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Perspectives  for  

Neutrino Astronomy



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

Cosmic  Rays (p,e-,  p,e+, …)

Gravitational waves

 Astrophysics  with  
 four   MESSENGERS



Photons

Neutrinos

Cosmic  Rays (p,e-,  p,e+, …)

Gravitational waves

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

Cosmic  Rays (p,e-,  p,e+, …)

Gravitational waves

 Study the structure and 
 properties of the SOURCES

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

 Astrophysics  with  
 four   MESSENGERS



Photons

Neutrinos

Cosmic  Rays (p,e-,  p,e+, …)

Gravitational waves

 Relation  between 
 these  felds 

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

 Astrophysics  with  
 four   MESSENGERS



SPACE is  
FULL  of NEUTRINOS 

that come from a 
variety of sources

in a very broad 
interval of energies



23 decades 
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Neutrino
Fluxes



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



Possibility of 
“Modifcations”  of the  neutrino  fux 
 during propagation.

Investigate :
Flavor Oscillations (with very long path-lengths)
Decay                     (with very long lifetimes)
 ........

Important difculty:
Properties of the neutrinos at the source
must be sufciently well understood.



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



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





The neutrinos  from  SN1987A 
still the subject of many  works  every  year   !



SN1987A



Kamiokande + IMB    detection of SN1987A

Controversial  Results  from other detectors  [LSD – Mont Blanc]



From Georg Rafelt



From Georg Rafelt



From Georg Rafelt



NEUTRON  STAR  STRUCTURE 



23  february 1987

 ....  25.5   years  ago  .......

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

Scientifc Potential
(with the new  detectors)
 is  very important   



GEOPHYSICAL
(anti)-NEUTRINOS





Events (1 sigma) 

BOREXINO

(march 2010)



Neutrinos
associated to the
“High Energy Universe”



Victor Hess
before the balloon flight of 1912

Discovery of Cosmic Rays
beginning of
High Energy Astrophysics

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



 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



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



CAS A

(1667)



“Hadronic Emission”

“Leptonic Emission”



Relation  between

PHOTONS  and NEUTRINOS

  Assuming HADRONIC  production for the photons:

   In the absence of photon absorption

One  Photon  ~ One Neutrino  



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

neutron

 proton

Production of Cosmic Rays
versus neutrino/photon spectra



Foreground  of

Atmospheric Neutrinos



Atmosphere

 Atmospheric 
 neutrinos





Spectra of neutrinos
 generated in the
chain  decay of
of a charged pion (pi+)
 



Contribution of Kaons 
 (very important for electron neutrinos) 



 Interaction
  versus

 Decay
 for mesons





“prompt muons”
 from decay of 
 charmed particles



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

 
Power law
c.r. population

Photon, neutrino fuxes  also power law with same esponent 



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



 New Concept for

 High Energy 
 Neutrino Telescopes





3600 m

NT-200

1
3

6
6

 m

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

 Pioneering work
 in Lake Baikal (Soviet Union)





125 m string separation
17 m between PMT's



Deployment   of
the  strings







Detection
Level



IceCube  Efective AREA  (as a function of Neutrino Energy) 



See only
½ of the SKY



Neutrinos from
Cosmic Ray Sources

“Cosmogenic Neutrinos”

 Neutrinos from DM annihilation



NEUTRINO 
POINT  SOURCES



Components  of the Neutrino Flux 













Earth

Multi-wavelength 
observations

Prediction of the  neutrino
Flux  from the photon fux
[+ additional information]

Astrophysical  
          source



Earth

Possible absorption in the source

Propagation efects (extragalatic)

Flavor oscillations
(good theoretical control)

ENERGY
EXTRAPOLATION 

Astrophysical  
           source



TeV Photons in a
Cherenkov 
Telescope

Up-going muons
Neutrino 
telescope





Neutrino induced Muon
signal

Energy
Response:
Peak @ 20 TeV



BACKGROUND Atmospheric Neutrinos



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)



HE γ -ray sources 



4100m

2400m

3400m
ANTARES NEMO NESTOR

Projects in theProjects in the
MediterraneanMediterranean





“OPTICAL  Method” “ACOUSTIC  Method”





INTERDISCIPLINARY studies



Gamma  Ray  Bursts





Γ  > 100

GRB : associated with a subset 
of  SN Stellar Gravitational Collapse



41 GRB    used by AMANDA

Photon 
detection

Neutrino  assumed
spectrum



UNRESOLVED  FLUX

Sum of all High Energy 
Neutrino  Sources

EXTRA-GALACTIC   NEUTRINOS

Individual Sources

AGN
GRB's



The 3-dimensional  lampposts ensemble  “paradox”
[Kepler – Olbers  paradox].

Linear sequence  of lampposts:

Most of the light you  receive
from  the nearest lamppost

3D ensemble of lampposts:
[Euclidean  static  space]

Light diverges !



Homogeneous (in average)  density of sources:
spherical shells  between  radii:   1,  2,  3,  4, .... 

All  spherical  shells  contribute equally.:  DIVERGENCE! 



Homogeneous (in average)  density of sources:
spherical shells  between  radii:   1,  2,  3,  4, .... 

All  spherical  shells  contribute equally.:  DIVERGENCE! 

Divergence  cured
By cosmological efects



[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









 2 events with Large energy depositions 
 in IceCube (Neutrino 2012)



“Cosmogenic Neutrinos”

“GZK (Greisen-Zatspin-Kuzmin) neutrinos” 
 

 Neutrinos  generated by the interaction
 of Ultra High Energy Cosmic Rays  (E > 1019 eV)
 with the (2.7o) Cosmic Microwave Background Radiation 



Cosmic  (2.7 K)
Background
Radiation 

Stellar
Light

Stellar Light
 reprocessed
by dust

Average Photon  Density in the Universe



Threshold for  photon-hadronic interactions:

 Threshold for pion production



Qualitative analyisis

Interaction Length



Log 
10

[E (eV)]

Size of the  visible Universe 



Energy Loss  Mechanisms for Protons:

NEUTRINO
PRODUCTION

Greisen-Zatsepin- Kuzmin  
(GZK) suppression



Proton Energy Evolution with Redshift
E
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Invisible in 
High energy Photons

Invisible in Cosmic  Rays

High  Energy Proton Horizon

“VISIBLE”
  with
  NEUTRINOS





Neutrino Astronomy:  
 beyond the 
 “Km3 concept”

 Radio, Acoustic,.....















   Dark Matter  

   (in the form of WIMPs)

     Detection with 
    Neutrino Telescopes
  



Dark Matter detection 
with neutrino telescopes.

Accretion of  DM 
Particles in the Sun  (and Earth)



Number of neutrinos in the sun

 Capture
 Rate

 Evaporation
 Rate

 Annihilation
 Rate



 Annihilation
 Rate





]

Red line=
   estimated
   Background
   from atmospheric 
   neutrinos



No excess from the sun direction  (cos theta = 1)



IceCube study DM  muons from the direction of the Sun



Antares result (green line)



  PLEIADUM    CONSTELLATIO



.....Expect the unexpected ....

Francis Halzen:  1996

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