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NEUTRINO INTERACTIONS

WHY ARE WE WONDERING ABOUT ?

SHOCK REVIVAL IN A CCSN I

1. Core-collapse supernovae Sheekarevival

@ Neutrino-driven explosion
mechanism

@ Small changes in interactions
rates can push explosions
[Melson 2015]

@ Neutrino driven wind and
nucleosynthesis

@ Proto-neutron star cooling
by neutrino emission

[Janka 2012] J
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NEUTRINO INTERACTIONS

WHY ARE WE WONDERING ABOUT ?

2. Binary neutron star mergers

@ Neutron rich and hot
environment — intense
neutrino emission

@ Determine neutron to proton
ratio in the ejecta
(conditions for heavy
element nucleosynthesis)

o Release energy (cooling
effect)

@ Energy and momentum
exchange with matter

@ Source of viscosity
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SKETCH OF MERGER REMNANT [PEREGO 2014]

3 = v absorption

accretion disc
hot HMNS v-driven wind
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R-PROCESS AND NEUTRINOS [CRISTINA VOLPE]
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NEUTRINO INTERACTIONS

WHY ARE WE WONDERING ABOUT ?

3. Neutron star cooling

@ Energy loss by surface
photon and neutrino
emission

@ Theory predicts essentially
three cooling stages

» Crust thermalisation
(~ 10-50 yrs)

> Neutrino cooling
(~ 10° — 106 yrs)

» Photon cooling
(t = 10° yrs)

@ Neutrino emissivities
dominant for about 10¢ yrs
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PARTICLE CAPTURE REACTIONS

WHY ARE WE WONDERING ABOUT ?

TYPICAL 7-PROCESS PATH

1. r-process nucleosynthesis and 50 i
x-ray bursts/novae 5
£
@ r-process : neutron capture 2
fast compared w.ith B-decay § 28 r-process path
— operates at high neutron &l
densities and on very neutron 82 (a)
rich nuclei Neutron Number
[Niu et al 2013 ]
)

@ Astrophysical site long standing debate

» CCSN? Ejecta probably not neutron rich enough, weak r-process ?
» Strong evidence for main r-process in BNS mergers (GW170817)

@ x-ray bursts/novae produced by runaway nuclear fusion on the surface of an
accreting NS/WD

@ x-ray lightcurves sensitive to energy released in («,p) and (v,p) reac@ns
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NEUTRINO MATTER INTERACTIONS

o Different types of interactions with matter
(nucleons, nuclei and charged leptons,
photons), e.g. p+e~ = n+ v,

@ We are concerned with a hot and dense
asymmetric matter
— we need to consider nuclear correlations

@ Overall reactions rates :
matter composition + individual rates
» Homogeneous matter : individual rates in
dense (and hot) medium
correlations (RPA) can considerably
change rates at high density

@ Need predictions for different reactions
(absorption/creation via DURCA/MURCA,
scattering) including reliably correlations

NEUTRINO OPACITIES FROM CC REACTIONS ON

NUCLEONS
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[Oertel 2020]
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ELECTRON CAPTURE ON NUCLEI

@ Individual EC rates dominant source of EC rates ox 56Fe [Ravic 2020]
uncertainty during CCSN infall ————————————

pYe=10%g/cm?®

[Sullivan 2016,Pascal 2020]

®  SMGXPFL)
LssM B

@ Fuller (1982) : EC on nuclei suppressed for
Z < 40 and N > 40 — electron capture on 3.0fr et
free protons dominant

= TORPASKM®

+ t t
pYe=10%g/cm® |

@ This is not true!
Thermal excitations, mixing of states,

02 04 06 08 10 12 14

.. . o8
pairing correlations e )
MOST RELEVANT NUCLEI FOR EC [PAscAL 2020] ° Ca|cu|at.|ons US|.ng dlﬂ:e_rent approaCheS fOr
nuclear interaction available
» Shell-model rates [Langanke 2001... ]
> (Q)RPA [Fantina 2012,Ravlic2020,. . ]
N » Finite temperature relativistic nuclear field
theory [Litvinova 2018,2020,2021]
4] . . -
I SRS o @ Microscopic rates not available for .
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ELECTRON CAPTURE ON NUCLEI

@ Individual EC rates dominant source of

Uncertainty during CCSN infall EC RATES ON NUCLEI AROUND 7S NI

[Sullivan 2016,Pascal 2020]

o Fuller (1982) : EC on nuclei suppressed for
Z <40 and N > 40 — electron capture on
free protons dominant

@ This is not true!

Thermal excitations, mixing of states,
pairing correlations

MOST RELEVANT NUCLEI FOR EC [PascAL 2020]

» Shell-model rates

\

all relevant nuclei
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I SPASTS———, @ Microscopic rates not available for
N

[LiTviNova 2021]
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o Calculations using different approaches for
nuclear interaction available

[Langanke 2001,.. ]

4 (Q)RPA [Fantina 2012,Ravlic2020,. . .|
» Finite temperature relativistic nuclear field

theory [Litvinova 2018,2020,2021]
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NEUTRINO FLAVOR CONVERSION

@ Neutrinos modify their flavor in matter
via various recently uncovered
conversion mechanisms (MSW-like,
multiple MSW, collective modes, . ..)

@ Flavor conversion in dense matter
— spectral swapping, modified p/n
rates — modified nucleosynthesis
@ Open questions :
> Interplay of different conversion
mechanisms and with neutrino-matter
interactions
> Impact of neutrino flavor conversions
on CCSN explosions
> Impact on nucleosynthesis in CCSN
and BNS mergers
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PHENOMENA

MATTER-NEUTRINO RESONANCES

[CHATELAIN 2018]
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PARTICLE CAPTURE REACTION RATES

PROTON CAPTURE REACTION RATES FOR X-RAY BURSTS AND NOVAE

@ Large scale shell-model computations of
spectra, proton and electromagnetic widths

of states in proton-rich nuclei and nuclei ProTON cAPTURE RATE 2681(p, )
along N = Z line possible due to progress in hesonant o #5101
computing and developments of effective s aowr

charge-dependent interactions : 0 o
» Reactions of high impact : **Cu(p,v)%°Zn,
61Ga(p7 7)62Ge, etc [cyburt 2016]
> Evaluation of resonant proton capture

log;gtratercm® s mol”")

rates with detailed nuclear structure input " ‘y: 3"%’5 N
taking into account isospin-symmetry T om0 05 i
breaking

» Systematic calculations of reaction rates [Smirnova et al in prep]]

on the pf-shell nuclei (update of the

existing reaction database [Fisker 2001]
@ Objectives : Update of important reaction rates as a more precise input for
astrophysical x-ray burst (rp-process) and novae models
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PARTICLE CAPTURE REACTION RATES

NEUTRON CAPTURE REACTION RATES FOR R-PROCESS

@ Large scale shell-model computations of
spectra, spectroscopic factors and
gamma-widths in very neutron-rich nuclei
possible due to progress in computing and
developments of effective interactions far
from stability :

» Benchmark for other theoretical models
used for global modeling of nuclear
structure for capture reactions [Gori¢ly 2018]

» Evaluation of direct neutron cpature rates
with detailed nuclear structure input [sij

2021]

@ Objectives : computation of resonant
neutron capture using detailed structure
input — reliable capture rates on exotic,
neutron rich nuclei

SIMULATED R-PROCESS ABUNDANCES
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[Sieja 2021]]
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SOME FINAL REMARKS

EoS 1s NOT ALL!

Determine reaction rates consistently with matter composition is
important(CCSN, NS cooling, BNS ejecta composition, nucleosynthesis, .. .),
strongly dependent on nuclear correlations

Nuclear superfluidity (Glitches, NS oscillations, NS cooling) — M. Urban'’s
talk

Transport properties (NS cooling, oscillations, magnetic field structure)

Neutrino-Neutrino interactions and flavor conversions

OUTLOOK
@ On the experimental and observational side many projects

(Super-Kamiokande, DUNE, KM3Net, LIGO/Virgo/Kagra, ET, SKA, NICER,
eXTP, ATHENA)

— need for more precise and complete microphysics data as input for
simulations

— reliable predictions and interpretations of experimental/observational data

Strong expertise in the french community !
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