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Where do Neutrinos Appear in Nature?

v Nuclear Reactors | ke

Sun

v" Particle Accelerators

c S| Supernovae
|| (Stellar Collapse)

SN 1987A v/

v Earth Atmosphere
(Cosmic Rays)

Astrophysical
Accelerators

Soon ?

v Earth Crust
(Natural
Radioactivity)

yeome Raffelt, Max-Planck-Institut fiir Physik, Miinchen, Germa

Cosmic Big Bang

(Today 330 v/cm?)
Indirect Evidence




Neutrinos from the Sun

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

Hans Bethe (1906-2005, Nobel prize 1967)
Thermonuclear reaction chains (1938)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Bethe’s Classic Paper on

Nuclear Reactions in Stars

MARCH 1, 19i%

FHYEICAL REVIEW

VOLUME 53

Energy Production in Stars®

H. A. BETHE
Cornell Dwiversity, Ithaca, New Fork
{Received September 7, 1935)

It ix shown that the mas imporidal dsonece of emergy 4
erdinary stars ir the resciions of carben omd niiropen with
pratons. These reactions form a cycle in which the arigiaal
nischeus is reprococed, sa CU4HH=NS Nt Tl ¥,
CupHa NN, NUFH=OE, OF=Nt4 et N =0
4 Ha, Thus carbon and nitrogen merely serve as catalvats
e the combimation of four protons (and two electrone)
wnta an e-particle (§7).

The carbos-nitrogen  reactions are unigque in their
cvclical character (§8). For all nucled lighter than carbon,
reaction with protons will lead to the emission of am
a-particle sa that the origing] oecleus s permanently
destroyed, For all msclel heavier than fleorine, oaly
radiative capture of the protons occurs, also destroying the
ariginal necleus, Chygen and Aucrine reactinns mastly lead
hack to nitrogen. Hesides, these heasier mipched react nouckh
mare slowly than C and N and are therefore wnimportant
for the cnergy prodoction.

The: agreement of the crbomnitrogen reactionsg with
abservational data (§7, 9] is excellent. In onlber to give thix
carrect energy evolution in the san, the central tempera-
tiere of the 2an woald have to be 18,5 million degrees whale

Bl INTRODUCTION

HE progress of nuclear physics in the last
few yvears makes it possibile 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
heing restricted peimarily to main  sequence
stars. The results will be at variance with some
current hypotheses,

The frst main result is that, under present
conditions, no elements heavier than helium can
be buili up io any appreciable extent. Therefore
we must assume that the heavier elements were
built wp defore the siars 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 siars is then due
entirely to the combination of four protons and
two electrons into an e-particle. This simplifies
the discussion of stellar evolution imasmuch as

“ Awarded am A. Cressy Morrison Prise in 1938, by the
New York Academy of Sciences.

imtegration of the Eddington equations gives 1% Far the
brilliant star ¥ Cygni the corresponding figures are 30
amd 32, This good agreement hobds for all bright stars of
the main sequence, but, of cowrse, mot for giands.

Faor [ainter stars, with lower central temperatures, the
reactian H-H=D++* and the reactions following it, are
tseliewed to be mainky responeibde for the crergy produc-
tion, (R10)

It is shown further (§5-8) that ne slements kegpier than
He® can be baili up ém ordimary sfies, This i due to the fact,
mentioned alove, that all elensnis up o boros are disin-
tegrated by protan bombard neat {o-emmssion |} rather than
built up (by radiative caprure). The instabilicy of Be®
reduces the formation of heavier elements still further,
The production of neatrons in stars i8 likewise negligible.
The heavier elements found in stars must  therefore
bawe existed already when the star was formed.

Finally, the suggested mechanism of energy production
is used to draw conclusions ahout astraphysical prablems,
such as the mass-luminosity relation (§100, the stability
agaiest tempernture changes (§11}, and stellar evolution
£ 1F48

the amount of heavy matter, and therefore the

The combination of [owr 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, W,

HA+H=D+ i

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

CEpH=Nogy, Nt (g g
‘—-“+ii'_NH+T| r?]
N“+IJ=U”+‘]’, {J'.A=N'ad-_:._tl- .

N H = =4 He',

No neutrinos
from nuclear reactions

in 1938 ...

The L:rl.L:'L|}'5-1. Mg He'j:lrl.rtlu::t-d in all cases except
about one in 10,000, therefore the abundance of
n:;a.r}_)-c:-n 4|.|:||:|. rl'ilr\dbg\e-.ll. rI,"I'I!IRiIIS pr.'lq_'til'.'ﬂ]],r un-
changed (in comparison with the change of the
number of protons), The two reactions (1) and

434

The combination of four p
electrons can occur essentially o
The first mechanism starts with
of two protons to form a deuter
€mission, vis.

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

Ce4H=NB+4~, N = (B4 ¢t
ClH=Nb+y,
NU4H=01+4y,
N5 4H = C4He*,

Ol6=N154 ¢+ (2)




Sun Glasses for Neutrinos?

1000 light years of lead

needed to shield solar
neutrinos

Bethe & Peierls 1934:
“... this evidently means
that one will never be able

to observe a neutrino.”

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



First Detection (1954 - 1956)

Clyde Co)‘aﬁ' .|__,_ Fred Reines
(1@-- 1974) R (1918 - 1998) |

(a) 2 J

Anti-Electron
Neutrinos

from

Hanford
Nuclear Reactor

in coincidence

yeome Raffelt, Max-Planck-Institut fur Physikc, Miinchen, Gaermam IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



First Measurement of Solar Neutrinos

Inverse beta decay
of chlorine

600 tons of
Perchloroethylene

Homestake solar neutrino
observatory (1967-2002)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Cherenkov Effect

Elastic scattering or
CC reaction

Light

Electron or Muon
(Charged Particle)

Light

Cherenkor Water

Geomne Raffelt, Max-Planck-Institut flir Physik, Miinchen, Germamy IMPRS Inaupuration Course, MPl Phwsics, 13-19 Oct 2005, Miinchen, Germamy
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Three-Flavor Neutrino Parameters

Atmospheric/K2K CHOOZ Solar/KamLAND 2G ranges
37° <073 <54° 03 <17’ 30° <012 < 36° hep-ph/0405172
_'8
Ci3 e °S13) Ciz S12 Y71 75501?;5
C 1 -5 C
L3 s 12 12 2 Atmospheric

—523 Ca3 A€ 7593 C13 (J8%¥] | 1400-3000

Cip =cos6y, etc., & CP-violating phase Amzf meV2
Normal Inverted Tasks and Open Questions

3 _ 2 « Precision for 0,, and 0
Sun 12 23

] » How large is 043/

» CP-violating phase 57
Atmosphere » Mass ordering?
Atmosphere (normal vs inverted)
2 e Absolute masses?
Sun (hierarchical vs degenerate)

1 3 _  Dirac or Majorana?

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy




p+p —>2H+e++ve

p+e +p —>2H+ve

Hydrogen burning: Proton-Proton Chains

< 0.420 MeV 1.442 MeV
100% 0.24%
2H+p —>3He+7

3He+p S%Herets Ve

3He +He - "Be +y

3He+3He —>4He +2p

90% 10% [ 0.02% < 18.8 MeV
7Be+e_—>7Li+ve 7Be+e_—>7Li*+ve 7Be+p—>83+7
0.862 MeV 0.384 MeV 8 _,8Be teta Ve
< 15 MeV

"Litp —> *He + *He

m 8Bta' —>4He+

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Neutrinos from Thermal Plasma Processes

vV

e

+

<

|4

Photo (Compton)
v
V

e e

Ze

Bremsstrahlung

These processes first
discussed in 1961-63

after V-A theory

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa

Plasmon decay Pair annihilation
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Effective Neutrino Neutral-Current Couplings

Neutral
current

Charged
current

Effective
four
fermion
coupling

Gf =

1.166 102 GeV 2
sinZ @y =0.231

1

+;+251n O =1 +3

Electron 1

VYVt —%+23in Oy =0 -3
Proton +%—23in2®w ~ 0 +%
VE,V",VT 796
Neutron -3 -5

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Solar Neutrinos from Compton Process

Cross section (non -relativistic limit)

4
E
Yo =1 .34x10‘55cm2[—'f )

Photo (Compton) flavors 10keV

Volume energy loss rate

Py 725
Q =N -
w e,[ @n) /T _
Energy loss rate per unit mass

8
__Qw _ -8 €rg

To be compared with nuclear energy generation rate in the Sun

Laun  4x10%3erg/s ,erg_, .7 Watts _ 200Watts
Msun 2x1033g gs g  kilo-ton

(Enuc}

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa IMPRS Inaupurat



Thermal vs. Nuclear Neutrinos from Sun

10" 1 1
<—cosmic background v/v
- thermal v, /v, L solar v,
% 1010 _ ...‘ :
= thermal v, /v,
T - - I-"‘-Ih‘ " :r'l- =
0 - s N e
¢ 4 N .
E .r‘l '1'1. # :
AT .
L / Y A Al 1E
by / VAR R _
g | = )/ "i voood Lk terrestrial v
. . [:
g 10° |- VAV fi - -
' - "
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e [ R | . supernovae v/v
- | N ' :
i i/ tcaoo)
[ ; £ )
- o s \ : cosmic ray |
' R I é‘
il i R \ | \
102 ) | A | . , " Al 1 " " |
108 1074 100 104
v / v Energy (MeV)

Haxton & Lin, The very low energy solar flux of electron and

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

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa
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Axion or Graviton Emission Processes in Stars

Nucleon

Nucleons Bremsstrahlung

Primakoff

Compton

Pair
Electrons Annihilation

Electromagnetic
Bremsstrahlung

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Search for Solar Axions

Primakoff
production

Axion Helioscope (Sikivie 1983)
Axion-Photon-Oscillation

BITI rrrprrrpnrri

[

II|]II|]I|

0 2 4 6 8
Axion energy [keV]

10

= Tokyo Axion Helioscope
(Results since 1998)

= CERN Axion Solar Telescope (CAST)
(Data since 2003)

Alternative Technique:

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

(SOLAX, COSME, DAMA, ...)




Recent Picture of CAST

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



CAST Movie

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



CAST Exclusion Range (2003 Data)

CAST Collaboration:

First results from the
CERN Axion Solar
Telescope (CAST)

Submitted to PRL
(hep-ex/0411033)

I T TTTTH I T TTTTH I T TTTTI [ T TTTTT [ T TTTTTI [ TTTTT

I ANNEE

SOLAX, COSME
DAMA

I IIIII1||

Tokyo helioscope

I II]'III|

CAST 2003

-10

10

~ globular clusters

Anticipated sensitivity

with 2004 data

11 - « Additional exposure

& - ¢ Solar image of x-ray

telescope better
known and stability

-12

10 IR BT SN W R T1 S T AN RN 1| R N £ 101 IR R T 11T B SN R TIT Cﬂntrﬂl:
10° 107 10° 10 ! Use smaller spot

CAST prospects

10
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Search for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

I Recoil energy
Galactic ‘
dark matter (few keV) is
particle g measyref:l by
(e.g.neutralino) “’lergy + lonisation

Crystal deposition « Scintillation
» Cryogenic

Indirect Method (Neutrino Telescopes)

Annihilation
Galactic dark High-energy
matter o neutrinos
particles (GeV-TeV)

are accreted can be measured

Sun

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy

sics, 13-19 Oct 2005, Minchen, Germa



Muon Flux from WIMP Annihilation in the Sun

Muon flux from the Sun (km™ yr'l}
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Need a km3 water Cherenkov detector

to reach solar background

Background

from Sun

IMPRS Inaupuration Course, MPl Physic

-19 Oct 2005, Miinchen, Germa



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 (?)

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Southpole Ice-Cherenkov Neutrino Detectors

AMANDA I (0.1 km?3 , 800 PMTs) Future IceCube (1 km?> , 4800 PMT5s)

1

A

— 2000 m

AMANDA ax of 2004 coommed in on
Eiffel Tower as comparison AMANDA A (top)
[troe scalfng) AMANDA-B10 (bottom)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy

r. y
. .-"II.' III".
4 ' _HY divider
pressore,

w == homsing

- milicon gel

% light diffuser ball

woomed in on one

optical module (OM)

--—*

Iee Top

Snow Layer

ilceCube

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



High-Energy Neutrino Telescopes

Antares Nestor Baikal
Project Project 200 PMTs

Amanda Il, 800 PMTs
IceCube Project

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa naupuration Course ics, 13-19 Oct 2005, Minchen, Germamny



Global Cosmic Ray Spectrum

- ‘“4%
= - ]
8 a0 i, Fluxes of Cosmic Rays
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yeome Raffelt, Max-Planck-Institut fur Physikc, Miinchen, Gaermam

0SMmIC

BULLETS

HIGH ENERGY PARTICLES IN ASTROPHYSICS
ROGER CLAY - BRUCE DAWSON

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Neutrino Beams: Heaven and Earth

Target:
Protons or Photons

Approx. equal fluxes of
photons & neutrinos

£ Equal neutrino fluxes
magnetic Y vev“vt in all flavors due to
fields oscillations

F. Halzen (2002)

yeome Raffelt, Max-Planck-Institut fur Physikc, Miinchen, Gaermam IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Gamma-, Neutrino- and Proton-Astronomy

-~ 10 LILLLLLL R R R IR LILLL R IR RLL IR I L ]
Sk Ty | Cosmic-ray
- C o ]
3 °f.. . 1 || spectrum x E2-7
5 What are
f.'-“fl ]- - -
E F * : the sources ?
—05f :
3 [ x :
[__% 02 t 4
crlﬁ 0.1 —

: 1 IIIIIII| | IIIII|]J IIIII|I|I|I | IIIIIII| | II]IIII| IIIII"]] L 1Ll I:

1012 1014 1016 1018 1020
E (eV/nucleus)

Photon mean free path < few 10 Mpc
Proton magnetic field deflection | GZK cutoff

Opportunity for neutrino astronomy

 Point back to sources
» No absorption (reach across the universe)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Core of the Galaxy NGC 4261

Ground-Based Optical/Radio Image

ey

380 Arc Seconds
88,000 LIGHTYYEARS

Geomne Raffelt, Max-Planck-Institut flir Physik, Miinchen, Germamy

ISAPP, 28 June-9 Jubs 2004, LHGS, Gran Sasso, Itab



Neutrino Sky at AMANDA (2000-2003)

3329 v events 1n 2000-03 data
(807 days)
(sensitivity ~3 higher as 2000)

S.Schlenstedt, Zeuthen Workshop, 4-5 Oct 2005

yeome Raffelt, Max-Planck-Institut fur Physikc, Miinchen, Gaermam






Neutrinos from Thermal Plasma Processes

vV

e

+

<

|4

Photo (Compton)
v
V

e e

Ze

Bremsstrahlung

These processes first
discussed in 1961-63

after V-A theory

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa

Plasmon decay Pair annihilation
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Hydrogen Exhaustion

Main-sequence star Helium-burning star

Hydrogen Burning Helium Hydrogen
Burning Burning

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Burning Phases of a 15 Solar-Mass Star

Process [keV]| [g/cm?] L,/ LY [years]
<<] Hydrogen || H — He 3//5.9 2.1 - 1.2 x10/
<<) Helium He > C, 0 14 || 1.3x10°% || 6.0 1.3 x10°
-:J:<) Carbon C — Ne, Mg 53 || 1.7x10° || 8.6 6.3 x103
<II<] Neon Ne - O, Mg || 110 || 1.6x107 || 9.6 7.0
-‘III(] Oxygen |0 —Si 160 ||9.7x107 || 9.6 1.7
<a[_ | ||siticon || Si > Fe, Ni || 270 || 2.3x108 - 6 days

yeome Raffelt, Max-Planck-Institut fur Physikc, Miinchen, Gaermam IMPRS Inaupurat ourse,



Existence of Direct Neutrino-Electron Coupling

VoLuME 24, NUMBER 10

PHYSICAL REVIEW LETTERS

9 MarcH 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.e) 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, g = lﬂu*zgﬂz.

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-A theory of Feynman and

Gell-Mann' is taken to be equal to the “universal”

weak-interaction coupling constant measured
from beta decays (called gz 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 (€v.)(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-

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 /L), which is adequate here.

Models of cooling white dwarfs have been con-

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa




Plasmon Decay vs. Cherenkov Effect

Photon dispersion in
a medium can be

Refractive index n
(k=n o)

Example

Allowed process
that is forbidden
N vacuum

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy

“Time-like”

02— k>0

“Space-like”

02— k%<0

n<1

n>1

* lonized plasma
* Normal matter for
large photon energies

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

Plasmon decay to
neutrinos

Y = VV

Cherenkov effect

e >e+y




Neutrino-Photon-Coupling in a Plasma

Neutrino effective vV
in-medium coupling

Y

vV
Lef = —/26r Yo $(1-75)PA%PAg

For vector-current
analo_gou'_s to photon € #’\/\N\/\@\/\N\/\/ g
polarization tensor

3=~ 2_uv  pe v v v
Ty, _ =) 4 - (PK) g"l +K P"ll_’ —(PKLP“K +KHP )
AL(K) 4ecV[ A LEORA0) s
=X vy

e

2
K haKp Usually

d3p Pk
(PK)2 _% (K2)2  negligible

AR(K) =2iecAE"”“BJ [£-G)-£+ )]

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa



Neutrino Dipole Moments

Effective Leff = —Fll_wl_llpA"l
coupling of
electromagnetic _ 613 uv
field to a 1PYuYs W
neutral fermion
—%‘F Z‘T’Upv‘PF"v
_% 6 Z‘T’GuvYE‘PF'N

Chargee,, =F1(0)=0

Anapole moment 64(0)

Magnetic dipole moment p=F,(0)

Electric dipole moment & = 6,(0)

» Charge form factor Fl(qz) and anapole 61(q2) are short-range interactions

if charge F1(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,)

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa
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Standard Dipole Moments for Massive Neutrinos

In standard electroweak model, y
neutrino dipole and
transition moments
are induced at higher order

W

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

i=1
Explicit evaluation for Dirac e-/26F my
neutrinos Kij = ( 43_)2 (m; +mj)£=§mtufjufl f —~y

(Magnetic moments p;;
electric moments a,J) &j =... (mj—m;j)...




Standard Dipole Moments for Massive Neutrinos

Diagonal case m.
(Magnetic moments i = 33\@? m; =3.20 x 10—19 up ' = e
of Dirac neutrinos) (4n) eV 2,

§i=0

Off-diagonal case
(Transition moments)

ij =i?ﬁf5 (ma+mj)(ﬁf Z il (%JZ

mw £=e,n,t
First term in
f(m,/m,,) does not m: +m. 2
contribute =3.96x107%3 Mg — J ¥ y jU;i (ﬁ}
("GIM cancellation”) eV f=en,t My,

S,J =... (mi —rnj)

Largest neutrino mass eigenstate 0.05eV<m < 0.7 eV
For Dirac neutrino expect

1.6x10%pp <p, <2.2x10 P py

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa IMPRS Inaupurat



Plasmon Decay And Stellar Energy Loss Rates

Assume photon dispersion relation like a 2 2_ 2 _4mon,

massive particle (nonrelativistic plasma) & - = Pl m
' 2 a1

Decay rate of v (mpl/ 4“) Millicharge

photon 2 2

(tfransverse l"('y —> V‘\_F) = 4—“ i X Bv mzl /4 TI:) Dipole. moment

| 3 E 2\P

plasmon) o

with energy Ey ﬁ(ﬁ’sl /41:)3 Standard model
| a

Energy-loss Gy (ﬁ’§| f 4“)
rate of £5 5 5
stellar plasma | 2d°p I _8&3+3 | nof 2 )
(temperature T Qly - vv) _J(Zn)3 e.E"; | { 3= T 2 mPl/4n

and plasma

252
frequency op)) QCF (32 /41:)3
. o pl

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa



Globular Clusters of the Milky Way

http://www.dartmouth.edu/~chaboyer/mwgc. html

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

- | The galactic globular cluster M3

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany




Color-Magnitude Diagram for Globular Clusters

o Stars with M
so large that
they have burnt
out in a Hubble |RvEl]
time i

« No new star 5 -
formation in i
globular
clusters

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

10 -

15 -

| | T TR R N N S

Hot, blue (V=1), cold, red

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




Color-Magnitude Diagram for Globular Clusters

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

Asymptotic Giant ] \ v ] Red Giant

Horizontal Branch
Hot, blue (V=1), cold, red

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




Color-Magnitude Diagram for Globular Clusters

- Particle emission
delays He ignition, i.e.

core mass increased

] Red Giant

Asymptotic Giant

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

Horizontal Branch 0 1 2 3
Hot, blue (V=1), cold, red

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




Core-Mass at Helium Ignition

-zs_llllll'lllllllll 1 | -EB_IIII IIIII!II_
= = ti
26 |— )( 26 AMEE
24 Primordial helium (observations & implied by CMB
I \ AT .
™ 22 - 7 — 22
B N _
B ' — B
“E AMgS Ngr N . i
'IB_IIIII | L1 L 111 ] 'IB_I |
-1 —.05 0 .05 1 -1 —.05 0 .05 1
oM, [My] oM, [#o]
G.Raffelt, Stars as Laboratories Catalan et al.,
for Fundamental Physics (1996) astro-ph/9509062

yeome Raffelt, Max-Planck-Institut fur Physikc, Miinchen, Gaermam



Globular Cluster Limits on Neutrino Dipole Moments

Compare magnetic-dipole
plasma emission with
standard case

Qsm CVGFmpI
For red-giant core before
helium ignition o, =18 keV

% ~9x10%2 [%]2

Require this to be <1

oM, [1073M ]

100

80

60

40

II|III|III|III|III

2 4 6 8 10

Globular-cluster limit on neutrino dipole moment

By, <2 X 1012 pg

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa




Consequences of Neutrino Dipole Moments

Spin VR
precession i O(VL)_ 0 ublr)(w
in external or\ vp pBr 0 NAw
E or B fields
2 2
de Ggme 2 2 T)
= C Cy -C ——
T on [(Cv+ A)" +(Cy —Ca) g,
Scattering - - -
VR 2 _c2\mel| 2|1 1
- - e T electron recoil energy

Plasmon 2
decay in

stars

Decay or
Cherenkov
effect

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa



Neutrino Radiative Lifetime Limits

10~"
1078

10_9 voaVv+y

Radiative
decay

10—10
10—11
10—12

10°13 For low-mass
neutrinos,
plasmon decay

10—15 | |||||||| | |||||||| | 1||||||| | | in globular
cluster stars

—2 —
10 10 1 10 yields most
m, [eV] restrictive limits

.z????????%/ﬂéﬂéé/ %
Globular Clusters

Mett/ p

10—14

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy









Stellar Collapse and Supernova Explosion

Onion structure

Collapse (implosion)

H

Ree

Degenerate iron core:
p =~10° gem™
T =~10"0 K
Mee = 1.5 My

~ 8000 km

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa
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Stellar Collapse and Supernova Explosion

Newborn Neutron Star

Explpsion

Neutrino
Cooling

W
Proto-Neutron Star
P ™ Ppyc =3 x10'* g cm™
T =~ 30 MeV

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy




Stellar Collapse and Supernova Explosion

Newborn Neutron Star

)

Gravitational binding energy

E, ~ 3x 108 erg ~ 17% M, 2

Neutrino
Cooling

This shows up as
99% Neutrinos
1% Kinetic energy of explosion
(1% of this into cosmic rays)
0.01% Photons, outshine host galaxy

Proto-Neutron Star
P ™ Ppyc =3 x10'* g cm™
T =~ 30 MeV

Neutrino luminosity

L, ~ 3x10°3 erg / 3 sec
3 x 10" L,

While it lasts, outshines the entire
visible universe

& &

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa
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Neutrino Signal of Supernova 1987A

50
40
30
20
10

Energy [MeV]

50
40
30
20
10

Energy [MeV]

20
40
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20
10

Energy [MeV]
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Time after first event [s]

yeome Raffelt, Max-Planck-Institut fur Physikc, Miinchen, Gaermam

Kamiokande (Japan)
Water Cherenkov detector
Clock uncertainty +1 min

Irvine-Michigan-Brookhaven (US)
Water Cherenkov detector
Clock uncertainty +50 ms

Baksan Scintillator Telescope
(Soviet Union)
Clock uncertainty +2/-54 s

Within clock uncertainties,
signals are contemporaneous




Type la vs. Core-Collapse Supernovae

Core collapse (Type Il, Ib/c)
» Carbon-oxygen white dwarf » Degenerate iron core
(remnant of of evolved massive star
low-mass star) _ » Accretes matter
 Accretes matter . by nuclear burning
from companion at its surface

Chandrasekhar limit is reached — Mg, = 1.5 M, (ZYE,)2
COLLAPSE SETS |IN

Nuclear burning of C and O ignites Collapse to nuclear density
— Nuclear deflagration Bounce & shock

(“Fusion bomb” triggered by collapse) | | Implosion — Explosion

Powered by nuclear binding energy Powered by gravity

Gain of gravitational binding energy
~ 100 MeV per nucleon
99% into neutrinos

Comparable “visible” energy release of ~ 3 x 10°Terg

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy

Gain of nuclear binding energy
~ 1 MeV per nucleon

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany



Supernovae the Power Supply for Cosmic Rays?

Required power supply Ler = Vo Pcr/ Tres
~ 5x 100 erg/s =107 L,

Disk volume V, =z R2d =~z (15 kpc)2200 pc
~ 4 x 10% cm3
Energy density in CRs pcr = 1€V /cms

Residence time in galaxy 7. = 6 x 10% yrs

Suggestive of supernovae:

« One SN explosion deposits ~ 3 x 10°! erg in kinetic energy of
ejecta into the interstellar medium (ISM)
» Rate approx. 1 SN / 30 years / galaxy

Total average energy deposition: Ly = 3 x 1042 erg/s = 50 Lqg

Efficiency of a few percent required

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa naupuration Course ics, 13-19 Oct 2005, Minchen, Germamny




Supernova Delayed Explosion Scenario

Collapse Lglbur'st Kelvin—Helmholtz cooling
I
@ @ O ! @
4 | IIIIIII| I II[IIIIl I EEE I

10* &= =

= ___RFe Rshoe =

e -

£ 3| S _

- I

" — _

2 o -
e
@
M~

10

ool il
1072 1071 1 10
Time after onset of collapse [sec]




Delayed Explosion
'09|'—I‘_I—I' — T T T T

SN

108

|07_

106

-0.2-01 O 0Ol 02 03 04 05 06 0.7 08
TIME

Wilson, Proc. Univ. Illinois Meeting on Num. Astrophys.(1982)
Bethe & Wilson, ApJ 295 (1985) 14

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy Ty T —————



Neutrinos to the Rescue

Neutrino heating

increases pressure

behind shock front
M M
p /€
heating ._
") —
%, %/ n £
81@
o o
I !
shock gain R R R R
radius " PNS Y = S

ics, 13-19 Oct 2005, Minchen, Germamny



Parametric 2D Studies (180°) by Garching Group

o If explosion develops
slowly, convective
structures have time
to merge to low
(L=1o0r 2) mode
flow

» Very asymmetric
shock expansion
and mass ejection
although boundary
neutrino flux is
isotropic

(Scheck et al., PRL
2004 and PhD Thesis)

A5.0%108

1.0=107

-1.5%107

2.0x10°7

20x10°
1.5x10"'

1.0x107 F

50x108F

logo(density)

[g/cm?]

2x107 1x107 1] 1x107 2x107

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa
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Parametric 3D Studies by Garching Group

b0123d-400:45:120, ye=0.495, BeBem

o First explosions in
3D show also very
large asymmetry

e Convection grows
faster than in 2D

» Explosion energy
somewhat higher

(L. Scheck
PhD Thesis 2004)

yeome Raffelt, Max-Planck-Institut fiir Physik, Miinchen, Germa IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Parametric 3D Studies by Garching Group

B0123D-400x45x120 @ 900ms

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Gravitational Waves from Core-Collapse Supernovae

Muller, Rampp, Buras, Janka, & Shoemaker,
“Towards gravitational wave signals from
realistic core collapse supernova models,”
astro-ph/0309833

Asymmetric neutrino emission

log(IA(v)! v'?) [Hz 2]

-21F

—-22

-23

—25

~24F

LIGO |

- Advanced
LIGO

[ SN @ 10kpe

10 100

v [Hz]

1000

=21F

| Lico I

100 150

t [msec]

The gravitational-wave signal from convection

is a generic and dominating feature

log(IA(v)! v'?) [Hz 2]

-23
_o4f

—25

- Advanced
C LIGO

F Neutrino GW signal
[ SN @ 10kpc

10 100
v [Hz]

1000
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Large Detectors for Supernova Neutrinos

SNO (800) | Super-Kamiokande (104)
MiniBooNE (190) B Borexing (80) Kamland (330)

In brackets events
for a “fiducial SN”
at distance 10 kpc

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa naupuration Course ics, 13-19 Oct 2005, Minchen, Germamny



Simulated Supernova Signal at Super-Kamiokande

10 _I | | 1T 11 | 111 | L | N | b1 | 11 I_
— 8 - Accretion -
N N Phase -
. _ _
AL i
o O -
-E; B Kelvin-Helmholtz i
& - Cooling Phase -
PO — ]
= B _
= _ i
::, e -
B 2 - _
0 B _
0 1 2 3 4 )
Time post bounce [s]
Simulation for Super-Kamiokande SN signal at 10 kpc,
based on a numerical Livermore model
[Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216]

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa




Southpole Ice-Cherenkov Neutrino Detectors

AMANDA I (0.1 km?3 , 800 PMTs) Future IceCube (1 km?> , 4800 PMT5s)

1

A

— 2000 m

AMANDA ax of 2004 coommed in on
Eiffel Tower as comparison AMANDA A (top)
[troe scalfng) AMANDA-B10 (bottom)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy

r. y
. .-"II.' III".
4 ' _HY divider
pressore,

w == homsing

- milicon gel

% light diffuser ball

woomed in on one

optical module (OM)

--—*

Iee Top

Snow Layer

ilceCube
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IceCube as a Supernova Neutrino Detector

Each optical module (OM) picks up < | | | |
Cherenkov light from its neighborhood. E
SN appears as “correlated noise”. k=
m
- 300 gg;ﬁia E
Cherenkov . =
photons W / \ S
per OM N M
from a SN - nm-
at 10 kpc T Time [s]
OM
Noise - H IceCube SN signal at 10 kpc, based
per OM on a numerical Livermore model
< 500 Hz - gl [Dighe, Keil & Raffelt, hep-ph/0303210]

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Estimates of the Galactic Supernova Rate

Cappellaro et al. (1993)
e
Historical
galactic SNe

Progenitor count
in galaxy

Ratnatunga & vdB (1989)

Tammann et al. (1994)

No galactic
neutrino burst

% CL for 23 years observation

(Only core
collapse SNe)

2 3 45 6 7 8 9 10
SNe (all types) per century

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy




The Red Supergiant Betelgeuse (Alpha Orionis)

[ |
Size of Star

Ll
Size of Earth’s Orbit

I |
Size of Jupiter’s Orbit

First resolved Distance If Betelgeuse goes Supernova
image of a star (Hipparcos) 6x107 neutrino events
other than Sun 130 pc (425 lyr) in Super-Kamiokande

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germany






The Energy-Loss Argument

Volume emission
of novel particles

Neutrino
diffusion

SN 1987A neutrino signal

Assuming that the neutrino burst was not
shortened by more than ~ ¥ leads to an
approximate requirement on a novel
energy-loss rate of

g < 10 ergg’ s’

for ps3x 10" gem™> and T~ 30 MeV
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Right-Handed Neutrinos (Dirac Neutrinos)

Right-handed € > >
currents
Wr

P > >

Average scattering rate in SN core
involving ordinary left-handed neutrinos

I ~1019%~

For right-handed neutrinos
GZ
Ip e — I
GZ

To avoid complete energy lossin ~ 1 s

2
G
“Rq010-1 _ 451

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa



Dirac Neutrinos

o If neutrinos are Dirac particles, right-handed states exist
that do not interact by ordinary weak interactions

» Couplings are constrained by SN 1987A energy-loss argument

Right-handed
currents

Dirac mass mp < 30 keV

Dipole
moments

Milli charge

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Right-Handed Neutrinos in the Early Universe

+ If neutrinos are Dirac particles, will the right-handed components
achieve thermal equilibrium in the early universe before big-bang

nucleosythesis?
 This would modify the light-element abundances in significant ways,
notably increase the helium abundance

Required strength SN 1987A limit

Right-handed ) - -
charged current Gr - 107G Gr s107°G¢
Dirac mass few 100 keV 30 keV

Dipole moment ~0.5x 10770 g 10712 g

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Sterile Neutrinos

Active-sterile © > > Vg
mixing We

P > > n

Electron neutrino appears as sterile neutrino
in % sin?(20,) of all cases

T ~ 3sin’(20¢5) I

Average scattering rate in SN core
involving ordinary left-handed neutrinos

I ~1019%~

To avoid complete energy lossin ~ 1 s

sin?(20,,) < 3 x 10710

15in%(20¢5) 1010571 <157

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa






Supernova Neutrino Spectra Formation

Electron flavor (Ve,Ve)

Thermal Equilibrium

Tflux" TNS

Neutrino sphere (T )

Other flavors (Vps» V1> Vps V)

VN &5 Nv Scattering Atmosphere

ve & ve
NN < NNvv v Ny

Thermal Equilibrium

Tflux"0'6TES

Energy sphere (Tg) Transport sphere




Fluxes and Spectra from Numerical Simulations

Livermore (traditional)

Garching (new microphyiscs)

[ApJ 496 (1998) 216]

[astro-ph/0303226]

Luminosity [105 erg/s]
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ﬂ ﬂ 1 |. 1 L 1 | 1 1 L | L 1
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Level-Crossing Diagram in a SN Envelope

Normal mass hierarchy Inverted mass hierarchy

A v A vV

Dighe & Smirnov, ldentifying the neutrino mass spectrum from a supernova
neutrino burst, astro-ph/9907423

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Spectra Emerging from Supernovae

Primary fluxes

After leaving the

supernova envelope,

the fluxes are
partially swapped

for ve
for ve

FE =pFe +(1-p)Fy
FE =pFe +(1-P)FY

Normal cos%(©,,)
=107
B Inverted sm2(91 ) 0
C || Any <107 sin?(©,) cos2(©,)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy




Measured v spectrum at a detector like

Oscillation of Supernova Anti-Neutrinos

Super-Kamiokande

Assumed flux parameters
Flux ratio ve : v, =0.8:1

Counting Rate

—
o

(o)

II|IIII|III1IIIIIIIIII

10 20 30 40 a0
Neutrino energy [MeV]

60

{E(Ve)) =15MeV
(E(vy); =18 MeV
Mixing parameters
AmZ,n = 60 meV?

sin”(20) = 0.9

No oscillations

Oscillations in SN envelope

Earth effects included

II(Dighe, Kachelriess, Keil, Raffelt, Semikoz, Tomas),
hep-ph/0303210, hep-ph/0304150, hep-ph/0307050, hep-ph/0311172

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Robust Strategies for Observing Earth Effects

One detector observes SN shadowed by Earth

Case 1: Identify “wiggles” in signal of single detector @ Case 2:

Problem: Smearing by limited energy resolution » Another detector
observes SN directly
0 s @ o (b) » Identify Earth effects
sC | by comparing signals
0.04
0.03
0.02
0.01
20 30 40 50 60 Ee . w20 30 40 50 &l E‘.’
Scintillation detector Water Cherenkov Positively observing
~ 2000 events Need megatonne Earth effects implies
may be enough with ~ 10~ events normal mass ordering
. - 2 _3
Dighe, Keil & Raffelt, “Identifying Earth matter if sin®(@43) z 10
effects on supernova neutrinos at a single detector” (€.g. established by
[hep-ph/0304150] reactor experiment)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Two-Detector Sky Coverage with Super-K & IceCube

1.10 —|| Dighe,
‘ 1.05 — Keil,
er-Kamiokande %89 — || Raffelt
- ‘? ' “ V.YH hep_phf
> N ¥ 0.9 —1| 0303210
N\ UUAB[ LA
IceCube

Suitable for two-

-~
effects B detector method
appear Approx. same signal
in n in both detectors

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy



Supernova Shock Propagation and Neutrino Oscillations

Schirato & Fuller:
Connection between
supernova shocks,
flavor transformation,

and the neutrino signal
[astro-ph/0205390]

J

-

Resonance
density for

2
AMzem

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy

R. Tomas, M. Kachelriess,
G. Raffelt, A. Dighe,
H.-T. Janka & L. Scheck:
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Shock-Wave Propagation and Survival Probability
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Signature in a Megatonne Cherenkov Detector

_.; T [ T 1T 1 '|' T 1 '| 1 '| T 1 'I T 1 7T '| T T T_]
— N _
=26 (G1) -
S
N :—!—-l-l: :'_’_lti—‘.#-;"'";-"'*—i—i—' o -r—i_-#;;-_;-..—.-aat;
LI-I' L - . ) i e - R
EY . kX
V25 3 4 o ]
i ’ b _-ff ]
i 1._ . : o i
[ & -
al- I ¥ L1 |
2 i w ¥
b /
A } _
a3l l'* y__.-' no shock —
i 47 - - forward shock i
- hsasa forward + reverse-
22— shock
] I ] ] ] | ] ] | ] | ] ] I ] ] ] | ] 1 i =
2 4 6 10 PIE 14
time (sec)
_.; B 1 [ L '|' T T '| 1 '| T T 'I L L '| T T T B
E == B . 5 (G’:- -
— | Ty o - 3
A L. B
(] = T 3 ' T .
v _.._:_; - -.—nl—a—'#—l-—ul.—a—* ****** t _-.._pl'..-‘.-‘--l - A
ST I Y Toge L L n
21 (Il 3
{ . [ 7]
i : R | -
[ \ !‘_. A |
b ey
213:— Y #f _ no sl —:
- h i - o -
'lv forward shock 7
e forward + reverse |
B shock 1
1g 1 I Ll 1 | Ll | 1 | Ll I 1 1 1 | 1 L 1
2 4 6 8 10 12 14
time (sec)

Flux(ve) _
Flux(vy)

0.8

Eo(Ve) =15MeV
Eg(vy) =18 MeV

Flux(ve)

- 0.5
Flux(vy )

Eg(Ve) =15MeV
Eg(vy) =15MeV

_.; T [ T 1 1 [ T '|' LI 'I' 1T T T T 1 1 [ T_]
525_— ("31 } — no shock |
e
A .5 LES: I - - forward shock ]
Ly st ) \!H".h BEEEEEEE forward + reverse
Vv 251 E.* [ L shock ]
= 5 '
24—
23—
22— —
| | L | 1 | 1 1 I 1 L 1 1 1 1 1 1 | L
2 4 <] a8 10 12 14
time (sec)
T LI LI LI L T T LU 1
"%“ | | | | |
= (G2) .
—22 L7 _— no shock —
& LA - = forward shock -
L|_I- :.- ?__I .IT arward snoc B
Vv LS e N forward + reverse-|
R NN R - S
e T shock ]
L IR B Sl i N -
._ ! - .- *H‘. -
L " T =1
. S LIk ]
TR E® GRS 2o NG
20 Y > LT
\ y S
R 3
L —
19 1 | Ll | 11 | 1 Ll I | 1 1 | I_
2 4 5] a8 10 12 14
time (sec)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy

IMPRS Inavpuration Course, MPl Physics, 13-19 Oct 2005, Miinchen, Germa




Observable Features in a Water Cherenkov Detector
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Observable effects
in v, channel

Earth effects

Shock-wave propagation

Earth effects




Neutrinos in Astrophysics and Cosmology

« Dominant radiation component in the early universe
* Crucial role in big-bang nucleosynthesis
« Dark-matter component (but subdominant)
* May be responsible for baryonic matter in the
universe (leptogenesis)
» Important (sometimes dominant) cooling agent of stars
» May trigger supernova explosions
* May be crucial for r-process nucleosynthesis

Neutrinos
responsible
for ordinary
astrophysical
and
cosmological
phenomena

Heavenly » Cosmological limit (future detection?) of nu mass scale
laboratories + Flavor oscillations of solar and atmospheric neutrinos

for new * Neutrino oscillations from a future galactic supernova
particle + Limits on “exotic” neutrino properties

physics (dipole moments, right-handed interactions, decays,
phenomena flavor-violating neutral currents, sterile nus, ...)

 Look into the solar interior (“measure” temperature)
Neutrinos as » Watch stellar collapse directly
astrophysical * Neutrinos from all cosmological supernovae
messengers  Astrophysical accelerators for cosmic rays

» Annihilation signature for neutralino dark matter
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