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Neutrinos --fmm the Sun

Helium

Solar radiation: 98 % light
2 % neutrinos
At Earth 66 billion neutrinos/cm? sec

Hans Bethe (born 1906, Nobel prize 1967)
Thermonuclear reaction chains (1938)
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Bethe's Classic Paper on Nuclear Reactions in Stars

MARCH 1, 1wi9

PHYSICAL REVIEW

VOLUME &35

Energy Production in Stars®

H. A. BerHE
Cornell Umisersity, Ithoca, New Fork

{Received September 7, 1938)

It is shown that the wast peportond desece of energy in
ordimEry Jherd g The resciiong r.f carbot amd m'rm;m witk
srodone, Thise reactsons foem o oyele in which the original
nucleus 38 reproduced, sz, C®+H=NS, NO=CO465
CapH =N NetH=OF Ob=Nt4t NEEH=OO
+He*, Thus carben and nitrogen merely serve as catalysts
far the combination of four protons (and two electrons)
into an a-particle (§7).

The carbon-pitrogen reactions are  wnicee in ther
cyclical charcter [§8). For all nuclei lighter than carbons,
reaction with protors will lead to the emision of an
a-particle so that the origmal nucleis = piriknsnatly
destroved. For all nuoclei beavier than flisarmne, only
racliative captare of the protons eceurs, also destroying the
vriginal nuckeus. Oxygen and Buosing reactioss mostly lead
back to nitrogen, Besidis, thise bravier aucled react much
more slawly than © and N and are therefore unlmportant
for the energy production,

The agreement of the carbon-pitrogen reactions with
vheervatianal data (§7, ) Ia cxcellent, [m onder to give the
correct enerpy evoligtion in the sun, the central tempera-
fure of the sun would have to be 188 million degrees while

3l InTRODUCTION

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

The first main result is that, under present
cclnditi-;_:-ns, no ebements heavier than helivm can
be bailt up o any appreciable extent. Therefore
we musl assume that the heavier clements were
built up befere 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 c-particle, This simplifees
the discussion of stellar evolution inasmuch as

* Bwgried an A, Cressy Morrizon Prize in 1938, by the
Mew York Acaderny of Sclences.

integration of the Eddington egquations gives 1% For the
briliant star Y Cygni the correspomding igures are 30
and 32, This good agreemeat bolbde for all bright stars of
the main sequence, but, of comre, oot lor giaste,

Far fainter stars, with lower centeal temperatures, 1the
regction H4-H=Di4 ' and the resctions foflowing it, are
beligved to be malnly responsibée for the encrgy produc.
vian, (§10)

Tt is shown further (§8-6) that wo clements kaavier than
He can be Sudle up in srdinory siors, This is due to the fact,
wentioned above, that all €lensents up to boron are disin:
tegrated by proton bombardment (@-2mission!) rather tham
buile op (by radiative capture). The instability of Be!
reduces the formation of heavier elements still further.
The prodection of neutrons in stars 2 likewis negligible.
The heavier elemsents found in stars mst  therefore
have existed already when the star was formed,

Fimally, the suggested mechanism af energy produaction
is used to draw conclusions about astroghysscal probdens,
such as the mass-luminosity relation (8100, the stability
againet temperature changes (§11), and stellar ovolistion
4§12

the amount of heavy matter, and therefore the

No neutrinos
from nuclear reactions

in 1938 ..

iiE EIZII'I.'IEII'IHTLEII'I Eli our  protons amnd two

electrons can occur essentially only in two ways.
The first mechanism starts with the combanation
of two protons to form a deateron with positron
emission, tis.

H+H=D+4« (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

CogH =Nt o, o S
Co4H=Nity,

NULH =04, Olb= N4 o+ (2}

NiELH=C"4L Hel

The catalyst C% is reproduced in all cases except
about one in 10,000, therefore the abundance of
carbon and nitrogen remaing practically un-
changed {in comparison with the change of the
number of protons). The two reactions (1) and

434

The combination of four pr
electrons can occur essentially on
The first mechanism starts with t
of two protons to form a deuterc
emission, vis.

0 ways.
bmbination
ith positron

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

C24H=NB+4+, NB=(ClB34 ¢t
ClH=Nb+y,
NU4H=0114,
NS4 H = C24 He,

Q16 = N154 ¢+ (2)
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Sun Glasses for Neutrinos?

8.3 light minutes

e Y

1000 light years of lead
needed to shield solar
neutrinos ";r » ha”

Bethe & Peierls 1934: ‘:-:- ,

"... this evidently means
that one will never be able

+o0 observe a neutrino.”

Seorg Raffelt, Mad-Planclk-Institut fir Pheysik, sinchen, Sermany:
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First Detection (1954 - 1956)

Clyde C‘&gar‘i : | Fred Reines

(1@ -1974) (1918 - 1998)
(a) 2 d

~ Nobel prize 1995 | Detector prot

(b}

Anti-Electron

Neutrinos 3 Gammas
from i
Hanford Coincidence

Nuclear Reactor
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Nuclear Binding Energy

—

Fission

3.0
Fusion

Binding energy per nucleon, MeV

lee change
of scale
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p+p— SHiet+v,

< 0.420 MeV

p+e_+p—>2H+ve_

1442 MeV

2H+ p—> *He + Y
o _ 85% gl 157 hep
He +He — He+2p He+ e > "Be+y | |"He+p— Heret+v,
< 18.8 MeV
907 107 N 0.02%
7'Be+t.'._—:r7'Li+*v,3 7BB+E_—)?Li*+\PE 7Be+P—*BB+'Y
0.862 MeV 0.384 MeV 8 8n * 4
B> "Be +e” +v,
~ P < 15 MeV
(2l Ui p o> “He+ ‘He ggisll %ge” - “He+ e

| Georg Raffelt, Mame-Plancl-Institut fiir Physile, Miinchen, Sermanmy

ISAPP 2003, International School on Astroparticle Physics, 14-19 Juby 2003, Madonna di Compiglio, Ttaky |




Solar Neutrino Spectrum

| SuperK
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Bremsstrahlung

These processes first

discussed 1961-63
after V-A theory

T [K]

Photo (Compton) Plasmon decay
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Neutral
current

Charged
current

Effective
four
fermion
coupling

A

+= + 2 sm Oy ~ 1 + 1

Electron 12 f

6F = Va.Vr —2+23|n ey ~0 -2
1166 x 10 °GeV . v v Proton | + % —2sin® Ow ~0 + l—gé

.2 e V.V

sin =0.231 1 126
Ow Neutron > =5
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Cross section in non-relativistic limit
Y 5 2.2

v 3298 5 o\
o é | o axf (C\’+BCA)[EJ

4
» cr=1*34><10_55cm2( & J

Photo (Compton) flavors 10keV

Volume energy loss rate
2d%, E3o
s _n“[(ax 3BT

Energy loss rate per unit mass

8
__Q,.F B _gerg ( T )
aw,——p =2.5x10 _gsy:?' eV

To be compared with nuclear energy generation in the Sun

{ >= LG) =4X10333Pg/$=2ﬂ=2x10_7 Waf'rs=200Wa1‘1‘s
e Mo 2 x 10339 9s 9 kilo—ton
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Haxton & Lin, The very low energy solar flux of electron and

heavy-flavor neutrinos and anti-neutrinos, nucl-th/0006055
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Nucleon
Bremsstrahlung

Photons Primakoff

Compton

Pair
Electrons Annihilation

Electromagnetic
Bremsstrahlung
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Primakof f
production

Axion fl

Axion Helioscope (Sikivie 1983)
Axion-Photon-Oscillation
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= Tokyo Axion Helioscope
(Results since 1998)

=> CERN Axion Solar Telescope (CAST)
(just started)

Alternative Technique:

Bragg conversion in crystal
Experimental limits on solar axion flux
from dark-matter experiments

(SOLAX, COSME, DAMA, ...)
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Horizontally Moving Platform

Magnet 10m superconducting

Sunset - feed box LHC test magnet

photon detectors

-

Sunrise axions

Low-background
shielding
~ Trolley

~ Driving wheel

Cern Axion Solar Telescope

Sunrise
photon detectors

~ sunset axions

Low-background
shielding
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Indirect Method (Neutrino Telescopes)

Annihilation
Galactic dark High-energy
matter ® neutrinos
particles (6eV-TeV)

are accreted can be measured

Sun

Direct Method (Laboratory Experiments)

Recoil energy

Galactic ,
dark matter (few keV) is
particle . measured by
(e.g.neutralino) WEnergy * Lonisation
Crystal " deposition » Scintillation

+ Cryogenic
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Current Limits from WIMP Searches

Limits from WIMP
Annihilation in the Earth
astro-ph/0202370
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AMANDA - South Pole Neutrino Telescope
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AMANDA - South Pole Neutrino Telescope
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AMANDA - South Pole Neutrino Telescope
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Global Cosmic Ray Spectrum
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Target:
Protons or Photons

Approx. equal fluxes of
photons & neutrinos

Equal neutrino fluxes
magnetic in all flavors due to
fields - Halzen (2002 oscillations
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Opportunity for neutrino astronomy

* Point back to sources
* No absorption (reach across the universe)
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Figure 4: Cosmic ray induced E*-weighted neutrino flures at the Farth integrated over the solid
angle of the Sun. The flures from the Sun obtained in this study (solid lines) are compared with
the earlier caleulation SSG [22] and the one MK derived from [2], as well as those from the
Earth’s atmosphere as calculated for the vertical flux (curve V) [1], the horizontal flux (curve
H) [21], and the prompt charm-induced fluz (curve P) [1].

Ingelman & Thunman, High Energy Neutrino Production by Cosmic Ray
Interactions in the Sun, Phys. Rev. D 54 (1996) 4385 [hep-ph/9604288]
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Solar Neutrinos

Thermal plasma reactions
E~1eV-30keV
No apparent way to measure

Nuclear burning reactions
E~0.1-15MeV
Routine detailed measurements

Cosmic-ray interactions in the Sun
E ~ 10 - 10° GeV
Future high-E neutrino telescopes (?)

Dark matter annihilation in the Sun
E~GeV-TeV(?)
Future high-E neutrino telescopes (?)

| Georg Raffelt, Mame-Plancl-Institut fiir Physile, Miinchen, Sermanmy
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Astrophysical Neutrino Fluxes
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Neutrinos in Astrophysics and Cosmology

- Dominant radiation component in early universe

:J:s;:::?bsle - Crucial role in big-bang nucleosynfhes_is
for * Dark-matter component (but s_ubdormnan_f)
astrophysical | May be responsible for baryonic matter in the
and universe (Iepfog_e.nesm) |
aslean . Irnpor'1'_an1'/dorn|nan1' cooling agent of stars
phenomena * May trigger supernova explosions |

- May be crucial for r-process nucleosynthesis
Heavenly . Cosrnologicfal |i_rni1' on neutrino mass scale
laboratories . Flavor_ osmlla:l'lon_s of solar neutrinos |
for * Neutrino oscillations of future galactic supernova
particle * Limits on “exotic® neutrino properties
physics (dipole moments, right-handed interactions, decays,

flavor-violating neutral currents, sterile nus, ...)

- Look into the solar interior (“measure” temperature)
- Watch stellar collapse directly

* Neutrinos from all cosmological supernovae

- Astrophysical accelerators for cosmic rays

Neutrinos as
astrophysical
messengers
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