anduleak 69 202 *

Tarantula Nebula i 7

Large Magellanic.Cloud
Distance 50 kpc

ISAPP 2004 (160.000 light years)

Neutrinos in Astrophysics and Cosmology
Part 11l

Supernova Neutrinos

Georg G. Raffelt
Max-Planck-Institut fiir Physik, Miinchen, Germany

';Stlpernova 19874 _ &~ 5N 1987A if the LiG e oRly certag]
23 February 1987_. . identlflcatlon of' progemtOr star’

* 9‘-- SN._?'D93'J in MB“I anoth&r tentat‘re case




Supernova 1054 Petrograph

¥ 13
74

3 concentric circles, SN 1054 . Halley 's Comet ?
diameter ~ 1 foot, 8 Crescent Moon ?

with huge red flames
trailing to the right.

Possible SN 1054 Petrograph by the Anasazi people
(Chaco Canyon, South-Western U.5.)

Eemarr BalTell., Hacx Pl bentibul i Plresis . Miree:

Stellar Collapse and Supernova Explosion

Main-sequence star ‘ ‘ Helium-burning star ‘

Roche-lobe overflow feeds mass
\ to the compact star

A { -

Roche e "~y

Binary system of white dwarf
and evolved companion star,
beginning to fill the “Roche lobe”

Hydrogen Burning Helium Hydrogen

Burning Burning

S MafTell, Hace Pl bentibut i Plresis . Miree:




Stellar Collapse and Supernova Explosion

| Onionstructure

Degenerate iron core:
p = 10° i_!,(:l'l'l_3
T =~10°K

M'Fe =1.5 IMsun
Re. ~ 8000 km

[ Coltapse (implosion) |

Neutrino
Cooling

| Newborn Neutron Star

Proto-Heutron Star
P ™ Puc = 3x10™ gem™3
T & 30 MeV

|

Stellar Collapse and Supernova Explosion

Gravitational binding energy

= 3x 103 erg = 17% My, c*

This shows up as
99% Heutrinos
1% Kinetic energy of explosion

(1% of this into cosmic rays)
0.01% Photons, outshine host galaxy

Neutrino luminaosity

L, = 3x 102 erg / 3 sec
& 3x10'9 L,
While it lasts, outshines the entire
visible universe

Stellar Collapse and Supernova Explosion

| NewbornNeuwonstar || Explosion |

Neutrino
Cooling

Proto-Heutron Star
P ™ Puc = 3x10™ gem™3
T = 30 MeV

Neutrino Signal of Supernova 1987A

50 E‘I[IIlIIYIlYII'[III[IlYIIYIlYIIIKE

40 &= Kamiokande —

30 & = Kamiokande (Japan)

20 { E Water Cherenkov detector
10 & + - Clock uncertainty +1 min

=W I T T T e e

=] I'II|'IIIIIIIlFI'I[Ii[IlIIlI[I'lK:
:H MB =

-+ ++ -

=i
co

o
=]
T

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

0

Positron energy [MeV]
[+ ]
o

10E =
=1 Y I Y N e B
S L A L L LR L A
40 Baksan —
30 8 E Baksan Scintillator Telescope
2 3 + ¢ E (Soviet Union)
10§’+ + E Clock uncertainty +2/-54 s
0§|llIIIllllIII|!II|I!IIJ|IIIII|I§
0 2 4 6 B 10 12 14 Within clock uncertainties,

Seconds after first event

signals are contemporaneous




Supernova Remnant in Cas A (SN 16677)

Hon-pulsar
compact remnant
(could be black hole)

The Crab Pulsar

Chandra x-ray images

Walter Baade (1893-1960) | | Fritz Zwicky (1898-1974)

Baade and Zwicky were the first to speculate about a connection
between supernova explosions and neutron-star formation
[Phys. Rev. 45 (1934) 138]

e T L T e —

Type la vs. Core-Collapse Supernovae
Type la Core collapse (Type Il, Ibfc)

= Carbon-oxygen white dwarf = Degenerate iron core
(remnant of

of evolved massive star
low-mass star) » Accretes matter
= Accretes matter g by nuclear burning
from companion at its surface

Chandrasekhar limit is reached — Mg, = 1.5 Mg, l[Z‘i"e)2
COLLAPSE SETS |IN

Muclear 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

Gain of nuclear binding energy
~ 1 MeV per nucleon

Comparable “visible” energy release of ~ 3 x 105lerg




Supernovae the Power Supply for Cosmic Rays? Classification of Supernovae

Required power supply g = Vp e/ Tres spectral Type | NN I B
-~ 5108 ergss =107 L,

Disk volume V, == R2d ~ = (15 kpc)2200 pc Spectrum silici
4 10% o
Energy density in CRs per = 1€V /cm®

. ; 9 Physical Nuclear Core collapse of evolved massive star
Residence time in galax)’_ Tres ™ 6_“ ]_OG_Y’E - ) ] Me):f::?\ism explosion of | (may have lost its hydrogen or even helium

— —_— low-mass star envelope during red-giant evolution)

Suggestive of supernova_e:

e e~ 105 g it e |
+ One SN explosion deposits - 3 x 10°" erg in kinetic energy of
ejecta ot the Interceelar medtum (Sh) T o | ovemeoew |

* Rate approx. 1 SN / 30 years / galaxy Compact None Neutron star (typically appears as pulsar)
— d ] 3 x 1042 ; o Remnant : Sometimes black hole ?
otal average ene eposition: ~ 3 x ergl/s =
s S L e o 15|

Efficiency of a few percent required O

Universal Supernova la Light Curve

B Band
207 = il Supernova la lightcurves are
. a5 measured empirically a 1-parameter family
3 ¢ After transformation
'.n'_ . . a universal light curve,
=L v . i.e. a de-facto standard candle
18 . % g
A5 Calvibiolo Sit “N— Iighl{urru |i”l|.'.\k'-'l|l.'
20 o 20 an -9 !‘b “streteh-factor” corrected
days _ # X
g %
| PP S | | i A = \"\L.;.".-
4500 6000 7500 4500 6000 7500 18 i
wavelength [A]
"% 0 20 40 0l
Cappellaro and Turatto, astro-ph/0012455 days R




Hubble Diagram

m-M (mag)

A(m-M) (mag)

44
42
40
8
6
34

1.0
0.5

0.} s

0.5

*High Z SN Search Team

« Supsmova Cosmology Proiec’lf

i

”

— 0,203,007

= w03, 0.0
- 0,10, 2,200

Supernova la
as cosmological
standard candles

Accelerated expansion
(€2,=0.3, Q, =0.7)

Decelerated expansion
(@u=1)

Fitting Cosmological Parameters

3

High-z supernova
team

(Tonry et al.)
astro-ph/0305008

A=0

excluded
at many sigma

Cosmological Supermova Project
(Knop et al.), astro-ph/0309368

Hubble Diagram

m-M (mag)

A(m-M) (mag)

44l
420
40F
asf
36F
gk

*High Z SN Search Team

« Supsmova Cosmology Proiec’lf

.
ol

g’
y gt — (1ym03, 2m0.0 ]
f: .- 0,=1.0,0,=00 ]

— 0,203,007

P ——
Science

THE —_—
ACCELERATING —
UNIVERSE ”~

”

1.0
0.5
0.0
0.5

Accelerated expansion
(€2,=0.3,Q,=0.7)

Examples for SN Il Light Curves

absolute V magnitude

01969L 11-P -
41978C 1I-L -
o1983K I1-P+
+1987A 11-P
+1997D 11-P | N

2| radioactive decay of

56Cg

r YN L
1 L Ll C d
0 100 200 300 Cappellaro & Turatto,
days from maximum astro-ph/0012455




=+ Explosion

.*for Core-CdllapSe SNe .

L, A S T

b
Me

Failed Explosion

chahism; ..

.

0.0ms Spherically symmetric
20009 ¢ ———— simulation of a 15 M,
: 1 || stellar model
= B = with state-of-the-art
: 2009 1 | | neutrino transport
= F 3
§ ol £
Gerr 0T E— _E
E | 1 |
esE 1 T T =
| S
[ Bl 3
03 E— =
T eap ;
o1 -
Movie courtesy of
% 100 w0 0 so0| | Bronson Messer,
radius fkm] Oakridge group (2001)

Collapse and Prompt Explosion

-05% 00 05 1.0 1.5 20 25 30

log r{kmn})

‘ Velocity ‘ ‘ Density l
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, N
0.4 4
0.2 : 4
0.0 5 12}
K
- 1 =
-0.2 2 of N ]
"y j N\
=0.000 g tm0.000 1
-0.6[ .| b

-05% 0.0 05 1.0 1.5 2.0 25 30

log r{km)

Maovies by J.A.Font, Numerical Hydrodynamics in General Relativity
http:/ fwww. livingreviews.org

e e T Ty —

Supernova explosion primarily a hydrodynamical phenomenon

Why No Prompt Explosion?

e e T Ty —

= 0.1 My, of iron has a
nuclear binding energy
~1.7 x 105" erg

= Comparable to

explosion energy

= Shock wave forms
within the iron core

« Dissipates its energy
by dissociating the
remaining layer of iron




Neutrinos to the Rescue

MNeutrino heating

Delayed Explosion

10°
increases pressure
behind shock front
108 M
107
108 .
-0.2 - hock i
02-001 0O o0l 02 0';:.E 0.4 05 0.6 07 08 e s T pyg v Ry R,
TI
Wilson, Proc. Univ. Illinois Meeting on Num. Astrophys.(1982) Picture adapted from Janka, astro-ph/0008432

Bethe & Wilson, ApJ 295 (1985) 14

Supernova Delayed Explosion Scenario

Explosions in Livermore Simulations

I N A A A A ' Livermore group obtains Collapse 1, burst Kelvin—Helmholtz cooling

robust delayed explosions @ :@: @ i @

with 1-D code of T T TTT T T 1777 UL
Mayle & Wilson 1 04 | ]

Meutrino luminosity is

enhanced by —
| neutron finger convection g 103
in proto neutron star o5 T T
3
= Explosion
= 10°
(24
Hot Bubble

Radius (cm)

IIII|_|,|,|I 1 IIII|_|,|1 | III|_|_|,|,I__

[
T

10 =

?u‘.w‘ —

L1l IIII L1 111 IIII
1072 107! 1 10
Time after onset of collapse [sec]

_||||||||||||||
0.5

||||||||.||r_
-0.5 0.0 .

1.0 1.5 2.0

Time (seconds)

Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216

o Malfe, Hace Pl ettt i Plvvsih . Mlrecbeon. Germarn




Failed Explosions in Spherical Symmetry

Rodius [km]

Radius [km)

o 0.1 02 03 04 05 0.6
Time Atter Bounce [5]

| Mezzacappa et al., PRL 86 (2001) 1935

0.00 0.10 020 0.30 040 050 Rampp & Janka,
Time [Seconds) ‘ ApJ 539 (2000) L33

Spherically symmetric (1-D) simulations with state-of-the-art neutrino
transport do not explode

FEARP. 26 Jowve§ ok 20804, LIGE

Convection dredges energy
from the neutron star
to the shock wave

radius "™ PNS
(convective)
Picture adapted from Janka, astro-ph/0008432 l

e Pl betilud fir Plresds . Mireheon Gevmarsy FEARP. 28 Jowve§ by 20804, LIGE. Gram Savscr,

Spherical Symmetry in Astrophysics :-)

[Adapted after a slide by A.Burrows]

2-D Simulation (90° wedge) by Garching Group
(H.-T.Janka et al.)

FEARP. 28 Jowve§ by 20804, LIGE. Gram Savscr,



Convection in Supernovae

2-D Simulation (180° wedge) by Garching Group

FEARP. 28 Jowve§ by 20804, LIGE. Gram Savscr,

Semsrr RafTell. Hace Pl bttt i Plvesis .

Parametric 3D Studies by Garching Group

= First explosions in
3D show also very
large asymmetry

+ Convection grows
faster than in 2D

+ Explosion energy
somewhat higher

(L. Scheck

PhD Thesis 2004)

FEARP. 28 Jowve§ by 20804, LIGE. Gram Savscr,

Semsrr RafTell. Hace Pl bttt i Plvesis .

Parametric 2D Studies (180°) by Gar

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

* Very asymmetric
shock expansion
and mass ejection
although boundary
neutrino flux is
isotropic logo(density)

(Scheck et al., PRL la/em?]

2004 and PhD Thesis) .

Semsrr RafTell. Hace Pl bttt i Plvesis . FEARP. 28 Jowve§ by 20804, LIGE. Gram Savscr,

Parametric 3D Studies by Garching Group

B0 230 -400wd5x1 20 & 000ms

FEARP. 28 Jowve§ by 20804, LIGE. Gram Savscr,

Semsrr RafTell. Hace Pl bttt i Plvesis .
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Gravitational Waves from Core-Collapse Supernovae

Muller, Rampp, Buras, Janka, & Shoemaker, -2
“Towards gravitational wave signals from
realistic core collapse supernova models,”
astro-ph/0309833

High-Velocity Pulsars

False-color radio image of the SNR G5.4-1.2
and the young radio pulsar PSR 1757-24
(v = 1300-1700 km/s away from the gal. plane)

|
o
)

log(IFw)l 1) [Hz*7]
1

= e O O
—24 = 8 t,
-25 . 3 s f*’ Galactic escape
10 100 1000 -
. ; velocity - 600 km/s
o RO |f -
E 22F .:'. .:'.
= _ s ° atpinas =
Ly RS- S
S -23 5 100 CEEUC S
100 150 200 ;:: . T 5 =)
t [maec] % 24 - oo
1} - - Velocity (km s=')
M N o S ==
The gravitational-wave signal from convection ~% e e : : : | Pulsar velocity distribution
is a generic and dominating feature v [Hz] 2l A ! [Lyne & Lorimer, Nature 369 (1994) 127]

e e T Ty —

e e T Ty —

What Accelerates the Pulsars?

Required neutrino 53 i = Spherically symmetric models do not explode, even with
asymmetry 2.8% 3x10"erg Vkick state-of-the-art Boltzmann solvers for neutrino transport
’ Etot 1000km/s + Delayed explosion scenario requires enhanced neutrino

Neutrino
Rocket Caused by B-field induced asymmetry of neutrino transport

coefficients (parity violation, dispersion effects & oscillations,
asymmetric field distribution, ...)?
Typically requires huge fields > 10'° Gauss

luminosity at early times (- factor 2)

= Convection between proto neutron star (PNS) and shock
wave and perhaps within PN5 helps
g _ah » But 2-D simulations self-consistently coupled with
Hydrodynamically driven kicks i (g state-of-the-art neutrino transport do not explode either

Matter » Asymmetric matter ejection, but convection not enough (2) -
Rocket * Pre-collapse asymmetry, perhaps caused by overstable S . N * New physical ingredients required?
oscillations of pre-supernova core? o . . [ * Explosion a magneto-hydrodynamical effect?

(Strong B-fields and fast rotation possible)

Electromagnetically driven acceleration: = Nuclear equation of state very different?

Photon Off-center global magnetic dipole moment & rotation
Rocket accelerates star in one direction.
(Slow process - not a “kick”)

Buras, Rampp, Janka & Kifonidis (MPA Garching),

Improved Models of Stellar Core Collapse and Still no Explosions:
What is Missing?

[astro-ph/0303171, Phys. Rev. Lett, 90, 241101 (2003)]

Dong Lai, Neutron Star Kicks and Asymmetric Supernovae, astro-ph/0012049 |

e e T Ty —

e e T Ty —




Novel Forms of Energy Transfer?

shock gain R, R R R
radius ™  PNS v s "

(convective)

New particles or neutrinos with novel properties could provide a
channel of energy transfer from proto neutron star to shock wave

Must not transfer too much energy: Limits on decaying neutrinos
[Falk & Schramm, PLB 79 (1978) 511]

Viable Scenario with Axion-Like Particles

Coupled to nuclear medium Stagll":g
by bremsstrahlung :v o

H+H-—3H+H+a

Thermal flux of axion-like

443 particles from “axion sphere”

1 1
= WNrswn 9,2 L= ¢ Wersr'vedya

Apparently consistent with f = few 10° GeV and m = few MeV
Mot excluded by other arguments, but also not independently motivated

Berezhiani & Drago, PLE 473 (2000) 281

Shock Revival by Novel Particles?

The ASTROPUYSICAL JOURNAL, 260:868-874, 1982 Seprember 15
© 1952, The American Astonomical Socicty. All righis roerved. Frinted in USA.

SUPERNOVAE INDUCED BY AXION-LIKE PARTICLES

Davin N. SCHRAMM
The University of Chicago
AND
James R, Wiison

Lawrence Livermore Laboratory

Received 1981 December 22 acceped 19582 April |

ABSTRACT

It is shewn that a new type of particle which may have been seen m 2 n:u:n[ aceelerator
experiment may, if truly present, provide a chanism whereby g1 psing massive
stars may eject their outer mantles and pes in sup ions of -—10" ergs while
leaving the cores to form neutron star remnants. These particles are “axion-like,” which means they
interact semiweakly, decay to two photons with lifetimes ~ 107" s, and have masses 0.15= M, <1
MeV. It is hoped that future accelerator searches will be able to confirm or deny the existence of
these particles, the presence of which would cause a dramatic solution to the long-standing

s iational.coll i

g pse sup

P .
Subject headings: elementary particles — nuclear ions — stars: collapsed — stars:

y Neutrm‘bs from :
Coré Collapsé‘-Su;ﬂernovae




Stellar Collapse and Supernova Explosion

l Newborn Neutron Star

Neutrino
Cooling

Proto-Heutron Star
P Pryc =3 %10 gem 3
T = 30 MeV

What determines the neutrino energies?

Degenerate
Core

Gravitational binding energy

E, » 3x 105 erg ~ 1

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

Neutrino luminosity
L, = 3x 10" erg / 3 sec
& 3 x 1019 Ly,

While it lasts, outshines the entire
visible universe

Gravitational potential of a given nucleon
® =G Mpysmy R
With Mgy~ 1.5 Mg, and R =30 km
D = — 27 MeV
Virial theorem (hydrostatic equilibrium)
assuming nondegenerate conditions,
(Eyin) == % (@) = 13 MeV
Thermal equilibrium
T =(2/3) (E;ip) = 9 MeV

= |f the proto-neutron star (PNS) atmosphere is nondegenerate,
its temperature is determined by the gravitational potential at the surface
of the degenerate core and found in the - 10 MeV range

= Core contracts by accretion and/or cooling —» T increases

What determines the size of the PNS?

Chandrasekhar mass of iron core of progenitor star
Dimensional analysis:

=32 _ =t
Meh = Gy /2my 2 = mymy? = 1.5Msun
Same number from zero-T polytropic model

Densit Supported by nucleon degeneracy pressure
e Nuclear density p® pruc = 3x101%g cm 3

Radius

Schwarzschild
Radius

Main neutrino
reactions

Heutral-current
scattering
cross section

Nucleon density
Scattering rate
Mean free path

Diffusion time

4n 3
5 PoucR™ =Mcn,
R ~10.6 km

General Rg = 2GyM
Here Rs = 2GNMch = 2mpymy, % = 4.6 km

What determines the time scale?

Electron flavor ve+n—sp+e”

Ve+p—>n+et

Other flavors v +H—oHN+v

7 )
¢z +3C
u{vN—)Nv):uGgEEHZx10_‘mcmz[ Ev
=

2
100 Mev)

Pnuc 3 __-3
ng="—m1.8x10"cm
MmN

2
_ 9.-1(__Ev
F=ongm1.1x10"s (1 Me\f)

100 MeV 2
E

v

x=(cn3r‘ ™ 28cm(

B - 2

R R E
tgi —=1.25ec| —— Lt
ClIff= S L[_mkrnj [_1UUMEV
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Many-Body Effects on Neutrino Opacities

R A L (U | ]
T = 5 7 10, 15, 20, 30 MeV
 p o= 3x10" gm em e, = 20 MeV
Y. = 03

——  withoul many-body

ra
LI e e

T: —— with many-body
2
3
3.
) 4 Burrows & Sawyer,
astro-ph/9804264
See also Reddy,
Se0 -40 2 ] ., || Prakash & Lattimer,
@ (in MeV) PRD 58 (1998) 013009

Opacities with realistic many-body treatment not yet
included in all numerical simulations

e e T ey —

Supernova Delayed Explosion Scenario

Collapse v.lbur_st Kelvin—Helmholtz cooling |
@ @ @ | @

e LI L L R R R L T |%
2 e
é 2 Explosion -
g 10 =

Hot Bubble S
Tom -
10 e T
1 IIIIIII 11 IIIIIIl
1072 107! 1 10
Time after onset of collapse [sec]

e e T Ty —

Convection in Proto Neutron Star

Driving It
Convection_f|

00 02 04 06 08 10 12
t [s]

Time scale of deleptonization increased

by - factor 2, i.e. same general
magnitude as diffusive transport

Keil, Janka & Miiller, ApJ 473 (1996) L111

e e T Ty —

Structure of Supernova Neutrino Signal

Co]]epse L;'bur_ﬂ Kelvin-Helmholtz coollng
@ @ @

o ey
1. Collapse (infall phase) T o E
2. Shock break out & 1[]}
3. Matter accretion E S @
4. Kelvin-Helmholtz cooling ia - -
Bubble 3

e @ | o 10 ]

Traps
neutrinos
and

L, [erg/s]

lepton
number
of outer

100?102 107! 1 10 core
Time after core bounce [sec o b layers
[sec] EERR %

14



Flavor-Dependent Fluxes and Spectra

Prompt v,
deleptonization

“Superhoua #987A

g

Broad characteristics
Z = Duration a few seconds

————— v * (E,) - 10-20 MeV
= (E,) increases with time
» Hierarchy of energies

"y, : o phEE 'R

e E I':.
e o e bbb Ve |

]
&
¢

» Approximate equipartition
— of energy between flavors

g
T
\

5
T
|
|

Average Energy [Mev] Luminosity [10° erg/sec]
i
i
i
i

o

Time [sec)

Livermore numerical model
ApJ 496 (1998) 216

FEARP. 26 Jowve§ ok 20804, LIGE

SN 1987A Rings (Hubble Space Telescope Picture)

Foreground Star
Supemova Remnant P
(SHR) 1987A

0#MSight-days

Ring system consists of
material ejected from
the progenitor star
IWluminated by UV flash
from SN 1987A

Foreground Star




Distance Determination with Inner Ring

At; = 80 days

© =(1.242 + 0.022)"

At; =~ 380 days

~ 50 kpc = 170,000 light-years

Angular diameter @, = (1.716 £ 0.022)"
measured by HST on 24-8-1990

At; and At; measured in UV by IUE satellite

i 1l1] tight curve SH 1987A ring, measured by IUE
[Sonneborn et al. ApJ 477 (1997) 848,
fit by Gould & Uza, ApJ 494 (1998) 118]

Animation of SN 1987A Explosion

Animation by T. Goertel
Space Telescope Science Institute
http://www.stsci.edu

Distance Determination with Inner Ring

At; = 80 days

© = (1.242 £ 0.022)"

At; =~ 380 days

~ 50 kpc = 170,000 light-years

Distance to SN 1987A

51.2+ 3.1 kpc  Panagia et al.,
ApJ 380 (1991) L23

51.4 £+ 1.2 kpc  Panagia,

IAU Symposium 190 (1999)
47.2 + 0.9 kpc Gould & Uza,

ApJ 494 (1998) 118

i 1] tight curve SH 1987A ring, measured by IUE
[Sonneborn et al. ApJ 477 (1997) 848,
fit by Gould & Uza, ApJ 494 (1998) 118]

0t

80 . SN 1987A
70

£0 .

S0 :

a0} .
o Background Noise
30 .

' .
4 aw : . .. .
2C| byt W TR O r— P Raa Pttt I R b - vreesereg Mo,
p‘:. RGN :'}‘I?.?"'.a.':“! W L ’.’:‘!: <*,

10 *

7:33 35 37 39 41 43 45 47 49
Time (UT) on 23 February 1987
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Early Lightcurve of SN 1987A

Brightness [mag]

2 Expected
- bolometric
~ brightness
4 [~ McNaught evolution
: plates
61— i 7 Expected
— - E visual
82 © brightness
— E g evolution
Cm
10k =
- :‘? 2 Neutrinos several
12 — I hours before light
14
23:00 23:12 24:00 24:12 Adapted from
Arnett et al.,

Day:Hour (UT) February 1987

ARAA 27 (1989)

Neutrino Signal of Supernova 1987A

Positron energy [MeV]

50
40

o
=]

- W
[=T = = ]
1]

4]
50

E‘I[IIIIIYIIYII'[III[IlYIIYIlYII]KE
= Kamiokande -
) v,

=W I T T T e e

gmi|1+"l"'l“w”'l"'ll;;lg
-++ ++ -

| P T T T e T |

R RN R R EERERRERRERRERR
 JLLAU] L] UL JUILH L] LR LT L=

TTY

PR e A e

2 4 6 8 10 12 14
Seconds after first event

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

Dispersion between Neutrinos and Photons

Total transit time - 5 x 102 sec
— Equal for photons and neutrinos
within -~ 2 x10°°

(Longo 1987, Stodolsky 1988)

Shapiro time delay for particles moving
through a gravitational potential

Atshapiro = -2JRUINY)]dt~ 2-6x10° sec
(Krauss & Tremaine 1988)

Equal within ~ 1 — 4 x10-3

from signal of a future galactic SN

+ Provides limits on parameters of certain non-GR theories of gravitation
+ Could be extended to neutrinos vs. anti-neutrinos or different flavors

SN 1987A Event No.9 in Kamiokande

| Kamiokande Detector |

(a)

HUM )
RUN 1892
EVENT 138372
TIME 2723787
163537 JST

TOTAL ENERGY 198 MeV

TOTAL PE 5100}
MAX PE 4(0)
THRES PE 02(1.0)

KAMIOKANDE 2-P

17



2002 Physics Nobel Prize for Neutrino Astronomy Neutrino Cross Section in a Water Target

Cross 1073
section
per| [ 0%
water NE
molecule S, 10~
o)
o 10742
i
5 (o8 i/
|
|
I
Ray Davis Jr. Masatoshi Koshiba -
(*1914) (*1926) Main reactions: Ve +p—n+e’ dominates for SH
e
160 _, 16p, o-
“for pioneering contributions to astrophysics, in Vet "0 TFse
particular for the detection of cosmic neutrinos” vie e +v dominates for Sun
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& E o 2% Main detection reaction 2 ]
= 2 3
10 c * x * ¥ Ve+p—sn+e’ 3 Kamiokande |1
(1] CL1 11 [ 1111 I L1411 ] 1111 . . . . [/} ﬂ‘o
P P is essentially isotropic for the S
ol : ' relevant energies. 1 E
o r Expect only a fraction of an T8 .
8 °C event from forward-peaked 2, E
N i | | reaction . 3
g L \* G ]
& 4k \\ vie e +v 3 4 E
2k L E -
""" \ Observed signal compatible with | 3 Lok
ol ; ot [
_1 _ 5 Q 5 isotropy only at approx. 0.1% CL, 0 20 40 B0
(backward) cos@ u,m,.,d; but no alternative known E, [MeV]




Trigger Efficiencies at the Detectors

||||||||||||1||||||||||||||||_ Fiducial volumes for |

ﬁmcme . SN 1987A detection |
Kamiokande Il

2140 tons water

(1.43x10°2 protons) |
IMB

6800 tons water

(4.6x10°? protons)

BST
200 tons scintillator
(1.88x10°! protons)

(=

Baksan

Detection Efficiency
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Interpreting SN 1987A Neutrinos

] 30 Jegerlehner,
RARRLE R || Neubig & Rafielt,
R _ PRD 54 (1996) 1194
[ KAM IMB il
g "a 20 | n
2l | 95 % CL ]
P L 4
[ & L Contours i
g m’n 10 — I
- L | || Assume thermal
8 : { | spectraand
= | 4 || equipartition of
L _ energy between
PP el B e thesixdegrees
1 2 3 4 5 6 || of freedom
I [MeV] Ves Vi Vo and their
. antiparticles
Spectral v. Temperature

Neutrino Limits by Int

Time of flight delay by neutrino mass

2 2
_ D \(10MeV)( m,
o2 (g e )

rinsic Signal Dispersion

For “milli charged” neutrinos,
path bent by galactic magnetic field,
inducing a time delay

at_el®ide)? 5 4o-12
=

t v

&-'.'.3}:210_1?' ﬁ] 1k_pc]
e N dg

By

* Detailed maximum-likelihood
analysis yields similar limit

» At the time of SH 1987A
competitive with tritium end-point
limits, today m,,_ < 2.2 eV

+ Cosmological limit today m, < 0.4 eV

Assuming charge conservation in
neutron decay yields a more
restrictive limit of about 3x10°2' e

19



Neutrino Mass Limits by Signal Dispersion Gamma-Ray Observations of SMM Satellite

Time-of-flight delay At 2576 D 10MeV 2 m, 2 | Counts in the GRS instrument on the Solar Maximum Mission Satellite |
of massive neutrinos - 50kpc E, 10eV
limits

E= 20 MeV, At=10s, D= 50 kpc
SN 1987A Simple estimate or detailed maximum

oo A S

F
—— e —— i : o "dw T » }-i IR r
Future D= 10 kpc, Rise-time 0.01 s 10 - 25 MeV ;E Xﬁ,ﬁ!?ﬁfﬁ}“ﬂwﬁﬁ?ﬁ&[ﬁ]@%#ﬁ.#ﬁbﬁ#in (3*%}%%

Galactic SN Sensitivity approximately m,-3eV

(Megatonne) Sensitivity approximately ecayed between SN and Earth

(Super-K) [T.Totani, PRL 80 (1998) 2040] . :

B e B i R ? . | 1 - T I . .L
With D ~ 10 kpe, Cutoff “infinitely™ fast b1 - 6.4 MeVog qu { b ‘J’ﬂ.:‘ pahd o kI -'-_{.-J 1
Black Hole Sensitivity approximately m, - 2eV SR ﬁ’#ﬂﬂﬁﬁ{ ﬁﬁrﬁm}ﬁﬂﬁ#ﬁﬁ@hpﬂﬂ ‘w@‘
Formation [Beacom et al., PRD 63 {2001} 073011] ay;m ??;'50 27300 .'.-‘ %0 27400 ?."lri.\ls 27500 27580

Time (sec) after 0000 UT

Future SN I 0 .
in Andromeda  [{IRCARA A my - 1-2 eV SN 1987A neutrino fluence - 10'0 cm=2 ‘ of L ali o

The Energy-Loss Argument

e TEERN | sM 1987A neutrinosignal |
sphere =

. . =l L L L R LS R R

10_8 Szg;aytwe 40 i— Kamiokande —g

30 & B

10-2 v oV oy Volume emission 204 4 =

- of novel particles 10 B + 3

= i Neutrino s [,E.l...|.ul...|..'|..+.|...|...|.E
<ot diffusion 2 50 e
] 107" aqoj—l.H.“ B =
3 1012 [ Globular Clusters g "“’5—* E
S aE i E

-13 - low- T = =

10 EZL:?;:O?“S Assuming that the neutrino burst was not Tg = P Y P Y PR Y PR =
10_14 lasmonaeca shortened by more than - % leads to an a el =) L AR L AR AL AR LR =

P lobul y approximate requirement on a novel LB Enlaonis

10715 £ ATTTY R TITT ERRRTTTT B 1n globular energy-loss rate of 30 £ =
1072 10~1 1 10 102 cluster stars zof_*{' o i

yields most 19 11 10k E

m, [eV] restrictive limits % < 107engg s P =1 P Y P P P e T B

14 3 0 2 4 6 8 10 12 14

for pH3x‘|0 g cm and T = 30 MeV Seconds after first event




The Energy-Loss Argument Right-Handed Neutrinos (Dirac Neutrinos)

Neutrino | SN 1987A neutrino signal ‘ Right-handed € > > VeR
sphere g - currents We
40 i-—- Kamiokande
30 + P > » n
Volume emission g
Nedtri of novel particles 10 B + Average scattering rate in SN core
eutrino S oBlulllinlinlinlil involving ordinary left-handed neutrinos
diffusion E U
> 10 —H M = 1 =100~
20t } e
g 20 ¥ E For right-handed neutrinos
RTY= k=
B oBlbinlinli bl 2 o ﬁ% I
Emission of very weakly interacting & 50 gprrrpr T e R”G_z L
particles would “steal” energy from the 40F Baksan 3 F
neutrino burst and shorten it. a0 & = . :
(Early neutrino burst powered by accretion, 204 t s t = To a\szld complete energy lossin-1s
t sensitive to volume energy loss. s = 5
not sensitive to volume energy loss.) S AN PP IO 6_510105—1“3—1 Gg < 107G
) i W 0 2 4 6 8 10 12 14 G
Late-time signal most sensitive observable Seconds after first event F

ac Neutrinos Right-Handed Neutrinos in the Early Universe
« If neutrinos are Dirac particles, right-handed states exist = If neutrinos are Dirac particles, will the right-handed components
that do not interact by ordinary weak interactions achieve thermal equilibrium in the early universe before big-bang
nucleosythesis?
e e e L e L e + This would modify the light-element abundances in significant ways,

notably increase the helium abundance

Required strength SNI1987A limit

Right-handed 5
currents Grs 10> Gk

Dirac mass mp < 30 keV cRI:?'aI:;_eI?r;ﬂfrdent Gp -~ 103G ‘ Gp 5 109G
Dipole
moments -0.5%x10710 g l 10712 g

Milli charge




Sterile Neutrinos Sterile Neutrinos

Active-sterile € — > Vs
Sterile (right-handed) neutrinos may exist that are not Dirac mixing ::
partners to ordinary neutrinos :I We
+ Unknown mass mg p—»——<—»——n

» Unknown mixing angles with ordinary neutrinos 8¢, 6, 6.4 A S e o o

in % sin*(28,) of all cases

Consequenc.es and applications ‘ - Twd Sin?(2600) TL
« May (partially) account for some experimental oscillation
results (LSND) Average scattering rate in SN core
«» Hot, warm, or cold dark matter contribution involving ordinary left-handed neutrinos
« May affect big-bang nucleosynthesis I %1010
« Emission from supernova cores
» Affects r-process nucleosynthesis in the SN hot bubble To avoid complete energy loss in - 15

» Radiative decays — potentially detectable

sin?(20,) s 3x 10710

15in?(20) 10'0571 < 157"

The Energy-Loss Argument

Sterile Neutrinos as Dark Matter

: . Neutrino | SH 1987A neutrino signal |
b T T N BBN N, > 4] sphere =
T day 40 E— + Kamiokande
—~ 1000  CDM ” b
= Volume emission g
0 ol — — — — - - = = of novel particles E +
= 100 L 10 Neutrino E %‘1:§.|...|...|...|..‘|...|...|...|
Em wr wpMy “F diffusion gso;m.l...,...I...,...I...,...IE
= 40 £ MB 3
1 Vg-’l/ E::mi—*** —
9 opE =
CLfF — — — — T T T T/ T T T .. §:z§_ ++ E
0.01 L T e % pBlanlilinlindindiidigl 2
Y1072 10780 1918 19718 19714 (g2 710 1B Emission of very weakly interacting & 50 E I T T T
particles would “steal” energy from the 40F Baksan -3
.2 i i = 3
sin® 28 neu_trmo burlst and_shorten _'lt‘ " .30 E 3
(Early neutrino burst powered by accretion, 20 & ¢ + t =
not sensitive to volume energy loss.) 10 ;—* —;
Abazajian, Fuller & Patel, Sterile neutrino hot, warm, and cold dark matter o lutudidinlond cutu s
aStro'ph'fD‘l 01524 Seconds after first event




The Energy-Loss Argument in the Trapping Limit

Neutrino
sphere

Particle

diffusion Mean-free-path of new particles less

than geometric dimension of star

+ New particles are more important
for energy transfer than neutrinos
(Energy transfer « mfp)

« Efficiency of energy transfer
must be less than that of neutrinos
or else speed up cooling of PNS,
again shortening the observed
SN 1987A signal

Axion or Graviton Emission Processes in Stars

Cn Nucl
C oMa ucleon
Nucleons 2f, ‘P[.nu'ys'ﬂ{ Bremsstrahlung

Primakoff

b ‘_u,
Compton E |
c. > 1 Fh¥a '
T Z'Ifa 4 13 Pa
Electrons Annihilation -
=-C,—2 E-Ba :

¥ 2af,

C
Photons == Ferpys¥e Ma
2fy

Electromagnetic
Bremsstrahlung

Axion Physics in a Nut Shell

CP conservation in QCD by Axions thermally produced in stars,
Peccei-Quinn mechanism e.g. by Primakoff production
a

TI| = °  yAannnge----
— Axions a ~ =0 7
m,f, = m,f ke
" ae 7 |+ Ho excessive energy drain:

For f,» f, axions are “invisible” m, < 10 meV
and very light « Search for solar axions (CAST)

In spite of small mass, axions Microwave resonator
- (1 GHz = 4 peV)

are born non-relativistically
(*“non-thermal relics”)

— “Cold dark matter”
candidate

Cosmic

m, - 1-1000 peV String

Axion Emission from Nuclear Medium

Axion-nucleon interaction L= % PryrsEnota = Y] T o%a

of current-current form: 2f, "
.a Energy loss rate (erg cm® s1) ci o
N — N
{:I + Q:fdrajdrl\hcleons |M|2“'
2 | I B (% 2 Eo A dynamical
Nucleon-Nucleon = (—] % [ doo™S(-o) slr'ucmr'e
Bremsstrahlung 2f,) 4xcg function

Difficulties include:
* Redlistic nucleon-nucleon interaction potential (even in vacuum)
* Many-body effects (effective mass, spin-spin correlations ...)
- Axion couplings in the nuclear medium
* Multiple-scattering effects:
Frequency of NN collisions exceeds typical axion energy
Teoll < !
Expect LPM-type destructive interference effects
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SN 1987A Axion Limits

:rrmrrrmrrnnqﬂ'nﬂ(ﬂ'nﬂq—rmq—rm!
o 1l p—
E F 2
E g -
w o E
§ of 3

Free streaming ‘;‘ P C 3 Trapping

5 E Free E
% .2 |— Streaming Trapping —
= [ ]

0 .
10712 1ot 1078 1078
Axion—Nucleon Coupling g, y n

1’

Volume emission Axion

Neltrino of axions diffusion

diffusion

Experimental Search for Galactic Axions

DM axions m, = 10-3000 peV e _
Velocities in galaxy v:w 103 ¢ "\_‘:‘CG"E":?TV‘E‘ 5“3'3195
Energies therefore  E; =~ (1£107¢) m, ( Z= 4 peV)
Axion Haloscope (Sikivie 1983) —— Pl
B, =~ 8 Tesla
i Thermal noise of
:taow::f i\ _cavity & detector
esona :
Q=10° 1 —
Frequency my
Primakoff Conversion Power of galactic axion signal
2
Heooees 1 21y, V [ B J Q
4x107°'W — || =
Cavity - 0.22m3 \8.5T) 10°
oyercomes
momentum . [ My Pa
By,  mismatch 2xGHz | 510 g/ cm®

Astrophysical Axion Bounds

103 108 10° 1012 [GeV] f,

m, keV eV meV peVv

> Tele Axion dark matter possible
(Late inflation scenario)
Globular clusters DM o.k. Tioo much DM
(a-y-coupling) (String scenario)

Too many Too much Direct
events energy loss search

SN 1987A (a-N-coupling)

Experimental Search for Galactic Axions

DM axions m, = 10-3000 peV A .
Velocities in galaxy v:w 103 ¢ N:‘CGrz\:ivz Ensrghes
Energies therefore  E, ~ (1% 10°%) m, (1 iRz & pev)
Axion Haloscope (Sikivie 1983) DR Axion Signal

B, = 8 Tesla

4 Thermal noise of

Microwave :\_cavity & detector

Resonator N

0=10° T B -

Frequency mg

Primakoff Conversion ) . )

oo ¥ 2 Experiments in Operation
Cavity « Axion Dark Matter Experiment
overcomes (ADMX), Livermore, US
momentum

fe.  Enoia « CARRACK Il, Kyoto, Japan
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Neutrmo Oscﬂlatlons. s
e and a Future Galactic .

[, B T T

Large Detectors for Supernova Neutrinos

SNO (800) LVD (400) Super-Kamiokande (10%)
MiniBooNE (190) Kamland (330)

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

Neutrino Signal of Supernova 1987A

50

an

Positron energy [MaV]

E‘I[IlIIIYIIYII'[iII[IlYIIYIlI[I'lKE
= Kamiockande —
— = Kamiokande (Japan)
i. = Water Cherenkov detector
:&) + E Clock uncertainty +1 min
—1llJlIJlIllllllllll]ll]llllllll"
—lIlI|'||ill!llil'l[l'llllllllrlll—
E_Hi = Irvine-Michigan-Brookhaven (US)
3 ++ Water Cherenkov detector
3 K Clock uncertainty +50 ms
[P O P Y I I
R e R T
= Baksan —
S E Baksan Scintillator Telescope
3 + + E (Soviet Union)
§_++ + 3 Clock uncertainty +2/-54 s
EI[IIIJIIIIIIllIIlI]IIJIIIIlIlI:
0 2 4 6 B 10 12 14 Within clock uncertainties,
Seconds after first event signals are contemporaneous

uper ova arly arning ystem (SNEWS)

Brightness [mag]

e

:00 2312 24:00 24a12

Day:Hour (UT) February 1887

Supernova 1987A
Early Light Curve

Neutrino observation can alert astronomers
several hours in advance to a supernova.

To avoid false alarms, require alarm from at
least two experiments.

—
| Kamland SN
B —, ==

Server
e @ Kamioka

Z

http://hep.bu.edu/-snnet
astro-ph/0406214
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Super-Kamiokande Neutrino Detector

The Future: A Megatonne Detector?

Megatonne detector motivated by
» Long baseline neutrino oscillations
+ Proton decay
+ Atmospheric neutrinos
« Solar neutrinos
+ Supernova neutrinos
(~10° events for SN at 10 kpc)

ey <2000
Possible Design of Hyper-Ka

A Kamuks 3 workihop.

: -
miokande  [pnaser @.77MW + Super-k)

1.Overview of the experiment
(expect to start in 2007)

[ : b
Kamioka [ 000000 TARRI
e 208k :&Eﬂulmm

it Jrasi] L AMW S0 GeV FS

Exia
approved

{ conventional v beam)
ey e r—

~Plase-l 208,

Similar discussions in
+ USA (UMO project)
» Europe (Frejus Tunnel)

FEARP. 28 Jowve§ by 20804, LIGE. Gram Savscr,

Simulated Supernova Signal at Super-Kamiokande

Event rate [kHz]

Accretion
Phase

Kelvin-Helmholtz
Cooling Phase

1ll]III|III|III|III-

0 1 2 3 4 5

Time post bounce [s]

L

llllllllllllllllll

[Totani

Simulation for Super-Kamiokande SN signal at 10 kpc,

based on a numerical Livermore model

Southpole Ice-Cherenkov Neutrino Detectors

e e

]

amcaned in
AMARIIL A g .
AMEANILL B0 (ostonn) optcal e (01}

[AMANDAA |

AMANDABID

, Sato, Dalhed & Wilson, ApJ 496 (1998) 216]

Snow Layer

IceCube




IceCube as a Supernova Neutrino Detector

Each optical module (OM) picks up

Cherenkov light from its neighborhood.
SN appears as “correlated noise”.

- 300 Bolkons
Cherenkov i
photons
per OM
from a SN
at 10 kpc

Counts / Bin [10°]

Time [s]

. IceCube SN signal at 10 kpc, based
i on a numerical Livermore model
¥ == [Dighe, Keil & Raffelt, hep-ph/0303210]

Noise
per OM
< 500 Hz

e e T ey —

Can we see the prompt neutrino burst in Super-K?

W

Monte-Carlo example
for early SN signal
in Super-Kamiokande

For SN at 10 kpc
expect - 10 events
from prompt burst
vete re+v,

Events [/0.001 sec]

Totani, Sato, Dalhed
0 0.02 0.04 0.08 0.08 0.1 & Wilson,

Time [sec] AplJ 496 (1998) 216

e e T Ty —

Flavor-Dependent Fluxes and Spectra

Prompt v,
deleptonization
burst

Broad characteristics
= Duration a few seconds
* (E,) - 10-20 MeV
1 = (E,) increases with time
3 * Hierarchy of energies

{E )

g

3 &

i

\F¥e

]
&

» Approximate equipartition
E of energy between flavors

g

o

Average Energy [Mev] Luminosity [10% erg/sec]
o

o

Time [sec)

Livermore numerical model
ApJ 496 (1998) 216

S RalTell. Hacx Plarcls bttt fir Plvrsi

Flavor-Dependent Fluxes and Spectra

Prompt v,

deleptonization
burst

g

—_— From these and similar
studies the “standard”
assumptions are

g

* Almost exact
equipartition of energy
among flavors

2

2
:/II
ol

= Pronounced hierarchy

W

&

Fa
]

]

]

1

Average Energy [Mev] Luminosity [10% erg/sec]

e of average energies
.

20 s - —

P Y e However, in traditional
15 f———" P B . ;

I - B simulations transport
Ll <y 7 of A and v, schematic
: S g G » Incomplete microphysics
Time [sec)

* Crude numerics to
Livermore numerical model couple nu transport with
ApJ 496 (1998) 216 hydro code

S RalTell. Hacx Plarcls bttt fir Plvrsi
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Supernova Neutrino Spectra Formation

| Electron flavor (Ve,Ve) l

| Thermal Equilibrium . e ’ : E{Erémim

/

vN &« Ny

ve & ve

NN <> NNvv vN & My — N\,
+a— o Free >
e'e oW - ; streaming -

Veve > Vuvu v - g L

[ Thermal Equilibrium

FSARP, 28 e ¥ ks 3004, LGS, Gram Tavocr,

vN

ve & ve

NN <> NNvw v —\\
ete"ow » _ Thux-0-6Tes
VeVe © VvV 4 > ‘ —

[ Thermal Equilibrium

FSARP, 28 e ¥ ks 3004, LGS, Gram Tavocr,

Scattering Atmosphere as a “Low-Pass Filter”

T T T T TTTT T TTTTT

10~

Neutrino flux
suppression o E~

10-2

Flux Suppression

vovnnl v venml v el

LBLRLLLLLL I AL I L

[ 10-s 2 _n_annnndl__n_nonnnoedl o _nonaond
101 1 10 102
T1/2 Energy/T

e Ralfet, Huae: Plarh-estiis i Phrvsile, M " FEARP. 28 Jowve§ by 20804, LIGE. Gram Savscr,

Microphysics for Mu- and Tau-Neutrino Transport

Traditional treatment Dominant processes

E ha +e _>e+ V+E —>E+V
nergy exc e v v
o e Recoil v+ N »N+v [2,6,7]
N+N->NiN+v 1-4
Pair production etre vy tNONEN+viv [1-4]
Vet Ve >VHV [6,7]

[1] Suzuki, Mum. Astrophys. Japan 2 (1991) 267

[2] Janka, W.Keil, Raffelt & Seckel, PRL 76 (1996) 2621 [astro-ph/9507023]
[3] Hannestad & Raffelt, ApJ 507 (1998) 339 [astro-ph/9711132]

[4] Thompson, Burrows & Horvath, PRC 62 (2000) 035802 [astro-ph/0003054]
[6] Raffelt, ApJ 561 (2001) 890 [astro-ph/0105250]

[6] Buras, Janka, M.Keil, Raffelt & Rampp, ApJ (2003) [astro-ph/0205006]
[7]1 M.Keil, Raffelt & Janka, ApJ (2003) [astro-ph/0208035]

e Ralfet, Huae: Plarh-estiis i Phrvsile, M " FEARP. 28 Jowve§ by 20804, LIGE. Gram Savscr,
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Flux and Spectra Modification by New Processes
5

: L} L T 1 I 1 T 1 T | 1 1 L} | T 1 T 1
4l
IE' : o O
53F
) _ 4 Bremsstrahlung
@ s : HN — NNwv
Cha Traditional
‘E [ Ny
A -
0 : 1 1_1 L I 11 1 L I L 11 I L1 .
0 10 20 30 40
Neutrino Energy [MeV]
Keil, Raffelt & Janka, ApJ (2003) [astro-ph/0208035) ‘

Three-Flavor Neutrino Parameters

Atmospheric/K2K
37° <893 <54°

C3 523
—523 Ca3,

Cy7 = cosBy; etc.,

CHOOZ Solar/KamLAND 20 ranges
B3 <11 30° <83 <36° hep-ph /0405172
i5 Sol
e "S53 C S ar
13 S1 2 c1 2 75-92
i5 (N Atmospheric
e 51 3 C| 3 1400-3000
& CP-violating phase amz/mevz

Tasks and Open Questions

= Precision for 0, and 0,5

= How large is 0,37

= CP-violating phase 87

= Mass ordering?
(mormal vs inverted)

» Absolute masses?
(hierarchical vs degenerate)

= Dirac or Majorana?

Fluxes and Spectra from Numerical Simulations

Livermore (traditional) Garching (new microphyiscs)
[ApJ 496 (1998) 216] [astro-ph/0303226]
| T T — T T T
'.gan n %en .
) éao g
= 5
g 20 § 20
E E
= | R N R 30.,11...1.,,1,.
0 0.5 1 1.5 0 0.2 0.4 0.8
Time post bounce [s] Time post bounce [s]
BB B LA B R R
gof 2| g 1
2 At
RS & 20
i £l
L) = 8
o 15 u 15
# A
Z 10 | | ] Zi0 A | | :
0 0.5 1 1.5 0 0.2 0.4 0.6
Time post bounce [s] Time post bounce [s]

Level-Crossing Diagram in a SN Envelope

v'(
E///;5

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




Resonant Oscillations in a Supernova Envelope Spectra Emerging from Supernova

Adiabatic f
10* oscillations e
prob(y,~y,) <50% for a large Assumed primary fluxes for Ve
102 for vy, V. ve, Ve
6; 1 After leaving the Fe =PF¢F] +(1_P)FB
& e ermaencios, (RN
10™ . _ _
Ng partially swapped -}‘EFK=2+:+§F,? +1TPFe0+14_I5FtD
10~% : = 13-oscillations involve
1 atmospheric mass
10 = Adiabatic for -
$in2(20,5) > 103 o | Normal || 0 | cost(ey,) |
—8
10-® 10-® 10~* 10-% | lnverted || sin@,) || 0 |
sin?20 | <103 || Ether || sive,) || coie) |

Oscillation of Supernova Anti-Neutrinos Oscillation of Supernova Neutrinos

AP, 2 # ke 2004, LIGE. Gram Savss, Bl

Measured e spectrum at a detector like Assumed flux parameters Measured v, spectrum at a detector like SNO, | Assumed flux parameters
Super-Kamiokande Flux ratio ve :v, = 0.8:1 considering only CC reactions Flux ratio ve : v, =0.9:1
-l LI | L] | L l T I LI [ LELIL I | L l- -l LI | LI LI l T I LI [ LELIL I L l-
o 10 |- mB| Mixing parameters o 10 |- mBl Mixing parameters
+ o E + o B
dg 3 E Arnéun = 60meV* dg 3 E Arnéun = 60meV*
g 0 Il sin“(20)=0.9 g 0 Il sin?20)=0.9
B B
2 9 = 2 9 -
2 | - e | —
o 3 1 ‘ Ho oscillations ‘ © r 1 ‘ Ho oscillations ‘
0_— ] ‘OscillatlonshSNenvelope ‘ 0— ] ‘OscillatlonshSNenvelope ‘
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Neutrino energy [MeV] ‘ Earth effects included ‘ Neutrino energy [MeV] ‘ Earth effects included ‘
II(Dighe, Kachelriess, Keil, Raffelt, Semikoz, Tomas), II(Dighe, Kachelriess, Keil, Raffelt, Semikoz, Tomas),
arXiv:hep-ph/0303210, hep-ph/0304150, hep-ph/0307050, hep-ph/0311172 arXiv:hep-ph/0303210, hep-ph/0304150, hep-ph/0307050, hep-ph/0311172




Implications of Observing Earth Effects

One detector observes SN shadowed by Earth
hierarchy hierarchy
= Case 1: Case2: Identify “wiggles” in signal of single detector
Supernova nus: - = Another detector Problem: Smearing by limited energy resolution
Earth effects = observes SN directly
appear in channels m sin®(83) < 1073 » |dentify Earth effects
by comparing signals

One plausible scenario

Robust Strategies for Observing Earth Effects

sinz(el 3)> 1073 Yes: Normal hie

established e.g. X - "

by long-baseline No: Inverted hierarchy E . -
reactor expt ! or SN source spectra 1020 3 W 50 &0 0T 20 W W W&

Scintillation detector Water Cherenkov

“anomalous”

~ 2000 events Need Hyper-Kamiokande
may be enough with - 10~ events

Positively observing Not observing the effects
Earth effects in SN neutrinos in a SN signal is ambiguous:
gives us unique information Can always be blamed on
about neutrino parameters SN source spectra

Dighe, Keil & Raffelt, “Identifying Earth matter
effects on supernova neutrinos at a single detector”
[hep-ph/0304150]

Observing the Earth Effects in IceCube

— ) L.05 —|| Keil,
<, 150 F 150 7 ' ' 1 || Dighe, —Super-Kamiokande 1.00 — || Raffelt
T jwf oo b 1 || Keil, S 0.95 hep-ph/
Ca : =1 || Raffelt : 0.9 —— 1l 0303210
S o0s0f 0.50 | 1 || hep-ph/
= 0303210
2 000 F 0.00 | b
(5] L I L " " L L |
0 1 2 3 4 0 250 500 750
= "1 withvwithout 1" |
3 0.96 Earth effects Joos [ ]
g 092 | 4092 [With/without .
2 Earth effects IceCube
0.88 0.88 - ; ! Earth | IceCube | A | 35% | Ssuitable for two-
4 0 250 500 750 rt e Fod]
e S efrerts (5 [ 39% ] detector metho
sl Super-K | IceCube | C | 15% | Approx. same signal
Statistical |ceCube signal precision < 1% in nm in both detectors




The Galactlo
te) Superndva R‘ate

[, B T T

SN Statistics in External Galaxies

Cappellaro, Evans & Turatto, Astron. Astrophys. 351 (1999) 459
is latest study with largest sample

Limited controlled samples useful for this task:
» Photographic searches (7319 galaxies, 94 SHe)
+ Evans’ visual search 1980-1998 (3068 galaxies, 54 SHe)

Difficulties include:
+ Galaxy blue luminosity (internal absorption)
+ Distances (value of Hubble constant)
+ Correction for inclination of galaxy (losing some She)
» Galaxy morphological classification
+ Saturation in dense regions of photographic plates (galaxy cores)
» Limiting discovery brightness
+ Intrinsic luminosity distribution of core-collapse SHe
(many faint ones ?)
» Blue luminosity of Milky Way uncertain (2.3 + 0.6 x 10'° L)
+ Morphological type of Milky Way

Supernova Discoveries 1885-2003

400
350

SN 1885A
in Andromeda

1885 1895 1905 1915 1925 1935 1945 1955 1965 1975 1985 1995

Naming convention for supernovae:
SH 20004, SH 20008 ... SH 2000Z,
SH 2000aa, SN 2000ab ... SN 2000az, SN 2000ba ... SN 2000gb, ...

Supernova Rates

Multiply Supernova Type

| | S
T

IR os2:1 |[ <oz |[ <004 |[ 03211

| 032+ .12 | 020+.11 || 075:.34 || 1.28+.37

|
|
| 037+ .14 || 025:.12 || 1.53x.62 || 2.15:.66 |
|
|

&
=

©
& | 0.36+.11 | 0.14x.07 || 071234 | 1.21+.3

| Measured in SuperNova unit: 1 SHu=1SH /7 10"° L, , / 100 years

Milky Way Galaxy:
Type Sb-Sbc, Lg=2.3x10"0Lg, q h=0.72
About 2.0 + 1.0 core-collapse SNe per century

Cappellaro & Turatto, Supernova Types and Rates, astro-ph!001 2455




Some Galaxies with Many Observed Supernovae

M83 (Southern Pinwheel) C 6946
D =4.6 Mpc .0 Mpc

1923A, 19458, 19508,
1957D, 1968L, 1983N

Semsrr RafTell. Hace Pl bttt i Plvesis .

Supernova Remnants in M33 (Triangulum)

Observed Supernovae: Observed Supernovae:

1917A, 1939D, 19488,
1968D, 1969P, 1980K

Hoe image
of M33
(Triangulum)

5.M. Gordon et al.,

Astrophys. J. Suppl. 117 (1998) 89.

A Hew Optical Sample of Supernova Remnants in M33

Semsrr RafTell. Hace Pl bttt i Plvesis .

Andromeda Galaxy (M

+ SH 18854 is the
only historical SH
in Andromeda (M31)
(distance 760 kpc)

+ We see all of the
galaxy - one probably
would not have missed
a SN by obscuration

+ Probably low star
formation rate
(low FIR luminosity)

- 1.2 SN/century
Tammann et al.
Ap. J. Suppl. Ser.
92 (1994) 487

Semsrr RafTell. Hace Pl bttt i Plvesis .

Galactic Supernova Events

Most historical
supernovae in
~ 10% of the

galaxy

Anomalously
large rate in
our galaxy?

Small-number
statistics?

Center GEISEH

15kpe,~B3% Adam Burrows

Semsrr RafTell. Hace Pl bttt i Plvesis .
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Estimates of the Galactic SN Rate

SN statistics [ Cappellaro et al. (1993) |
ig'l;ﬁ: nal [ van den Bergh (1993) |
[ Muller et al. (1992) |
[ Cappellaro et al. (1999) |

|
Historical [ Strom (1994) |
galactic SNe [ Tammann et al. (1994) |
| Progenitor count | [N [ Ratnatunga & vdB (1989) |
in galaxy [Tammann et al. (1994) |

|

No galacti
0 ga-actic 90 % CL for 21 years observation (golngx iﬂe)

neutrino bursts

e e T Ty —

01 23 4 56 7 8 9 10 1112
SNe (all types) per century

The Red Supergiant Betelgeuse (Alpha Orionis)

Size of Star

(W]
Size of Ear Orbit

L1
Size of Jupiter's Orbit

First resolved Distance

image of a star
other than Sun

(Hipparcos)
130 pc (425 lyr)

e e T Ty —

If Betelgeuse goes Supernova
6x107 neutrino events
in Super-Kamiokande

Local Group of Galaxies

L
" 4 dirr
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Neutrlnes' From =

Events in a detector with
30 x Super-K fiducial volume,
e.g. Hyper-Kamiokande

AII' Cosm1c Supernovae
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Diffuse Background Flux of SN Neutrinos

1SNu=1SN /1010 L. 5 /100 years
Long =054 L., =2x10%erg/s

sun,

E, - 3 x 105 erg per core-collapse SN

= Photons come from nuclear energy
» Neutrinos from gravitational energy

Present-day SN rate of - 1 SHu, extrapolated to the entire universe,
corresponds to v, fluxof - 1cm 25!

1SNu-~-4L, /L,
Average neutrino
luminosity of galaxies
~ photon luminosity

For galaxies, average
nuclear & gravitational
energy release comparable

« Upper limit -54em 25!

« “Realistic estimate” - 10 cm 257!

Realistic flux is dominated by much larger early star-formation rate
[Kaplinghat et al., astro-ph/9912391]

[Hartmann & Woosley, Astropart. Phys. 7 (1997) 137]
Measurement would tell us about early history of star formation

Improved Sensitivity with Neutron Tagging

M.Vagins, Talk at NOON 2003, http://www-sk.icrr.u-tokyo.ac.jp/noon2003/

Super-Kamiokande limited by
+ Solar neutrinos for E,, < 18-19 MeV

» Sub-Cherenkov muons from atm nus
K€+ Ve + V),

Solution:
Neutron tagging v.+p—>et+n

Water: Neutron capture on protons
2.2 MeV gammas, invisible in SK

Add gadolinium to SK:
« Efficient neutron capture
* 8 MeV gamma cascade, easily visible
( )
a4
achieves > 90% tagging efficiency

SN relic nus: A few events per year
in SK with no background at all

A Modest Proposal

Pouring a bunch of stuff into Super—K is a big
step, and not to be done lightly, no matter how
promising things may look initially,

Here's what comes next:

1) Spend the next year or so exploring the
chemistry, stability, and optical properties of
GdCls in detail.

2) Understand any changes needed in the SK
water system and Monte Carlo the modified
detector's response using what's learned above
as input.

3) Build a small test tank (one supermodule)
with exactly the same materials as in SK. Put
in PMT"s, cables, water, and GdCly and let
it sit for two years. Check for GdClsy-induced
damage.

4] If everything looks good, in the last month(s)
of SK-II put in 9 tons of GdCly to make sure
we really understand our backgrounds. Look
for reacter antineutrinos!

Number Flux (cm™s 'MeV™)

Experimental Limits on Relic Supernova Neutrinos

solar v,

[~~~ reactor V,

Diffuse y Flux

Super-K upper limit

29 cm?Zs1 for
Kaplinghat et al. spectrum
[hep-ex/0209028]

Upper-limit flux of
Kaplinghat et al.,
astro-ph/9912391
Integrated 54 cm2 s°

Cline, astro-ph/0103138
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