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1. Muonization in core-collapse supernova (CCSN)
2. Consequences of the muonization in its modelling:
o adding muons to the equations of state (EOS)
o coupling e and p neutrino flavours in the transport (six species neutrinos transport)
3. Implementation in AGILE-BOLTZTRAN
4. Summary and conclusions
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Supernova conditions shortly after bounce
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Muon lepton flavour reactions TECHNISCHE
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Neutrino production Muon lepton flavour production
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Couple e and p-neutrino flavours!
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Relevance of the neutrino flavour coupling
Full kinematics opacities of G. Guo, et al. (2020)
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Existing work
2D CCSN simulations of R. Bollig, et al. (2017)

TECHNISCHE
UNIVERSITAT
DARMSTADT

po
(=24

=
(<))

Net Y. [107/by]
5

05

5 8

8
Temperature [MeV]

R. Bollig, et al. (2017)

3 8

o

5 10 15 20 25 30
Radius [km]

October 4th, 2022 | IKP/GSI | I.L. Arbina | 7 P =
L), GBS




TECHNISCHE
UNIVERSITAT
DARMSTADT

Existing work
2D CCSN simulations of R. Bollig, et al. (2017)
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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 TECHNISCHE
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= Boltzmann Transport Equation

of,, of,, df,, dfi
By e i ! — F. _ _
P ox? p= (dr )COH, where <d7)00” Fi(foe, foesfu, 15, T, Ye, Yyu)
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Consistent neutrino lepton flavour coupling in the transport TECHNISCHE
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= Boltzmann Transport Equation

of, of, df,. df;
B vi vj _ v i — F _ ~
p P Mp p” ope (dT>C0”, where <7d7—)coll Fi(fue,foe, 10, fo,, T, Ye, Yy1)

®m Energy-momentum conservation
van?u?d = _Gﬁ(fl’m fﬁe: fl/ﬂ ) fﬂ;u T7 Ye? YH)
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Consistent neutrino lepton flavour coupling in the transport TECHNISCHE
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= Boltzmann Transport Equation

of, of, df,. df;
B vi vj _ v i — F _ ~
p P Mp p” ope (dT>C0”, where <7d7—)coll Fi(fue,foe, 10, fo,, T, Ye, Yy1)

®m Energy-momentum conservation
van?u?d = _Gﬁ(fl’m fﬁe: fl/ﬂ ) fﬂ;u T7 Ye? YH)

= Electron lepton number conservation

v& (pYeua) = 7mBLe(fVe7 fﬁe? fl//; ) fﬁ,‘ ) T: Y€'7 Ylt)
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Consistent neutrino lepton flavour coupling in the transport
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= Boltzmann Transport Equation

of, of, df,, df;
B vi vj _ v i — F _ ~
p oxP 5"{p p apa ( dr )coll ’ where <dT ) coll F’(fue’ fue’ fV”L 7 fy“ 7 T’ Ye’ YM)

®m Energy-momentum conservation
VaTpeg =—6"(fre,fop,fr,, f5,, T, Ye,Yyi)
= Electron lepton number conservation
Va(pYetu™) = —mgLe(fue, foe. o, . 15, T, Ye, Y).)
= Muon lepton number conservation
Va(pYut®) = —mglLy(fue, foe, T, f5,, T, Ye, Y1)

where F;, G, L, L, are the source/shrink rates due to interactions.
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BOLTZTRAN transport equation 2 TECHNISCHE
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Metric in spherical symmetry:
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Finite difference representation of Boltzmann transport equation

TECHNISCHE
UNIVERSITAT
DARMSTADT

= Finite differencing the transport, energy and lepton number equations, and its linearization,
Firjrir, = F2 j g + 0Fir jr g
e = €0 + beir,
Yeir = Y0 +6Yey,
Yo=Y +06Y,u
where /', ', k' are indices for the mass shell, neutrino angle and energy bins, lead to a system of

equations:
—CVi_1+AV;—BVi1 =U;,
where the solution vector is
- — (sFve Ve Ve ve e e
Vi ("Fi',m“ R R N T A O TR TR O M
iy ™ _—m M M M A
SF SF. SF SF SF 8T, 6Ve’,-/ , AVM_,/)

I Ll ' ) , OF, e
AR AR YN Y i jmax.kmax ' " 17177 i 27 1 i jmax Kmax
A
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Solution of the transport equation

TECHNISCHE
UNIVERSITAT
DARMSTADT

—CV;_1+AV,—BV;1=U;
B; and C; are diagonal representing the coupling of the next and previous shells, and A; = (}’2; QZ)
4

4 X jmax X Kmax 2
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<A As
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X
<
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vj, v coupling

A is a dense matrix accouting for the coupling in energy, angle and neutrino species.



1
Solution of the transport equation
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—CVi_1 + AV, —B\Vi1 =U;

B; and C; are diagonal representing the coupling of the next and previous shells, and A; = (}'2; ﬁz)
4

4 X jmax X Kmax 2 4 X jmax X Kmax 3
" A Az o . “ Aq Az
E Ve, Ve, Vyu, 7y, coupling E
X X
< <
2 A3 A4 3 A3 A4
vi, 7j coupling Currently in development

A is a dense matrix accouting for the coupling in energy, angle and neutrino species.

A
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Solution of the transport equation o TECHNISCHE
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m Finally, the system of equations coupling all mass shells can be writen as:

A, -B; 0 0 0 -\ [V Uy

C, A, -B, 0 0 ---|[w U,

0 —C; A; —B; 0 ---||vs| [us
0 : ’

which is solve in a Newton-Raphson iteration scheme.
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L, GENI
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Conclusion
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m Post bounce supernova conditions allow muon creation

m Present simulations show appearance of net muon abundance

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

= The strong coupling of ve and v, has to be reflected in the transport

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

= We have added a new degree of freedom in the EOS implemented as (p, T, Ye, Y,.)

m We are currently implementing the coupled transport between e and p flavour neutrinos
A
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