |
C B=10+ | =
RN Ho
B=10w _]
E=1 kyr | 34
| W S|
12 13 14 15

lgp (gem™)




lg W™ (erg s!)

S
7

Ig L

39

38 |
37
36 |
35
t=1 kyr
19 20 21 18 20 21
lg H, (erg cm— s-!) lg H, (erg cm-? s-!)

Conclusions

> Magnetic fields make the temperature distribution highly anisotropic and can be
important for evaluation of the effective temperature from observations.

> A superstrong magnetic field

- on the average, makes the envelope more heat-transparent,

- accelerates cooling at late epochs,

- leads to theoretical uncertainties, which require further study.

> Reconciliation of crustal heating models with effective temperatures inferred
form observations of some magnetars sensitively depends on the effects of
superstrong magnetic fields and chemical composition of the outer envelopes.



