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The Equations of Neutron Star Cooling

Most of 1t 1s just energy balance:

aE, _ Cvg:-L,, -,
dt dt

C, = specific heat
L,, = neutrino luminosity

L ,= photon luminosity



Neutrino Emission Scenarios

SOME CORE NEUTRING EMissION PROCESSES AND THEIR EMISSIVITIES

Emissivity Q

Process Name Process (ergs s~ ' em ™) Emissivity References
Modified Urca ........... {:‘*_‘l_’; Sntpre o f’u ~ 102078 Friman & Maxwell 1979
Kaon condensate ........ { i: i EK___:'HH ++£ . i E ~10%4T3 Brown et al. 1988
Pion condensate ......... { ﬁ i :__ :1: I ;_ I E ~10%%T% Maxwell et al. 1977
Direct Urca .............. { E: §_+_f; i E ~10*7T§ Lattimer et al. 1991
Quark Urca .............. { i : ::__E'_f; I F ~10%%, T} Iwamoto 1980

* T, is the temperature in units of 10° K.



Neutrino Emission Scenarios

SoME CoRE NEUTRINO EMiIssioN PROCESSES AND THEIR EMISSIVITIES

Emissivity Q*

Process Name Process (ergs s ' cm ™) Emissivity References
. n+n—=n+p+e +7v, 12078 :
Modified Urca ........... {n' Fpte W +ntv. 10°%Tg Friman & Maxwell 1979

The previously denom inated GbStandard Cooling Model O

Nucleon pairin g intro duces
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& Senatoroy, Yad. Fiz. 45 (1987), 657%ov. J.Nucl. Phys. 45 (1987), 411]



Temperature profile in the envelope:

th e Osensivity strip O
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Surface Tem perature Distribution
with a Magnetic Field:

Considering the effect of the magnetic field only 1n the envelope

T (Qy) =T.(Q, =0)cos Q, + T*(Q, =90)sin’ Q,
Greenstein & Hartk e, 1983

Best present version: Potekhin & Yakovlev, 20(




Surface Tem perature Distribution
with a Magnetic Field:

Considering the effect of the magnetic field only in the envelope

T (Qg) =T} (Q, =0)cos Q, + T.'(Q, =90)sin* Q,

Greenstein & Hartk e,1983
Best present version: Potekhin & Yakovlev, 20(

Purely Dipolar Field Dipole + Quadrupole Field
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D. Page Surfacetemperaturealistributionin magnetizedheutronstars.l. dipolar fields", 1995
D. Page & A. SarmientoSurfacetemperaturaistributionin magnetizeaheutronstars.ll" 1996



Or, B T, relationshipO for dipolar and
dipolar+quadrupolar fie lds

Page& Sarmiento 1996



Light elements In the env elope

I\/Ilightelem.

Log T, [K]

Chabrier Potekhin& Yakovlev, ApJ477(1997),L99
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Basic Coolin g: neutrin o vs photon coolin g eras

dEth — d_T:_Ln_ L
dt dt J

Neutrin o Cooling era: L,>>Lc

é u

AT G 77p g = pas - g
dt ¢, € To

Photon Cooling era: L, <<Lg

é u

d—Tp T b t-t,=Bg 1a- 1ag

dt ST T, U




Effe ctofenvelope chemicalc ompositio ns
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Effe ctofenvelope chemicalc ompositio ns
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Minimal Cooling
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Comparisa with Data
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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 ¥1a)

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



Comparisa with Data
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Page,LattimerPrakash& Steiner,

"Minimal Coolingof NeutronStars:anewparadigm"Ap. J. Supp.155,p. 623, 2004

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 JO002+6246 (in CTB 1)

5) PSR 1706-44

6) PSR 0933-45 (in ®la)

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

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 JO007.0+7302 (in CTA 1)



Anisotro py of heat tra nsport:
magnetic fie ld effe cts deep in the crust
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Anisotro py of heat tra nsport:
magnetic fie ld effe cts deep in the crust
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Fig. 7. Representation of both field lines and temperature distribution
in the crust whose radial scale (r(p,) < r < r(pp)) is stretched by a
factor of 5, assuming By = 3 X 102 G and T.ope = 10° K. Left panel
corresponds to a crustal field, right panel to a star-centered core field.
Bars show the temperature scales in units of T;ge. Geppert, Kueker & Page, 2004
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Fig. 7. Representation of both field lines and temperature distribution
in the crust whose radial scale (r(p,) < r < r(pp)) is stretched by a
factor of 5, assuming By = 3 X 102 G and T.ope = 10° K. Left panel
corresponds to a crustal field, right panel to a star-centered core field.
Bars show the temperature scales in units of T;ge. Geppert, Kueker & Page, 2004



Poloidal + Toroidal Components
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Anisotro py of heat tra nsport:
Effect of strong toroidal fields
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Surface te mperatures and
Blackbody puls e profiles
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Surface te mperatures and
Blackbody puls e profiles

N Fit of RX J1856.5-3754
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Aniso tro pyofheattra nsport:
How strong must the toroidalfie Id be ?
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Anisotro py of heat tra nsport:
resultin g surface te mperatures
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OT, BT, relations hip O
Poloidal + Toroidal Fields
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Cooling of NSswith Strong ToroidalFields
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Cooling of NSswith Strong ToroidalFields
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CONCLUSIONS

¥ 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
luminosity.

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

They arem uchles s lum inous
but
survive m uch longer before diving into oblivion.
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