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Understanding the origin
of Cosmic Rays  
and high energy particles
in the Milky Way
and in the universe



Three main sources of  cosmic rays
 [high energy (relativistic) charged particles] :

[1. The sun  (E < 10-100 GeV)] 

2.  Galactic Sources

3.  Extragalactic Sources



Extragalactic
Particle

Particle 
accelerated in 
the Milky Way



 “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

Extragalactic
contribution



Piece of  extragalactic  space:  Non MilkyWay-like sources

Galaxy

Milky Way

AGN



Piece of  extragalactic  space: 

Galaxy

Milky Way

AGN

Nature and  distribution
of extragalactic sources.

Milky-Way-like
non Milky-Way like (AGN)
sources

Structure  and intensity
of extragalactic 
magnetic feld.



 Injection 
 of cosmic rays

 Containment
 time

Diferent particles

 Galactic Cosmic Rays 



Determination of  the “confnement time”    T(p/Z) 

“Cosmic  clock”   (Beryllium-10) 



Nuclear Fragmentation  
(collisions with the Inter Stellar Medium)

Solar 
system

v

v

v

proton  
 at rest



(extended halo)

Column density

Escape  faster at higher E



 Injection 
 of cosmic rays

 Containment
 time

LARGE Power
Requirement

Spectral Shape 
[Dynamics  
of acceleration process]

Source 
Identifcation 



Understanding the “confnement properties”
for Cosmic Rays in the Milky Way at
very high  energy is of critical importance. 

Turbulence power spectrum

Global Structure of the Milky Way 
Magnetic Field

Galactic Wind ?



Confnement  time as a function of rigidity (p/Ze)

T = 10 Kpc/c

 Failure of a simple
 difusion  modeling
 for CR confnement and escape



 [1.] Precision measurements of the shape of the
        energy spectra for the diferent particles.
        (protons, nuclei, electrons, positrons, antiprotons).

 [2.]   “Composition”  measurements 
          [identifcation of the mass of the nucleus in EAS]

[3.]    Anisotropy  (angular distribution) measurements.

Spatial  distributions   of   cosmic  rays in  (and near)
the Milky Way

Multi-wavelength studies of astrophysical objects 
(or “events”)  [From radio to  Gamma Rays]

Neutrino Astronomy



Features in the Energy Spectrum:

[1.]   The “CREAM/PAMELA”    hardening

[2.]   Slopes for diferent components

[3.]   The “KNEE”  at  3-5 PeV

[4.]   The region:    from the “Knee” to the “Ankle”

[5.]   The highest energy particles   (GZK or not GZK ?)
     



CREAM   (calorimeter on balloon) 
(5 fights in Antartica.  Total of 156 days)

Cream 5  trajectory
37 days 12/2009-01/2010



 Helium
 overtakes 
 protons 

 Claim of “break” 
  hardening
  in CR spectra 





PAMELA 

Proton/Helium
CR fuxes
1 GV – 1.2 TV

Science
(march 2011)



 Surprising  and important result. 

 Broken power law 
 fts to spectra.
 
 Break at same
 rigidity p/Z 

p He



 Surprising  and important result. 

 Broken power law 
 fts to spectra.
 
 “Ankle” at same
  rigidity p/Z 

p He

Structure 



Compilation of Horandel (2003)

Spectral Index 

as a function of Z



Compilation of Horandel (2003)

Spectral Index 

as a function of Z

   Why ?          
Acceleration shape
not “rigidity universal” ?



 Helium nuclei “overtake”
 protons at E = 104 GeV !

  ....
  Visible “Knee”  is 
  formed  by Helium ? 



Compilation of Horandel (2003)

Spectral Index 

as a function of Z
 Boron [“secondary” nucleus] 
 (very soft spectrum)

 … and Li, Be ?



Compilation of Horandel (2003)

Spectral Index 

as a function of Z

 is  the spectrum of IRON
 (and heavy elements)
 fatter ?



Potential of AMS



Air Shower Measurements

Calibration of primary energy  estimate  uncertain. 

Resolution in energy measurement is uncertain.

Composition measurement  difcult

Modeling of SHOWER DEVELOPMENT
(hadronic interaction properties)  remain central 
(and difcult) problem.



Tibet AS Gamma Air Shower    

Spacing  7.5 meters (interior)

  A(internal) 
        = 36,900 m2

150 meters



Tibet Air Shower Energy Spectrum



Tibet Air Shower Energy Spectrum

SAME DATA
Diferent shower simulation



Tibet   ASgamma

The “Shape of the KNEE”



Tibet   ASgamma

The “Shape of the KNEE”



IceCube 

Tibet

EAS TOP 



Structure of the “Knee”
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Kascade Grande

“Iron Knee”

“post knee hardening”

Smooth, 
broad shape



“Iron Knee”

“2nd Knee”
IceCube 

HiRes

Kascade Grande



Simple “2 knees pictures”  very likely insufcient. 

Auger



Auger

“ANKLE”

 High Energy
 suppression



TIBET   AS-gamma  CR spectra

HIRES spectrum

AUGER spectrum Energy scale discrepancy.



Op

He

Fe

“Standard idea”

Same structure repeated “rescaled in Z”



Proton Knee at 4.51 PeV Where does the extragalactic 
 component  enters ?



Composition 
Measurements

Xmax

Ground observables



Model Dependence !

KASCADE  /KASCADE-GRANDE

 KASCADE 
 results





The Highest Energy

    Cosmic Rays



 Fluorescence technique 
 Robust energy measurement

 Hybrid detector concept





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



The Fly's Eye
Detector concept



FLUORESCENCE   DETECTION  
In principle  little model  dependence 
for   shower  energy determination

Observed 
Light 

Emitted 
Photons

Shower 
Size

Geometry 
Atmospheric
Absorption

Fluorescence
Yields



Threshold for  photon-hadronic interactions:

 Threshold for pion production

GZK



Log 
10

[E (eV)]

Size of the  visible Universe 



Energy Loss  Mechanisms for Protons:

NEUTRINO
PRODUCTION

Greisen-Zatsepin- Kuzmin  
(GZK) suppression



Energy  Loss for  Nuclei:
Photo-disintegration.



Exposure  ~ 17000 km2-yr
Zenith angle ≤ 600 



HiRes/TA/Auger observe a High Energy Suppression
Consistent with the GZK suppression
[or photo-disintegration of Iron]
[or source cutof]



HiRes/TA/Auger observe a High Energy Suppression
Consistent with the GZK suppression
[or photo-disintegration of Iron]
[or source cutof]

 Question of
 energy scale

 30%  discrepancy 



Composition 
Study.

[model dependence]



What is the
 physical meaning
 of  these distributions?



 Compare  DATA with predictions
 based on several  assumptions
 for hadronic interactions....



p

He
O

Fe

One Montecarlo Model:  [Sibyll 2.1]



p

He
O

Fe

 Small curvature

 No sharp features



Xmax and  the Composition of Cosmic Rays

 Approximate
 validity  of 
 the relation:



p
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O

Fe



p
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O
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Measurements of 



p

He
O

Fe

Measurements of  Composition  evolution. 





 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 ?)



Berezinsky “DIP Model”



Berezinsky “DIP Model”

Proton dominated extragalactic component.
“fne tuned”  galactic/extragalactic transition at 2nd Knee.



 Progress in hadronic interaction
 modeling ?

 7 + 7 TeV
 PP collider



140 m from interaction point



LHCF  frst DATA  publication



From:
Medina Tanco



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



CEN A



COSMIC  RAY 

       ANISOTROPIES



4 TeV

6.2 TeV

12 TeV

50 TeV

300 TeV

TIBET AS-Gamma



0.7 TeV (20-60)

2.5 TeV (60-100)

3.9 TeV (>100)

ARGO  Result







AUGER 



Identifcation of Cosmic Ray Sources 

Intimate Relation between :

  Cosmic Ray Physics

   Gamma Astronomy

   Neutrino Astronomy



e±

p

Astrophysical  object
accelerating particles to
relativistic energies

Contains populations of
relativistic  protons, Nuclei
electrons/positrons 

Cosmic Ray Accelerator

Emission of

COSMIC RAYS

PHOTONS

NEUTRINOS



“Hadronic Emission”

“Leptonic Emission”



Egret
Agile

Fermi

Hess
Magic
Veritas 

Milagro
ARGO 

Gamma 
Astronomy
“Golden Age”



HESS  (Namibia)

Mirror
110 m2

Camera 
5o  Field of view





.... Madamina il catalogo e' questo ....

Situation in year 2000



2FGL

2nd  FERMI
Catalog

24 months 
of observations

1873 sources



TEV  SKY  



575   (31%)





 Difuse Emission 

Galactic coordinates



Inverse Compton

Bremsstrahlung





Description  reasonably succcessful.
But several ambiguities and open problems  remain.



 “FERMI  BUBBLES”



Scientifc American news.   Title:
Hidden in Plain Sight: Researchers Find Galaxy-Scale 
Bubbles Extending from the Milky Way





Artist's view of the “Fermi bubbles”









Are the  jets real ? 

Why are the jets inclined ? 
[are we seeing the direction of the BH rotation axis?]

What is the nature of the bubbles + jets emission?

What is happening  (or what – and when - happened)
at the GC ?

Are we missing something important  for the
understanding of the Milky Way  structure
And magnetic confnement properties ?

Many questions ?



Review of Gamma Astronomy   
impossible here.

VERY RICH  FIELD
Many  beautiful results  !!



Review of Gamma Astronomy   
impossible here.

VERY RICH  FIELD
Many  beautiful results  !!

[1.] Status of the “SNR  paradigm”  
      for galactic sources

[2.] AGN as accelerators of UHECR

[3.] GRB's as accelerators of UHECR  



●  PULSARS                      (PSR)

●  Pulsar Wind Nebulae    (PWN)

● Binary Systems  

●  SuperNova Remnant    (SNR)

●  Active Galactic Nuclei   (AGN)

●  Gamma Ray Bursts        (GRB)

●  ....novae, globular clusters, starburst galaxies, .....



PULSARS 

CRAB  Nebula

Proposed as  possible
Accelerators of e+ e-



VELA              89.3 ms
GEMINGA      237  
CRAB               33
1706-44         102
1055-52         197

EGRET  Pulsars

108  well identifed  Pulsars
         Mechanism understood ?
         Very large variation in the fraction  of  
         Spin Down Energy going into gamma Rays

 
3 PWN 



VELA



VELA Energy Spectrum    [characteristic shape
                                            For Pulsars]



The CRAB  Nebula

6
 a

rc
m
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u
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1 minute = 0.58 pc
 =  1.8 * 1018  cm 



CRAB  Nebula  Energy Spectrum

SSC  (Self Synchrotron Coompton)  model emission 

Synchrotron Radiation
Inverse Compton
 Scattering



AGILE discover of faring of the CRAB

2sep – 8 oct 2010

27sep – 12 oct 2007
[discovery “in the drawer”

 



CRAB  NEBULA      Flaring  [!]



CRAB  NEBULA      Flaring  [!]



April 2011
CRAB fare



Identifcation of the Astrophysical Sources 
of COSMIC RAYS.

The “SNR paradigm” 
for galactic Cosmic Rays

Debate about the acceleration  sites of 
UHECR  (Ultra High  Energy Cosmic Rays).

Candidate sites:
AGN's
GRB's  



CAS A

(1667)

The SuperNova “Paradigm”  for CR acceleration

 Energetics,
 Dynamics 



“Fireball”  of an
  Supernova explosion 
  

Interstellar 
Gas
 

Strong Shock

Fermi 1st order
acceleration

SNR



Power Provided   by SN  is  sufcient
 with a conversion efciency of   15-20 %
 in relativistic  particles





(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 

Observations   with TeV  photons 
 SuperNova RX J1713.7-3946



 astro-ph/1103.5727.  
 29th march 2011

Favors  
leptonic interpretation.



From  FERMI:



Luminosity (E >100 MeV)  versus star formation rate (SFR).
Dashed line:  Linear relation  
Solid line :  Power law best ft



  ACTIVE  GALACTIC  NUCLEI





Mk 501



PKS 2155-304

(Very rapid time  variations)



 Galactic Center



HESS observations
of Galactic Center
 Sgr A*





 Chernyakova et al 2010.
 [Fermi source coincident with  Sgr A*]



GAMMA  RAY  BURSTS  (GRB's) 

Proposed source
Of the CR





Z
 =

 9
.3

8
  

  
G

R
B

 0
9
0

4
2

9
B



  
  Z = 9.38

  9.06  < z < 9.52  (90 % C.L)



Hubble Ultra Deep Field  HUD09   
Galaxy at z≈ 10

… Galaxy beat GRB's ... 



The  frst stars...



Γ  > 100

GRB : associated with a subset 
of  SN Stellar Gravitational Collapse



    

    

 Cold Dark Matter
 Cornelia Parker. (Tate Gallery, London)

 What is the nature 
 of the Dark Matter ?



3 Roads to  test the 
WIMP    hypothesis

Creation
in accelerators

Elastic 
scattering

“Indirect Detection” 
 Annihilation products



PAMELA 
“anomalous positron abundance”
E = [3 - 100 GeV] 



Result confrmed by FERMI ! (and extended to 200 GeV)
[using the Earth  magnetic feld to separate e- and e+]
{Hypothesis of systematic efect much less likely...} 

Existence of a “new, hard source of positrons”
is a robust conclusion (very broad consensus).



 Very likely the “new source” 
 is approximately equal for e- and e+
 and visible also  in the (e- + e+) spectrum.
 This allows to extend the  observations to higher  energy
 (with FERMI + HESS)

 New source
 energy spectrum 
 extends up to
 (and not beyond)
 1 TeV.

Do we have also an “electron excess” ?



NEUTRINO 
      ASTRONOMY



New  Conceptt

Lattice of PhotoMultipliers













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 !



INCLUSIVE  Extra-Galalactic  Neutrino Flux

Integral  dominated  by   large  distances



No excess over  atmospheric neutrinos







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



4100m

2400m

3400m
ANTARES NEMO NESTOR

Projects in theProjects in the
MediterraneanMediterranean

 see:
 Emilio Migneco
 (friday) 







It is  wrong to talk about:

     NEUTRINO 
     ASTRONOMY 
 
We should talk about 

     NEUTRINO 
     ASTRONOMIES 

10-100  GeV   (DM)
1-100  TeV      (Galactic Sources)
 EeV                (Radio,  EAS...)
.......



Deep Core 



Neutrino Astronomy:  
 beyond the 
 “Km3 concept”

 Radio, Acoustic,.....







Programs  for the future:  

Cosmic Rays:  

Clarify the nature and origin  of the highest energy particles.
Study transition of the Galactic and extra-galactic populations.

Gamma Astronomy:

Development of the Cherenkov Telescope Array  (CTA)
Higher sensitivity, full aperture  Air Shower Array.

Neutrino Astronomy:

Open this  fascinating  new window.
IceCube taking data....
Programs in the Mediterranean Sea   (defne the design)
Ideas in development at  very high energy 
 



 The idea  of  constructing  an instrument 
 that is at the same time:

  a  Gamma Ray  Telescope 

 a  High Energy  Cosmic Ray  Detector

  is  natural  and very attractive.

There is space for signifcant  improvement over
Existing  measurements. 

[but a more detailed study is  required to  estimate
 the impact of the current LHAASO project as CR detector.]
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