
Cooling of neutron stars

Neutrino generation in core

Heat transport in “blanket”

Radiation from surface

(+ heating processes)



URCA process:

Cooling time   τmod URCA » (1 yr)/T9
6

(where T9 = T/109 K) 

For proton fraction < 11-14% can’t satisfy energy and
momentum conservation, since pf (n) >> pf (p) = pf (e) 

Modified URCA process
Process works if excess momentum is transfered to a
bystander nucleon

Neutrinos leave star carrying energy and entropy away



Cooling rates in degenerate matter

Pauli principle limits initial particles and final
states that can participate in process.  Reduction of
rate by factor » T/Tf for each degenerate initial
and final particle.

One additional factor of T for final neutrino.

Rate » T (T/µn)(T/µ e)2 » T4

Rate » T (T/µn)3(T/µe)2 » T6



Direct URCA process

For large proton fraction can have direct URCA:                 
Nuclear symmetry energy not sufficiently certain to rule       
it out in inner core 

τdirect URCA ~1 min/T9
4

Proton fraction xp = np/(np+nn) 
in matter in beta equilibrium

direct URCA



Bragg scattering of n by pion field transfers 
needed momentum 

Kaon condensed phase, similar

τπ » (1 min)/θ2 T9
4

τK » 300 τπ

τQM » τπ

URCA in exotic phases faster than modified URCA

Pion condensed phase

Quark matter: relativistic kinematics with interactions
allows phase space for direct process



τCB » T6

Crust bremsstrahlung produces neutrino- antineutrino pairs

Rates very sensitive to solid 
state band effects in crust

,
Schematic of
neutron star interior
temperature for 
separate cooling 
processes

core neutrinos surface photons
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Accelerated cooling of neutron stars by exotic interiors



Accelerated cooling by exotic interior, for 1.4M¯ star
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X-ray luminosity
of neutron stars
in supernova
remnants
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Dependence on mass (RED) and neutrino cooling rates (Q)
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Cooling after 25,000 years: cf. Vela
Haensel & Yakovlev, A&A 407, 2003



Effects of superfluidity in interior

Specific heat of matter enhanced 
just below Tc and exponentially 
suppressed at T<<Tc:

=> slower cooling just below Tc, and much faster at T<<Tc

Neutrino processes suppressed by energy gap in nucleon
quasiparticle spectrum:  E= ((p2/2m - µ)2 + ∆2)1/2 +µ

vanadium



With and without proton 
superconductivity With and without neutron

superfluidity 

Page and Applegate, Ap. J. Lett. 394 (1992)M= 1.4 M¯

Direct URCA

Modified URCA
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Effects of magnetic fields

Deducing surface temperatures and 
radii of neutron stars from detected 
x-ray luminosity non-trivial.  

Photon emissivity  » (ω/ωc)2 for polarization ? B.
ωc = eB/mc = e- cyclotron frequency  
Raises surface temperature. 
Surface emission not  black body!
Effects of magnetosphere surrounding star.


