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CCSN dynamics hinges on neutrino energy spectrum, angular 
distributions, and their flavor dependent structures
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BNSM simulation 
by Kenta Kiuchi

Radiceet al. 2018

Lepton number transport by neutrinos is 
a key player to determine r-process nucleosynthesis.

Radice et al. 2018
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Optically thick Optically thin

Figure by Thomas Janka 2017

A kinetic framework is essential for modeling of neutrino radiation field



Boltzmann neutrino transport

4 Nagakura et al.

Fig. 2.ð Left : Discret ized momentum space of neut rinos in the laboratory frame. Spherical coordinates are employed. T he radial
direct ion corresponds to neut rino energy and the azimuthal dimension is omit ted. The grid in each dimension may not be uniform. Right :
The Lorentz-t ransformed mesh in theþuid-rest frame. The blue lines correspond to the radial l ines whereas the black lines are t ransformed
from the concent ric circles in the left panel. T he brown dots show an isoenergy circle in the þuid-rest frame for comparison. Mat ter is
assumed to move upward in thisýgure.

ings.
After giving the SR Boltzmann equat ions in the next

sect ion, we present our idea to overcome these difficul-
t ies. We then demonstrate our successful handling of the
isoenerget ic scat terings in the realist ic supernova simu-
lat ions (see Sect ion 7).

4. SR BOLT ZMANN EQUAT IONS FOR NEUT RINOS

We start with the covariant form of Boltzmann equa-
t ion:
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which is valid even in curved space-t ime. In the above
expression, f (= f (xµ , pi )) denotes the neutrino distri-
but ion funct ion in phase space; xµ and pµ are space-
t ime coordinates and four-momentum of neutrino, re-
spect ively; sincethe lat ter sat isýestheon-shell condit ion:
pµ pµ = īm2

ɜ, in which mɜ is a neutrino mass, only three
of four components are independent and this is why only
spat ial components appear in the second term on the
left hand side; Űstands for the affine parameter of neu-
trino trajectory. The left hand side of Eq. (1) expresses a
geodesic motion in the phase space, while the right hand
side denotes symbolically the so-called collision terms,
i.e., the terms that give the rate of changes in f due to
neutrino-matter interact ions.

On the spherical coordinates in þat space-t ime, which
arethecoordinatesweemploy for the laboratory framein
our Eulerian approach, Eq. (1) is cast into the following

conservat ion form:
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where r , ɗ, űdenote the spat ial variables; as three in-
dependent components of neutrino four-momentum, we
do not use its spacial components but adopt energy and
two angles, ɗɜ and űɜ (see Figure 3); µɜ is deýned as
µɜſcosɗɜ. In Eq. (2) and the rest of this paper, we as-
sume that neutrinos are massless, which is well just iýed
as long as neutrino oscillat ions are ignored.

The collision term in Eq. (2), which is expressed with
the laboratory t imet, is related with theoriginal collision
term in equat ion (1) as
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whereŮlb(ſpt ) denotes the neutrino energy measured in
the laboratory frame. Similarly, the collision term in the
þuid-rest frame can be expressed with the proper t ime of
eachþuid element (ĕt) as
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where Ůfr (ſ p
ĕt ſīuµpµ ) denotes the neutrino energy

in the þuid-rest frame. Here uµ is the four-velocity of
matter.
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6-dimensional phase space

(Time evolution + Advection Term) (Collision Term)

Conservative form of GR Boltzmann eq.

Shibata, Nagakura, Sekiguchi, and Yamada (2014)
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Various Approximate approaches solving neutrino transport

Ray-by-Ray approximation

Isotropic Diffusion Source Approximation (IDSA) 

Two-moment method

Gray (energy-integrated) neutrino transport

Leakage method

Diffusion approximation (e.g., MGFLD)

CCSN 
simulations
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Neutrino oscillation induced by self-interactions

Sea of neutrinos

This is a non-equilibrium quantum many-body problem

Neutrino dispersion relations are modified by refractive effects, analogous to the 
MSW effect in matter
(Refractive effect is essentially analogous to those for photons in a medium as well)

Because neutrino flavor (or mass) eigenstates span multiple states (at least three), 
neutrino self-interactions can enhance flavor coherence

Pantalone 1992
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Rich flavor-conversion phenomena driven by 
neutrino self-interactions

- Slow-mode

- Fast-mode (FFC)

- Collisional flavor instability (CFI)

- Matter-neutrino resonance

 .Energy-dependent flavor conversion occursה
  The frequency of the flavor conversion is proportional toה

(Duan et al. 2010) Vacuum:
Matter:
Self-int:

Collective neutrino oscillation in the limit of ̟Ҧ лΦה
The frequency of the flavor conversion is proportional toה
 .Anisotropy of neutrino angular distributions drives the fast flavor-conversionה

(Sawyer 2005)

(Johns 2021)

Asymmetries of matter interactions between neutrinos and anti-neutrinosה
drive flavor conversion.  

ɱ: Matter-interaction rate

.The resonance potentially occur in BNSM/Collapsar environment (but not in CCSN)ה
.Essentially the same mechanism as MSW resonanceה

(Malkuset al. 2012)


