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A NEUTRON STAR: SURFACE and INTERIOR
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Background

-- Neutron star cools by neutrino emissions

v 2P et Pl e 71 |
Ut — Tl D sk G 81

-- Recent (10 yrs) rapid (4%) cooling
Heinke and Ho, 2010
-- superfluidity ? page et al., 2010

Cooper pairing n+n —¢+iv+v

g

fast cooling




Minimal cooling paradigm

@ Cooling of hot neutron star by modified Urca
@ P, Cooper pair breaking dominates near T
@ At T << T¢, neutrons are gapped

@ Goldstone modes become important
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Pagap  i(nT ooy ;m n Y.l

breaks rotational symmetry

spin-orbit
SUs(2) ® SOL(3) x U(1) - £580;(3) x U(1)
(nT ... n)
discrete

3 rotational, 1 usual Nambu-Goldstone modes




Order parameter > =UA
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rescaled constants

Exact form of Ao not known.

We choose a simple form
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Bedaque, Rupak, Savage 2003
Need '|'O ﬁx: f07 Vo, f7 v, W, HV7 HA

Non-diagonal due to the "w” term.
Diagonalize 7i(p) = Kia(p)aa
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We match EFT fo microscopic theory
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Match fictitious currents
dun — Dyn = 0yibd A n, o EEESEEEENE) U] 20 6
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density of states
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well Kknown, Son 2002
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Fictitious gauge spin rotation  n — ¢'2:%,
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Neutrino processes

Lzo = —foCy Z50qp — fCa \/ng?KmﬁoOéa

F—=ZRe"" Ko (p) K (k) o (p) Dot (k) + - - -

Angulon annihilation dominates .oy — Vv
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Emissivity

v = [ ACpiipuns 1IEa)] 1B (B + Ep) 3 [ Marf
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(2m)* 6% (p + k — p, — pp)

3
0.15
~ 1017 Tg (T) €rg Cm_3 S_S

Whats realistic for v, T? At 19 ~ 0.3

Electron bremssfrahlung ¢y FoEY erg i

Angulons annihilation Ee oS Bioiem T 51
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Luminosity

——forn ke = 300 MeV, M, = 940 MeV
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dominate Page, Geppert, Weber 2006

Electrons L(ye) 10 1 , C‘(/e) ~ 10% 19 erg - e
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Luminosity using polytrope
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-- polytrope n=2
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Cooling

dT: L)
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dt cle)
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comparison only  ysed Ty = 0.2, Rio = 1.2
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Shut off neutrons when T = 0.5 T,
T. ~ 0.5 Tp, t. oo Sl

modified Urca

pair breaking

electrons

angulons

Preliminary
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Shut off neutrons when T = 0.8 T,

Preliminary
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Summary

@ Theory for neutrino emissivity in P, superfluid
@ Truly model-independent calculation lacking

@ No apparent angulon signature in cooling

@ r-mode damping Yang et al., 2011
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r-mode heat source

dT
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Rossby waves H ~ B ay
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Bag \\

N PR+Ba\b\

Jaikumar, Rupak, Steiner, 2008
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Rupak, Jaikumar, 2010
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Backup

Gil
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