Equations of Stellar Structure

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

Stelldr Eyolution

r  Radius from center
Hydrostatic equilibrium d_ =— GNM'p P Pressure
r* 6) Newton's constant
d p Mass density
Energy conservation de _ 4rls M, Integrated massup tor
dr L. Luminosity (energy flux)
2 A e Local rate of energy
Energy transfer L. = 43’“‘ d(‘:T ) generation [erg/g/s]
*P r € =8nuc +Egrav —Ep
ot }" vV . x  Opacity
y -1
Role of neujl'r'lnoé i no r'mal s1'a|"s > N Literature _ e
&’ - Clayton: Principles of stellar evolution and Radiative opacity
LImI'I'S On CXOTIC nel..I'l‘I"InO pr‘oper"rles nucleosynthesis (Univ. Chicago Press 1968) _ =
- Kippenhahn & Weigert: Stellar structure kP = <Z'T>Rosse|and
NeUTmnO |n1'er'OC1'|0nS |r‘| a med|um and evolution (Springer 1990) Electron conduction
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Hydrostatic equilibrium

R R
Integrate both sides J dr4ar3p’ = —J dr 4“"3%
0 0 r
L.h.s. partial integration e 20 _ ctot
with P = 0 at surface R _BI dr4axr®P = Egray
Classical monatonic gas: P = 2U utet _ _1gtot
(U density of internal ener'gy) Tz
Kippenhahn - , h
& Weigert, “A verage efneI:gy 2 D (Ekin) =31 ) | Virial Theorem
) - Stellar atoms” of the gas - /
disiond Structure

Fig.22.7. The mass values m from centre o surface arc plotted against the stellar mass A/ for .
the same zero-age main-sequence models as in Fig.22.1. “Cloudy” arcas indicatc the extension of and Evolution

convective zones inside the models. Two solid lines give the m values at which r is 1/4 and 1/2 of (Spr‘inger‘
the total radius R. The dashed lines show the mass elements inside which 50% and 90% of the total
luminosity I are produced 1990)

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

Coma Cluster of Galaxies

| velocities from

Doppler shifts of
spectral lines

Estimate mass
of galaxy cluster
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Virial Theorem Applied to the Sun

Dark Matter in Galaxy Clusters

Fritz Zwicky

"Die Rotverschiebung von
Extragalaktischen Nebeln"
[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. [..]

Virial Theorem

Approximate Sun as a homogeneous
sphere with

Mass Mg =199x 10339
Radius Rg =6.96 x10'%¢m

Gravitational potential energy of a
proton near center of the sphere

(Egrav )= -g% =-3.2keV

Thermal velocity distribution
{Bkin) = %kBT = —%<Egmv>

Estimated temperature
T=11keV

Central temperature
from standard solar
models

T. =156 x107K

=1.34 keV
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Hydrogen Burning: CNO Cycle
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Thermonuclear Reactions and Gamow Peak Main Nuclear Burnings

1
8 IgT

Hydrogen burning 4p+2e™ — e + 2v, + Each type of burning occurs
Coulomb repulsion prevents nuclear Parameterize cross section with * Proceeds by pp chains and CNO cycle at very dif ferent T but
reactions, except for Gamow tunneling | astrophysical S-factor * No higher elements are formed because broad range of density
Tunneling brobability o E~17/ 2e=2% no stable isotope with mass number 8 * Never co-exist in same
ith S 9 P rfeld v y2 2 S(E)=o(E)E e2m(E) * Neutrinos from p — n conversion location
o e 7 =(E) Ll « Typical temperatures: 107 K (~1 keV)
parameter 2 gV o7 Wl o
14 T - . e /
Maxwell-Boltzmann Tunneling g ez presars (LUNA) 1 Helium burning ok i
\?istribution probgt?ility et et 4He+ 4He+ 4He o 83e+ 4He - 12C | C-Ms \-k,;/lLng
KT ] — 10 |- N 1 L
e e o EVE > N “Triple alpha reaction" because ®Be unstable,| | i
\ = 4 1 builds up with concentration ~ 102 I 3 /
§ or \Tm:ﬁ#ﬁ—t‘.ﬂk Y ] 12¢ 4 e 5 160
n CLia 73 LI9PYY
LEE AR SR 160 + *He — 2ONe
2f L 1 Typical temperatures: 108 K (~10 keV)
B Pt — — A Gamow, .
kT Eo Bl S 10 10% Carbon burning
A b Many reactions, for example 7 ;
12¢,12c 5, 23Na+p or 2ONe+ MHe ete ol s ot b
Typical temperatures: 10° K (~100 keV) lg (p, ie)
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Hydrogen Exhaustion Burning Phases of a 15 Solar-Mass Star
Main-sequence star ‘ Helium-burning star ‘
Burning Phase Dominant Te [ Duration
9 Process [keV]| [9/cm?] L /LY [years]
5.9 .

<)) Hydrogen | H—He 3 1.2x107
<) Helum |[He—C.0 | 14]13:10%| 60 |FREENE] 13100
<) Carbon | C—>Ne,Mg | 53| 17x10°| 8¢ |BRe 6.3x10°
<) Neon | Ne—O,Mg| 10| 16x107| 96 FESLE 70
<q_ )| Oxygen |0 i 160 | 9.7x107 | 9.6 |[ERNL 17
Hydrogen Burning Helium Hydrogen QUIE) Silicon Si— Fe,Ni | 270| 2.3x10%| 9.6 |EF33d 6 days

Burning Burning
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Neutrino Energy Loss Rates

Neutrinos from Thermal Plasma Processes
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Existence of Direct Neutrino-Electron Coupling

VoLuME 24, NumMBer 10

PHYSICAL REVIEW LETTERS

9 MarcH 1970

Of all the astrophysical tests applied so far for
the inference of a direect electron-neutrino inter-
action in nature, none has unambiguously pro-
vided a useful upper limit on the coupling con-
stant, which in the V=A theory of Feynman and
Gell-Mann! is taken to be equal to the “universal”
weak-interaction coupling constant measured
from beta decays (called gy 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 (Zv,.)(P.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
scrutiny in the same sense as a laboratory ex-

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, gz = lG“zgﬁ .

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-

Virial Theorem

Small Contraction

— Heating
H ' — 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

—RaxM (More massive stars bigger)

Georg Raffelt, sax-Planck-Institut fir Physik, MOrehen, Sermary

ISAPP 2003, International School on Astroparticle Physics, 14-12 Juby 2003, Madonna di Campiglio, Tiak

Georg Raf felt, Max-Planck-Institut Tar Physik, Minchen, German: TSAPP 2005, Infernaticnal School on Astropartick Physics, 14-19 July 2003, Madcrna di Campiglio, Taky |

Assume T very small
— No thermal pressure
— Electron degeneracy for pressure

Inverse mass-radius relationship

for degenerate stars R M

« Electron density n, = pg / (3::2)

+ Momentum pg (Fermi momentum)

- Velocity  v~pp/mg

*Pressure P p? o p5/ 3
p o MRS

- Density
(Stellar mass M and radius R)

Pressure ~ Momentum density x Velocity

R —10,500 km [O{’Nb] @2y)”3

M

(Y, electrons per nucleon)
For sufficiently large mass
electrons become relativistic
+ Velocity = speed of light
* Pressure

Hydrostatic equilibrium
dP__énMrp

dl" |~2

P ~6uMpR! ~gMZR™

With dP/dr ~ -P/R we have approximately

Pm:l:mi‘ﬂcp"",3

No stable configuration

Chandrasekhar mass limit

Mch — 1457 Mo (2, )

Inverse mass-radius relationship
R M_I'B

for degenerate stars

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

Stellar Collapse

Main-sequence star ‘ Helium-burning star ‘

Helium
Burning

Hydrogen Burning Hydrogen

Burning

Collapse (implosion) ‘

Onion structure ‘

Degenerate iron core:
p =10° gem3

T %1010k
MFe ~15 Msun
R, ~ 8000 km
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Main-sequence star 1M,

(Hydrogen burning) Helium-burning star 1M

"Envelope”
fully convective

Large surface area
— low temperature
— "red giant”
Large luminosity
— mass loss

(He) relates to
oc M/R

EHUC

T oc Pyray

of core

€nuc(H) relates to
T Pgray ¢ M/R

of full star

€n,c (H) determined by
T o @gpqy of core

—> huge L(H)

Georg Raffelt, sax-Planck-Institut fir Physik, Minchen, German ISARP 2003, International School on Astroparticle Physics, 14-19 Juby 2003, Madonna di Campiglio, Ttak




Evolution of a Low-Mass Star Planetary Nebulae

Asymptotic
Giant Branch

-5 0 5
8
t — the ignition [10°¥T]

foannn Daffelt daw-Plancl-Thetitit Fiin Phveilk tAhinchent

Evolution of Stars

Never ignites hydrogen — cools
(*hydrogen white dwarf") B lowat
0.08 <M 0.8 M, Hydrogen burning not completed | LA EEE
~ in Hubble time main-squence star
Degenerate helium core
08sMseMg after hydrogen exhaustion - Carbon-oxygen
white dwarf
A ORISR F YoM Helium ignition non-degenerate
- Neutron star

All burning cycles (of ten pulsar)
— Onion skin Core - Sometimes
58My <M<??? structure with | collapse black hole?
degenerate iron | supernova |EESTT.IIGTI
core remnant (SNR),
e.g. crab nebula

- Planetary nebula

= | The galactic globular cluster M3

2artic 3. 14.



Color-Magnitude Diagram for Globular Clusters

Colo

Magnitude Diagram for Globular Clusters
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T il I T T S R S
0 1 & 3
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Color-magnitude diagram synthesized from several low-metallicity globular
clusters and compared with theoretical isochrones (W.Harris)

- Stars with M
so large that
they have burnt I
out ina Hubble [N
time I

* No new star 5
formation in I
globular
clusters

10

15 -

Isochrones for
14 Gy, [Fe/H] = -2 _|

0
Hot, blue

(V-T), cold, red

_\H
|l @

1 2 3

Main-Sequence

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

ISAPP 2003, International School on Astroparticle Physics, 14-19 July 2003, Madonna di Campiglio, Ttaly |

Georg Raf felt, Max-Planck-Institut Tar Physik, Minchen, German:

TSAPP 2005, Infernaticnal School on Astropartick Physics, 14-19 July 2003, Madcrna di Campiglio, Taky |

Color-Magnitude Diagram for Globular Clusters
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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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Color-Magnitude Diagram for Globular Clusters

I

I Bed Particle emission 3
e | .. | p delays He ignition, i.e
j W f ' core mass increased J
e o _ . i i
Asymptotic Giant [ N 1 Red Giant

H =3 H

i.e. number of HR stars . IJ
Horizontal Branch ERE
Horizontal Branch ) e q

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

Particle emission reduces
helium burning lifetime,

] 1
Hot, blue (V-1),
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Parti cIe-Physms Limits
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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%

Particles with two-photon vertex: .
* Neutral pions (n°), Gravitons Loy =9qyE-Ba ===
- Axions (a) and similar hypothetical particles

Two-photion Photon
decay A Coalescence

Conversion of photons into
pions, gravitons or axions,
or the reverse

Primakoff
Effect

Magnetically
induced vacuum
birefringence

In addition to QED
Cotton-Mouton-effect
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Search for Solar Axions

Axion Helioscope (SlkIVIe 1983) 10" TTTI]—T T T T T T
Primakoff Axion-Photon-Oscillation e
production L 10
-------------- 'Y §. :
E 108
(=]
g
5 1010
=]
o
L 1012
ST > Tokyo Axion Helioscope § 10
) - E (Results since 1998) 2 Axion Line
N b = CERN Axion Solar Telescope (CAST) 2‘ 10-14
o A (in preparation) ‘%
C ] . . < 4016
C ] Alternative Technique: 10
2l - Bmggconversionincrysml T NIRRT IRTTTT MRIRTTT MAERTTT MAMERTTT MAMETITT EARETITT MERTT
. C N ?xper;:tenml limits on solar axion flux 107 10° 10° 104 102 102 1001 1 10 100
o 2 4 8 8 10 rom dark-matter experiments .
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Measurements of Globular Cluster Observables
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Core-Mass at Helium Ignition

Core-Mass at Helium Ignition

'ga:lllllllllllll|l 'EB:IIIII '28l||l|||ll|||lil '28
28— 28 28
, 24 - — , 24 - , 24
g - _ g - g
o C 31 s C 7 %
22 - 22 - 22
2F = 2 N 2
18 C | | L1l |: 18 | |: 18
-1 -.05 0 05 1 -1 -.05 0 05 1 -1 -.05 0 05 1 -1 -.05 0 05 1
oM, [Mo] oM, [Mo] oM, [Ho] oM, [Mo]
G.Raffelt, Stars as Laboratories Catalan et al., G.Raffelt, Stars as Laboratories Catalan et al.,
for Fundamental Physics (1996) astro-ph/9509062 for Fundamental Physics (1996) astro-ph/9509062

Core mass at helium ignition established to + 0.02 M

(2]
sun O + 4%
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Core-Mass Dependence on Neutrino Cooling
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Dominant Neutrino Process in Degenerate Helium Core
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Plasmon Decay in Neutrinos

Vacuum:

* Photon massless Y

+ Can not decay into other
particles, even if they

v
Vacuum:
 Massless neutrinos do

not couple to photons
V | - May have dipole moments

themselves are massless Plasmon decay or even "millicharges”

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:

o -k = mil
4maun,
Plasma frequenc 0l =
Y pl me

(electron density n,)
* Degenerate helium core o ~ 18keV

(p=10%cm™3 T=8.6 keV)

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)

=2 = 162C/6rErpr

- Degenerate helium core (and €y =1)
e, =6x10"1le
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Cherenkov Effect

Par'1'|cle Dlsper'swn

Particle Dispersion in Media

*Time-like"

k250

Photon dispersion in

a medium can be

Refractive index n

(k=nw)

n<l

"Space-like"
~K? <0

n>1

+ Ionized plasma
* Normal matter for
large photon energies

Example

Water (n 1.3),
air, glass
for visible frequencies

Plasmon decay to

neutrinos
7= VV

i

Allowed process
that is forbidden
in vacuum

Cherenkov effect

e ety

=

Mosf geneml Lor'en'rz-mvar'lan'r dispersion relation
- k?=m?
®= fr'equency, k = wave number, m = mass
Gauge invariance implies m = O for photons and gravitons

Vacuum

Particle interaction with medium breaks Lorentz invariance so that
@° — k? = x(w k)

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

is of ten written in the form

+ Refractive index n

k=no
. Effectlve mass m,¢¢ (note that mzf £ can be negative)
2 2
o —k

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

(0-V)2 —K2 = mZ.
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Refraction and Forward Scattering

Refraction and Forward Scattering

S ) \

: : - . oo exp(ikr)
With scattering centers O(F, 1) c exp(-int) exp(uk -r')+ f(m,e)f

k="efro .
Mrefr =1+ _’2‘ n f(,0)
@

In forward direction, adds
coherently to a plane wave
with modified wave number [l density of scattering centers

f(20) forward scattering amplitude

Georg Raffelt, sax-Planck-Institut fir Physik, MOrehen, Sermary
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Neutrino Refraction in Media

Electromagnetic Polarization Tensor

Neutrinos propagating in a medium suffer refraction (Wolfenstein 1978)

v v v f A%

Effect is usually dif ferent for different flavors

For small neutrino energies and
large matter-antimatter
asymmetry of the medium

(not true in early universe)

(E ‘V)z ‘Pz = mgnc

1y 4y, for v,
Normal medium, consisting of V =+26png X{ Z 1
protons, neutrons (or nuclei), -3 for vy, vy
and electrons J26ng = 0.762x1073ev P
gcm

Klein-Gordon-Equation

2. ny v ny _
in Fourier space (_K 9 +KTKT + 11 )A" =0

e#'vvvv\@\/vvvv €,

Vacuum: IT* = a g™ + bK*K”
— a=b =0 (photon massless)

Medium: Four-velocity U available to construct IT

dp . -\ (PKI2G™” + KZPEP” — (PK)(PRK” + KPP”)
™ (K)=16 f;

© ’“"J 22 °P PRZ -1 ()2

Photon: K =(w,k) Electron or positron: P=(Ep) E= \’52 +me

Electron plus positron phase-space distribution with chemical

potential p, £6)= [exp(E tr l-‘e)+ 1]—1 N [exp(E Tr He J N 1]—1

Polarization tensor
(self-energy of photon)

BPy TPy
Gauge invariance and K, =II""K, =0

current conservation
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Electron (Positron) Dispersion Relation

itati e-like pace-like Landau
E 0 0 damping

Illllll

"."lllllllll

L Trarfsverse \(_, -
Longitudinal excitations L i 7
(collective oscillations ’

of electrons against

positive charges) Qm
E 3
) |
B=0
Dispersion relation in a 0 1 2 3 4 5

non-relativistic,

non-degenerate plasma k/wp

2.5

2.0

Electron (positron)
plasmino, a collective
1.0 spin 3 excitation

of the medium

w(k)/ Mege

0.5

0.0

k/meff

Fi1G. 1.—Ultrarelativistic dispersion relations for the electron or positron
[w (k)] and for the electron plasmino or positron plasmino [w _(k)].

E. Braaten, Neutrino emissivity of an ultrarelativistic plasma from positron
and plasmino annihilation, Astrophys. J. 392 (1992) 70
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Neutral-Current Couplings and Plasmon Decay

Neutrino effective
in-medium coupling :

Lt =26 Py, L1 15)eABA

t—:”'vwvx@/vvw €,

For vector-current

analogous to photon
polarization tensor

¥ |, wepRp¥ P, Khp¥
D (PK)Z g™ + K2PPP” — (PK)(P*K” + KPPY)
AV ®)= Cvj'ze(z )3[ -O)+ 1 0] PK)Z - 122
=%n{‘,"(l()
KR,
o _ Usuall
ABP(K) = 2ieCpc™ aﬁJaaaif [£-B)-f, (M]ﬁ n:;filgi{)'e

Standard-model
plasmon decay
process «

Neutral-current pr'ocess, yet was
never useful for “neutrino counting”
unlike big-bang nucleosynthesis

(of course today Z%-decay width

fixes N, = 3)

Standard-model
plasmon decay

produces almost
exclusively v.v,

v v _ _

Py, (Cv —Cavs)¥Ps P 7" (1-75)¥,

e e +%+23|n Oy =1 +%

Electron 1 1

ﬁ: = \’F,Vf —§+2$in @W 0 —é
1.1626 x1026ev 2 vy Proton | +1-2sinfey ~o| +126
sin =0.231 o 1 126
By Neutron > =5
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Neutrino Dipole Moments

Neufr'mo Dlpole 3

Effective Lo = —FigypwA* Charge e, = F{(0)=0

coupling of

;::ﬁ‘:zm:sneﬂc ~61¥1u1592,F*” | Anapole moment 6,(0)

neLztalifeninan —%FZ\TtG‘,.,.qJF"" Magnetic dipole moment p = F5(0)
- %G 2Py 1sWF*” | Electric dipole moment & = 6,(0)

« Charge form factor Fl(qz) and anapole Gl(qz) are short-range interactions
if charge F{(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 dif ferent mass eigenstates (" Transition moments")
* Usually measured in "Bohr magnetons” pp =e/(2m,)
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Globular Cluster Limits on Neutrino Dipole Moments

Plasmon Decay And Stellar Energy Loss Rates

Assume photon dispersion relation like a 2 2 2 A4mon, Compare magnetic-dipole (T T T[T T T[T T T[T T T TTT
massive particle (nonrelativistic plasma) & -y = ®pl = Me plasre:a emisgion wifhp 100 - | | | |

standard case 80 = 3
1 2 2 o] - —
Decay rate of ( P'// 41‘) ol e Qe =P o> 60 —
pho'l‘:n Qsm CGGEO)Z D - s
(transverse p,. ( o /47‘) Dipole moment For red-giant core before = 40 —
pla]:rnon) c CVG helium ignition o, =18 keV 3" - .
with energy 2 - ]
7 _TF (msl /41:) Standard model Qu _ 941022 ( Py J - B
Qsm re = ]
111 1 1 1 | 1 11 | L1 1 | L1 1 | i

Energy-loss
rate of

stellar plasma
(temperature
and plasma
frequency op,)

Require this to be <1
By <3x10712,5

0 2 4 6 8 10
py, [1072up]

Globular-cluster limit on neutrino dipole moment

Hp <2x 10 12 S
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Standard Dipole Moments for Massive Neutrinos

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

(Magnetic moments Bij
electric moments su)

7
v, v
W

3
v =2 Upivi

i=1

e‘\E&F - my
Bi= (mj+mj) > U[U(f(—J
Va2 T Ve T my

aij =..‘(mi—m‘j).u

(a)-+4) =]

Diagonal case
(Magnetic moments
of Dirac neutrinos)

Off-diagonal case
(Transition moments)

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

("GIM cancellation”)

L 19, ™ =€
= (41)2 m; =3.20x10 uBeV 4 2m,
£i=0

e L G B ()
L . R b U U‘"

Hij 4(41)2 (mj+m;) Y f‘z,:#, Ve m,
m;+m;
=3‘96x10‘23,u.3# > Ui ( J

(=en,7
sij=...(mi—mj)...

Largest neutrino mass eigenstate 0.05eV<m<0.7 eV

For Dirac neutrino expect

16x10720up <, <2.2x1079 g
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Consequences of Neutrino Dipole Moments

Neutrino Radiative Lifetime Limits

Spin
precession
in external
E or B fields

Scattering

8 (v wpBT (VL
'5[»;;){»,& 0 J(VR]
2 2
:—.T.=6';:b [(Cv +CA)2+(CV—CA)2(1—éJ

Plasmon
decay in
stars

Decay or
Cherenkov
effect

YR 2 _p2\meT 2|1 1
G- dlrg
e T electron recoil energy
4N
l-lg 3I
s T 24n P
R
v 2_ 2V
Yl opome[meom
y Bxn mp

1077
-8 Radiative
e decay
1072 v vty
5‘3 10—10
N 107H
Y 1012 — Globular Clusters
10713 For low-mass
14 neutrinos,
10 plasmon decay
1015 11 pd 1ol ol "’; gl;:bula:
-2 -1 cluster stars
10 10 1 10 yields most
m,, [eV] restrictive limits
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Neutrino Spin Oscillations Astrophysical Magnetic Fields

Field strength and

B8l length scale where

Al neutrinos with
specified dipole
moment would suffer
complete
depolarization

.......

Spin - - VR
precession 9 (VL) 0 mBr)(w
in external ot\og ) \nBr O Jlop

E or B fields

For relativistic neutrinos,

the oscillation equation

+ is independent of energy

« involves only the transverse field

1.

I D S S S R RY

S
- SUNSPOTS /’

-

MAGNETIC FIELD STRENGTH
o
o

2 161 Ses ]
0...< ~ P> ”'NTERP )
Oscillation & [ “"Egﬁg EY Y ]
Length pyBT w | . SNR
: — Ha GALACTIC{
Distance for helicity reversal L ! ‘ N GM s P
-10 il | “Hillas Plot"
2!-:31‘ - 5.36x1013cm10m—"'3 g tkm  10kml,,  1pc kpcMpc | [ARAA 22,425
SIZE (1984)]
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Neutrino Spin-Flavor Oscillations

Ma jorana neutrinos
+ Diagonal dipole moments vanish Transition moments couple

+ Transition moments inevitably exist neutrinos with anti-neutrinos
+ Standard-model calculation ~ Dirac case

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)

Spin-flavor - - 72
precession

in external
E or B fields

- - - — 5 5 ¢ = cos(26) Resonant spin-flavor precession (RSFP) obtains an
S ad R e jl > V= = V> il g s = sin(20) excellent f|1' to solalr' neuTr'lnP r:iah'l .
Transition 2 2 - But requires very large B-fields in view of
moments A= m; —my globular-cluster bound on p
o> | R | B, | e o5 > | V5> | s (1005 Sy aord transition moment
Dirac o, =26¢ (n‘= _'2"") - After KamLAND not the dominant effect
antieneut rinos _ JBer (-1 * May still produce some solar anti-neutrinos
%= ( ?n") * May play some role for supernova neutrinos
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