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Neutrino oscillations in vacuum

B In analogy with Ko-Kgbar oscillations, Pontecorvo (1957) makes the hypothes1s that
neutrinos can change flavor Whlle propagatmg '
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ﬂavor basis

e ‘ O ' ' & Discovery in 1998 by Super-Kamiokande,

- SNO measures the total solar flux in 2001
- solar neutrino deficit problem solved.
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Current status

B QOscillation in vacuum well estabhshed
Most of the mixing parameters ‘(angles) measuredﬁ.e

® Neutrinos undergo different flavor transformation mechanisms in matter. -

Vacuum averaged oscillations
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MSW solution'
? - Mikheev-Smirnov-Wolfenstein effect
+ — - resonant adiabatic flavor conversion
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l Neutrmos undergo various flavor transformation mechanisms in matter.
They influence the neutron richness of the material through :
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neutron star mergers remnants




Heavy elements nucleosynthesis

-
1010 Hydrggen —— Total abundances in the solar system
~—~Helium r-process contribution
108 .~ Oxygen ol Neutron captures responsible for
" Silicon ——— s-process contribution : :
O 96 & «—lron the synthesis of elements heavier
B than iron.
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Neutrino signal from future supernovae

Core-collapse supernovae (> 6 Msun) shine their gravitational
binding energy in a 10 seconds burst of neutrinos of all flavors.

3 10> erg for a 1.4 Msun newly born neutron star - 10°% neutrinos
in the MeV energy range

First (and unique) observation : SN1987A.

Supernova v fluxes from simulations
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= Neutrin-o; lummOSl’fy tv_Cu"f‘Ves arid-' "spectra'_bring' CruCiEﬂ, iﬁf@fmati,oﬁi about =

= »SNe explosmn dynamlcs =
Supernovae o *Mass—Radms bmdmg energy of the neutron star i

= e = ',‘Mass ordermg (normal or 1nverted)
~ Neutrinos - New physics effects - sterile neutrinos,
e = Vnon-standard mteractlons neutrino magnetic
“moment, . ' -
CP Vlolatlon effects (subleadmg)




SN obser vator 1es and the Supernova E arly ,‘ :
- (SNEWS) -

e — Borexino Bal:)s:na Ba" SK (104), Hyper-K ==
MlmBOONE HALO L LVD = o0 B & ko AND (400)
- = F Detectlon of t1me and energy

neutr1n0 s1gna1

> u Sens1t1v1ty to all ﬂavors by
- inverse beta- decay, scatterlng
g electrons and nuclei

IceCube (106) :

I 104 106 events expected from a 10 kpc supernova
. D1ffuse supernova neutrlno back,qround measurement upcoming - Super—KGd (Ianan)

= Predlctlonsofthe neu't'rino_"ﬂu-xes f'or futurfe_'observati‘ons necessary




Neutrino evolutlon equatlons in dense env1ronments

<an & <aT a,/e '>‘
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p= <a+a> one-body density matrix

- . 'BBGKY hierarchy : mean-field and beyond
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neutrino-matter neutrino self-interactions
hmat = \/§GF,0e non-linear term

= V26r 3 [0 5) % [y, B)  drg, o, ()]

Volpe Vaa,na,nen Espinoza. PRD 87 (2013)
Volpe «Neutrmo quantum kmetlc equatlons », Int. J Mod. Phys. E24(2015)
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- Flavor evolution produces spectral modifications,

compared to thermal distributions at the neutrmosphere

= - s (Where they start free streammg)
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W Opeii issuee reeehtly‘debétedf :, |

= They require the presence of an electron

anti neutrmo excess over the neutrmo one
at the neutrmosphere |

- Toymodels aiid 1__-D Simulations studied so far.

- Do «fast» modes produce flavor equilibration ?

| Dothey mﬂuence the»_superiiiova' dynamicé (they occur behind the shock region) ? -

- Dothey ;_t‘qke place mmulti—chmensmnal supernova simulations ?




Do « fast » ﬂavor conversion modes produce flavor equ111brat10n

® Many speculations in the literature that the neutrmo fluxes would eauzlzbmte i.e. becoime
degenerate. From the point of view of observations and of szmulatzons this posszbzlzty would
greatly szmplzfy the problem of neutrmo ﬂavor evolutzon = Pt T

- For example, it has been shown
that it could produce a strong
r-process in a neutrino-driven <
M = v absorption / % * . ‘7 ) >

vy N wind in a kilonova. =

accretion disc hot HMNS 30 o : =5

e : Wll et al., PRD96 (2017) - 4D GD 8D 100 120 140 160 180 200 220
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«Fast » modes do not produce flavor equilibration

Flavor conversion at short distance scale
occurs due to neutrino self-interactions.

The survival probabilities almost never
go to 0.5.

1.00

5073 We have refuted this conjecture based

050 | : -.
ona schematlc model.

Survival probabilities

- 0.25
1 0.00

P o1 3 3 Abbar Volpe Phys. Lett. B'?90 (2019)
| ... arXiv:1812.06883
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- Toy models studled S0 far _
- Astudy based on 1 -D s1mulatrons d1d not fmd ev1dence for such modes
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« Fast » neutrmo conversion modes in core collapse supernovae
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Mollweide proj'ectioh for
the nue-to-antinue flux ratio
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- Crosses indicate occurrence
of fast modes - linearized analysis
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First ev1dence for the occurrence of neutrino flavor conversion, in 2- and
3- d1mens1onal SHD oV s1mulat1or1s (within the neutrino sphere).

1

S

ERIAMN A S G T

‘ »Found_ in 1l.2-arid 27 Msun progenitors and various snapshots after
~ core-collapse. The potential impact on the shock dynamics still unknown.
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Observatlons from future Core Collapse supernova neutrmos-ff."Af'f;
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= = Neutron star coolmg neutrmo 51gr1a1
eference Coohng model of Reddy & Roberts Grav1tat10r1a1 binding energy -star radlus relatlon

The late t1me neutrino 81gr1a1 can be approx1mated
'A as black—body emission :
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3 1053 erg': Mean SD Acc

T | km] [km]  [%)
23.8 20.5 86.1

(22.2) (17.9) (80.8)
92 24 256

. { 10 D 9.9) (12) (12.2)

o O\ e T 139 34 245

10° 10' 102 Ep-R relatlon depends (13.0) (1.8) (13.7)
tpost-bounoe (s)

S TassteaTE = A 0N the neutron star » Neutron Star rad1us

| eq‘fatiolilofé’gg(?ag) reconstruction Wlth
- potent
_p - neutrinos difficult.

’ Gallo Rosso Abbar V1ssar11 Volpe ]CAP 1812 (2018)
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Conclus1ons and perspect1ves

Neutrmo flavor evolutlon in dense env1ronments isa complex manv-bodv
Droblem Novel ﬂavor Convers1on mechanlsms be1ng unravelled

Flavor mechan1sms produce spectral mod1ﬁcat1ons and can 1nﬂuence
 the shock dynam1cs heavy elements nucleosynthes1s (k1lonovae) and
future observat1ons ' ‘ = =

3 «Fast» modes are attractmg a lot of 1nterest they occur in multz D szmulatzons
-sr--."and do not brmg ﬂavor equzlzbmtzon Their impact on the shock and heavy
elements nucleosynthes1s to be assessed |

'Reconstructmg the neutron star radius from the late t1me neutrmo signal complex
{j_‘»fEb -R sens1t1ve to neutron star equat1on of state, l1ttle to extended theories of gravity.

- Future supernova neutrino observat1ons can tell us about the newly born neutron
star properties and on star format1on rates. Uocommg measurement of the diffuse
~'sur>ernova neutr1no background '

.;r;;uEffects of strong grav1tat1onal fields on ﬂavor
_evolut1on needs further 1nvest1gat1ons |
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