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Energy production in stars
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It is shown that the mext smportant seurce of emergy in
ordinary slors is the reactions of carbon and milrogem with
protons. These reactions form a cycle in which the original
nucleus is reproduced, s CP4H=N# NUwCO4,
CU4+H=N", NY4HwO®, O%wN'4e*, NU+HaCH
+He*. Thus carbon and nitrogen merely serve as catalysts
for the bination of four pr (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
correct energy evolution in the sun, the central tempera-
ture of the sun would have to be 18.5 million degrees while

§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,

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 elements heavier than
He* can be built wp i ordinary stars. This is due to the fact,
mentioned above, that all elements up to boron are disin-
tegrated by proton bombardment (a-emission!) rather than
built up (by radiative capture), The instability of Be'
reduces the formation of heavier clements still further.
The production of seutrons 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,
such as the mass-luminosity relation (§10), the stability
against temperature changes (§11), and stellar evolution
(§12).

the amount of heavy matter, and therefore the

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, vis.

H4+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

Cug-H= N4+, Nt Cl34 ¢+
Co4H =Nt s,
NULH =044, O N5 * 2)

N4 H = C124-Het.

In 1939 H. Bethe predicts that
nuclear reactions are responsible
for the energy production in stars.

no neutrinos...

The catalyst C* is reproduced in all cases except
about one in 10,000, therefore 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
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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, 3.

| H+H=D+e | (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=N18+'Y, Nl3=Cl3+€+
CB4+H=N4y,
NU4+H =015+,
N5+ H = C24 Het,

O16= N154 ¢+ (2)




The proton-proton (pp) fusion reaction chain produces 99% of solar
energy transforming H into “He.
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First observation of solar neutrinos

Composition: 73% H, 25% He, 2% other
Central temperature : 15 10° degrees K

B —

« We observe much less
neutrinos than expected. »

~
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SOLAR NEUTRINOS. II. EXPERIMENTAL* | e R !
Raymond Davis, Jr. y y

Chemistry Department, Brookhaven National Laboratory, Upton, New York
(Received 6 January 1964)

The prospect of observing solar neutrinos by 3 counts in 18 days is probably entirely due to the
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Neutrinos from the pp reaction chain
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Wolfenstein PRD (1978) Mikheev, Smirnov(1985)
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met and evolution adiabatic. It gives
the sign of Am?Z. .
It occurs in the Sun, in Supernovae, in AD, in Earth and Early Universe (BBN).




The low energy pp neutrinos, from the keystone Borexino (Gran Sasso)
fusion reaction, pep, ‘Be measured. ' ’

Vacuum averaged oscillations
1
P(ve — ve) ~1— sin” 26, ~ 0.57
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*'E" Borexino, Nature 512 (2014) oscillation to MSW solution
G can reveal new physics
Neutrino Energy (MeV) such as non-standard Interactions.




Carbon-Nitrogen-Oxygen (CNO) v

)

The CNO cycle : responsible for 1% of the energy production in the Sun.
The dominant mode for hydrogen burning in massive main sequence stars.
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Current limit best limit from Borexino.
't will be observed in SNO+ (780 ton)
and Borexino (phase Il) by achieving
Challenging reduced backgrounds.
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Key CONFIRMATION of evolutionary models.




L/X = surface metals - to -hydrogen ratio

Older Standard Solar Model (SSM) : GS98, Z/X =0.0229, 1D
New Standard Solar Model : AGSS09, Z/X = 0.0178, 3D, agreement
with helioseismology spoiled.

Fluxes given in units of v em? s x 3| SOLAR NEUTRINO FLUXES - SHP11
101 (pp), 10°("Be),
10% (pep, N, 1°0), v Flux  High Metallicity Low Metallicity Difference %
105 (®B, !F), 103 (hep)
Be  5.00(1+0.07)  4.56(1+0.07) 88
5B 5.58(1 £ 0.14) 4.59(1 £0.14) 17.7
BN 2.96(1+0.14)  2.17(140.14) 26.7
o 2.23(1+£0.15)  1.56(1 £0.15) 300 |CNO|
o 5.52(1+0.17)  3.40(1+0.16) 38.4

Serenelli, et al. Apd 743 (2011)

CNO v with 12 % precision will
solve the metallicity problem.
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Why geo-neutrinos ?

Compositional layers Geoneutrinos are v, produced by long-lived
e radioactive elements within our planet.

crust -
10.70 km\

Oceanic
crust

Decay Q
$-T km

n 2 Euau En €

MANTLE IMeV] [10° yr] MeV] [W/Kg [kg~'s~|

B8Y — M6ph 4+ 8'He+6e+60 51.7 447 326 095 x 104 741 x 107

BiTh - %Eph 4 6'He+de+ 40 27 140 2925 027 x 1074 163 x 107

2900 k
WK & “Cate+p 132 128 131 036 x10-% 269 x 101

Global terrestrial power Fiorentini et al. PRD7R (2005)

output : 47 pm 2 TW. Their measurement of the geoneutrino flux

gives information on the amount of U, Th, K
Dayvies and Davies,

, in the crust and the mantle, the associated
Solid Barth 1 (2010). radiogenic heat and furnishes tests of Earth
models (BSE).
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First observed by KamLAND.
Araki et al., Nature 436 (2005).

Detected via inverse beta-decay :
V,+p—=n+e'

prompt signal by y from ee*
annihilation and delayed signal
(2.2 MeV y) from n capture on p.

Geoneutrino events measured :
116 +28_2r7
KamLAND, PRD 88 (2013).

23.7 *0 5 ; (stat) 9% ¢ (sys)

Null hypothesis excluded at 5.9 o.

Total terrestrial radiogenic
power: P(U+Th+K) = 3328, TW .

Borexino coll., PRD 92 (2015)




Rate (U + Th) (TNU)

Turcotte & Schubert 2002

— Andatscn 2007
Pame & O'Neill 2003

o——a Allegre et of. 1995, McDonough & Sun 199
Lyubetskaya & Korenaga 2007

2 Javoy etal. 2010
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Positive signal from the mantle.
It requires a good knowledge of
the local crust contribution :
Sgeo(mantle) = Sgeo - Sgeo(crust)

Comparison with different models
for the primitive mantle, Th/U
ratio and distribution.

Fiorentini et al. PRD86 (201R2)

switches to SOX (sterile searches).

(Canada), starts 2017.

A good knowledge of local crust contribution needed.

, 20 kton (China), starts 2020.

, 10 kton (Hawaii), transportable, mantle contribution

at oceanic crust. Not funded yet.
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Where are heavy elements made ?

R [km] / Neutrino Coaling and Neutrino-

The site(s) where nucleosynthesis produces
heavy elements, by rapid neutron capture
(r-process), remains unknown. Neutrinos set
neutron-to-proton ratio, a key parameter, by
Vot —p+e Ve+pen+e+

accretion disks around black holes
black hole, jet
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Massive stars (M > 8 M) produce 10°8 v of about 10 MeV in 10 s
from the gravitational collapse of massive stars.
Colgate and White, 1966

Neutrinos deposit energy behind the shock to trigger
the explosion -

Bethe and Wilson, 1985
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Simulations not yet successful
(3D, hydrodynamic instabilities, realistic neutrino transport)
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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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Vissani, JPG (2014)

Time and energy signal
agrees with predictions.




Supernova v observatories

If a supernova explodes in our galaxy (10 kpc), detectors will collect
up to 10° events.

ino Bak
e eva-Bay SK (109, Hyper-K

MiniBOONE HALO LVD _ © 0 KamLAND (400)

lceCube (10°)

Different detection channels available :
scattering of anti-v, with p, v, with nuclei, v, with e, p

SNEWS - Supernova Early Warning System




Neutrino flavor conversion in media

Flavour conversion phenomena emerge, due to
O neutrino-matter coupling - MSW effect

O presence of shock waves or turbulence

O neutrino-neutrino interaction.

—€
\%4

A lot of theoretical work still needed.

» impact on nucleosynthesis and supernova dynamics
» flavor modification phenomena and their effects

Connection to condensed matter and
many-body systems (atomic nuclei, clusters).
Volpe et al., PRD 87 (2013).




If a supernova (1-3/century) at 10 kpc explodes : Am2,, & mf I

®_[ /MeV /s /1]

Shock-wave imprint depending
on the mass ordering.
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Also in JUNO,
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and v, detectors.
SN signals can give
Information on

unknown v properties.




An et al. J. Phys.G (2016) —
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integrated v neutrino flux from supernovae at different redshifts :

— gum of backgrounds
— reactor v,

= CC atmospheric v,
—— NC atmospheric v
—— fast neutrons
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v Upper limits on DSNB fluxes :
1.4-1.9 anti-v, /cm?/s

73-154 v,/cm?/s
Lunardini and Peres, JCAP (2008)

< 2| <

Events (10 y) window detector
90 9-25MeV 50 kton
300 19-30 MeV 440 kton Hyper-K
30 17-41 MeV 50 kton

scintillator

liquid argon

EGADS (Super-Kamiokande
with Gd.

Upcoming projects have

Galais et al PRD 81(2010)

the discovery potential.




Conclusions and perspectives

deficit undestood and MSW effect
established. We understand how energy is produced in
the Sun and low mass stars. Future goals : to study
vacuum to MSW transition and discover CNO v.

identified. Future measurements should precisely
measure the radiogenic contribution to the Earth
power and determine the Th/U ratio.

% observed. Mantle contribution

discover the diffuse supernova background. Neutrinos
from (extra)galactic supernovae will bring key
Information on the explosion mechanism.

Steady theoretical progress on neutrino flavor
conversion. Many crucial questions need to be tackled.
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