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The Urca Processes

Gamow & Schönberg proposed the
direct Urca process dominates neutron
star cooling. Nucleons at the top of
the Fermi sea β−decay at finite T .
n→ p + e− + νe ,
p → n + e+ + ν̄e

Energy conservation guaranteed by
β−equilibrium
µn − µp = µe

Momentum conservation requires
|kFn| ≤ |kFp|+ |kFe |.
Charge neutrality requires kFp = kFe ,
therefore |kFp| ≥ 2|kFn|.
Degeneracy implies ni ∝ k3

Fi , thus
x ≥ xDU = 1/9 is required.

With muons (n > 2ns)
xDU = [1 + (1 + 2−1/3)3]−1 ' 0.148

If x < xDU , bystander nucleons
needed: modified Urca process.
(n, p) + n→ (n, p) + p + e− + νe ,
(n, p) + p → (n, p) + n + e+ + ν̄e

Neutrino emissivities:
ε̇MU ' (T/µn)2 ε̇DU ∼ 10−6ε̇DU .

β−equilibrium composition:
xβ ' (3π2n)−1 (4Esym/~c)3

' 0.04 (n/ns)0.5−2
.
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Direct Urca Threshold

Klähn et al., Phys. Rev. C74 (2006) 035802
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Neutron Star Cooling

Page, Steiner, Prakash & Lattimer (2004)
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Minimal Cooling Paradigm

Minimal Cooling Paradigm: Neutron star cooling including effects of
superfluidity, such as Cooper-Pair breaking and formation, but no “rapid”
neutrino cooling processes such as direct Urca involving nucleons or
exotica.

If some observations are inconsistent with the MCP, then according to
Sherlock Holmes, rapid cooling must occur for these exceptions.

All sources are consistent with the MCP only IF

tight conditions are placed on the magnitude and density dependence
of the neutron 3P2 gap, AND
some neutron stars have heavy Z envelopes and others have light Z
envelopes, AND
ALL core-collapse supernova remnants with no observable thermal
emission contain black holes.

Highly suggestive that rapid cooling occurs in some neutron stars (of
higher masses?)

A possible constraint on Esym(n) or ncentral .
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Cooling with vector chanel suppressionCooling without PBF vector channel suppression
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Transitory Rapid Cooling

MU emissivity: ε̇MU ∝ T 8

PBF emissivity (f ∼ 10):
ε̇PBF ∝ F (T ) T 7 ∝ T 8 ' f ε̇MU

Specific heat: CV ∝ T

Neutrino dominated cooling:
CV dT/dt = −Lν

=⇒ T ∝ (t/τ)−1/6

τPBF = τMU/f

(d lnT/d ln t)transitory
' (1− 10)(d lnT/d ln t)MU

' (1− 25)(d lnT/d ln t)MU (p SC)

Very sensitive to n 1S0 critical
temperature (TC ) and existence
of proton superconductivity
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Page et al. 2009
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Cas A

Remnant of Type IIb
(gravitational collapse,
no H envelope) SN in
1680 (Flamsteed).

3.4 kpc distance

3.1 pc diameter

Strongest radio source
outside solar system,
discovered in 1947.

X-ray source detected
(Aerobee flight, 1965)

X-ray point source
detected
(Chandra, 1999)

1 of 2 known CO-rich
SNR (massive
progenitor and neutron star?) Spitzer, Hubble, Chandra
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Cas A Superfluidity

X-ray spectrum
indicates thin C
atmosphere,
Te ∼ 1.7× 108 K
(Ho & Heinke 2009)

10 years of X-ray
data show cooling
at the rate
d lnTe

d ln t
= −1.23± 0.14

(Heinke & Ho 2010)

Modified Urca:(
d lnTe

d ln t

)
MU
' −0.08

We infer that
TC ' 5± 1× 108 K
TC ∝ (tCL/CV )−1/6

Page et al. 2010
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