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Most of it is just energy balance:

CV = specific heat
Ln = neutrino luminosity
Lg = photon luminosity

The Equat ions of Neut ron St ar  Cool ing



Neut r in o Em is s io n Sc enar io s



Neut r in o Em is s io n Sc enar io s

The previously denom inated ÒStandard Cooling Model Ó

Nu c le on pa irin g in tro duc es

another neutrino process due to the

FORMATION and BREAKING of COOPER PAIRS

Flowers, Ruderman & Sutherland, Ap. J. 205 (1976), 541

Voskresenskii & Senatorov, Zh. Eksp. Teor. Fiz. 90 (1986), 1505 [JETP 63 (1986), 885]

Voskresenskii & Senatorov, Yad. Fiz. 45 (1987), 657 [Sov. J. Nucl. Phys. 45 (1987), 411]



Tem pera tu re  p ro file  in  th e e nve lo pe:
th e Òsensivity strip Ó

Gudmundsson, Pethick & Epstein, Ap. J. 259 (1982), L19 and Ap. J. 272 (1983) 286
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Surface Tem perature Distribution

w it h  a  M agnet ic  F ie ld :

Considering the effect of the magnetic field only in the envelope

  

Ts
4(QB) = Ts

4(QB = 0)cos2 QB + Ts
4(QB = 90)sin2 QB

Greenstein & Hartk e, 1983
Best present version: Potekhin & Yakovlev, 2001



D. Page & A. Sarmiento,"Surface temperature distribution in magnetized neutron stars. II " 1996
D. Page "Surface temperature distribution in magnetized neutron stars. I. dipolar fields", 1995

Purely Dipolar Field Dipole + Quadrupole Field

Surface Tem perature Distribution
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ÒTe Ð Tb relationshipÓ for dipolar and
dip ola r+quadrupola r  fie ld s

Page & Sarmiento, 1996



Mlight elem.  = 0

Light elements  in the env elope

Chabrier, Potekhin & Yakovlev, ApJ 477 (1997), L99



Mlight elem.  = 10 -7  M o

Light elements  in the env elope
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Mlight elem.  = 0
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CV = 4
3 pR3 cV0 ´ T

Ln = 4
3 pR3 qn0 ´ T 8

Lg = 4pR2 Te
4 µ T 2+a   [a <<1]

Neutrin o Coolin g e ra :     Ln >> Lg

Photon Cooling era:     Ln << Lg
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Basic  Coolin g: neutrin o  vs phot on c oolin g e ras

neutrinos

photons



)(TTT ee =

Iron-like envelope

  

Lg = 4pR2 Te
4 µ T 2+a photons

neutrinos

Effe c t o f e nve lo pe c hem ic al c om positio ns



)(TTT ee =

Light elements envelope

Iron-like envelope

  

Lg = 4pR2 Te
4 µ T 2+a photons

neutrinos

Effe c t o f e nve lo pe c hem ic al c om positio ns



Minimal Cooling

Early plateau: controlled by crustal physics
                      (mainly plasma neutrinos)

Neutrino Cooling Era

Photon Cooling Era



Minimal Cooling

Luminosity range mostly due
to changes in the Cooper Pair
neutrino emission

Age range mostly due to
changes in the Specific Heat
change due to pairing

Neutrino Cooling Era

Photon Cooling Era



Minimal Cooling



Comparison with Data
Mag H fits:

1) RX J0822-4247  (in Puppis A)

2) 1E 1207.4-5209  (in PKS 1209-52)

3) PSR 0538+2817

4) RX J0002+6246 (in CTB 1)

5) PSR 1706-44

6) PSR 0933-45 (in Vela)

BB fits:

7) PSR 1055-52

8) PSR 0656+14

9) PSR 0633+1748 "Geminga"

10) RX J1856.5-3754

11) RX J0720.4-3125
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Upper limits:

A) CXO J232327.8+584842 (in Cas A)

B) PSR J0205+6449 (in 3C58)

C) PSR J1124-5916 (in G292.0+1.8)

D) RX J0007.0+7302 (in CTA 1)

Page,Lattimer, Prakash & Steiner,

 "Minimal Cooling of Neutron Stars: a new paradigm", Ap. J. Supp. 155, p. 623,  2004



Electron
gyrofrequency

Electron
thermal conductivity

An is otro py of heat tra nsport:
m agnetic  fie ld  e ffe c ts  d eep in  th e c ru st



Geppert, Kueker & Page, 2004

An is otro py of heat tra nsport:
m agnetic  fie ld  e ffe c ts  d eep in  th e c ru st



Geppert, Kueker & Page, 2004

An is otro py of heat tra nsport:
m agnetic  fie ld  e ffe c ts  d eep in  th e c ru st

Magnetic field
lines are

isothermal !



Poloidal + Toroidal Components

Crustal
Toroidal

Crustal
Poloidal

Core
Poloidal



Geppert, Kueker & Page, 2006

An is otro py of heat tra nsport:
Ef fec t  o f  s t rong t oro idal  f ie lds



 Surfa c e te m pera tu re s and
Blackbody  puls e profiles



 Surfa c e te m pera tu re s and
Blackbody  puls e profiles

 Fit of RX J1856.5-3754
optical and X-ray spectrum



BTor =

Tcore = 108 K

Tcore = 107 K

Tcore = 106 K

Tcore = 109 K

3x1015 G 3x1014 G 1014 G1015 G

Aniso tro py o f h eat tra nsp ort:
How  st rong m ust  t he t oro id al fie ld  b e ?



Tcore = 109 K

Tcore = 108 K

Tcore = 107 K

Tcore = 106 K

No magnetic
field

Dipole
only

Dipole +
Toroidal

Anis otro py of heat tra nsport:
re su ltin g surfa c e te m pera tu re s



ÒTe Ð T b relations hip Ó
 Poloidal + Toroidal  Fields

Purely poloidal field

BTor = 1015 G BTor = 3x1015 G



Coolin g o f N Ss w ith  Stro ng T oro id al F ie ld s

Purely poloidal field

BTor = 1015 G

BTor = 3x1015 G



Coolin g o f N Ss w ith  Stro ng T oro id al F ie ld s



C O N C LU SIO N S
¥ Strong enough magnetic fields can very efficiently channel
heat along the field lines.

¥ The tem perature distribution in the crust can be highly non-
uniform if the magnetic field has a large meridional
component in the crust.

¥ A STRONG toroidal field in the crust can channel heat
toward very small hot spots on the stellar surface: "natural"
explanation of the 2-T emperature fits of the XDIN S
optical+ X-ray spectra.

¥ High amplitude for pulsed profiles are easily achieved.

¥ Such toroidal fields significantly reduce the star's therm al
luminosity.

¥ Cooling histories of such star are quite differrent from  the
ones of stars without toroidal fields:

They  are m uch les s lum inous
but

survive m uch longer before diving into oblivion.




