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~Vécuum—averaged oscillations versus MSW suppression of high energy 8B neutrinos.
e Energy prodﬁction 'o_f low mass main sequence stars confirmed — pp reaction chain.

 Future measurement of CNO neutrinos - main energy production in massive main sequence stars. ¢




The Mikheev-Smirnov-Wolfenstein effect

Neutrinos interact with matter and undergo resonant adiabatic flavor conversion.

Wolfenstein PRD (1978)
Mikheev, Smirnov(1985)
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Also in supernovae, in accretion disks around compact objects,
in the Earth and in the Early Universe (BBN epoch)




Heavy elements nucleosynthesis

Two main mechanisms at the origin of elements heavier than iron :
s-process (s-slow) and r-process (r-rapid).

Double peak structures at the first A=90, the second A=130 and third A=190 peaks
due to both the s-process and the r-process.
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The r—process 81tes a longstandlng questlon

B The r.-proceSS ; neutron—capture 'i‘s_-'lfagstv"c‘ornpe‘lred»t_o ha_tlf—l'iv'_es‘ ofneutron-rlchunstable nuc’lei.

abundance peak —
in r-nuclei T e e o =
o : N ~ The nuclear flow goes far away from the
== stab111ty line producing thousands of nuc1e1
"-"close to the neutron drip line.
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| '._'?Candldate s1tes supernovae and accret1on d1sks around compact ob]ects black holes and
~ binary neutron stars. Supernovae simulations show that the astrophysical cond1tlons
s _"'are not met (not enough neutrons) Blnary neutron star mergers do. |

- ;Recent-kiﬁl’ono’V‘é d1rectev1dence f‘o.rl r-p'roceSS- ele‘ments.




Neutrmos and the electron fractlon

I Neutrmos mﬂuence the neutron r1chness of the materlal through
| V +pen+e v +n~ep+e
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that sets the electron fractlon Y =
~ p —I— o

« Observed solar r-process
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B Neutrino ﬂavor transformatlon mﬂuences Ye because 1t modlﬁes the neutrmo ﬂuxes
' - spectral swappmgs | = ==

AN EXAMPLE the neutrmo ﬂuxes durmg evolutlon
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Sanduleak 699202, a blue super-giant in Large Magellanic Cloud,
at 50 kpc, no remnant found so far.
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Neutrinos from core-collapse supernovae

Predictions of the neutrino fluxes for future observations :
* an (extra)galactic supernova - 104-10¢ events at 10 kpc

» diffuse supernova neutrino background - EGADS project (Super-K + Gd)
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Simulations complex

(multi-D, hydro-instabilities,
convection, turbulence,
realistic neutrino transport and
nuclear networks).

A comparison of 1D models :

E. O’ Connor et al,, arXiv :1806.04175 Taae e am 0N 0 v ms w0
Iron core-collapse supernova explosions
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o Borexmo Balg;na . SK (104) Hyper K
MlmBOONE HALO | LVD Yo = [ amLAND (400)

| IceCube (10°)

Detectlon channels scattermg on protons electrons nucler.
Sent1v1ty to all ﬂavors tlme and energy s1gna1 Wlll be measured_.;_-'




Reconstructlng grav1tatlonal b1nd1ng energy
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http://arxiv.org/abs/arXiv:1712.05584

\" C OmpaCtness and M- R of the newly born neutron star_‘iv-.'_

: Usmg the relatlon between the grav1tat10nal blndlng energy and the compactness

~ from d1fferent equatlons of state R
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Neutrino flavor evolution in dense environments

v in stars or accretion disks . atomic nucleus
wedle o interaction strong

~unbound system _ bound
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~ Amany-body problem




a‘a) one-body density matrix
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BBGKY hierarchy : mean-field and beyond
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neutrino-matter neutrino self-interactions
5 = \/§GF,0€ non-linear term

= 56 Z (1= 4-P) x [dnu, pu, () — dnig, pr, ()],

Volpe, Vaana,nen Espinoza. PRD 87 (2013)
Volpe «Neutmno quantum kinetic equa.tlons », Int. J Mod. Phys.EQ4(2015)

Extendedf‘equat'ions dériVéd - e.g. with Correcti'ons due to the neutrino mass.




~ Pantaleone, PLB 1992
q, Vu kLve 9Sigl and Raffelt, 1993

» Efficient conversion occurs
close to the neutrinosphere
- Models of increasing complexity
- studied since a decade
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> Distance in a supernova

Survival Probability

Duan, Fuller, Qian, Ann. Rev. 60 (2010)

Novel conversion phenomena due to the neutrino self-interaction




Supernovae explosions and flavor conversion
The heating rate, behihd_ the _shoCk, could be.enhahced‘ by spectral changes ofithé_»ﬁe,utri_no fluxes.
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-free streaming-
flavor conversion

-at 200 km, « bulb » mode

VvV
effects

spectral ;
changes -

Neutrino Fluxes

Sharp transi'tiQn from the dense (Boltzmann) to the dﬂUte (mean-field) region.




. Appearance of « fast » convers1on modes on short dlstance scales 1f em1ss1on at '
the neutrmo—sphere is anisotropic. - awyer PRL108 (2016)
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= Correctlons to the evolutlon equatlons from correlators with hehc1ty change due
to neutrmo mass. | = _

t_, = <a a_ > - - - @ couples v with v
' helicity (or spin) coherence

CR ( -y - ) }[' * ?ﬁ  @(hy P by x m/2E

_ - Vlasenko, Fuller, Cirigliano,
Rand ‘1—[ have hehcnty PRD89 (2014)

and flavor structu re (2 N X 27\/ - SePPeau Aolpe FRD20 (2014)




accrgtlon dlSC h tHMNS

V- dnven wmd

0.1eVé
= 100 eV |

75 ®n 8. an __as 100

Dlstance (km)

>
9
.

™
r

IF

o -Resonance Cond1t10ns fulﬁlled in detaﬂed |
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— Cond1t1ons for MSW resonances not met. ,
- Conclusmns also stand for supemova neutrmos.

~ Chatelain, Volpe, PRD 95 (2017) &




GW1 70817 and the k1lonova

. The recent observatlon of grav1tat10nal waves from ff-,
, ,b1nary neutron star mergers in co1nc1dence W1th |
5_a short gamma ray-burst and a k1lon0va ‘

. The electromagnet1c s1gnal a red anda
blue components, presence of r-process elements and
in partlcular lanthan1des in the e]ecta |

IIM i

s Lanthan1des elements are extremely sens1t1ve to
'-"the electron fraction Ye. If Ye > 0.25 lanthan1des are not
synthes1zed Neutrmos drive Ye to large Values

i
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= Observatlons and compansons with mergers models :
~ dynamical ejecta (merging phase) with Ye < 0.25, _

'-e]ecta from neutrmo dr1ven w1nds (post—merger phase)
: ,_Wrth Ye > 0. 25 ' ’

Flavorevolut1on in v-driven winds in BNS mergers"?




Matter-neutrmo resonance

- Contrary to supernovae there is an electron ant1neutr1no excess It can produce a cancellatlon
~ of the matter and self—lnteractlon potentlals Thls is known as the Matter-Neutrlno Resonance

Malkus et al, PRD86 (2012), 926 (2016)
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Flavor modlﬁed for electron neutrlnos (and ant1 neutrlnos)




Flavor evolut10n and non—standard mterac’uons

/ |eee |< 25 k 'iee} =L 7 _ [ (Yo 'A Yoo 5 — (3 +Y)€6
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| Thé'I-resonahce"_i_-sTivdiié e ¢ah'cellat10n~ between the standard and nonl'éfahdard matter terms.

It can vbe'ks‘een‘_l also as a synchronized MSW
_ resonance, where all effective spins in flavor space
- undergo the resonance coherently. '

~Chatelain, Volpe, PRD98 (2018)

- I-resonance produces flavor modification nearby the neutrino sphere.
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A MattefeNeutrino resonance 10cati0n _ -
Frensel et al PRD95‘(2017) = 40 GO S0 100 120 140 160 180 200 220
e ‘ ' | ~ mass number A

« Fast » modes, Wu et al., PRD96 (2017)




Perspectiyes;*__-_ :

Intense act1v1ty to unravel the Cond1t1ons and nature of ﬂavor
conversion mechanlsms MSW—hke resonances, mu1t1p1e MSW
synchromzed MSW but also magnetic resonance like phenomena
Invest1gatlons necessary for future observatlons and maybe '
| supernova dynamlcs

| More Work needed to fully assess, i.e. the role of decoherence the
,, ‘influence of gravity nearby Compact ob]ects the role of symmetry
| ,breakrng, the impact of « fast » modes and of collisions.

§ Neutrino flavor conversion can influence Ye and r-process
_ nucleosynthes1s Full multi-angle and non-linear 31mu1atlons |
needed in relat1on W1th kllonova observatlons | .
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Supernovae neutrino spectra

(CC+NC) events in HALO-2 (1 kton lead) for a SN at 10 kpc
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One-neutron events Vidninen, Volpe, JCAP 1110 (2011)

Difterent energy thresholds should help pinning down
the pinching parameter.




Supernova Early Warning System and SNe observatories

Events for a supernova explodes in our galaxy (10 kpc), up to 10° events

Borexino Baksan SK (107), Hyper-K

MiniBOONE HALO LvD ~ baya-Bay KamLAND (400)

3 <

lceCube (10°9)

Difterent detection channels (time, energy, flavor):
scattering of anti-v, with p, v, with nuclei, v_ with e, p




Collective neutrino modes and linearization

pikm)

Small amplitude motion

Collective modes and
instabilities can be studied
with the linearization.

Banerjee, Dighe, Raffelt,
flavor space PRD84 (2011)
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connection to collective modes in
other many~body systcms ( nuc:/c:}
clusters, ...)

Vadnanen and Volpe, PRD88 (2013) nuclear resonances




Nucleosynthesis in neutrino-driven winds and fast modes

!
.'.Jet -:.mw

= « Fast modes » m1ght brmg an equ1hbrat10n
~ of the neutrino fluxes. An example of |
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rennnanas

a a2 2ol a a2 o ool

time (ms)

the impact on nucleosynthes1s in a schematlc
model : ‘
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Wu et al, PRD96 (2017)

- Flavor evolution here tends to decrease Ye and favors a strong r-process.




- Todetermine the neutrino dynamics

Pt C A0,

e s e




Flavor phenomena and nucleosynthesis in accretion disks
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Matter-Neutrino Resonance
Excess of v_ over v,

The self-interaction and matter
potentials cancel.

Probability

10° 10

Distance (cm) Malkus et al, PRD86 (2012), 96 (2016)

The site(s) where
nucleosynthesis | solar abundances

[ 1 II_AI"
produces heavy elements, o/ J

by rapid neutron capture ) +‘*j1.‘+*f+
searched. | | vy
Neutrinos influence the 4 f v

|

. AU W ( \
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GW from BNS, as the recent observation, crucial.




