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Overview: 

 Introduction 
 Acceleration of cosmic rays 
 Magnetic field of Milky Way 
 How galactic CR diffuse from their sources 
 Search for TeV CR sources with Fermi LAT 
 Extragalactic magnetic fields 
 Search for UHECR  sources  
 Summary   
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Galactic and 
extragalactic cosmic 

rays 
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Supernova ? 
     galactic iron                ? 

        Extragalactic sources 

knee ankle cutoff 
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Mass composition knee region 
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Anisotropy in UHECR 
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1 EeV protons from galactic 
sources 
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KASCADE-Grande protons   
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Supernova ? 
     galactic iron? 

Extragalactic sources 

knee ankle cutoff 
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Unresolved questions for search 
of galactic sources: 

 Detailed structure of galactic magnetic field 
 What are the sources of Galactic cosmic rays? 

 Acceleration problem? 
 How good is diffusion approximation? Not good 

near sources!  
 Electrons or hadrons produce observed gamma-

rays?  
  Can neutrino telescopes observe galactic sources? 
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Search for the UHE sources: 

 Mass composition heavy in Auger / light in 
HiRes/TA: has to be solved 

 3D structure of extragalactic magnetic fields + 
remove foregrounds from Galactic magnetic 
field  

 What are the sources of extragalactic CR? 
  Acceleration to highest energies 
  Any real anisotropy at highest energies? 
 Search for the source correlations for nuclei?  
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Acceleration of 
cosmic rays 
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Acceleration by electric field 
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  Discovered by four 
independent teams: 
  Bell (1978), Krymsky (1977),  
     Axford et al (1977),  
     Blandford & Ostriker (1978) 

  Requires that particles 
diffuse across a diverging 
flow (a shock) 

  Also requires some form of 
trapping near the shock 

Diffusive Shock Acceleration 
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Acceleration of UHECR 
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Acceleration with energy losses 

 Maximum energy   

 Where  
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Acceleration with energy losses 

  Hillas maximum energy 

 Diffusive acceleration: 
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Acceleration with energy losses 

  Inductive with synchrotron loses (jets) 

 Inductive with curvature losses (cores) 
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Acceleration with energy losses 
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Acceleration near Black Hole  
in the electric field 
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Acceleration near Black Hole  
in the electric field 
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Galactic magnetic field 
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MILKY WAY GALAXY 
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Galactic magnetic field 
measurement: RM dominated by 

disk 
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Galactic magnetic field:  
 disk 
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Galactic magnetic field halo 
measurement: RM 
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Galactic magnetic field 
measurement: RM 
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Galactic magnetic field:  
 halo 
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  Deflection angle ~ 1-2 degrees at 1020eV for protons 
 Astronomy by hadronic particles? 

UHECR propagation in Milky Way 
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Galactic magnetic field: 
turbulent component 

  Field  with   

  Power spectrum 
  With index                    for Kolmogorov/Kraichnan cases 
  Correlation length 

  Where   
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Galactic magnetic field: 
turbulent component 

 Profile 1 

 Profile 2       
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Anisotropy of galactic 
CR 
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IceCube : Cosmic ray studies 
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Anisotropy due to local structure of 
turbulent MF 
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Theoretical models for 
galactic cosmic rays 
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Sources and Galactic magnetic field 
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Transport Equations ~90 (no. of CR species) 
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GALPROP model of CR Propagation in the Galaxy 



APC, May 30, 2012, Cosmic ray sources 

Cosmic ray propagation 
from single source 
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CR interactions in Galaxy 

 Cosmic rays interact in galaxy at the rate 

 where  cros-section is 
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CR from one source 

 Local measurements of primary and 
secondary nuclei give diffusion coeficient: 

with 
Diffusion region has bound exp(-r^2/r_s^2) 
Radius of  region around source is 
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Eigenvalues of diffusion tensor  
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Evolution of eigenvalues of 
diffusion tensor at 1 PeV  
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Diffusion of protons from single 
source 
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Time needed to come in  3-d 
diffusion regime  
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Gamma-rays from CR 
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Examples of observed HESS 
sources 
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40 PeV protons from single source: 
10 kyr (77%)  
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40 PeV protons from single source: 
100 kyr  (33%) 
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40 PeV protons from single source: 
1 Myr (12%) 
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40 PeV protons from single source: 
all times (up to several Myr) 
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Secondary gamma-rays from CR 

 To explain observed CR flux each source 
release  

In form of cosmic rays 
Then luminosity in gamma-rays is  
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Secondary gamma-rays from one 
source 

 Then flux of gamma-rays from one source is 

and angular size of source is  
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Expected number of sources 

 Expected number of sources in the nearby 
inner part of Galaxy: N_tot* Slocal/Stotal 

 N_tot = R_SN *3*10^4 yr = 300 
 We should see about 10-20 sources within 

5 kpc towards inner galaxy 
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Fermi LAT observation 
of Galaxy at E>100 GeV 
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Fermi LAT Galactic plane at E>100 
GeV 
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Fermi LAT point sources in Galactic 
plane at E>100 GeV 
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Fermi LAT point PSF and extended 
sources  at E>100 GeV  
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Fermi LAT diffuse sources in 
Galactic plane at E>100 GeV 
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Fermi LAT extended sources  at 
E>100 GeV  
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Pulsars with T<30 kyr 
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Pulsars 
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Potential sources 
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Extragalactic  magnetic 
fields 
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MF 3d structure 
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Detection of EGMF  
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By K.Dolag, D.Grasso, V.Springel, and I.Tkachev  

Deflections  by EGMF 
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Magnetic field in several directions from 
Earth for constrained simulation   

Dolag et al, astro-ph/0410419 
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EGMF by G. Sigl et al. astro-ph/0401084 
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EGMF filling factor  
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Sources of extragalactic 
cosmic rays 
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Arrival  directions for E>57 EeV in 
Auger 
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Doublet – at Cen A - real source?  2 
sigma at the moment 

CenA 
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  New York Times,             
December 29, 1932 

Robert A. Millikan 
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Auger composition 2009: nuclei! 
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Local LSS 
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Source in magnetized region 
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Cen A region: Auger   
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Image of galaxy cluster:  
regular field  
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Image of galaxy cluster:  
regular field  
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Image of galaxy cluster:  
turbulent field 
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Image of galaxy cluster:  
turbulent field 
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Method for search of UHE 
nuclei source 
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Application to Auger data 
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Application to Auger data 

D.Allard et al 
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Application to Auger data 
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Application to Auger data 
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Application to Auger data: 27 
events as first set 
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Application to Auger data: 27 
events as first set 
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Application to Auger data: 39 
events as second set 
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Model simulation of the galactic 
magnetic field 
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Cen A: check at low energy  

M. Lemoine, E. Waxman, JCAP 11 (2009) 009. 
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Cen A: Auger 1106.3048  
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Conclusions 
  We expect to see 10th of 100 pc CR sources with  100 GeV 

gamma-rays if SN are responsible for them. With Fermi LAT 
we found 18 sources with 90% radius 0.3-1 degree, which 
give real size  about 100 pc. Most of sources associated 
with pulsars with age T<30 kyr  

  Diffusion of CR around sources is very anisotropic, caused 
by high length (100 pc) modes of turbulent Galactic field.  

  Detailed study of source morphology  is required for every 
source to split electron (in center) and CR contributions. 

  One can confirm CR origin with observation of neutrinos in 
100 TeV range from same sources 
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Conclusions 
  Auger limits on the anisotropy of UHECR does not restrict 

existence of galactic iron component up to ankle or even up 
to 10^19 eV, depending on parameters of galactic magnetic 
fields. 

  Existing limits on anisotropy forbid large (conservatively 
10% or more) fraction of Galactic protons at 1 EeV. This 
mean that quickly rising proton fraction below 1 EeV in 
KASCADE-Grande has extragalactic origin 

  Cen A can not be connected to Auger excess in case of 
heavy nuclei primaries. Contrary Virgo can be a nearest 
source of UHE nuclei. 


