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Equations of Stellar Structure

Assume spherical symmetry and static structure (neglect kinetic energy)
Excludes: Rotation, convection, magnetic fields, supernova-dynamics, ...

Hydrostatic equilibrium dP __EnMep
dr 2
Energy conservation CL_'-: — 4l s
_ 4wl d(aT?)
Energy transfer et

Literature
» Clayton: Principles of stellar evolution and
nucleosynthesis (Univ. Chicago Press 1968)

- Kippenhahn & Weigert: Stellar structure
and evolution (Springer 1990)

L0 i |

N

=T

r
I"I"‘
€

Radius from center
Pressure

Newton's constant

Mass density
Integrated mass up tor
Luminosity (energy flux)
Local rate of energy
generation [erg/g/s]

€ =%nuc +Egrav —&p
Opacity
K = K;l + ICEI

Radiative opacity
-1
P = <17>Rasseland

Electron conduction
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Ig M/Mg

Fig.22.7. The mass values m from centre to surface arc plotted against the stellar mass A for
the same zero-age main-sequence models as in Fig.22.1. “Cloudy” areas indicate the extension of
convective zones inside the models. Two solid lines give the m values at which r is 1/4 and 1/2 of
the total radius R. The dashed lines show the mass elements inside which 50% and 90% of the total
luminosity L are produced

Kippenhahn

& Weigert,
Stellar
Structure

and Evolution
(Springer
1990)
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Hydrostatic equilibrium

2

R R
Integrate both sides J dr 4xr3p’ = _I dr 4xr EnM-p
0 0 r

L.h.s. partial integration

R
2p _ tot
with P = 0 at surface R _3J'0 dr4xr P = Egray

Classical monatomic gas: P =4U
(VU density of internal energy)

Average energy of single

“atoms” of the gas Virial Theorem

Most important tool to understand
self-gravitating systems
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Coma Cluster of Galaxies
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Coma Cluster of Galaxies

e
-1
e

. I | Velocities from

\ o | Doppler shifts of

oo | spectral lines
a4
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. .| Estimate mass
of galaxy cluster
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Fritz Zwicky
“Die Rotverschiebung von
Extragalaktischen Nebe|n"

[Helv. Phys. Acta 6 (1933) 110]

[..] In order to obtain the observed average Doppler effect of
1000 km/s or more, the average density of the Coma cluster
would have to be at least 400 times larger than what is found
from observations of the luminous matter. Should this be
confirmed one would find the surprising result that dark matter
is far more abundant than luminous matter. [...]

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

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




Central temperature
from standard solar
models

T. =156 x107K
=1.34 keV

Approximate Sun as a homogeneous
sphere with

Mass Mgy =199x 10339
Radius R =6.96 x10'%m

Gravitational potential energy of a
proton near center of the sphere

{Egmv} = _geN:;;)mp =-3.2 keV

Thermal velocity distribution
(Exin) = %kBT = —%(Egmv>

Estimated temperature
T=11keV
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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
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Coulomb repulsion prevents nuclear
reactions, except for Gamow tunneling

Tunneling probability o g1/2g—2m

Parameterize cross section with
astrophysical S-factor

S(E) = o(E) E e2*%(E)

with Sommerfeld _ (m)w Z,Z,¢?
parameter 7\2) e
» Maxwell-Boltzmann Tunneling
\distribution propﬁblllty
\ ‘,f'é:n JEV?

\
“E/KT
e \

my

KT

14 I
" 3He(*He,2p) *He present (LUNA)
L & previous B
— Screened Nuclides (Ug= 240 aV)
= 10 - .
S,
=2 %0 H\\ '!-| B
5 N
g 6 T e o
800 e s
b 1 LT O ]
N 4 - Frienet, 4 A
§ g ¥+ "'#t‘h" -
flllr'- \I'u
2 [ ,f“;SnIﬂrll". ]
/:'.Gﬂmﬂﬂll'ul_
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E[keV]
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Main Nuclear Burnings

Hydrogen burning 4p+2e™ — ‘He+ 2v, » Each type of burning occurs

* Proceeds by pp chains and CNO cycle at very different T but
* No higher elements are formed because broad range of density

no stable isotope with mass number 8 * Never co-exist in same
* Neutrinos from p - n conversion location
» Typical temperatures: 107 K (~1 keV)

Ig T, W=0 +4
Helium burning J F A
i - 5 /. /

He + He + He © %Be+ ‘He - 1% - o Ejé';”f‘l““fg-ﬁ
“Triple alpha reaction" because ®Be unstable,| | Y
builds up with concentration ~ 10-° | He-Ms®3 1

12C+ 4He N 16O

160 + 4He — 2ONe
Typical temperatures: 108 K (~10 keV)

Carbon burning
Many reactions, for example

2c,l2c 23N¢:|+p or ONe+He ete | T
Typical temperatures: 10° K (~100 keV) 19 (p, /1te)
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Hydrogen Exhaustion

Main-sequence star Helium-burning star

n

Hydrogen Burning Helium Hydrogen
Burning Burning
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: Dominant Te Pc
Burning Phase kev1 | [a/cm?1
59

<<) Hydrogen | H — He 3

<<) Helium | He—C 0 14| 1.3x103
< )| Carbon | C>Ne,Mg | 53| 17x10°
<@ || Neon Ne > O, Mg | 110 16x107
<@ || Oxygen | O i 160 | 9.7x107
<q[_ )| Silicon | Si—Fe,Ni | 270 2.3x10°

1.7x107°
1.0
1.8x103

2.1x104

9.2x10°

Duration
[years]

1.2x107

1.3x10°

6.3x10°

70

1.7

6 days
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Photo (Compton) Plasmon decay
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Neutrino Energy Loss Rates
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Existence of Direct Neutrino-Electron Coupling

VoLUME 24, NUMBER 10

PHYSICAL REVIEW

LETTERS 9 MagrcH 1970

ASTROPHYSICAL DETERMINATION OF THE COUPLING CONSTANT
FOR THE ELECTRON-NEUTRINO WEAK INTERACTION

Richard B. Stothers*
Goddard Institute for Space Studies, National Aeronautics and Space Administration, New York, New York 10025
(Received 22 December 1969)

The existence of the (€v,)(V.¢) weak interaction is confirmed by the results of nine as-
trophysical tests. The value of the coupling constant is equal to, or close to, the cou-
pling constant of beta decay, namely, gE = I{Iuizgﬂz.

Of all the astrophysical tests applied so far for
the inference of a direct electron-neutrino inter-
action in nature, none has unambiguously pro-
vided a useful upper limit on the coupling con-
stant, which in the V-4 theory of Feynman and
Gell-Mann'® is taken to be equal to the “universal”
weak-interaction coupling constant measured
from beta decays (called g hereafter). How-
ever, it is important to point out that these tests,
made by the author and his colleagues during
the past eight years, do provide a nonzero lower
limit, and therefore establish at least the exis-
tence of the (Ev.)(V.e) interaction. It should be
emphasized, nonetheless, that all of these tests
rely on the validity of various stellar model cal-
culations. These models, while not subject to
serutiny in the same sense as a laboratory ex-

relative theoretical lifetimes, calculated with
and without the inclusion of neutrino emission.

In this Letter, the unmodified term “luminosity”
will mean the photon luminosity L radiated by the
star., The “neutrino luminosity” will be desig-
nated L,. Quantities referring to the sun are
subscripted with an encircled dot.

The most accurate available data on white
dwarfs are those collected by Eggen’ for the two
clusters Hyades and Pleiades and for the nearby
general field. Of chief interest here are the hot
white dwarfs, for which the observational data™
have been reduced following the procedure of
Van Horn.” The resulting luminosities are es-
timated to have a statistical accuracy of 0.1 in
log(L/Lg), which is adequate here.

Models of cooling white dwarfs have been con-
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Self-Regulated Nuclear Burning

Virial Theorem (Ekin ) =— % -::jiEgr, 5

Small Contraction
| — Heating
n — Increased nuclear burning
— Increased pressure

. . — Expansion

Additional energy loss ("cooling”)
y — Loss of pressure
— Contraction
— Heating
Main-Sequence Star — Increased nuclear burning

Hydrogen burning at a nearly fixed T

—> Gravitational potential nearly fixed:
6\ M/R ~ constant

— RaM (More massive stars bigger)
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Assume T very small
— No thermal pressure
— Electron degeneracy for pressure

Pressure ~ Momentum density x Velocity
« Electron density n, = pg / (3::2)
* Momentum pg (Fermi momentum)

- Velocity v~ p|= /me
*Pressure P« PF o p5f 3
* Density poc MRS

(Stellar mass M and radius R)

Hydrostatic equilibrium

dP _ _GuMep
dr |~2
With dP/dr ~ -P/R we have approximately

P~ GyMpR™ ~ G MR~

Inverse mass-radius relationship
for degenerate stars R o M3

~10,500 kn [%A:’b]la (2353

(Y, electrons per nucleon)

For sufficiently large mass
electrons become relativistic

+ Velocity = speed of light
* Pressure

Pecpg o4

No stable configuration

Chandrasekhar mass limit
Mch, = 1457Mo(2Y, )2
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Inverse mass-radius relationship

for degenerate stars R o M3

Chandrasekhar mass limit
Mch, = 1457Mo(2Y, )2
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Stellar Collapse

Main-sequence star Helium-burning star

n

Hydrogen Burning Helium Hydrogen
Burning Burning
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Stellar Collapse

Onion structure Collapse (implosion)

H

Degenerate iron core:
p ~10° gem3
T %1000 K
MFe ~1.5 Msun
RFE ~ 8000 km
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. GimtStars |

Main-sequence star 1M,
(Hydrogen burning)

Helium-burning star 1M,

Large surface area "Envelope”
— low temperature fully convective
— "red giant”

Large luminosity
—> mass loss

£, (He) relates to
T o Dgrqy X M/R

of core

(H) relates to

(H) determined by

T o q)gr'tw oc M/R T o q)gr'av of core

of full star —> huge L(H)

F'ILIC F'ILIC
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10 ? He ignition g % RGB AGB _§
10° RGB ~ HB —
L/Lg Horizontal .
Branch

Main-Sequence Ged-Giant Branch _
Asymptotic

Giant Branch
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0 S 10 15 <0 -1 -5 0 s 1

t [10°yr] t — tye ignition [10°¥T]
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Planetary Nebulae

Eskimo
Nebula

Planetary
Nebula N&6C 3132

Planetary
Nebula IC 418
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Evolution of Stars

M{0.0BM@ ' . ': ' '-.u'-
0.08 <M< 0.8M} - '-'-" burning not complete
2M5 <M <5-8BMj, : U TR AU R

Onion s e
5—BM@<M<?’?? : Ml ce

Seorg Raffelt, Max-Planck-Institut fir Physik, Minchen, Sermarny

Brown dwarf

Low-mass
main-squence star

- Carbon-oxygen

white dwarf

* Planetary nebula

- Neutron star

(of ten pulsar)

- Sometimes

black hole?

- Supernova

remnant (SNR),
e.g. crab nebula




Globular Clusters of the Milky Way

Globular clusters on top of the
FIRAS 2.2 micron map of the Galaxy

¥ _-f .+ | The galactic globular cluster M3
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Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris)
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- Stars with M
so large that
they have burnt
out ina Hubble [
time |

* No new star 5 -
formation in '
globular
clusters

I[sochrones for
14 Gy, [Fe/H] = -2

Hot, blue (V-1), cold, red d

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris)
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I[sochrones for
14 Gy, [Fe/H] = -2

: :
: 0 i

j M“

¥ ----..........--—— 5 |

Asymptotic Giant

. ?
.j : |

Horizontal Branch CE | | 2 | I3
_ Hot, blue (V-1), cold, red d

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris)

Red Giant

H
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Particle emission

H I ] I ] I ] I I I I I I I I
9 O e i delays He ignition, i.e
«F 7T core mass increased
' o 1 3 ‘ -

= -2 _ e
Asymptotic Giant |
y i

H

Particle emission reduces
helium burning lifetime,
i.e. number of HB stars

Horizontal Branch | Iﬂ | | | LE | I3
_ Hot, blue (V-1), cold, red d

Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris)
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Number ratio of HB-Stars/Red Giants in 15 galactic globular clusters
(Buzzoni et al. 1983)

Helium-burning lifetime established within +10%
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Particles with two-photon vertex:
- Neutral pions (n?), Gravitons
- Axions (a) and similar hypothetical particles

Two-photon gg.},mg? Photon .
decay Fay = 64 = Coalescence
Primakoff Conversion of photons into YN - == - - @
Effect pions, gravitons or axions,

or the reverse

: a, m°
Magnericaly In addition to QED e
induced vacuum
; . Cotton-Mouton-effect
birefringence

| Georg Raffelt, Mame-Plancl-Institut fiir Physile, Miinchen, Sermanmy ISAPP 2003, International School on Astroparticle Physics, 14-19 Juby 2003, Madonna di Compiglio, Ttaky |




Primakof f
production

Axion fl

Axion Helioscope (Sikivie 1983)
Axion-Photon-Oscillation

8T L I L I L
6 |— —
s -
ol -
0 e
0 2 4 6 8 10
Axion energy [keV]

= Tokyo Axion Helioscope
(Results since 1998)

=> CERN Axion Solar Telescope (CAST)
(in preparation)

Alternative Technique:

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

(SOLAX, COSME, DAMA, ...)
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: Brightness difference between HB
Number ratio of HB vs. RGB stars ‘
in 15 globular clusters (RR Lyrae stars) and brightest red
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G.Raffelt, Stars as Laboratories Catalan et al.,
for Fundamental Physics (1996) astro-ph/9509062
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EZY Primordial helium (obser'vah
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G.Raffelt, Stars as Laboratories Catalan et al.,
for Fundamental Physics (1996) astro-ph/9509062

Core mass at helium ignition established to + 0.02 M_, . or + 4%

sun
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» Core mass (upper curve)
* Radial coordinate of helium ignition Change of core mass
(lower curve)
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Photo (Compton) Plasmon decay

A1l

2100
B~

Br'e.rnssfrahlung 108 k=

I|III|III|III|I!I

Qﬁ

|$"TL"T T N T
104 10® 10® 1010 10t?
20/e [g/cm?®]
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Plasmon Decay in Neutrinos

Vacuum:

* Photon massless 4

» Can not decay into other
particles, even if they

vV

Vacuum:

* Massless neutrinos do
not couple to photons

V | « May have dipole moments

themselves are massless

Propagation in a medium:

» Photon acquires a "refractive index"

* In a non-relativistic plasma
(e.9. Sun, white dwarfs, core of red
giant before helium ignition, ...)
behaves like massive particle:

R mil
Plasma frequency m2| _ dman
(electron density n,) Pl me

* Degenerate helium core oy ~ 18keV
(p= 1069cm'3# T=8.6 keV)

Plasmon decay or even "millicharges”

In a medium:

* Neutrinos interact coherently with
the charged particles which
themselves couple to photons

» Induces an "effective charge”

* In a degenerate plasma
(electron Fermi energy Er and

Fermi momentum pg)

1620, 6rEer

+ Degenerate helium core (and €y, =1)
e, =6x107lle
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Photon dispersion in Time-like Space-like

a medium can be 0l —_kZ >0 w2 k2 <0

Refractive index n

k=nw) n<1 n>1
+ Tonized plasma Water (n~ 1.3),
Example * Normal matter for air, glass

large photon energies | for visible frequencies

Plasmon decay to Cherenkov effect
neutrinos
Allowed process 7> V9 ere+y

that is forbidden

iy e 'vvvv\< —-—-q
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Particle Dispersion in Media

Vacuum

Most general Lorentz-invariant dispersion relation
02— k2 = m2
@ = frequency, k = wave number, m = mass
Gauge invariance implies m = O for photons and gravitons

Particle interaction with medium breaks Lorentz invariance so that
®° - k% =x(o k)

Implies a relationship between @ and k (dispersion relation) that

is of ten written in the form

+ Refractive index n

k=no
+ Effective mass m,+¢ (note that msf ¢ can be negative)
2 )2 2
o° —k

=m
eff
« Effective potential V (natural for neutrinos in a medium)

(0-V)? —K& =m&y.
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Plane wave in vacuum

With scattering centers
k= fr0

In forward direction, adds Neofp =14+ 2_:.1:n f(w,0)

coherently to a plane wave °

with modified wave number [l¢ density of scattering centers
f(0) forward scattering amplitude

O(F, 1) < exp(—iot +ik -F)

d(r,t) « exp(-iot) [exp (iE r ) + f(w,0) e""l-"r(‘il‘“')]
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Neutrino Refraction in Media

Neutrinos propagating in a medium suffer refraction (Wolfenstein 1978)

------
-t *a

—p —_——————— ),
AY v Vv f v

For small neutrino energies and

large matter-antimatter 2 2
asymmetry of the medium (E-V)®-p
(not true in early universe)

1y 4y for v

: .. z\h t % e
Normal medium, consisting of V = +/26png x+ 1
protons, neutrons (or nuclei), - —3h for vy, vy

and electrons J26eng =0.762 10-13ey__P
9 em 3
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Polarization tensor
(self-energy of photon)

R Vacuum: ITT"” = ag"” + bK*K”
Gauge invariance and — a = b = 0 (photon massless)

current conservation

Medium: Four-velocity U available to construct I'T

) &, . (PK)ZGP” + KZPRPY — (PK)(PPK” + KFP?)
a =167
0 om0 PRZ—§ ()

Photon: K = (@,k) Electron or positron: P =(E,p) E=+/p%+md

Electron plus positron phase-space distribution with chemical
potential p, -1 -1
£() = [exp(E T"‘e)u] ; [exp(—E "T"e)n]
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Transverse excitations Time-like Space-like Landau
mz — k2 >0 ® — k2 <0 damping

O

—

B

Longitudinal excitations
(collective oscillations
of electrons against
positive charges)
E _
—R— p
B=0

0-:11--1|||||||||r||||||||||||
Dispersiop relpﬁon ina 0 1 2 3 4 5
non-relativistic,
non-degenerate plasma k/wp
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F1G. 1.—Ultrarelativistic dispersion relations for the electron or positron
[w (k)] and for the electron plasmino or positron plasmino [e _(k)].
E. Braaten, Neutrino emissivity of an ultrarelativistic plasma from positron
and plasmino annihilation, Astrophys. J. 392 (1992) 70
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For vector-current
analogous to photon
polarization tensor

Neutrino effective v
in-medium coupling

Y

vV
Leff = —26rPra 1(1- 15)¥A"PAg

E#’\MN\@\M/\/\/EU

d% (PK)%g*” + KZPPP” — (PK)(PPK” + K*P¥)
(k) =
W 4“"J 2oy L @ )] PK? -1 0C)
-2y
_ vaf da-‘ " KZPaKB Usuall
Af’ (K) = 2|i‘.';CA$’l JZE(23)3 [ -(p)-f (P)] (PK)2 _%(Kz)z negligi)l;le
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Standard-model
plasmon decay Standard-model

process o CE, plasmon decay
produces almost

exclusively vgv,

Neutral-current process,, yet was
never useful for "neutrino counting”
unlike big-bang nucleosynthesis

(of course today Z°-decay width

fixes N, = 3)

v v _ _
Hint = %LPFY# (Cv —CaYs) P LPPY'L (1-v5)Y,
e e +2+23|n Oy ~1 +%
Electron 1 1
6F = Va.Vr —2+23|n ey ~0 -2
1166 x 10 °GeV Proton | + % —2sin® Ow ~0 + l—gé
* Ve . V. Vy
sin® @y =0.231 Neutron -1 _126

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

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




Neufr'm_o Dlpolé, )

.
L]
L]
.
. .
L[]
' »
[ ]
L]
. [}
-. v
L]
" ;
L]
¢ L
. L]
L ] .
L]
L ]
.




Neutrino Dipole Moments

Effective Less = —FrgvgwA® Charge e, = F{(0)=0
coupling of
electromagnetic
field to a

—GllTrr#'mlpa,,F” Anapole moment G4(0)

tral '
neutral fermion B % Fngmm,lllF” Magnetic dipole moment p=F,(0)

- %6 2P0y, 1sWF | Electric dipole moment &= 6,(0)

» Charge form factor Fl(qz) and anapole Gl(qz) are short-range interactions
if charge Fy(0)=0

» Connect states of equal chirality

* In standard model they represent radiative corrections to weak interaction

» Dipole moments connect states of opposite chirality
» Violation of individual flavor lepton numbers (neutrino mixing)
— Magnetic or electric dipole moments can connect different flavors
or different mass eigenstates (" Transition moments")
* Usually measured in "Bohr magnetons” pp =e/(2m,)

| Georg Raffelt, Mame-Plancl-Institut fiir Physile, Miinchen, Sermanmy ISAPP 2003, International School on Astroparticle Physics, 14-19 Juby 2003, Madonna di Compiglio, Ttaky |




Plasmon Decay And Stellar Energy Loss Rates

Assume photon dispersion relation like a
massive particle (nonrelativistic plasma)

2_,2_ .2 _4mon,
& Py ==

Decay rate of
photon

(transverse
plasmon)
with energy E,

I'(y »>vw)=

oy (m§| /43) Millicharge
Sl B
3 E.,x > (25l /4:: Dipole moment

Energy-loss
rate of

(temperature
and plasma

frequency wp)

stellar pIasmaT Qly = ) =J 2d3|5‘ ET
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Compare magnetic-dipole 100
plasma emission with

II|III|III|III|III

T
standard case 80 — —
o 2;?52 Y =
fop) — —
Qsm CV l""\'pl :9 _ _
For red-giant core before | — 40| —
helium ignition o/ =18 keV 3“ - -

% =9x10%2 (::"—BT n

quuipgfhisfobe{l N ||||||||||||||||_‘
0 2 4 6 8 10

By <3x 10_121.13

Globular-cluster limit on neutrino dipole moment

M, <2X 10_121.13
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In standard electroweak model,

neutrino dipole and
transition moments
are induced at higher order

Massive neutrinos v; (i=1,2,3),
mixed to form weak eigenstates

Explicit evaluation for Dirac

neutrinos B = (mi+ mJ) > Uij?i f %
(Magnetic moments p;; (=epr

electric moments siJ-)
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Diagonal case

(Magnetic moments
of Dirac neutrinos)

Off-diagonal case
(Transition moments)

First term in
f(m,/m,,) does not

contribute
("GIM cancellation”)

_3e 25

My
al 4(4x)°

my

> Ui

(=epn,r
(mf

JZ
m,; ‘H’ﬂj
eV

(mi+mj)(

=396x10% g > Uyl

(=epn,r

aij =m(mi—m‘j)

Largest neutrino mass eigenstate 0.05 eV <m<0.7 eV

For Dirac neutrino expect

1.6x10 2Opp <p, <2.2x10 % g
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precession
in external

E or B fields

Scattering
T electron recoil enerqgy
2
" 24% P
R
Decay or vy of.2 23
Cherenkov _ MM
effect 8x| mp
L4
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decay
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1072

1071 1
m, [eV]

10

10°

For low-mass
neutrinos,
plasmon decay

in globular
cluster stars
yields most
restrictive limits
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Neutrino Spin Oscillations

Spin

precession O (PL)_ 0  mBr)(oL
in external ot\vp ) \pBr O Jwp
E or B fields

For relativistic neutrinos,
the oscillation equation

+ is independent of energy
» involves only the transverse fielc‘

Oscillation o
Length PpBT

Distance for helicity reversal

10
% _536x1013cm 0P8 16
2pyBr W Br
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Ma jorana neutrinos

- Diagonal dipole moments vanish Transition moments couple
* Transition moments inevitably exist neutrinos with anti-neutrinos
» Standard-model calculation ~ Dirac case

Spin-flavor
precession
in external

E or B fields

1

Transition
moments

Dirac
neufrinos

Dirac .
: : Majorana
anti-neutrinos
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Consider general case of two-flavor oscillations for Majorana neutrinos with
a transition magnetic moment p and ordinary flavor mixing in a medium
(the most general case for two-flavor oscillations in the Sun)

¢ = cos(26) Resonant spin-flavor precession (RSFP) obtains an
< = sin(20) excellent fit to solar neutrino data
> 2 - But requires very large B-fields in view of
m-m globular-cluster bound on p
~ 4E - Requires large non-standard transition moment

B 1 of order (10712 —10-10)
ae =/26r ("e —znn) - After KamLAND not the dominant effect

_ 1 - May still produce some solar anti-neutrinos
% = \/iGF( ?n”) - May play some role for supernova neutrinos
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