- leutrino astrophysics

 AstroParticule et Cosmologie (APC), Paris




black hole; jet

-

nucleosynthesis
x outilow :
“ ‘.26{15
Avaporation”

neutrino oscillations
neutrinos
=5 a———
‘ & accreting
_ matter

)

>
accretion-dis G2 <= S neutrino
uuclear physics scattering i = v absorption
& emission accretion disc
hot HMNS v-driven wind
Perego et al, 2014

of the disk

McLaughlin
accretion disks around black holes or neutron star mergers remnants




Solar neutrinos

Neutrinos interact with matter and undergo resonant adiabatic flavor conversion :

the Mikheev-Smirnov-Wolfenstein effect.
Wolfenstein PRD (1978)

Mikheev, Smirnov(1985)
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~ Current status of solar neutrino observations
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Borexino, Nature 512 (2014)
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Vé'ciuum—averaged oscillations versus MSW suppression of high energy 8B neutrinos.
= Energy prodﬁction of low mass main sequence stars confirmed — pp reaction chain.

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




The s1te of heavy elements nucleosynthesrs 1s st1ll unknown_-».'_

= . Heavy elements (A = 90) are produced 1n stellar enV1ronments durrng a fast process _
- in presence of a large number of neutrons (r-process) = p ,

« Observed solar r-process
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Roberts 2015 arX1V :1508. 03133

. Supernovae and accret1on d1sl<s around Compact ob]ects black holes and b1nary
neutron stars are cand1date s1tes w1th 1ots of neutr1nos
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« Observed solar r-process
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Heavy elements nucleosynthesis
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Mueller et al,
arXiv: 1705.00620
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Iron core-collapse supernova explosions
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the role of neutr

and flavor conversion
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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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Predictions for Super-K and Hyper-K
in case of a supernova at 10 kpc




Neutrmo ﬂavor evolutlon m dense env1ronments
a many—body problem

~ vin stars or accretion disks

weak  interaction

unbound system
\%; 9;) neutrinos density
b;_b J ) anti-neutrinos

o

atomic nucleus
200
strong

bound

<a+a> neutrons
protons




To determme the dynamlcs

| pl— <a a> ”.p12 <a a aa> 'p1‘23 <a a a aaa>
. one body denS|ty | two body ' three body




The neutrino evolution equations,

p= <a+a> - one-body density matrix

< CLT a/ye > < a’T a’l/e >
, , <aT a,,u> <aT a,,/u>
| ,,BBGKY hlerarchy mean-field and beyond

ip=[1p), Pl = huact hmat + huw ()
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neutrino-matter neutrino self-interactions
hmat = \/§GF,0€ non-linear term

= VI6r Y (=0 5) % i, ) d, o, ()]

Volpe, Va,a,na,nen Espinoza. PRD 87 (2013)
Volpe «Neutmno quantum kmetlc equatlons », Int. J. Mod. Phys.EQ4(2015)

Novel conversmn phenomena in dense med1a due to the neutrmo self-interaction




Nucleosynthe51s and neutrinos

’ Neutrmos influence the neutron richness of the mater1a1 through
Ve+tp—n+e' v +n-—spte ==
p+n

that sets theneutron-to-protonratlo or electron fraction - Ye =

+ Neutrino flavor evolutlon 1nﬂuences Ye because ﬂavor modlﬁcatmn
produces spectral swappmg(s) ' :

AN EXAMPLE , | - = _
A ¢Ve( ) (Ve = Ve)¢0 ( ) <3 [1 = P(Ve = ’/e)] Sx (E)
. neutrmo fluxesat  neutrino fluxes at

the neutrino sphere - 200 km from it
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‘Supernovae explosions and flavor evolution

The heating rate, behihdthe shock, could be enhanced by spectral changes of the neutrino fluxes.

v,*tn—=pte
7 R/"e +p—n+e*

-free streaming-
flavor conversion

vV
effects

-atl_ 2;50 kml, « bulb » mode

spectral
changes -

Neutrino Fluxes

: - Sharp transitiQn from the dense (Boltzmann) to the diIUte (mean-field) region.




Improved description of the « transition » region

» Appearance of « fast » conversion modes on short distance scales, if emission at
the neutrino-sphere is anisotropic. '
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Abbar, Duan, arXiv:1712.07013
. Correctlons to the evolutlon equatlons from correlators with helicity change, due
o neutrmo mass.

Sawyer, PRL108 (2016)

C= <a:a_> A ® couples v with ¥
helicity (or spin) coherence

CR=( {’* = ) H-( & o T P=(hpo + hyy ) x m/2E

Vlasenko, Fuller, Cirigliano,
Q{and H have heI|C|ty PRD89 (2014)

~and fIavor structu re (2 7\/ X 217\/ Serreau,Volpe, PRDIO (2014)

A ﬁrs‘t calCuIéti‘on has shown helicity coherence could modify flavor evolution significantly:.




GW170817 and the kilonova observations

~* The recent observation Of grav1tat10na1 waves from ' :
: : Yo= 030
binary neutron star mergers in comc1dence w1th e Yo= 025

_ = Yo= 015
a short gamma- ray-burst and a kllonova , e i ~ Yo - 0.10-0.40

-+ The electromagnetiC‘ signal coVerihg hasared and a
blue components that indicate the presence of r-process
elements and in partlcular lanthamdes in the e]ecta |

_' Lanthamdes elements are extremely sen81tlve to
the electron fraction Ye. If Ye > 0.25 lanthanides are not
synthes1zed Neutrmos drive Ye to large Values of Ye.

0G8S0 0TI ‘Te 10 BYEUBLL

x Obsefvations _and comparisons with binary neutron star

mergers models tell us that there are dynamical ejecta ~

from the early merging phase, with Ye < 0.25, and ejecta L[ e

from neutrino-driven winds in the late time ( ; ‘ torua )
F post—merger phase w1th Ye > 0. 25. ‘

| | LS

e Wuetal, 2017
Flavor evolution in v-driven W_mds? : .




He11c1ty coherence in b1nary neutron star merger remnants, o
| = Chatelaln Volpe PRD 95 (2017) 1611 01862

| 'Investlgated the role of correlators Wlth he11C1ty Change in an extended mean—fleld descrlptlon.
 Solved the evolut1on equatlons w1th ' ' - - =

| cIJ'-;coup'les_.v_ wi—th-? |
= , helicity coherence
Hisa 4x4 matrlx | @ ~(hp,*°P + h, PP) x m/2E

| h (I) - In two flavors
- ‘ CD*' h )

multtple MSW
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Resonance condition fulfilled
| T EoaMey but adiabaticity not enough

i = 6 modify the flavor Content.
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P N e contra,ry to the findings in Vla,senko: :

Distance (km) ~ Fuller, Cirigliano, 1406.6724

Probability (v, -> V)

Distance (km)




Matter-neutrino resonance in binary neutron star mergers

In binary neutron star mergers, the electron antineutrino excess can produce a cancellation
of the matter and self-interaction potentials. This is known as the Matter-Neutrino Resonance.
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Chatelain, Volpe, PRD 95 (2017), 1611.01862 - Frensel et al., PRD95 (2017)
Resonance condition fulfilled, adiabatic evolution, flavor modified for electron '

neutrinos and anti-neutrinos. MNR resonances occur in the polar region.




Flavor evolut10n and non—standard 1nteract1ons

( | Gee | = 2 5 ' | Ser | < 1 7 ) — *',_TheI -resonance is due to a cancellat1on between
‘ | ETT | < 9 O - the standard and non-standard matter terms |
S It can be seen also as a synchromzed MSW
- (3-|-Ye Yep | resonance, where all effective spins in flavor space
e * undergo the resonance coherently.

, ; —-400 -200 0 200 400
10 20 30 | z (km)

km - '
r ) Chatelain, Volpe, PRD9S (2018)

' The I-resona’ﬁgepréduces_-ﬂavgr.modiﬁcation nearby the neutrino sphere.




s ~ «Fast modes » might bring an equilibration
~ ""..'.:‘3,.:“ ~ of the neutrino fluxes. Here an example of

( ‘ nn; ) = e impact on nucleosynthesis, in a schematlc

calculatlon of the ﬂavor evolutlon

v LI B B B B AR D | v Yy vwowenagy,

40 GD S0 100 120 140 160 180 200 220

mass number A
Wu et al,, PRD9%6 (2017)

. Flavor evOlUtion-here»téndstodecreaséYe aﬁd_fa’vor a strong r-process.




C’onclusions

~ Neutrino propagatmg in dense medla modlfy the1r ﬂavor n 1ntr1gu1ng ways,
because of neutr1no self-lnteractlons (but also shock waves turbulence ) =

- Intense act1v1ty to unravel the cond1t10ns for the occurrence of these
_modes and their nature. Fast modes on short time scales as well as
» other collectlve modes can mod1fy the shock dynam1cs and determme
- ,the neutron—to proton ratlo

S Neutrlno ﬂavor conversion in b1nary neutron star mergers can 1nﬂuence |
ST precess nucleosynthe81s in neutrino- driven winds. To def1n1te1y assess
its influence is important to understand the1r contribution in the ejecta

= of kilonovae and the associated electromagnetlc signal.

Many open issues remain, including the role of decoherence the
 influence of grav1ty nearby compact objects, the role of symmetry
breaklng, the 1mpact of « fast » modes and of Colhsmns
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