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Why do we care?

Understanding conversions < correct interpretation of SNv signal
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Why do we care?

Flavour conversions alter the neutrino heating of the shock
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Why do we care?

Flavour conversions alter the nucleosynthesis processes
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MSW effect




[1] Dighe, Smirnov, 2000
[2] Schirato, Fuller, 2002
[3] Fogli, Lisi, Mirizzi, Montanino, 2002

MSW effect

R e [103,10°] km
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[1] Dighe, Smirnov, 2000
[2] Schirato, Fuller, 2002
[3] Fogli, Lisi, Mirizzi, Montanino, 2002

MSW effect

normal ordering (NO)
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[1] Dighe, Smirnov, 2000
[2] Schirato, Fuller, 2002
[3] Fogli, Lisi, Mirizzi, Montanino, 2002

MSW effect

inverted ordering (10)
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Self induced slow conversions
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Self-induced
slow conversions

R e [102, few 102] km

Francesco Capozzi - Theoretical Astroparticle Group

12



[1] Pantaleone, 1992

[2] Hannestad, Raffelt, Sigl, Wong, 2006
[3] Duan, Fuller, Carlson, Qian, 2006

[4] Fogli, Lisi, Marrone, Mirizzi, 2007

Self-induced
slow conversions

Francesco Capozzi - Theoretical Astroparticle Group 13



[
[
[
[

1] Pantaleone, 1992

2] Hannestad, Raffelt, Sigl, Wong, 2006
3] Duan, Fuller, Carlson, Qian, 2006

4] Fogli, Lisi, Marrone, Mirizzi, 2007

Self-induced
slow conversions

Francesco Capozzi - Theoretical Astroparticle Group

14



Self induced fast conversions
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How to study self-induced conversions

- Numerical Simulations
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Numerical simulations

We need to solve a Boltzmann kinetic equation
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Numerical simulations

We need to solve a Boltzmann kinetic equation

Flavor conversions

(at +p- 8x)Qp — _i[Hpa Qp] T C[Q]
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Numerical simulations

We need to solve a Boltzmann kinetic equation

Collisions

(&t +p- 8x)Qp — —i[Hpa Qp] T C[Q]
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Numerical simulations

We need to solve a Boltzmann kinetic equation

(&t +p- 6x)Qp — _i[Hpa Qp] T C[Q]

Only solvable with some approximations
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Numerical simulations

We need to solve a Boltzmann kinetic equation

(91 + B O)op = —ilHp] +Clo

Only solvable with some approximations

No conversions: study supernova explosion
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Numerical simulations

We need to solve a Boltzmann kinetic equation

(Or + P - Ox)op = —i|Hp, 0p] + %

Only solvable with some approximations

No collisions: study flavor conversions
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Numerical simulations: fast conversions

Fast conversions & different angular distributions of ve and Ve

Ve decoupling Ve decoupling

X

R

Favorable conditions are expected before ve decoupling
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Numerical simulations: fast conversions

Fast conversions must be simulated with collisions
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Collision rate is much smaller than conversion rate (I' << M).
Collisions generate fast conversion, but do not suppress them
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Numerical simulations: fast conversions

No conditions for fast conversion in 1D simulations
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How to study self-induced conversions

- Normal mode analysis
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Normal mode analysis

oy X (sv(t, r) Sy(t, ) )

Si(t,x) —sv(t,x)
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Normal mode analysis

occupation numbers

ST Sult
v S¥(t,x) —sv(t,x)

occupation numbers
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Normal mode analysis

occupation numbers flavour coherence

o o
’ 6y (l,7)

flavour coherence occupation numbers
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Normal mode analysis

oy X sv(t,x) Sv(t, )
v SH(t,x) —sv(t, )
Neutrinos are produced in flavour eigenstates
Sv(t,r) ~ 1

Standard oscillations suppressed by strong matter effects

Sv(t,r) < 1
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Normal mode analysis

Self induced conversions can introduce a rapid growth of S

Sy (t,x) = Qye'Fxwh)
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Normal mode analysis

Self induced conversions can introduce a rapid growth of S
(k-x—wt
Sv(t,x) = Qve ( )

DISPERSION RELATION

D(w,k) =0

|. Izaguirre, G. Raffelt and |. Tamborra, Phys. Rev. Lett. 118 (2017) no.2, 021101
F. Capozzi, B. Dasgupta, E. Lisi, A. Marrone and A. Mirizzi, Phys. Rev. D 96 (2017) no.4, 043016
S. Airen, F. Capozzi, S. Chakraborty, B. Dasgupta, G. Raffelt and T. Stirner, arXiv:1809.09137
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Normal mode analysis

Self induced conversions can introduce a rapid growth of S
(k-x—wt
Sv(t,x) = Qve ( )

DISPERSION RELATION

D(w,k) =0

|. Izaguirre, G. Raffelt and |. Tamborra, Phys. Rev. Lett. 118 (2017) no.2, 021101
F. Capozzi, B. Dasgupta, E. Lisi, A. Marrone and A. Mirizzi, Phys. Rev. D 96 (2017) no.4, 043016
S. Airen, F. Capozzi, S. Chakraborty, B. Dasgupta, G. Raffelt and T. Stirner, arXiv:1809.09137

w,k € C = FLAVOUR INSTABILITY
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Normal mode analysis: future work

Extend analysis to more complicated (multi-D) models
F. Capozzi, G. Raffelt, T. Stirner [MPP astro-partilce group]
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Normal mode analysis: future work

Extend analysis to more complicated (multi-D) models
F. Capozzi, G. Raffelt, T. Stirner [MPP astro-partilce group]

Apply analysis to real supernova simulation and look for instabilities
F. Capozzi, B. Dasgupta, H.-T. Janka, R. Glas, A. Mirizzi, M. Sen
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How to study self-induced conversions

- Experimentally?

Francesco Capozzi - Theoretical Astroparticle Group
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Information from experiments

Experiments can distinguish flavour conversion scenarios?

Scenario  Mass Ordering P

ME NO 0
ME I0 SiIl2 912 ~ (0.3
FE either 1/3 ~ 0.33

ME = Matter effects (MSW)

FE = flavour equalisation

Francesco Capozzi - Theoretical Astroparticle Group
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Information from experiments

We use three detection channels

v-proton elastic scattering (pES)

(—) —)

Veut+P —>Veput+P

FpES (EV) = Iy, (EV) + Fo, (EV) + 41, (Ev)
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Information from experiments

We use three detection channels

VPER

inverse 8 decay (IBD)

Ve+ P —>e€t+n

FIBD(EI/) — FDe (EI/)Pee + Fl/w (EV)(l — Pee)
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Information from experiments

We use three detection channels

.
“
- b\.
I '
. (
|
\
\

DEEP UNDERGROUND
NEUTRINO EXPERIMENT

v charged-current on 4°Ar (ArCC)

Ve + 490Ar —> e~ + 40K*

FArCC(El/) — Fue (EI/)Pee + Fl/x (Ez/)(l — Pee)
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Information from experiments: ratios

Assume we are in normal mass ordering. We define:

F FY FO
pES r=—=<1 r=—=<1

= ~ 0 - FO =

Farcc
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Information from experiments: ratios

Assume we are in normal mass ordering. We define:

F FY FY
R = RS r=—=<1 r=—=<1
Farcc E) Fy,
4 z,7 K1 6 7K1
Rue=4(5z<1l, andz 31 , RrE=( 75 z<1, andz 51

6 37251 6 zSz31
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Information from experiments: ratios

Assume we are in normal mass ordering. We define:

F FY FY
R = RS r=—=<1 r=—=<1
Farce ) I
4 .7 K 1 6 z,7K1
Rue=4(5z<1l, andz 31 , RrE=( 75 z<1, andz 51
6 25T 6 z3STS1

R > 6 disfavours “matter effects only” scenario
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Information from experiments: ratios

Assume we are in normal mass ordering. We define:

F FY FY
R = RS r=—=<1 r=—=<1
Farcc I I
4 z,7 K1 6 7K1
Rue=4(5z<1l, andz 31 , RrE=< 75 2«1, andz S1
6 25T 6 z3STS1

R > 6 disfavours “matter effects only” scenario
R < 6 disfavours “flavour equalisation” scenario
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Information from experiments: ratios

Assume we are in normal mass ordering. We define:

. F FO FO
R = —PES r=—= <1 r=—= <1
FiBD ) a0
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Information from experiments: ratios

Assume we are in normal mass ordering. We define:

_F FY FY
R: pES o e S]_ :z,: e S]_
Fisn Fo Fo
133 z,z K 1 6 z,7 < 1
Rue=45 z<1, andzS1 , Rre={5z<«1 andz 51

6 r ST S 6 xS S1
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Information from experiments: ratios

Assume we are in normal mass ordering. We define:

_F FY FY
R: pES o egl :z,: 631
Db ) )
133 z,z K 1 6 z,7 < 1
Rue=45 z<1, andzS1 , Rre={5z<«1 andz 51
6 zzSzS1 6 ST S1

R > 6 disfavours “flavour equalization” scenario
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Information from experiments: ratios

Assume we are in normal mass ordering. We define:

_F FY FY
R: pES o e S]_ ,/Z': e S]_
F1BD F,9m F,9m
133 z,z K 1 6 z,7 < 1
Rue=45 z<1, andzS1 , Rre={5z<«1 andz 51
6 2357231 6 352351

R > 6 disfavours “flavour equalization” scenario
R ~ 5 - 6 leads to degeneracy between scenarios
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Conclusions

Three complimentary ways of studying flavour conversions:

Francesco Capozzi - Theoretical Astroparticle Group

52



Conclusions

Three complimentary ways of studying flavour conversions:

1) we can use “brute force” numerical simulations
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Conclusions

Three complimentary ways of studying flavour conversions:

1) we can use “brute force” numerical simulations

2) we can use normal mode analysis
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Conclusions

Three complimentary ways of studying flavour conversions:

1) we can use “brute force” numerical simulations

2) we can use normal mode analysis

3) real data can in principle exclude some scenario
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Conclusions

Three complimentary ways of studying flavour conversions:

1) we can use “brute force” numerical simulations

2) we can use normal mode analysis

3) real data can in principle exclude some scenario

Synergy with SN explosion simulators is required

Francesco Capozzi - Theoretical Astroparticle Group
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Numerical simulations: fast conversions

Fast conversions & different angular distributions of ve and Ve

Ve decoupling Ve decoupling

R

Y,
i
Y
<
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Numerical simulations: fast conversions

Fast conversions & different angular distributions of ve and Ve

Ve decoupling Ve decoupling

X

R

Y,
i
Y
<
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Numerical simulations: fast conversions

Fast conversions & different angular distributions of ve and Ve

Ve decoupling Ve decoupling
] ]
] ]

—_—
Re R R

Favorable conditions are expected before ve decoupling
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Flavour conversions: why study them?

Impact on neutrino heating of the shock

2

spectral Swap OFF _apectral Swap ON
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Y. Suwa, et al.,
Astrophys. J. 738 (2011) 165
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Flavour conversions: why study them?

Impact on nucleosynthesis (r-process)

L] L] I L] L] L] I L] L]
H. Duan, A. Friedland, G. C. McLaughlin and
R. Surman J. Phys. G 38 (2011) 035201

multigngle

<—single angle

120 140 160 180 200
A
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Normal mode analysis

Self induced conversions can introduce a rapid growth of S

Linear Non linear
evolution evolution

0) >
X, 1
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Normal mode analysis

Self induced conversions can introduce a rapid growth of S

Linear Non linear
evolution evolution

0] >
X, 1

Francesco Capozzi - Theoretical Astroparticle Group 65



Numerical simulations: fast conversions

Simulation with toy model in 1 spatial + 1 temporal dimensions

F. Capozzi, B. Dasgupta, A. Mirizzi, M. Sen and G. Sigl, arXiv:1808.06618

LI D D | 1 1T 1 L B | LI D D | L B | rm T 1 1 t|=|16|0|0 LILEL rm T 1 1 LI
15 S B S B 1 o

n " -
L n N ' -
O 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 _I 1 1 1 I ‘I -I‘I’ I’I 1 1 1

0 1000 2000 0 1000 2000 0 1000 2000 0 1000 2000

y4 V4 y4 y4

After generating fast conversions, collisions are unimportant
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SN fluxes: parametrization

We adopt the following parametrisation:

F,(E) =), f,(E)

oy L (et (BN f o E
B =B T+ e (<E,,>> Pmtras

[1] M. Kelil, G. G. Raffelt, and H.-T. Janka, Astrophys. J. 590, 971-991 (2003)
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SN fluxes: parametrization

List of fit parameters for W and G models

Model (E,) MeV) (E, ) MeV) @, (x10°) @, (x10°®) «a,
% 9.5 15.6 8.53 3.13 34 2.0
G 10.9 14.0 5.68 2.67 3.1 25
Model (Ep) MeV) (E; ) (MeV) &, (x10%) &, (x10%6) a5  ap,
W 11.6 15.6 7.51 3.13 40 2.0
G 13.2 14.0 4.11 2.67 3.3 25
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JUNO: v-proton elastic scattering (pES)

—)

(—)
Veut+pP —>Veput+pP

dNpES /_I_OO yddp / /OO doprs(Ey, Tp)
= N dl’ W (T, Eyis dF, Fors( By
dEviS p 0 pdTZ; ( P ) E’B pES( ) dTp

Fops =4F) + F) + F)

T,_Evis 2
exp( ( pza% ) )

V2ToE

W(TZ; Evis) —

OF
Evis

= 0.03+/ Eyis/MeV
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Hyper-Kamiokande: inverse B decay

Ve+pPp —>et+n

AN o<
: EIBD =N, | dE,Fgp(E,)omp(E,) W(E, —0.782 MeV, Eyi)
Vis Er

0.7F;) + 0.3F,) matter effects only, with NO
Fipp = Fow matter effects only, with 10

| 4

0.33F; +0.66F, flavor eq.

OF
Evis

= 0.6/ Fyis/MeV
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DUNE: v-CC scattering on 40Ar (ArCC)

+ 0Ar —> e + 40K*

dNarcc ~ [ ;
dEvis — NAr z_:/() dEl/FAI‘CC (EV)UArCC(Eu) W(Evisa Te)
F) matter effects only, with NO
Faroc = 0. SF O +0.7FY matter effects only, with 10

0.33F,, 0 + 0. 66F O flavor equalization

op = 0.11\/Eyis/MeV + 0.02 E,is/MeV
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Reconstructing v flux from pES

We define the extrema and midpoint for the neutrino energy
bins as [Ev,E*'\] and E, respectively, where pi — \/Tng /2

deES NIJ)\ES
db, | _ Kyn

dﬁpES ) dFPES
dE,/ B — NpES""Z dEV . KZJ /Kzzv
E? J>1 E},
K _ N AT’Z dT dO'pES (E,/, Tp)
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Reconstructing v flux from IBD and ArCC

dF1BD

dF,

dF'Arco
dFE,

E;

E;

1 NfBD

_ N Np()'f]%%(Ez) AEZ

V1S

1 _ NX?CC
NATO-K)I‘tCC(Ei) E;Lfis
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Flux ratios: R and R, normal ordering

Flavor eaq.

s
’
’
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’
’
’

S oo e

1 e
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Flux ratios: R and R, inverted ordering

Matter (IO Flavor eq.

’
’,
’
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’
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sl 1

o > By
& |
27 107 o

Uk
I F
X -

102 10" 1 102 107 1
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SN fluxes: Wroclaw/Basel 1D model (W)

(Un)Oscillated (Anti)Neutrino energy fluxes
Neutrinos Antineutrinos

Fit parameters from:
Fischer, et al.,

10 L L Y N L L R L = =

; — Matter (NO)§ ; Astron. Astrophys. 517, A80 (2010)
gy _ — Matter (10) -
=B =l .
© i — Flavoreq. 1 [
i 107 _ i

1 0—2 L1 L1 | | T BT |
0 20 40 600 20 40 60

E, [MeV] E, [MeV]
In NO differences in Pee for both v and v
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SN fluxes: Garching 1D model (G)

(Un)Oscillated (Anti)Neutrino energy fluxes

Neutrinos Antineutrinos

10§I I I | I I I | I I I§ §I I | |

1 0 E I I I | I I I | I I I E E
: — Matter (NOJ F
— __ — Matter (IO)__ B
=B =l E
.E.. 5 —Flavoreq. 3 F
L 10 E E
10—2 ] | ] | | | | | |

0 20 40 600 20 40
E, [MeV] E, [MeV]

60

Fit parameters from:
Serpico, et al.,
Phys. Rev. D85, 085031 (2012)

Smaller differences compared to W model
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1) Three SNv
detection channels
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JUNO: v-proton elastic scattering (pES)

—)

(—)
Vepyt+P —>Veput+P
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JUNO is sensitive mainly to vx and to Ey > 25 MeV.
No dependence on flavour conversions
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Hyper-Kamiokande: inverse B decay

Number of Events
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G model
=L 1 1 I 1 1 1 I 1 1 1 I 1 1 1 E
= ﬁ_ Hyper-K3
_ : i
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20 40 60 80
E,.. [MeV]

Hyper-K is sensitive to Ve
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DUNE: v-CC scattering on 40Ar (ArCC)

Ve + 0Ar —> e~ + 40K*
W model G model

DUNE DUNE _

ia

ArCC =

—— Matter (NO) L
—— Matter (10) l
—— Flavor eq. +
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—l
o
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(00
o

DUNE Is sensitive to Ve
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2) Reconstructing
oscillated v-fluxes
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Reconstructing v flux from pES

N,  dF,gs _dF,,
AE ' dE, ~ dE,

[1] H. L. Li, Y. F. Li, M. Wang, L. J. Wen and S. Zhou, Phys. Rev. D 97 (2018) no.6, 063014
[2] B. Dasgupta and J. F. Beacom, Phys. Rev. D 83 (2011) 113006
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Similar reconstruction method applies to IBD and ArCC
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3) Flux ratios:
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Statistical significance: R at 10 kpc

1 1 Gl rlrl]oldell 1 1 1
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In the case of pure “matter effects” we can disfavour flavour
equalisation at ~20 (only for W model)
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Statistical significance
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12

E. [MeV]

In the case of pure “matter effects” we can disfavour flavour
equalization at >~20 (only for W model)
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