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2.1 Direct Urca cooling process.
Consider neutron star matter consisting of neutrons, protons and electrons (npe-phase) obeying electric charge neu-
trality and β-equilibrium established by the direct and inverse β-decay processes of the type n → p + e− + ν̄e and
p+ e− → n+ νe, respectively.
a) Show that at low temperatures, when kBT � pF,n, pF,p, pF,e and the neutrinos have no Fermi momentum because
they just escape the system, the direct Urca process n→ p+ e− + ν̄ is forbidden by momentum conservation unless
the proton fraction would exceed 11%, i.e. xp = np/(np + nn) ≥ 1/9.
b) Repeat the calculation including muons (mµ = 110 MeV, heavy electrons), n→ p+ µ− + ν̄µ, find xDUp !

2.2 Cooling of neutron stars (NS).
NS cooling be described by the equation
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dT
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= − (Lν + Lγ) , (1)

where Lν is the total neutrino luminosity and Lγ is the photon luminosity. Assume blackbody photon emission from
the surface at an effective temperature Te, so that
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where σ is the Stefan-Boltzmann constant and Te,7 is the temperature in units of 107 K. Assume that the neutrino
luminosity is dominated by that of the modified Urca process
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T 8
9 , (3)

where %0 = mnn0 = 2.4× 1014 g/cm3 is the nuclear saturation density.

1. Check that the total thermal energy for a normal neutron star is (for x = pF/(mc)� 1)

Un = 6× 1047ergM/M� (%/%0)
−2/3
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9 , (4)

and that of a quark star is

Uq = 9× 1047ergM/M� (n/n0)
−1/3

T 2
9 . (5)

2. Integrate the cooling equation (1) from an initial temperature T (i) to a final temperature T (f) and obtain the
cooling time
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3. Repeat the same steps for a compact star made of relativistic (massless) quarks of three flavors with densities
nu = nd = ns = n and obtain for the cooling time

∆t(quarks) = 1 hr (n/n0)
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because in this case the direct Urca process on quarks dominates, for which the neutrino luminosity is (see
lecture)

LUrca
ν = 1.3× 1044 erg s−1M/M�T

6
9 . (8)

Note that in Ref. [2] you find as Eq. (11.8.10) the so-called Tsuruta relation between the effective surface
temperature Te that you ”see” in the photon luminosity and the temperature T of the strongly interacting
matter in the star (nucleons or quarks) as

Te/T = 10−2α, α = 0.1 . . . 1 . (9)
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