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Neutron Star

Collapse of Fe core → Bounce of inner core → Shock propagation, SN Explosion
+ PNS (Proto Neutron Star) Cooling with ν emission

PNS = bounced inner core (unshocked, cool)
+ accreted outer mantle (shocked, hot)

T ∼ 10MeV, ρ>∼ 1014g/cm
3
, τweak ≪ τdyn

ν: thermal equilibrium and chemical equilibrium with matter, nν ∼ nγ ∼ ne

mean free path λν ≫ λγ , λe, λN

⇒ Neutrinos carry out the energy and drive the PNS evolution
One of the main targets of neutrino astronomy
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Electron Fraction : Ye ≡
ne−−ne+

nB
, Chemical Pot. of νe: µνe = µp + µe − µn
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Protoneutron Star Cooling

hot lepton-rich PNS
ν

−−−→ cold Neutron Star

T ∼ O(10)MeV
cool down
−−−→ T ∼ 0

µνe ∼ O(100)MeV
deleptonize

−−−→ µνe ≡ µp + µe − µn ∼ 0

neutronize
−−−→ (ν-less β-equilibrium among n,p,e)

R ∼ 100km
shrink
−−−→ R ∼ 10km

τcool ∼ τdiff = O(10)sec, τdyn ∼ 1msec ≪ τdiff : quasistatic evolution
⇒ the 2nd half of SN ν’s (t = O(1)−O(100)sec)

ν obs. of SN1987A, ApJ334, 891

ν’s from PNS is one of promising probes for EOS (eq. of

states)
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Boltzmann equation for neutrino distribution function fν(t, r⃗, p⃗)
∂fν
∂t

+
dr⃗

dt
· ∂fν
∂r⃗

+
dp⃗

dt
· ∂fν
∂p⃗

=
dfν
dt

∣∣∣∣
ν interaction

in GR form

Spherical symmetry ⇒ fν(t, r, p, µ), µ ≡ cos θ = e⃗r · e⃗p: still need high comuta-
tional cost (suitable neither for long term simulations nor for systematic studies)

⇒ nth Angular Moment: f
(n)
ν (t, r, p) ≡

∫
fνµ

ndΩ
solving moment equations (

∫
(Boltzmann eq.)µndΩ) for n = 0, 1, · · · ,∞ ≡ solving

Boltzmann equation

Reasonable simplification = truncation with finite nmax

Flux Limited Diffusion Scheme (FLD)
solve equations for 0th moment of Boltzmann equation (nmax = 0)

neutrino density nν(t, r, p) ∝ f
(0)
ν : Multi Energy Group FLD (MGFLD)

neutrino flux Fν ∝ f
(1)
ν is approximated as − cλ

3
∂nν

∂r (diffusion approx.)
Instead of mean free path λ, the flux limter Λ is introduced in order to the
flux should not exceed cnν (all νs move radially) in transparent region

So far, we use the FLD scheme for long term (O(100)sec) PNSC simulations.
In order to perform more accurate calculations, we are developing a new numerical
code using M1 scheme (see T. Shimura’s Poster).
M1 Scheme solve equations for 0th and 1st moment of Boltzmann equation

assume some closure relations connecting 2nd moment to 0th and 1st mo-
ments (nmax = 1)
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Comparison of steady flow with FLD andM1 scheme (T. Shimura’s poster No.10 5)

Diffusive inner region: FLD = M1, semi-transparent surface: FLD < M1

Various closures
calibration can be done by comparison with re-
sults of Boltzmann solver.

TODO
� energy spectra
� quasistatic time evolusion
� update of neutrino interaction rates
� convection
� systematic studies with various initial mod-
els and EOSs
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