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AR
f
amw‘ AR NN

4
\ Vit
SN

AN

o

SN1987A- (LMC)

N
iven wind

v-dr

o
©
>
®)
C
==
)
Q.
-
P
ob) Perego et al, 2014
s
Qo
©
—
®)
i
QL
==
@)
O

hot HMNS

isc

d

accreting
ion

”

tron star mergers (remnants)

matter

vaporauon

v absorption

accret

(ﬁ
A
o -

i
D)
e
B
<
(q9)
=
O

.4;._. (: ....::. ,2,....
AR oo R A
{ U :..uc_. Al .,.‘ »..%ﬁ

i

TAv
T

R
VAR

ARSI

e

g ,..WM
ArRAN: LTSl ara et b Al M 1 T



Solar neutrinos

Z Our Sun burns hydrogen mto hellum-4 = T Gallex/GNG - SAGE
| through the proton- proton react1on cham = p1% Homestake
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One of the crucral results from solar neutrino
-experrments pzoneered by R Davzs

Dayvis, Ha.rm‘er;.Hoffman, PRL20O (1968)
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B Solution of the solar neutrino deficit problem :
Low energy solar neutrinos are reduced by
' averaged vacuum oscrllatlons

MSW effect

8 8B v

8B:r"1eutr'inos underg‘o the MSW effect.

vacuum
oscillations

Borexino, Nature 512 (2014)
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Neutrinos : vacuum oscillations

# The idea of neutrino oscillations introduced
in analogy with K0-K%ar systems.
Pontecorvo JETP 6 (1957)
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mixing angle
cosf sin6| | v,

Am? = m,%-m,?
-Ssin@ cosB) | v,

mass basis

,P(Vé"? lﬁ;) = Sinaz_e Si r\,z(_l—_Anf> depends on mass-squared differences and
4€ mixing angles.

Probqbi |i’rq1 ¥or neutrino osallations

Vo >= Ugglvk > U - unitary Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
’ (b) FC p-like + PC X - ( shape)

e =30/4.4
e of

f g S — U = y 6
2ot P =0.54 4006

(6.20° 7

Discovered by Super-Kamiokande,

using atmospheric neutrinos.
PRLS1 (1998)
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In three flavors, PMNS matrix depends on three angles,

one Dirac and two Majorana CP violating phases.

Phases unknown, as the absolute mass and the mass ordering

- See talks of Dominique and Thomas !
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... to the Mikheev-Smirnov-Wolfenstein effect

Astrophysical neutrinos interact with
the stellar environment. i -
e * Lu.(pe) = V2GF p,

MSW effect

Neutrinos efficiently convert into other
flavors, if a resonance condition is met
and the evolution is adiabatic.

matter basis flavour basis

/
Vz =’Ve

.5}

Wolfenstein PRD (1978)
Mikheev, Smirnov(1985)

'V=
1 VM

Effective mass

SW resonance

& Defintely established by SNO,
KAMLAND and solar experiments :

|

DENSITY

explains the deficit of high
energy 8B solar neutrinos

PRL89 (R00R), PRLIO (2003) It is a reference mechanism for understanding

flavor evolution in media
- core-collapse supernovae, binary neutron star
mergers and early Universe (BBN)
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Energy Production in Stars*

H. A. Bemux
Cornell Unisersity, Ithaca, New York
(Received September 7, 1938)

It is shown that the mext important seurce of energy in
ordinary sors is the reactions of carbon and milrogem with
protons. These reactions form a cycle in which the original
nucleus is reproduced, s CP4H=N¥, NUwCiiet,
CY4H=N¥", N'4HwO4, O*=N"4e, NOfH=C®
+He*. Thus carbon and nitrogen merely serve as catalysts
for the combination of four protons (and two clectrons)
into an a-particle (§7).

The carbon-nitrogen reactions are unique is their
cyclical character (§8). For all nudlei lighter thaa carbon,
reaction with protons will lead to the emission of an
a-particle so that the original nucleus is permanently
destroyed. For all nuclei heavier than fluorine, only
radiative capture of the protoas occurs, also destroying the
original nuclews, Oxygen and fluorine reactions mostly lead
back to mitrogen, Besides, these heavier nuclei react much
more slowly than C and N and are therefore unimportant
for the energy production.

The agreement of the carboa-nitrogen reactions with
observational data (§7, 9) is excellent. In order to give the

integration of the Eddingtoa equations gives 19. For the
brilliant star Y Cygni the corresponding figures are 30
and 32. This good agreement holds for all bright stars of
the main sequence, but, of course, not for giants,

For fainter stars, with lower central temperatures, the
reaction H+H =D+ ¢ and the reactions following it, are
believed to be mainly responsible for the energy produc-
tion, (§10)

It is shown further (§5-6) that mo clements heavier than
He* can be built wp im ordinary stars. This is due to the fact,
mentioned above, tht dl ele-nenu up to boron are disin-

grated by p (; ission!) rather than
built up (by radiative ewnne) The instability of Be'
reduces the formation of heavier clements still further.
The production of neutrons in stars is likewise negligible,
The heavier clements found in stars must therefore
have existed already when the star was formed.

Finally, the suggested mechanism of emergy production
is used to draw conclusions about astrophysical problems,
oudn as the mass-luminosity relation (§10), the stability

e ch (§11), and stellar evolution

correct energy evolution in the sun, the 1
ture of the sun would have to be 18.5 million degrees 'hlle

(lli).

§1. INTRODUCTION

HE progress of nudear physics in the last
few years makes it possible to decide rather
definitely which processes can and which cannot
occur in the interior of stars. Such decisions will
be attempted in the present paper, the discussion
being restricted primarily to main sequence
stars. The results will be at variance with some
current hypotheses.

The first main result is that, under present
conditions, no elements heavier than helium can
be built up to any appreciable extent, Therefore
we must assume that the heavier elements were
built up before the stars reached their present
state of temperature and density. No attempt
will be made at speculations about this previous
state of stellar matter.

The energy production of stars is then due
entirely to the combination of four protons and
two electrons into an a-particle, This simplifies
the discussion of stellar evolution inasmuch as

* Awarded an A, Cressy Morrison Prize in 1938, by the
New York Academy of Sciences,

the amount of heavy matter, and therefore the
opacity, does not change with time.
'I'he combmauon ol lour pmtom and two
el g 9 avie
ﬁnt med\amnm starts vmh the combmauon
of jwo protons to form a deuteron with positron

H4+H=D+¢ (1)

i deuteron is then transformed into He' by
furfher capture of protons; these captures occur
vely rapidly compared with process (1). The
swechpnd mechanism uses carbon and nitrogen as
catplysts, according to the chain reaction

CII+H-N“+1. NIS:CI'.’.("
CH4H=Nu4,
NU4H =04y,
NS4 Hw Ci2 4 Het.

O N1 ¢+

about one in 10, 000 themfore the abundance of
carbon and nitrogen remains practically un-
changed (in comparison with the change of the
number of protons). The two reactions (1) and

434

'In 1939 H. Bethe predlcts stars burn _
' hydrogen into helium-4, using carbon

and nitrogen as catalysts CN cycle :

main fmech_amsm for energy production

in massive main sequence stars.

The combination of four protons and two
electrons can occur essentially only in two ways.
The first mechanism starts with the combination
of two protons to form a deuteron with positron

emission, viz. 1o neutrinos. ..
H+4+H=D+ ¢ (1)

The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

Cl2+H=N13+,Y, N13= Cl3+ €+
Ci*+H =Nty
N#4+H =01+,
Nt H = Ct4 Het.

O = N154 ¢+ (2)

= 'CNO neutrmos measurement (12% prec1s1on)
— solves the abundance problem and confirms
;energy productlon in massive main sequence stars




Neutrinos from dense objects and observations

Predictions for future measurements :
 diffuse supernova neutrino background - Super-K + Gd
* an (extra)galactic supernova - 104-10¢events at 10 kpc - SNEWS, Hyper-K

Heavy elements nucleosynthesis

Ye = 0.01 « Observed solar r-process
Ye = 0.19

Understanding 5 e
the role of neutrinos
and of flavor conversion

AULLLL L Y

in dense environments

«nn 125 1

‘mass_ number A

03900°'G04I1
‘Te 18 Ja[[eNIA




| 'The grav1tat10na1 bmdmg energy
_ of the nascent neutron star (99% -
'of 105 erg) as neutrmos

Fermi—Diraé
distributions
Yo

_ Neutronization | .
i ; 5 i Il 1
Neutro.n star | e o 20
cooling

40 60150

<E ><<E ><<E =

Neutrino luminosity curves and
spectra bring crucial information about
- SNe explosion dynamics
- neutron star properties
- SNe location
: neutrmo properties and ﬂavor evolution
~new physms s

T|me after bounce (s)




Core-collapse supernova explosion mechanisms

One of the key questions in nuclear astrophysics tightly linked to neutrinos :
How do massive stars explode ?

GM*> 3
# Colgate and White (1966) : Egrav & B e
gravitational binding energy of the newly born neutron star
emitted with neutrinos. They can deposit energy behind the shock
to trigger the explosion - « prompt explosion mechanism ».

®  Wilson (1982), Bethe and Wilson (1985) :
delayed accretion shock mechanism

v(vr)

Famioshande 3.-]
Sanduleak 699202, a blue super-giant in ' fyses  ageetMoe  whe

. Faksan |
Large Magellanic Cloud, at 50 kpc, no R

IMe
remnant found so far. ) B 0

SNi1987A :

Several decades of searches to unravel the explosion mechanism... close




r-process nucleosynthesis : the sites ?

One of the key questions in nuclear astrophysics : the origin of elements heavier than iron
in our Universe, i.e. to determine the sites and the conditions under which they are made.

r-process requires neutron-rich environment, _
3 . = “—Hydrogen
occurs in short timescales. Formation of neutron “—Helium

Z 2 e Oxygen
rich nuclei through neutron capture faster

_-Silicon
than beta-decay:.

—— Total abundances in the solar system
r-process contribution
—— s-process contribution
<«—1ron

Lithium

Candidate sites for r-process nucleosynthesis :
core-collapse supernovae and compact objects
— accreting disks around black holes and
binary neutron star mergers (BNS).
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These sites emit 105! to 1052 ergs with tens

: . 5‘9 Neutrino Cooling and Neutrino—
. . ' S 7 Driven Wind (t ~ 10s)

of MeV neutrinos There are neutrino SRS 5
. ; 6 o RS g
driven winds. 0
s 2 o
accreting _ 0o
matter “O
GW170817 : gravitational wave signal P . >
AV
from a BNS, in coincidence with a short accretion'disc | e \ d%

gamma ray burst and a kilonova.

kilonova : first evidence that r-process elements are produced in BNS. Electromagnetic emission
compatible with lanthanide free ejecta (cold, blue component)and ejecta with lanthanides (hot, red).
Dynamical ejecta pre-merging phase, viscous and neutrinodriven winds from post-merger phase.




r—process nucleosynthesm and neutrmGs

- l Neutrmos 1mpact neutron r1chness of matter
‘V—e + -p.e n,+,,e,;;; v + n — p+ e

. Thelr ].‘ateS )\ : < O-I/ Xz > = ' : . — , .1’| T .Ab..;v|-A| IIIZ‘I 'I-” l 'l]:‘l l T I‘vl t I-'-:I 'l l>' IibI ' " '-‘] T l T I'-IAVI ' '. '1

L <o - : -
Vep l/ep> e = — Yo =0.01 « Observed solar r-process

sets the neutron—to proton rat1o = o Y:zgjz

Y p.‘ = —— Yo =050
e = — "":Y._l—y-v :
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Abundance

B ForYe =05, no r-process elements.

IIIIll|,|J lll|_|,|,|_|l L1l

_Foriye <025, rare-elements platejali and 1l At N
 third element peak (strong r-process). S 75 100 125 10 175 200

Mass number A

' Neutrin‘“o flavor evolution in dense environments modifies
neutrmo spectra and Impacts are r-process nucleosynthes1s
i neutrmo drlven winds




i = v absorption 'k \
accretion disc =

hot HMNS - v-driven wind

- Neutrino A weakly many-body system...
~ self-interactions = |
-~ sizeable =
Pantaleone, PLB287 (1992)

-atl. ZQ|O kml, « bulb » mode

E = 4 MeV
E = 8 MeV
E =12 MeV ||
(Pr—v,)
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2A Var1ety of novel flavor conversion phenomena
= (MSW—hke multlple MSW and beyond...)

V. Survival Probability




* Eptdvntfupnvn our gly <10kp> uptlo

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_.;_-'




Explosmn mechamsm and neutrmo 81gnal

shock v

B Core-collapse supernova simulations: s

~ Three-dimensional simulations running O '
for several progenitors, with realistic .\ eutinos

~neutrino transports, ‘convection and - = " '

: Standmg Accretlon-Shock—Instablhtles (SASI)

v-sphere
T /
convection ¢

~® Supernova neutrino time signal :
- 51gnature of the SASI 1nstab111ty -
(ICECUBE) . - 55 B South (+1000)

LUl v
.

Cruc1al Conﬁrmatlon of the delayed - S

accretlon shock mechamsm for - ; Maller & Janka
s : 0.2 0.3

superneva explosmns s - — ~ timeafier bounce 3




Reconstructmg the grav1tat10nal bmdmg energy
~of the neutron star and neutrino spectra

erehhood analys1s for a neutrmo s1gnal from a galactrc superneva :

I Combmmg inverse beta decay, elast1c scattermg
~ (and neutral Current) allows to reconstruct the
” grav1tat1ona1 binding energy at a few percent
“accuracy - 11% in Super—Kamrokande |

| 3% in Hyper—Kamlokande ‘ |
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R e 7 The spectra of electron anti- neutrinos and

S | muon and tau neutrinos can be reconstructed :
2% and 7% for the average energy and w1dth
of electron anti-neutrino spectra. i

(b) Mass—Radius constraint
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L The rehc neutrmo ﬂux depends on core- collaDse__ —
- supernova fluxes, the supernova rate (related to
the star formatron rate) mtegrated over redshift :

FRE,) = f dz |- I(l + z)Rsn(2)

dN ,(E,)
dE, :

o
o

o .

dN/dE, [ (225 ktonyr)' MeV'' |
Malek et al, PRLIO (200_5.)*

Visible Energy Ee [MeV]

(1 .|. z) E neutrmo redsh1fted energy
(only the tails of the neutrino
| spectra matter) 2=012 |

2

L1 111117

o SK-ntagging with p
gy

-
o

= 1 F1rst SK 11m1t on relic neutrmos (2003)
~ some SN rate models excluded,
also mcompatlble with high average energles

:

flux upper limit (cm™? s MeV™)
—

Ve

SK(2003)
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14 16 18 20 22 24 26 28 30
Neutrino energy (MeV)

Zhang et al, Astr. Phys. 60 (R015)




B The supernova rate well constramed
The po1nts below the pred1ct10n of the
supernova rate from the star formation

rate are affected by 1ncomp1eteness (dust
faint galax1es ) =

= About 20% uncertamtV at 7z=0.
e A factor of 2 much hight redsh1fts
== ~not relevant for the rehc background

Super—Kamlokande with Gd
- neutron tagging (reduced backgrounds)

Beacom Vagins, PRL 93 (2004)

from EGADS to SuperK-VI+Gd (2019/20)
7 Hyper—K (258 ktons) - several hundreds

Cruc1al measurement of the RSN and
the (average) neutrlno ﬂuxes
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» Kistler et al. (2008)
© Smartt et al. (2008)

=~ m Dahlen et al. (2008)

rrrrTETn

ll ' lllllul I

10 100
distance D [Mpc]

o
(%)

o
.

=
W

o
to

o
(S

SN1987A

’.

[T NN N

(0T0R) 09 AeY "UUY W09




Conclusions et Prospectives

. Important open questions remain and will be addressed in the future :
* the origin of neutrino masses, the neutrino mass ordering, CP violating
phases, the absolute neutrino mass, the neutrino Dirac or Majorana nature.

. The future measurement of solar neutrinos from the CNO cycle
 is needed to solve the abundance problem an.d confirm energy
~ production in massive main sequence stars
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Life tree . Ea . . =
ARG ALl Gravitational waves from BNS and kilonova observations will bring clue
“information to identity where heavy elements are made. Neutrino flavor

evolution impacts nucleosynthetic abundances and might influence the
supernova dynamics.




Conclusions et Prospectives

Future observations of neutrino signals from a galactic supernova

will bring crucial information on open issues in astrophysics and

on neutrino properties.

For example, the explosion mechanism from the time signal (ICECUBE).

The neutrino spectra reconstruction for electron, muon
and tau (anti)neutrino flavors with

- Super-K, Hyper-K, JUNO, DUNE.

Crucial to improve understanding of flavor evolution
in dense environments.




