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Astrophysics with
Four MESSENGERS

© Photons |—»|Essentially all the information

We have on the Universe around us
has been obtained with photons.

The history of Astrophysics is the

O Nelltl‘il’lOS EXTENSION of the range of

wavelength available for observations

© Gravitational Waves

o Cosmic Rays (p,e, p,e',...)



Astrophysics with
Four MESSENGERS

© Photons

A New Messenger
with very different properties

O . that will allow to
NQUtranS “SEE” the universe

in a profoundly different way

© Gravitational Waves

@ Cosmic Rays (p,e, p,e’,...)



Astrophysics with
Four MESSENGERS

© Photons

Study the structure and
properties of the SOURCES

@ NeutranS Study properties of o
the NEUTRINOS (oscillations,
decay...)

© Gravitational Waves

@ Cosmic Rays (p,e, p,e’,...)



Astrophysics with
Four MESSENGERS

O Ph()t()ns Relation between
these fields

. Observing same

O Neutrlnos Objects / Events

with ALL messengers
at the same time ....

© Gravitational Waves

@ Cosmic Rays (p,e, p,e’,...)




SPACE 1s
FULL of NEUTRINOS

that come from a

variety of Sources

In a very broad
interval of Energies
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The Cross Section of the Neutrino
1Is VERY SMALL

PROBLEM :

Detection 1s Very Difficult
Require Very Large Detectors

OPPORTUNITY:

Neutrinos come from
DEEP INSIDE Astrophysical Objects



Neutrino Astronomy (or Astrophysics)
has just been born at the end of
the last Century

TWO +1y ASTROPHYSICAL OBJECTS
have been “seen” 1n Neutrinos”

The SUN
SuperNova SN1987A

The Earth: Geophysical Neutrinos




SOLAR NEUTRINOS

Source of Energy of the SUN : Nuclear Fusiorn]
4p + 2¢~ — *He + 2v,

Energy Released per each Cyclel
Q =4m, + 2m, — mpg, = 26.73 MeV

& 1 2Lg “
I Q- (B) |

bvo ~ 6 x 1010 (cm? s)~!




VoLUME 12, NUMBER 11 PHYSICAL REVIEW LETTERS 16 MARCH 1964

SOLAR NEUTRINOS. II. EXPERIMENTAL*

Raymond Davis, Jr.
Chemistry Department, Brookhaven National Laboratory, Upton, New York
(Received 6 January 1964)
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On the other hand, if one wants to measure the
solar neutrino flux by this method one must use
a much larger amount of C,Cl,, so that the ex-
pected *"Ar production rate is well above the back-
ground of the counter, 0.2 count per day. Using
Bahcall's expression,

Ecpv(solar) o

aps

=(4+2)x107% sec~? (®’Cl atom)™?,

then the expected solar neutrino captures in
100 000 gallons of C,Cl, will be 4 to 11 per day,
which is an order of magnitude larger than the
counter background.




(1 FWHM Results)
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Super
Kamiokande
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NEUTRINOS
from
SUPERNOVAE
EXPLOSIONS

(Gravitational Collapse)

Energy 30 MeV




Neutrinos from Supernovae
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23 tebruary 1987

.... 24 vyears ago .......
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We want a new close-by ' ' Super—Kam
(... but not too much..... ) ' '
Gravitational Collapse
Supernova

D = 10 kpc -
100 |- i pe

Scientific Potential
(with the new detectors)
1S very important

Events [/0.01 sec]
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NEUTRON STAR STRUCTURE

qtuark—hybrid traditional neutron star
star -

hyperon

star neutron star with

pion condensate

Fe
color-superconducting 6 3
strange quark matter 10~ g/em
(u,d,s quarks) 11 3
10 g/cm
L
CFL-K
9EF.  GrL-k”
LOFF R Hydrogen/He
CFL-T o atxr{nos%here

strange star
nucleon star

g

R~ 10 km



GEOPHYSICAL
NEUTRINOS

EARTHLY
POWERS

Farverarad roree s resrad il arl b s emreare e i




U — #OPb 4 §'He + Ge” + 67 + 51.7 [MeV]

22Th — 208Ph 4 64He + de™ + 47, + 42.7 [MeV]

100%
YK —— YCa+e + 17, +1.311 [MeV]
89.28%
1L
10 - U-Series
Th-Series

4DK

Spectrum [1/MeV/decay]
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152 events observed Geoneutrino results

“signal™ 25 17

Nature 436, 28 July 2005
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The ORIGIN
of

COSMIC RAYS

High Energy Astrophysics



COSMIC RAYS

Victor Hess
before the balloon flight of 1912

Discovery of Cosmic Rays
Beginning of
High Energy Astrophysics

E2dN/AE  (GeV msr's™)




Power Requirements for Cosmic Rays

{(eV/cm®)
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MILKY WAY

“Bubble” of cosmic rays

\; generated in the Milky Way
* LARGE MAGELLANIC CLOUD and contained by the

Galaxy magnetic field

Space extension and
properties of this “CR bubble”

A
‘ SMALL MAGELLANIC CLOUD remain very uncertain



Flux of Cosmic Rays

Cosmic Rays contained
In the Milky Way

N;(E) = Q;(E) x Tj(E)

p, nuclei(Z, A)

7 o~ ot
p?e?e

Different particles

Injection

of cosmic rays time

Containment




Injection

Containment

of cosmic rays time

N;(E) = Q;(E) x T;(E)

Lj = /dE EQ;(L)

Spectral Shape

LARGE Power
Requirement

~5x 10" Lg

| Dynamics of acceleration process]

Source
Identification

Key problem!



Injection

of cosmic rays time

Containment

N;(E) = Q;(E) x T;(E)

Competition of different times:

TP (E) o [0;(E)] ™" ~ slowly varying

jiXe pc\ 0
Tdiffusion (?) X (?)

T (E) o —

loss

Interaction
(hadrons)

Escape Rigidity
from Galaxy

Energy losses
(electrons/positrons)

m—4



25-35 Kpc

(Buaw) ~ 3 pGauss

1.08 Kpc[ E } [uGauss}
rp =

z 10T eV b 7niarmor(loo GGV) ~ 3.6 % 10_8 KpC

Tﬁarmor(lOQO eV) ~ 36 Kpc

= Diffusion approximation

= Maximum energy . 20
for containment rioo (1077 eV) >~ 1.4 Kpe




CR escape

Observable CR
populations:

nj(Ev Qa F)

Injection:

QJ(Ea F& t)

~ Propagation as
~ isotropic diffusion

D (p / Z ) F) Extra galactic
particle

\



Piece of extragalactic space: Non MilkyWay-like sources

QMilky Way (E)

i
Qextra, galactic (E ) @

Extllagalactic CR &
Injection Power density AGN

& & o

& :
@ Milky Way
&
o ® Galaxy
Q@
b0 & Extragalactic

Magnetic Field




Cosmic Ray Composition
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“Injection Spectrum”

Spectrum at
accelerator




Intimate Relation between :
Cosmic Ray Physics

High Energy Gamma Astronomy

Neutrino Astronomy




"ASTROPHYSICAL”

NEUTRINOS

Astrophysical Object
contalning:

Populations of
relativistic protons, Nuclel
electrons/positrons

Emission of:
" aU | arays

Neutrinos

Cosmic Rays




p + target — many particles

—pn)+7"+7 +7°

iu@ L@

“Hadronic Emission” |—> e

“Leptonic Emission”
6$ —+ B — €$ 'I'@(:hmtmﬂ P

+ F
e’ + Ysoft — € _I_@(‘:I"HD Compton




Estimate for astrophysical neutrino sources

2 “quides”

Multi-wavelength observations of astrophysical objects
Hypothesis [or guesses ...] of their structure
ENERGETICS, DYNAMICS

SNR
AGN Leading candidates

GRB

Existence of Cosmic Rays ! UHECR

Neutrino

Some sources at some level MUST exist » .,
connection




Relation between

PHOTONS and NEUTRINOS

Assuming HADRONIC production for the photons:

In the|absence of photon absorption

One Photon One Neutrino







¢Mi (E, COS Qzenith) ¢,/j (E, COS Hzenith)



Relation between:
« Cosmic Rays in the source
« Photon, Neutrino Flux

— P |
Np(E) ~ K E r c.(i‘?/vsgplalfz\;tion

Photon, neutrino fluxes also power law with same esponent

Oy, (F) = K E™% X |0pp CNtarget] X Zpu,; ()

Oy (E) =~ K E™% X |0pp CNtarget] X Zpy ()




Number of particles of type b (with energy EDb)
Produced in the interaction of projectile particle
of type a (and energy Ea)

[Approximate scaling form]

dna,—>b 1 Eb
EyvE,)~— F, —
dE, (Eb; Ea) B, ‘" ( )

Definition of the Z-factor

1
Zosp(v) :/0 dz 271 F,_p(2)







Ratio Neutrino-Photon o(v) / o)

1.25

1.00 —
—_—
i j
- 0.75 i
S
S i
g 0.50 i

Before v Oscillations

Sum/|v]

0.25
Ve
i | I | l | l | | | | | I l | | l 1 | |
0.00
2.0 2.2 2.4 2.6 2.8

Slope «
{Ve, Ve, 1, Uy Ur, U b ~ {1 +€,1—¢,2,2,0,0}
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Py (B, L) = Z Uy, U ™ 25,

= Z Us;|? |Uajl?

i=13
Am?2 [,
2 Re[Us; U Uz U, 7k
+ % e| 8;Usn k| COS( T )

Am?, L
2Tm[Us; U, Uz Usy) s 7k
Jr% m|Up; ok k]sm( Y )

1 —2v v v .6 0.2 0.2
(Proosvg) = v (1—-v)/2 (1—-v)/2 | ~]02 04 04
v (1—-v)/2 (1—-v)/2 02 04 04

‘) - 9
— cos” f1asin” B1o >~ 0.2



Effect of Neutrino Oscillations
(P(Va — vg)) = (P(Va — 7)) Z\Ua;\z\U |°

0.6 0.2 0.2
~ 102 04 04 (1)
0.2 0.4 0.4

Before Oscillations

{Vey Uey vy, Uy, Vr, U} =~ {14€,1—¢,2,2,0,0}

After Oscillations

{ve +Ve,v, + 0, v+ 7} ={1,1,1}




y b, (E)

. neutron

Escaping QR | proton
[Source “dissolves” (like a SNR)]

Production of Cosmic Rays
Versus Neutrino/Photon spectra




1w (E) ~ ¢p(E)

Time averaged production rate of neutrinos
Time averaged production rate of Cosmic Rays
approximately equal

“Waxman - Bahcall Bound”

q ( 15 ) Injection rate of extragalactic cosmic rays
p estimated by observation of the flux.

— Estimate of the “diffuse” neutrino flux
[summed over all sources]




Very direct connection with

TeV Gamma Astronomy !!

A field that in the last few years has been
Collecting remarkable results.

We have (HESS ) a scan of the Milky Way disk !
We know which one are the brightest TeV sources
In our Galaxy, and the luminosity of these sources.

SNR

Pulsars
Pulsars Wind Nebulae
H Quasars



Neutrino advantages :
1. Straight line propagation
2. No absorption



Egret )
' ~0.1-10 GeV
Sgie T o Y| ~100TeV
Fermi ~1TeV  [Z&]
Atmosphere Area: ~0.15m’
Jh
i
ﬁ‘h‘ ~8 km
ql
‘.
: i
k
Light / | ~0.8°
Cone
Milagro
Hess ARGO
Magic A HAWC
Veritas e,
Arca:<10'm? | NG
| 35 Optica Air-showe
CTA = ~ Detector_— Array




Piccolo Satellite italiane
ASI/INAF/INFN

Lanciato

23 aprile 2007
dalla base indiana
di Sriharikota.

Orbita h=540 Km
inclinazione = 2.5°




Launch of (GLAST) FERMI telescope 11" june 2008




1°** FERMI-LAT catalog

1451 sources

o No association

x AGN - blazar

< AGN — unknown
< AGN - non blazar

@ Possible association with nearby SNR or PWN

* Starburst Gal
+ Galaxy

v Pulsar
® PWN
O SNR

* Pulsar w/PWN
. Globular cluster
% XRB or MQO

2™ catalog release
imminent.




MAGIC 2 x 236 m? -

2™ telescope : April 2009 ﬁ‘/ \
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CHERENKOV
TELESCOPE

Image intensity

Image orientation

Image shape



Systems of Cherenkov telescopes

Better bkgd reduction
Better angular resolution
Better energy resolution



HE y-ray sources

PWNe
SNRs
Unidentified
Binaries
Mol. Clouds

AGNs

Whipple
Durham
HEGRA

HESS

Milagro
VERITAS

: *
PKS 2155-304

LS 5039
MGRO J1908+06 RX J1713.7-3946

i | Ak
......... l.._l__. 5 AR (S S— ..___.....ﬂ.. o
Cr L ¥ LS Kt

HESS J1303-631

-180°

Vela X

MSH 15-52 RX .J0852.0-4622

Oﬂ

=
15
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HIGH ENERGY NEUTRINO

DETECTION




New Concept
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- 4 cables x 4km to shore.
- 1070m depth






Amundsen-Scott South Pole station

IceCube

/ “North”

South Pole

> 2 i
L&
- S .
=l

SLAE RN < . Summer camp

South Pole

L J
Amundsen-Scott




lceCube Lab

50m

1450 m

2450 m
2820 m

IceTo
81 Stations, each with
2 lceTop Cherenkov detector tanks

2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors
December, 2010: Project completed, 86 strings

125 m string separation
17 m between PMT's

DeepCore

/,/'3 strings-spacing optimized for lower energies
480 optical sensors

1 | Eiffel Tower
£ |324m

-

IceCube total strings 5O




Deployment of
the strings

m i

S0}
200
A0 v




Neutrino source

See only
Y2 of the SKY



Complementarity of view. Mediterranean/South Pole

Mediterranean South Pole

<¢,.> (km? yr)™!

¢, (> 1TeV) = 107" em™ s7*

- a=2.2

G | | | | | ! | | |

-1.0 -0.5 : 1
sm[decﬂmatmn]




High energy neutrino telescopes world map

BAIKAL

ANTKRES (see J. Carr talk)
KMSNeT{ NEMO

NESTOR

AMANDA
ICECUBE
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The Capo Passero site

Bathymetry, a 3D view

KM4 site: depth ~ 3400m
36° 25" N, 16° 04" E

Latitude

16 17 18
Lonaitude






! OVDE cor;nection

s




Possible structure of a “KM3” detector
in the Mediterranean Sea:

127
“tower” [6 PMT's]

towers (180 m)

T l T T Ll T l T T I L} L) T T I T T T T I L
1000 - -
O | @ = e . B . .
" OO
i ° ® e ° ° ®
40 : i L ] L L] L] L L ] e
00 - o . s . ° ° ° @ 1
C’:,‘ T 5 o ® o = ® . ® © e © @
s o @ & . ® » . . .
-
E O e @ . o ® © . © 3 . o A o -
>,
L] L ] L] [ ] [ ] [ ] L ] [ ]
CN)\{Q ® o @ ® o © ® ° o ° «
=
50 1 @ . a . e ° s © )
L ] - [ ] ] L L .
M : . " " N .
® ® ® ® o ® .
M -1000 [~ -
Tp oL l b b 'S oL [ ' i ' 'S I l ' L ' 'S I.
-1000 -500 0 500 1000
x (m)

Detection Unit layout.

Multi-Site ?!



“OPTICAL Method”

neutrino




neutrino

H '3'_1[' 8] F'_:-h one
Array n
3 =

rEE-EEEN
AFEE AEE™
EEEEENEN™

/ neutrino




4 hydrophones (10 Hz-40 kHz bandwidth) synchronized.

Acoustic signal digitization (24bit@96 kHz) at 2000m depth.

Data transmission on optical fibers over 28 km.

On-line monitoring and data recording on shore. Recording 5’ every hour.
Data taking from Jan. 2005 to Nov. 2006 (NEMO Phase 1 deployed).

hydrophones ¢

electrnnlcs ’
Cable from shore

\ H1
North 110° 5 .
r"\

-

d‘ .|-|4 /

connectors

Height from seahed
H1,H2,H4: ~2.6 m H3:~3.2m

In collaboration with Uni-Pavia CIBRA



35'1':" P1 4000 -

— ¥ : Reflections on
‘ 12 i samten 3000 click  sea surface  click
2 P2 — Wi il =2) samples ..
IPI . 2000
=87
i | @ = 320° 1000
] | ;'l k’ L l_'l .. i g i I E
A LA Wb :
i | L o |
| I =1000
-2000
*" Direction reconstruction using TDOA 3000| Using surface reflection we determine
il Rk the source depth
analysis in plane wave approximation §
Y0 0 30 0 50 800 10 800 800 1000 B 05 i 15 2 25 3 35 p 25 5
SAMpEs Tirme (8)

Depth=560%* 5m

L=3.41%£0.05m
Size =9.72-10.50 m

Young male or
female







INTERDISCIPLINARIETA'



Components of the Neutrino Flux

uo (B, Q) = 3im ™ (E, Q) + d5im (B, Q)

atm

T (ri’Galactic (E- Q) = (fﬁE:{tra Ga](E-; Q)

+ D 6i(B)dlQ-9

Galactic

+ ) o(E)

Extra Gal




[GeV/(em®s sr]

E? <¢(E)>

Anita-Lite




[GeV!" /(cm? s sr)]

q.’)(E) EZ.'?

109

10— <

10—4

10~ 6
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IceCube Effective AREA (as a function of Neutrino Energy)

Ems i_ 1) zenith range (90°, 180°)
5 F 2) zenith range (90°, 120°)
1075 3) zenith range (120°, 150°)
103 4) zenith range (150°, 180°) 2
102 - 1
10 -
1k
107 3
102 =
-: A IS ~ I (T O W T R L T T T TR N W S VRl N ST I O S I
1, 2 3 4 5 6



Detection

dFE E E Level
——s B i < — = (1+—)

dX A




n,u.(Ep > Ernin)

10~ R

Quadratic behaviour
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NEUTRINO
POINT SOURCES




o “Standard
' Source”
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Neutrino induced Muon
signal
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From the Neutrino Flux to the
Muon induced signal.

L Kpc\? At
N,+~17.5 ——
#l . (1034 erg/s) ( r ) (Km2 year)

N 0.4 X L At :
wi = 1046 erg/s Km?®year ) 22




Line : 1 (muon event)/(km?2 yr)

48

46 |
44|
42|

40|

Luminosity/decade @ 10 TeV

How many sources

Are here ?7?!

6 7 8

distance (pc)

Mrk 421/501
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Cosmological effects

1 1
r2  r2(z) (14 2)@

Comoving distance

C z dz
)=
0 0/ + O (1+ 2)?

r(z

For neutrinos the universe is transparent !




PWNe

SNRs

No counterparts
Molecular clouds
Others

Binary Systems

AGNs
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HESS

Science

March - 2005

“SCAN”

of the
Galactic

Plane

- Mew WHE sources

| =« m o ¢ SNR Distribution

Number of Entries

3 -2 -1 0 1
Galactic Latitude (deg)

HE.5.5. Galactic Scan Sensitity

| ----- High Dot E Pulsar Distrbution
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Sensitivity (% of Crab flux)

Galactic Latitude (%)

15 New Sources
+ 3 Known

HESS J1834-087 HESS J1823-137 HESS J1813-178
HESS J1837-069

4] 30 25 20 15

HESS J1804-216 GC/HESS J1745-230

_G0.9+0.1/HESS J1747-281_ HESS J1745-303 B ,

4] 10 5 0 355 350

4 HESS J1703-410 18
RX J1T13.7-3846 HESS J1640-465  HESS J1632478  HESS JI614-518 16

HESS J1616-308

345 340 335 330

Galactic Longitude (°)



Table 3. Galactic sources.
RA Dec Table 4. Galactic sources—continued.
(hm) (°9 Flux* i s Type Association® RA Dec
(hmy (°) Flux* e ¢ Type Association?
Gl 0240 46115 27 2.6 p XRB  LSI+61 303
E0241+6103 G27 1745 -=-2900 25 2.2 P UID (Galactic Center)
) ) 29_ 249 ‘ ‘ G28 1745 —-3022 25 1.8 e UID E1744-30117
G3 0616 +2231 06 3.1 p SNR  IS443 G29 1747 —-2809 0.8 2.4 p  SNR?  G0.9+0.1
G4 0633 +0521 09 25 p UID Monoceros? G30 1800 —2400 19 2.5 e  SNR? WIB
E0634-05217 0.8 2.7 & molecular cloud
G5 0835 —4534 9 1.7.3.4 e PWN Vela X G31 1804 2142 5.7 2.7 e UID GR.7-0.1
1.5(14) P1803-21377
G6 0852 —4620 21 2.1 m___SNR? _ R0852-4622 G32 1810 —1918 46 2.2 e PWN?
G7 1023 —5745 45 >S5 e UID Westerlund? G33 1813 -1750 27 2.1 p? UID G12.82-0.027
stellar cluster in H II region
GR 1302 —6349 1.3 27 p BP P1259-63 G34 1826 —1344 20 2.4 m PWN G18.0-0.7
G9 1303 —6311 43 2.4 e UID 21 2.2(25) P1826-1334
GI0 1418 —6058 2.6 20 e PWN? G313.3+0.1? G35 1826 —1449 19 2.1 p XRB  LS5039
Gll 1420 —6045 3.5 22 e PWN? P1420-60487 2.3/0.1  1.9/25 gamma ray flux varies with 3.9d
E1420-60387 G36 1833 —1033 05 2.1 P SNR G21.5-0.9
GI12 1428 —6051 1.3 2.2 UID PWN  PI1833-1034
Gl13 1442 —6229 2.7 25 e SNR RCWS&6 G37 1834 0845 206 2.5 [ UID G23.3-0.3
Gl4 1514 —-5909 5.7 e PWN  MSHI5-52 W41?
P1509-58 G38 1837 —0656 5.0 2.3 e UID G25.5+0.0
GI5 1614 —5149 8.1 2.5 e UID G39 1841 0533 128 2.4 e UID
Gl6 1616 —5053 6.7 2.4 e PWN? P1617-5055 G40 1846 —0259 06 2.3 P SNR? = Kes75
GI7 1626 —4905 4.9 22 e UID e FWND PIpd60258
G18 1632 —4749 5.3 B e UID  116320-4751? G41 1857 +0240 6.1 24 ¢ UID
G19 1634 —4716 2.0 2.4 e UID  116358-47267 G42 1858  +0205 0.6 2.2 p? UID
G337.240.17 G43 1908 +0630 88" 2.3 e SNR? G40.5-0.5
G20 1640 —4631 3.0 24 p UID  G3383-0.0?7 3.2 2.1
E1639-47022? G44 1912 +1010 e PWN? P1913+10117
G21 1702 —4204 9.1 2.1 e UID P1702-4128? G45 1958 43512 2.3 3.2 p XRB  CygX-l
G22 17 08 —41 04 2.7 25 p UID G4d6 20 19 +37 00 B.Th 2.3 & PWN? G75.2+0.1
G23 1713 —3811 0.7 2.3 e UID  G348.7+40.3? G47 2032 +4130 06 1.9 e UID  CygOB2?
G24 1713 -3945 17 2.3 m SNR  RI713.7-3946 9.8" 2, ?
19 2.0(12) G347.3-0.5? G48 2323 +5849 0.7 2.5 p? SNR Cas A
2 - ?
g;g %g ;E _gi f;: g? g';m) z E‘;‘[J)N * Flux in the unit of 1072 cm™2 s~ TeV~! at 1 TeV.
- - - . i b Spectral index I" when fitted by E-". See text for details.
CRAB Nebula ¢ p: point-like, e: extended. m: morphological structure studied.
SNR: R0952-4622  (Vela Junior) g




Table 5. Extragalactic sources.

RA Dec Flux* e 7 Name
El 02 32 532 +20 16 21 0.62 25 0.140 1ES 02294200
E2 0349 23.0 —115838 045 3.1 0.188 1ES 0347—121
E3 05 50 40.8 —32 16 18 ~().3 2.8 0.069 PKS 0548-322
E4 10 15 04.1 +49 26 01 ~0.3 4.0 0.212 1ES 10114496
E5 1103377 —-232931 (04 29 0.186 1IES 1101—-232
E6 1104 276 +38 12 54 12-97 24-3.1(3) 0.031 Mkn 421
E7 1136 264 +7007 28 09 3.3 0.046  Mkn 180
E8 1221221 +30 10 37 1.3 30 0.182 1ES 12184304
E9 1230 544 +1224 17 I 29 0.004 M87
EI0 125611.1 —P547 22 * 0.536  3C279
Ell 1428 327 +42 40 20 1-2 26-37 0.129 H 14264428
El12 1555432 +1111 21 0.1-0.2 4.0 0.367 PGI1553+113
El3 1653 52.1 +394537 05-100 19-23(5) 0034 Mkn 501
El4 1959 599 +65 08 55 4-120 2.7-2.8 0.047 1ES 19594650

1.8(4-10)

EI15 2009293 —4849 19 0.2 4 0.071 PKS 2005-489
El6 2158527 —301318 2-3 33-34 0.116 PKS 2155-304
E17 2202433 +42 16 40 ~().3 36 0.069 BL Lacetae
E18 2347060 +5142 30 1-5 2325 0.044  1ES 23444514
E19 2359079 —30 37 41 ~(.3 ~3.1 0.165 H2356—309

¢ Flux in the unit of 10" 2 em =25 ! TeV-! at 1 TeV.

b Spectral index I when fitted by E-T.
“ Red shift.

extra-GALACTIC TeV catalog

Absorption effects




TeV Galactic Sources
Measured by HESS, MAGIC

Have FLUX:
Flux (Ey> 1 TeV) = 0.11 -2.1

uniT: 107 H (em* )™

Three Brightest sources in the TeV sky:

CRAB NEBULA 2 young SNR
Vela Junior
RX 1713.7-3946



®(F >1TeV) ~ 1071 (cm?s)~!

TeV Photons in a
Cherenkov o 1 0 eVeﬂtS
Telescope h OUr
H(E) < B~*
Up-going muons
Neutrino A 2 eveﬂts
telescope

Km? yr



Importance of cutoff !!

n ' |
No Earth Absorption

E —-F
- Thick lines : E# > 1 GeV

L Thin lines : Eﬁ > 1 TeV
e

-
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BACKGROUND

3.0

2.2

2.0

E, ¢, (E,) (Km® yr)™

Atmospheric Neutrinos

Thin lines : Atmospheric v
Integration Angle : 0.3°

Thick lines: ¢, = K E™**%

|cos@ =0, -1]

zunith
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Angular Distribution of the Neutrino - induced Muons
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IF TEV emission of the
Brightest TeV sources
Is of hadronic nature

Detection with neutrinos

Is within reach

Few events / (km?2 yr)

...but

NOT EASY !




CAS A
(1667)




“Fireball” of an
Supernova explosion

Interstellar
Gas

Strong Shock

acceleration

Fermi 1% order

¢(E) o B~




POWERING THE

GALACTIC COSMIC RAYS

Le:(Milky Way)

R

Per I/cmrnf
TEDﬂf

2 % 10* (

erg

S

~ 5 x 107 L

)




Milky Way _ Kmet1c
L SN kinetic — f SN

3

Milky Way _ o1
LSN kinetic — [1 6 x 10 erg]
M — 5 M@
v ~ 5000 Km/s

century .

Milky Way __ 12 ©13
LK hinetie = 1.9 X 10 i

Power Provided by SN is sufficient
with a conversion efficiency of 15-20 %

in relativistic particles




SuperNova

RX J1713.7-3946

It is possible [or perhaps even likely]
That this will be the brightest neutrino source in the sky.

One of the brightest TeV objects.
Hadronic mechanism for the emission is likely
[some would say close to established]

A crucial test
for a telescope in the Northern hemisphere




S up eI'Nova 3 9 SA (333]? Sc(il?rfleeiéncoAl]l)rtSE?SBtromers

RX J ]- 7 ]- 3 . 7' 8946 (Re)-discovered in 1996

Foreground star

Neutron Star
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SR FAEE

EHTEME | 0kt
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22-october, 19-november

by the Roentgen Satellite

=39°80"

Declination

—40°0’

X—ray image
17h16™ 14™ B

Detected in 2004 by HESS in TeV gamma rays




HESS Telescope

Remarkable observations with
TeV photons

Comparison with ROSAT observation
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ENERGY Spectrum

« HESS data

—Fit

Fit 2004

If gamma-rays are from
7" decay, spectrum
requires acceleration of

protons to 200 TeV.

1

10
Energy ( TeV)

¢»}1(> 1 TeV) = (1.47:

fﬁi"r(E) =KE™

' =2.19+0.09£0.15

= s 0.37) x 107" m2s !




dN.
dt

Hess estimate:

n ~ (0.2 x 10°" erg

relativistic p

Essentially compatible with the
“Ortodoxy” (10% conversion of SN kinetic energy
into relativisic particles)



Observations of the young Supernova remnant RX J1713.7-3946

with the Fermi Large Area Telescope

astro-ph/1103.5727.

29" march 2011

Favors

leptonic interpretation.

E2dN/dE [ MeV em2s-1]

E2dN/dE [ MeV cmi2s-1]

10"

10°
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3

G

—m—— Formi LAT (24 manths)
— s HESS (Aharanian at al, 2007)

—  Besarhko & Voalk 2010

Elison ot al, 2010 (n¥dominatad)
Zirakashvill & Aharonian 2010 (NP dominstad)
Zirakashvili & Aharenian 2010 {ICM? mixed)
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What about “ABSORBED SOURCES ?”

(Much) Higher flux in neutrinos than in photons ?

Best cases for making a bet:

GALACTIC CENTER (of course !)

MicroQuasars




GALACTIC CENTER

ok H.E.S.S. 2004 - Preliminary
Point-like core
300
\ £
29 » ) g 200_+
u
1001 \ Extended tail
Similar to NFW profile
-29.1 ++++ b e
oo gy Tttt b
17h46m 0= — == AR Al kg *¢+i*4:&¢*3‘
oo o om0 o
0° (degrees’)
Colors: H.E.S.S. Angular distribution

Contours: Radio
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E? X Flux (TeV cm?s™)

107
10" E
: | 1 | IS D [ | r[ 1 | 1 L 11 !I 1 | L1
1 10 Energy (TeV)

Year @, ® Eir | AR (=1 TeV) y/d.of.

(107" TeV-lem™2s7) (TeV) (TeV) (10 2em™5)
2004 2.40 + 0.10 220+ 007 2070+ 11.80 22.20+ 11.80 1.81 = 0.14 25/26
2005 2.56 + 0.09 1.94 + 0.07 9.09 £ 2.13 9.61 +2.13 2.09 + 0.16 33/25
2006 2.35 + 0.16 216011 3290+ 3950 35.50 + 39.50 1.88 + 0.22 17/23

All 2.55 + 0.06 2.10 £ 0.04 14.70 + 3.41 15.70 + 3.41 1.99 + 0.09 23/26




MICROQUASARS

GRS 1915+105 Galactic

binary system
with one
stellar mass

black hole

Symmetric

emission of
Plasma "blobs"

Detection in Radio
(VLBI)




Geometry of the emission of the two jets

to

vt cosB observer
B
/o
vt . vt sin0
\ '||..|'

Intense radiation field
Of the companon star
Absorbs TeV photons [?]




CRAB NEBULA

(Self Synchrotron Compton) (SSC satisfactory)

-10

log 10(vf /W/m?)

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

. l0q10(E/
Synchrotron Emission | '*@'0=¢Y)

Inverse Compton

Leptonic mechanism



EXTRA-GALACTIC NEUTRINOS

UNRESOLVED FLUX

Sum of all High Energy
Neutrino Sources

Individual Sources

AGN
GRB's




INCLUSIVE Extra-Galalactic Neutrino Flux

éinclusive — E Gﬁsingle source

all sources

éinclusive — / dST Gﬁsource(/'?)
all space

Integral dominated by large distances



Homogeneous Distribution of identical sources
In a static euclidean space:

a0
dQ

1 o0
= E/o dr (dQ) ng %)

4 7 12

inclusive

Ns q
47

/ dr 1 — o0
0

Flux is divergent ! Because of the contribution of
Many far, faint sources.

“The Olbers (Kepler) Paradox”: Why is the night sky dark ?



Solution of the Paradox:
The expansion of the universe !

| . . Source
Cosmological effects “cut” the integration Evolution

Forr > (:/HO

-3 -2 -1 0 1
Redshift z



qbinclusive (E) —

1 ¢ L(E,)

_4’71' HO In 10

EX &

[:( E'*) = Power Density per energy decade at E = E*

(14+2)7*  L(z)

=

(1+2)3+Q, £(0)




qbinclusive (E) —

1 ¢ L(E,)
_4’71' Ho In 10

E*?¢,| E™®

[:( E'*) = Power Density per energy decade at E = E*

§a

Spectral shape

r

A
dz (1 + 2z)~° L(2)
\/Qm (1+Z)3+QA E(O)
\ \
Cosmology Source

evolution




1 ¢ L(E) 0. ]| _
inclusive E) = ES Qo E~"
Pumansive(2) = | 0 10 T 10 o

[:( E'*) = Power Density per energy decade at E = E*

/ (14+2)"*  L(2)
¢ (1+2)3+Q, £(0)

a — 0.03 — 0.22 (Of — 2) No source evolution

Eo >~ 2.2 —1.23 (Of _ 2) Source evolution




Existing (published) limit on the diffuse neutrino flux
implies:

erg

L, <10

s Mpc®

LEN ~ 3 x 1040 erg/(Mpc S)

: €rg
[:bolometrlx ~ 9 % 1040
AGN S Mp C3



[MonteCarlo] Energy Spectrum of Neutrinos
Observable in IceCube.
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A Search for a Diffuse Flux of Astrophysical Muon Neutrinos with the IceCube
40-String Detector
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No excess over atmospheric neutrinos
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Model 90% C.L. 30 C.L. 50 C.L 90% Energy Range (TeV-PeV)
E7? (=52Y-) 089x107°22x107°4.0x107° 35 -7
W-B Upper Bound 0.4 0.97 1.78 30 —7
Stecker Blazar 0.1 0.32 0.42 120 — 15
BBR FSRQ 0.12 0.34 0.46 35 —7
Mannheim AGN 0.05 15241 0.4 9—-1




Diffuse contribution

“horizon”
® o
} v |° :’
° '0.| I
®
| | ®

“Resolved” sources

Relation between
The diffuse flux
And the detected Point Sources







gbinclusive x L = Nsources L

L
¢source X — ——  Thorizon X \/Z V At

7"2

N B 41 4
[det sources] — Tlsources 3 Y

N [det sources] = N, sources[(np> 2 1]

Nidet sources] % (\/Z)B




Obtain from diffuse flux
@{ ;
(VL)

N [det sources] X @
\

Estimate from
Astrophysical
considerations.

Nidet sources] ~ 1.2 L35 \/[:5 (A t)3/2

Km?yr




Milagro + IceCube TeV Cosmic Ray Data (10° Smoothing)

significance [o]



ACTIVE GALACTIC NUCLEI

Narrow Emission Line Region

Jet

Dust Torus

Broad Emission Line Region Accretion Disk

Black Hole
| | | | | | | )

10°10"16° 10°0.1 1 pc




PKS 2155-304
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Gamma Ray Bursts




148 i ey
| GR ]

|
3
|
|
|

g | SRED

GHER S 01

e

api -ﬂn;mh-l
i _JJ 'IILJ

PRI T
0 41

i GREOS T E0E
II'F[ 1

{

|_||||1'.....,....u.ui
© GRpnNeTRE |

J'Iﬂhll'hlv-l
. b R0 (40
Wi}

1 Ex @ preeyrererrye
| GHBONEEY

GHEOS b2

I ]
jit - GMEOSEEA

il




Counts/sec

GRB : associated with a subset
of SN Stellar Gravitational Collapse
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(massive star) _ Shell?
External
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Extraordinary Large (beamed) Energy Output
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Age of the Universe (billions of years)
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41 GRB used by AMANDA

Log,o[E (GeV)

Photon
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spectrum
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UHECR

1. Energy Spectrum

[l Clear identification of a high energy suppression
[the “END” (... well the “suppression”)
of exotic/fundamental physics modeling for UHECR].

O Excellent agreement between experiments
[“small” but important question about the energy scale].

@ Physical interpretation strongly coupled to (2., 3.)
(anisotropy + composition). [proton GZK ?]



Crucial Problem:

Galactic
Extragalactic
Transition

1. Energy Spectrum

2. Anisotropy

3. Composition

Significant
Experimental
Discrepancies

Auger/Hires

Confusing
situation.




COSMIC Ray ASTRONOMY [?!]
(imaging of the sources)

a7
almost nothing [_’ e
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very poor

poor

excellent
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AUGER result on Correlations with the VCV AGN catalogue
November 2008. Update september 2010.

6 x 1012 eV
75 Mpc
3.1°

Significant dilution
[but not disappearance]
of the statistical significance

14 ev. 8 coincid. (2.9)
13 ev. 9 coincid. (2.7)
42 ev. 12 coincid.(8.8)




Discussion on CEN A
The AGN closest to wus.

3 events within 3 degrees +0 events within 3 degrees
8 events within 18 degrees  +5 events within 18 degrees

td
---------

LY
*

November 2008 (13 + 14 eveni;s) ,
Update september 2010 (+42 events) 9. 20 degrees circles






dE/dX [PeV/(g/cm?)]

60 Artists View of Hybrid Set-Up
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Puzzles remaiw ....
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LHC and Ultra-High Energy Cosmic Rays

Total pp Cross Section
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ATLAS & LHcf

140 m from interaction poin

Massimo Bongi - CRLHC Workshop - 29th November 2010 - ECT* Trento



UHECR Flux * E° representation.

E® ¢(E) [10%° eV /(ecm?® s sr)]
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1016

1015
E (eV)

10<0



UHECR Flux * E° representation.
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Power Law Injection (No Cosmic Evolution)
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Power Law Injection (No Cosmic Evolution)

10.0 ! | |
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E° ¢(E) [10%° eV?/(cm?® s sr)]
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“coincidence” (?!)
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4.8 pion{production
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=0 O i pair-production lossgs
4.4
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Spectrum of protons after struggling through the mi¢rowave treacle:

If initial spectrum dNI/dE ~ E23,
Production rate in universe: SF = like Porci
formation rate SF2; C=constant; =

I-Madau star

The (e*e)energy losses in CMBR produce an ANKLE in right place.

from Michael Hillas




Combine galactic and extragalactic part
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The idea to observe the Universe using Neutrinos
Is profoundly fascinating.

The insights about Nature that are possible
using this:
“New Way” to look at the Sky

can be profound.




The idea to observe the Universe using Neutrinos
Is profoundly fascinating.

The insights about Nature that are possible
using this:
“New Way” to look at the Sky

can be profound.

Neutrino Astronomy is an old “DREAM”

It is old because it is clearly important
and its significance was very soon recognized.

The dream became reality with
Solar and SuperNova neutrinos [E ~ 0.5 - 30 MeV]

At high energy (E > 10 GeV) neutrino astronomy
remains (still) only a dream... [because it is difficult!]




Argument of Kenneth Greisen in his CR review of 1960
[to motivate construction of neutrino detectors:]

“The estimate of the neutrino flux may be too low,

since regions that produce neutrinos abundantly

may not reveal themselves in the types of radiation
yet detected”

This line of argument has been used

[with good reason (in my opinion) !]

for 50 years to motivate the construction of

Neutrino Telescopes of growing size.

[for example 1990's MACRO at Gran Sasso (~1000 m?) ]
[ 2000's AMANDA at the South Pole (~10* m?)




Argument of Kenneth Greisen in his CR review of 1960.

“The estimate of the neutrino flux may be too low,

since regions that produce neutrinos abundantly

may not reveal themselves in the types of radiation
yet detected”

This line of argument has been used

[with good reason (in my opinion) !]

for 50 years to motivate the construction of

Neutrino Telescopes of growing size.

[for example 1990's MACRO at Gran Sasso (~1000 m?) ]
[ 2000's AMANDA at the South Pole (~10* m?)

The “KM? concept” “The 'nmatural size'

for a neutrino telescope
is 1 Km° of water / ice”




For the “KM® concept”

the “moment of truth” has arrived.

IceCube has completed its construction
[but no astrophysical neutrino detection yet]

Difficult choices for the proponents of
a neutrino detector of similar conception in the
Mediterranean Sea

[looking at the Southern hemisphere of
the celestial sphere]




A detector in the Mediterranean Sea
has one crucial advantage with respect
to IceCube at the South Pole:

A view of the center of our GALAXY (!)

Galactic Center
Galactic Sources

In principle also a better angular resolution
for the muon direction (less scattering in water).

Therefore smaller integration cone in the
study of point sources: smaller background.




Existing data
AMANDA

ANTARES

ICECUBE [ 22/80 strings 10 months (0.74 years live time)]
[ 40/80 strings 1 year]

No evidence for astrophysical Neutrinos

Disappointment ? YES....OF COURSE !!

SU_I‘pI‘iSG ? Not really. In many ways an expected result

Problem ? In my opinion: YES



Disappointment....

The “Beaded String” Neutrino Telescopes
Have improved the sensitivity of these instruments
By two orders of magnitude !

They could have discovered sources!
In fact some of the limits

[for example on AGN models]
do have astrophysical significance.

....and then...
One could hope for Surprises...



Francis Halzen: 1996

Table 1: New windows on the Universe

Telescope

Intended use

Actual results

optical (Galileo)

radio (Jansky)

optical (Hubble)

microwave (Penzias-Wilson)
X-ray (Giacconi.. . )

radio (Hewish, Bell)

v-ray (777)

navigation
noise
nebulae
noise
moon
scintillations
thermonuclear explosions

moons of Jupiter
radio galaxies
expanding Universe
3K cosmic background
neutron stars. ..
pulsars
v-ray bursts

Neutrino Telescopes

{SNR, AGN,...}

1?7?27}




Francis Halzen: 1996

Table 1: New windows on the Universe

Telescope Intended use Actual results
optical (Galileo) navigation moons of Jupiter
radio (Jansky) noise radio galaxies
optical (Hubble) nebulae expanding Universe
microwave (Penzias-Wilson) noise 3K cosmic background
X-ray (Giacconi. . . ) mMoon neutron stars. . .
radio (Hewish, Bell) scintillations pulsars
v-ray (777) thermonuclear explosions v-ray bursts
Neutrino Telescopes {SNR, AGN,...} {???}

...The “Expected Unexpected Big Surprise”
..... remains still hidden.....
land is after all not guaranteed]
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Ya,Y2 of KM3 telescope and no neutrinos ...

Surprise ? Not Really.




Most cited review: Gaisser, Halzen, Stanev. Phys. Rep. 1995.

Table 5

Muon energy Events per year in 0.1 km?
Ref. [72] Ref. [75]
Atmospheric (angle averaged, per steradian) > 1 GeV 7800 8300
>1TeV 129 104
cosf = 0.05 cos@ = 0,95
Atmospheric in 1° circle, Ref. [75] > 1 GeV 12.6 5.6
> 1 TeV 0.21 0.05
no abs. with abs.
Extraterrestrial fluxes (angle averaged) > 1 GeV 32.7 32.0
¢, =27 x 107°(E,/GeV) 1 cm™2 57! > 1 TeV 4.3 3.8
¢, =40 x 107%(E,/GeV)™ em™? 57! > 1 GeV 8.8 6.6
> 1 TeV 5.0 33
plane of galaxy AGN
Astrophysical diffuse fluxes (per steradian) > 1 GeV 12-20 80-200
> 1 TeV 1.5-3.0 40-200
also 1,.(6.3PeV) +e — W™ 0.3 per 1000 kton
Astrophysical point sources (E, > 1 TeV)
Galactic source (Eq. 37)/100 2.6
Extragalactic source 0.1-10

500 GeV WIMPS from (©) 20




Ya,Y2 of KM3 telescope and no neutrinos ...

Surprise ? Not Really.

“Problem” ?

The Km3 neutrino concept

[In its current design]

risks to have a sensitivity below
the one needed to detect

the astrophysical fluxes

[or a “marginal” sensitivity]




.... Of course this “statement of doubt”
Could sound very ridicoulous soon .....

New unexpected sources could emerge!
[maybe tomorrow!]

Blazar emission could be accompanied
by detectable neutrino emission.

Very Interesting [speculative] ideas about
GRB could be “on the right track”

GRB neutrino emission detectable !!
[This would make neutrino telescopes real “stars”]




Neutrino Astronomy should be considered
in the context of the scientific programs
toward the understanding of the

“High Energy Universe”.

Neutrino Astronomy
Gamma Astronomy
Cosmic Ray Astrophysics

What is the significance of the observations
of a small number of neutrinos from several sources ?

[Can the hadronic nature of the emission be established
without neutrinos, from multiwavelength observations?]

Power of discrimination is widely considered as important



What could one learn about the neutrino properties
When astrophysical neutrinos are finally detected ?

Extraordinary Long Baselines

Lgalactlc ~ 3 X 1022

Legira >~ 1.3 x 10%® 2z cm

[Pseudo-Dirac neutrinos

Oscillations with very small Dm2  Mass doublet with tiny
Mass splitting]

2 —1 2
Am?* ~ 1071 eV
Neutrino decay (9 orders of magnitude improvement)

Neutrino cross sections at very high energy



Final Comments (instead of conclusions)

The interest of Neutrino Astronomy is remarkable.

The difficulties are great.

Detector optimization requires identifying
“Physics priorities”

Focus on Galactic Sources
Deeper searches for Extra-galactic Sources

Search for GRB emission
“GZK” cosmogenic neutrinos.

Better angle, energy (for muon) resolution

Very large “sparse” detectors ?




Additional Topics for a complete discussion:

Il Atmospheric Neutrinos
B Cosmogenic “GZK” Neutrinos

B Exotic Physics Neutrinos
(Top-Down Models)

B Dark Matter Annihilation Neutrinos
(from the Sun or the Center of the Earth)

O “Interdisciplinary studies”
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