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Outline

1. Muonization in core-collapse supernova (CCSN)

2. Consequences of the muonization in its modelling:
adding muons to the equations of state (EOS)

coupling e and µ neutrino flavours in the transport (six species neutrinos transport)

3. Implementation in AGILE-BOLTZTRAN

4. Summary and conclusions
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The supernova mechanism
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H.-Th. Janka, et al, PTEP 01A309 (2012)
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Supernova conditions shortly after bounce
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Muon lepton flavour reactions

Semileptonic Leptonic

e− + e+ → ν + ν̄ ν̄µ + p → n + µ+ ν̄e + e− → ν̄µ + µ−

N + N→ ν + ν̄ + N + N νµ + n → p + µ− νe + e+ → νµ + µ+

n → p + ν̄µ + µ− νµ + e− → νe + µ−

ν̄µ + e+ → ν̄e + µ+

νµ + ν̄e + e− → µ−

All ν, ν̄ flavours
particularly νµ, ν̄µ

Excess of µ−

Couple e and µ-neutrino flavours!

Neutrino production Muon lepton flavour production
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Relevance of the neutrino flavour coupling
Full kinematics opacities of G. Guo, et al. (2020)
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conditionA p+ −µ → n + µν

 n+ µν → n + µν
− e+ µν → − e+ µν

eν + −µ → − e+ µν

−µ → eν + − e+ µν

 N+ N → N + N + µν + µν

µν + −µ → − e+ eν

G
.G

uo,etal.(2020)

condition-A:
tpb = 400 ms
r ' 13.6 km
ρ ' 1014 g cm−3

T ' 38.3 MeV
Ye = 0.11
Yµ = 0.04
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Existing work
2D CCSN simulations of R. Bollig, et al. (2017)
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Consistent neutrino lepton flavour coupling in the transport

Boltzmann Transport Equation

pβ ∂fνi

∂xβ
− Γα

βγpβpγ ∂fνi

∂pα
=

(
dfνi

dτ

)
coll
, where

(
dfi
dτ

)
coll

= Fi(fνe , fν̄e , fνµ , fν̄µ ,T,Ye,Yµ)

Energy-momentum conservation

∇αTβα
fluid = −Gβ(fνe , fν̄e , fνµ , fν̄µ ,T,Ye,Yµ)

Electron lepton number conservation

∇α(ρYeuα) = −mBLe(fνe , fν̄e , fνµ , fν̄µ ,T,Ye,Yµ)

Muon lepton number conservation

∇α(ρYµuα) = −mBLµ(fνe , fν̄e , fνµ , fν̄µ ,T,Ye,Yµ)

where Fi,Gβ , Le, Lµ are the source/shrink rates due to interactions.
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BOLTZTRAN transport equation
A. Mezzacappa, S.W. Bruenn (1993b)

Metric in spherical symmetry:

ds2 = −α2dt2 +

(
r′

Γ

)2

da2 + r2
(
dθ2 + sin2 θdϕ2

)
.

1
α

∂Fν
∂t︸ ︷︷ ︸

Ct

+
µ

α

∂

∂a
(
4πr2αρFν

)
︸ ︷︷ ︸

Da

+ Γ

(
1
r
− 1
α

∂α

∂r

)
∂

∂µ

[(
1− µ2) Fν]︸ ︷︷ ︸

Dµ

+

(
d ln ρ

αdt
+

3u
r

)
∂

∂µ

[
µ
(
1− µ2) Fν]︸ ︷︷ ︸

Oµ

+

[
µ2
(
d ln ρ

αdt
+

3u
r

)
− u

r
− µΓ

1
α

∂α

∂r

]
1
E2
∂(E3Fν)

∂E︸ ︷︷ ︸
DE+OE

=

(
∂Fν
∂t

)
︸ ︷︷ ︸

Cc

coll

,

where Fν = Fν(a, µ,E, t) = fν/ρ.
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Finite difference representation of Boltzmann transport equation

Finite differencing the transport, energy and lepton number equations, and its linearization,

Fi′,j′,k′, = F0
i′,j′,k′ + δFi′,j′,k′ ,

εi′ = ε0i′ + δεi′ ,

Ye,i′ = Y0
e,i′ + δYe,i′ ,

Yµ,i′= Y0
µ,i′ + δYµ,i′ .

where i′, j′, k′ are indices for the mass shell, neutrino angle and energy bins, lead to a system of
equations:

−CiVi−1 + AiVi − BiVi+1 = Ui,

where the solution vector is
Vi =

(
δFνe

i′,1′,1′
, δFνe

i′,2′,1′
, . . . , δFνe

i′,jmax,kmax
, δFν̄e

i′,1′,1′
, δFν̄e

i′,2′,1′
, . . . , δFν̄e

i′,jmax,kmax
,

δF
νµ
i′,1′,1′

, δFνµ
i′,2′,1′

, . . . , δF
νµ
i′,jmax,kmax

, δF
ν̄µ
i′,1′,1′

, δF
ν̄µ
i′,2′,1′

, . . . , δF
ν̄µ
i′,jmax,kmax

, δTi′ , δYe,i′ , δYµ,i′
)>
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Solution of the transport equation

−CiVi−1 + AiVi − BiVi+1 = Ui

Bi and Ci are diagonal representing the coupling of the next and previous shells, and Ai =

(
A1 A2
A3 A4

)

A1

4× jmax × kmax

4
×

j m
a

x
×

k m
a

x

A2

2

A32 A4

νi, ν̄i coupling

A1

4× jmax × kmax

4
×

j m
a

x
×

k m
a

x

A2

3

A33 A4

Currently in development

νe, ν̄e, νµ, ν̄µ coupling

A1 is a dense matrix accouting for the coupling in energy, angle and neutrino species.
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Solution of the transport equation

Finally, the system of equations coupling all mass shells can be writen as:


A1 −B1 0 0 0 · · ·
−C2 A2 −B2 0 0 · · ·
0 −C3 A3 −B3 0 · · ·
... 0
...

...




V1
V2
V3
...
...

 =


U1
U2
U3
...
...

 ,

which is solve in a Newton-Raphson iteration scheme.
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Conclusion

Post bounce supernova conditions allow muon creation

Present simulations show appearance of net muon abundance

2D simulations show important impact in the explotability and ν-heating

The strong coupling of νe and νµ has to be reflected in the transport

Detailed transport is needed for:
ν-oscillations due to angular distribution dependence, in particular fast flavour oscillations
Use as benchmark for approximate and moment-based neutrino transport

We have added a new degree of freedom in the EOS implemented as (ρ,T,Ye,Yµ)

We are currently implementing the coupled transport between e and µ flavour neutrinos
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