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Astrophysics  with  
 Four   MESSENGERS

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

The history of Astrophysics  is the
EXTENSION of the range of 
wavelength  available for observations

Photons

Neutrinos

Gravitational   Waves

Cosmic  Rays (p,e-,  p,e+,...)



Astrophysics  with  
 Four   MESSENGERS

Photons

Neutrinos

Gravitational   Waves

Cosmic  Rays (p,e-,  p,e+,...)

A  New Messenger 
with very  different properties
that will allow  to 
“SEE”  the universe
in a profoundly different way



Astrophysics  with  
 Four   MESSENGERS

Photons

Neutrinos

Gravitational   Waves

Cosmic  Rays (p,e-,  p,e+,...)

 Study the structure and 
 properties of the SOURCES

Study properties of 
the NEUTRINOS (oscillations,
                                decay...)



Astrophysics  with  
 Four   MESSENGERS

Photons

Neutrinos

Gravitational   Waves

Cosmic  Rays (p,e-,  p,e+,...)

 Relation  between 
 these  felds 

 Observing  same 
 Objects / Events
 with ALL  messengers
 at the same time ....



SPACE is  
FULL  of NEUTRINOS 

that come from a 
variety of Sources

in a very broad 
interval of Energies
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Natural
Neutrino
Fluxes

Astro-
physical 

Atmospheric 

Solar 
Cosmological Supernova

Geophysical
neutrinos

SuperNova
relic  



The Cross Section  of the Neutrino 
is  VERY SMALL

PROBLEM :
Detection is 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 (+1)  ASTROPHYSICAL  OBJECTS 
have  been “seen” in Neutrinos”

 SuperNova  SN1987A 

The SUN

The Earth:    Geophysical Neutrinos



SOLAR   NEUTRINOS

Source of Energy of the SUN  : Nuclear Fusion 

Energy Released per each Cycle 
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Super
Kamiokande 

42 m

39 m

DATA/SM = 0.465± 0.015
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NEUTRINOS  
from 
SUPERNOVAE  
EXPLOSIONS
(Gravitational Collapse)

Energy �  30  MeV 



Neutrinos  from Supernovae



23  february 1987

 ....  24   years  ago  .......

We   want a new   close-by  
 (... but not too much..... )
 Gravitational Collapse
 Supernova

Scientifc Potential
(with the new  detectors)
 is  very important   



NEUTRON  STAR  STRUCTURE 



GEOPHYSICAL
NEUTRINOS







Events (1 sigma) 

BOREXINO

(march 2010)



The   ORIGIN  
of
COSMIC  RAYS

High Energy Astrophysics



Victor Hess
before the balloon flight of 1912

Discovery of Cosmic Rays
Beginning of
High Energy Astrophysics

COSMIC   RAYS



Power  Requirements for Cosmic  Rays



 “Bubble” of  cosmic rays
  generated in the Milky Way
  and contained by  the  
  Galaxy magnetic feld

  Space extension and 
  properties of this “CR bubble”
  remain very uncertain



 Injection 
 of cosmic rays

 Containment
 time

Diferent particles

Flux  of Cosmic Rays

Cosmic Rays  contained
In the Milky Way



 Injection 
 of cosmic rays

 Containment
 time

Spectral Shape 
[Dynamics of acceleration process]

Source 
Identifcation

Key problem!

LARGE Power
Requirement



 Injection 
 of cosmic rays

 Containment
 time

Competition of  diferent times:

Interaction
(hadrons)

 Escape  
 from Galaxy

Energy losses
(electrons/positrons)
m-4

Rigidity



25-35 Kpc

0.5 Kpc

8 Kpc

B

   Difusion approximation

   Maximum   energy
   for containment



 Propagation  as
 isotropic difusion

Injection: 

Observable CR
populations:

CR  escape

Extra galactic
particle



Piece of  extragalactic  space:  Non MilkyWay-like sources

Galaxy

Milky Way

AGN

Extragalactic
Magnetic Field

Extragalactic CR
Injection Power density



tau(E) ~ E-0.6

CREAM

Atomic clocks  [Be-10]

Cosmic Ray Composition

Overabundance of
●Li, Be, B
●Sub-iron  elements



“Injection Spectrum”

Spectrum at
accelerator



Intimate Relation between :

   Cosmic Ray Physics

   High Energy Gamma Astronomy

   Neutrino Astronomy



“ASTROPHYSICAL” 
 NEUTRINOS

e±

p

Astrophysical  Object
containing:

Populations of
relativistic  protons, Nuclei
electrons/positrons 

Emission  of: 

Γ αµ µ α rays

Neutrinos

Cosmic Rays



“Hadronic Emission”

“Leptonic Emission”



Estimate  for  astrophysical  neutrino  sources
    
        2 “guides”

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

     SNR
    AGN
    GRB

Existence of Cosmic Rays !
Some sources at some  level  MUST exist

Leading candidates

UHECR
Neutrino
“connection”



Relation  between

PHOTONS  and NEUTRINOS

  Assuming HADRONIC  production for the photons:

   In the absence of photon absorption

One  Photon  ≅   One Neutrino  





Atmosphere



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

 
Power law
c.r. population

Photon, neutrino fuxes  also power law with same esponent 



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

[Approximate scaling form]

Defnition of the Z-factor





Ratio   Neutrino-Photon 





Efect of Neutrino Oscillations

Before Oscillations

After  Oscillations



Escaping CR
[Source “dissolves” (like a SNR)]

neutron

 proton

Production of Cosmic Rays
Versus Neutrino/Photon spectra



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

“Waxman – Bahcall Bound”

Injection rate of extragalactic cosmic rays
estimated by  observation of the fux.

→  Estimate of the “difuse” neutrino fux
     [summed over all sources]



Very direct connection   with
TeV  Gamma  Astronomy !!

A feld  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
   µ Quasars



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



Egret
Agile
Fermi

Hess
Magic
Veritas

CTA 

Milagro
ARGO
HAWC 



AGILE Piccolo Satellite italiane
ASI/INAF/INFN

Lanciato
23 aprile  2007
dalla  base  indiana
di Sriharikota.

Orbita  h=540 Km
             inclinazione = 2.5o



11th    june 2008Launch of  (GLAST)  FERMI  telescope



1st FERMI-LAT catalog
1451 sources 

GeV  Sky 

2nd catalog  release
imminent.



MAGIC   2  x  236 m2

2nd telescope :  April 2009





CHERENKOV
TELESCOPE





HE γ -ray sources 



HIGH  ENERGY  NEUTRINO  

DETECTION 



New  Conceptt





3600 m

NT-200

1
3

6
6

 m

– 4 cables x 4km to shore.
– 1070m depth







9
22

40

1

59

125 m string separation
17 m between PMT's



Deployment   of
the  strings



See only
½ of the SKY



Complementarity of view.  Mediterranean/South Pole





4100m

2400m

3400m
ANTARES NEMO NESTOR

Projects in theProjects in the
MediterraneanMediterranean













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

“tower” [6 PMT's]
127  towers  (180 m) 

40 m

Multi-Site ?!



“OPTICAL  Method”



“OPTICAL  Method” “ACOUSTIC  Method”









INTERDISCIPLINARIETA'



Components  of the Neutrino Flux 







IceCube  Efective AREA  (as a function of Neutrino Energy) 



Detection
Level



Quadratic behaviour







NEUTRINO 
POINT  SOURCES



“Standard
  Source”



Neutrino induced Muon
signal

Energy
Response:
Peak @ 20 TeV



From the Neutrino  Flux to the
Muon induced  signal. 



Line : 1 (muon event)/(km2 yr)

Galaxy
 z = 1Mrk 421/501

How many sources 
Are here ??!



Cosmological efects

Comoving  distance

For neutrinos  the universe is transparent !





15 New Sources
+ 3 KnownHESS

Science
March - 2005

“SCAN”
of the 

Galactic 
Plane



CRAB Nebula
SNR:  RX 1713.7 -3946  (SN 393A)
SNR:   R0952-4622      (Vela Junior) GALACTIC TeV catalog



extra-GALACTIC TeV catalog

Absorption efects



Three Brightest sources in the TeV sky: 

                             2   young SNR 
                             Vela Junior 
                             RX 1713.7-3946 

 

CRAB NEBULA

 TeV  Galactic  Sources
 Measured by  HESS, MAGIC

Have  FLUX:

Flux (E
γ  
> 1 TeV) =   0.11   - 2.1

UNIT :



TeV Photons in a
Cherenkov 
Telescope

Up-going muons
Neutrino 
telescope



Importance of  cutof !!



BACKGROUND Atmospheric Neutrinos



Angular  Distribution  of the Neutrino – induced Muons



IF  TEV  emission  of the
Brightest TeV sources 
Is of hadronic  nature 
 
Detection with neutrinos
Is within  reach .....

...but  

 NOT EASY !

Few  events / (km2 yr)



CAS A
(1667)

SNR



“Fireball”  of an
  Supernova explosion 
  

Interstellar 
Gas
 

Strong Shock

Fermi 1st order
acceleration



POWERING THE 
GALACTIC  COSMIC  RAYS



Power Provided   by SN  is  sufcient
 with a conversion efciency 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 



(Re)-discovered in 1996
  by the Roentgen Satellite  

SuperNova  393A
RX J1713.7-3946

Observed in AD 393 
By chinese court astromers
22-october, 19-november

Foreground star

Neutron Star

X-ray image

Detected in 2004  by HESS in TeV gamma rays



Comparison  with ROSAT  observation

 HESS  Telescope 
Remarkable observations   with 
TeV  photons  



ENERGY  Spectrum



Hess  estimate:

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



 astro-ph/1103.5727.  
 29th march 2011

Favors  
leptonic interpretation.



VELA  JUNIOR
G23.3-0.3 

W41



What about “ABSORBED SOURCES ?”

(Much) Higher fux in neutrinos  than in photons ?

Best cases for making a bet:

   GALACTIC  CENTER  (of course !)

   MicroQuasars       



Colors: H.E.S.S.
Contours: Radio

Point-like core

Extended tail
Similar to NFW profile

Angular distribution

GALACTIC  CENTER





MICROQUASARS
GRS 1915+105

Detection in Radio
(VLBI)

Galactic
binary system
with one 
stellar mass
black hole 

Symmetric 
emission  of
Plasma  "blobs"



Geometry of the emission of the two  jets

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



CRAB   NEBULA     
(Self Synchrotron Compton)

Synchrotron Emission Inverse Compton

Leptonic mechanism
(SSC  satisfactory)



UNRESOLVED  FLUX

Sum of all High Energy 
Neutrino  Sources

EXTRA-GALACTIC   NEUTRINOS

Individual Sources

AGN
GRB's



INCLUSIVE  Extra-Galalactic  Neutrino Flux

Integral  dominated  by   large  distances



Homogeneous  Distribution of  identical  sources
In  a static  euclidean  space:

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 !

Cosmological  efects  “cut” the integration
For r > c/H

0

Source
Evolution



= Power Density  per energy  decade  at E = E*



= Power Density  per energy  decade  at E = E*

Cosmology Source 
evolution

Spectral shape



= Power Density  per energy  decade  at E = E*

No source evolution

Source evolution



Existing (published) limit on the difuse neutrino fux
implies:



[MonteCarlo] Energy Spectrum of Neutrinos
Observable in IceCube.

Atmospheric

Astrophysical

Atmospheric-prompt



Neutrino  Energy

Reconstructed
Neutrino Energy

[From  Muon Radiation]



No excess over  atmospheric neutrinos









“Resolved”  sources

Difuse contribution

“horizon”

Relation between
The difuse fux 
And the detected Point Sources







Obtain from difuse fux

Estimate from
Astrophysical
considerations.





  ACTIVE  GALACTIC  NUCLEI



PKS 2155-304



PKS 2155-304



PKS 2155-304



Gamma  Ray  Bursts





Γ  > 100

GRB : associated with a subset 
of  SN Stellar Gravitational Collapse



Extraordinary Large (beamed)  Energy Output 







41 GRB    used by AMANDA

Photon 
detection

Neutrino  assumed
spectrum





UHECR

1.  Energy Spectrum
 Clear identifcation of a high energy suppression 
      [the “END”   (… well the “suppression”)
      of  exotic/fundamental physics modeling for UHECR]. 

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

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



UHECR

1.  Energy Spectrum

2.  Anisotropy

3.  Composition 

Signifcant 
Experimental 
Discrepancies

Auger/Hires

Confusing
situation. 

Crucial Problem:

Galactic 
Extragalactic
Transition



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



AUGER  result  on  Correlations with the VCV AGN catalogue

November 2008.    Update  september 2010.

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

Signifcant dilution 
[but not disappearance]
of the  statistical signifcance



3, 20 degrees circles
November 2008
Update  september 2010
November 2008 (13 + 14 events)
Update  september 2010  (+42 events)

Discussion on  CEN A
The  AGN   closest to   us.

3 events  within 3  degrees
8  events  within 18 degrees

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



CEN A



Area        Energy
Shape  depends on :
● Primary Identity
● Interaction Model



 Mass Composition
 becoming heavy ?
 at  very high energy ?

  Signifcance would be
  very important !
  Constraints on the
  structure and properties
  of the astrophysical sources.

 
Observational   controversy 
 NON confrmation
 of HiRes

Correlation with sources
Small  deviation in magnetic
Fields  ( Z < 3 ?)



Johannes Knapp



Total pp Cross Section

LHC and Ultra-High Energy Cosmic Rays



140 m from interaction point



UHECR   Flux  * E3  representation.



UHECR   Flux  * E3  representation.

Tibet ARRAY
 Data  points  depend
on the interaction model 
used  for  modeling the showers
  QGSJET-1
  QGSJET-2
  SIBYLL 

HIRES  

AUGER



α = 2.5

 2.3

 2.7

 2.0

Power Law  Injection  (No  Cosmic  Evolution)



α = 2.5

 2.3

 2.7

 2.0

Power Law  Injection  (No  Cosmic  Evolution)

Remarkable
“coincidence” (?!)

Berezinski et al  “DIP Model”



from Michael Hillas



“second knee”

Hence no Gal. outfow detected

G

EG

Combine galactic  and  extragalactic  part

from Michael Hillas



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  signifcance  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 difcult!] 



“The estimate of the neutrino fux  may be too low,
  since regions that  produce  neutrinos  abundantly
  may  not reveal themselves in  the types of radiation
  yet detected”

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

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 m2) ] 
[ 2000's   AMANDA at the South Pole  (~104 m2) 



“The estimate of the neutrino fux  may be too low,
  since regions that  produce  neutrinos  abundantly
  may  not reveal themselves in  the types of radiation
  yet detected”

Argument  of Kenneth Greisen    in his  CR review of 1960.

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 m2) ] 
[ 2000's   AMANDA at the South Pole  (~104 m2) 

The “KM3  concept” “The 'natural  size'
 for a neutrino  telescope
 is  1 Km3 of water / ice”



For the  “KM3  concept” 

the “moment of  truth”  has arrived.

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

Difcult 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 ?

Surprise ?

Problem ?

YES....OF COURSE !!

Not really.  In many ways an expected result

In my opinion:  YES



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  signifcance.

Disappointment....

....and then... 

One could  hope  for   surprises...



Francis Halzen:  1996

Neutrino Telescopes {SNR, AGN,...} {???}



Francis Halzen:  1996

Neutrino Telescopes {SNR, AGN,...} {???}

...The “Expected Unexpected Big Surprise”  
  .....remains   still hidden.....
        [and is after all not guaranteed]



SKY

MUCH
BRIGHTER
than the 
MOON

7000
sources/(o)2

X ray 
Sky



CHANDRA

Deep
Field
North

X-ray  emission
from AGN

+  
Pulsars,
binary systems
......



¼ , ½    of KM3  telescope and no neutrinos …

   Surprise ?     Not Really.



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



¼ , ½    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  fuxes  
 
   [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 scientifc  programs
toward the  understanding of the
“High Energy Universe”.

Neutrino Astronomy
Gamma   Astronomy
Cosmic  Ray Astrophysics
 

What is the signifcance 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  fnally detected ?

Extraordinary Long Baselines
  

Oscillations with very small Dm2 
[Pseudo-Dirac neutrinos
 Mass doublet with tiny
  Mass splitting]

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  difculties 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 ?



Atmospheric Neutrinos

Cosmogenic  “GZK”  Neutrinos

Exotic Physics Neutrinos
(Top-Down Models)

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

“Interdisciplinary studies”  

Additional Topics  for a complete discussion:
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