
Orion	  nebula:	  discovered	  in	  1610	  



Why do we care about CRs ? 
•  As humans: 

•  As physicist: 

–  Contribution to atmospheric Chemistry: e.g. production of 14C in atmosphere 
via neutron capture 

–  Source of background radiation: when you fly 
–  Source of hazard for interplanetary exploration 
–  Impact on Earth and space based electronics 

–  Maximum Energy is ~1020 eV, 108 times larger than LHC ! 
–  High-Energy CRs produce showers in the atmosphere  
–  CRs might affect Earth climate (debated) 



Why do we care about for Galaxies ? 

 At	  radio/g-‐rays	  in	  star	  forming	  galaxies	  we	  are	  looking	  at	  CR	  emission	  



Some Questions ! 
1.  How do you accelerate a particle ? 

2.  If you have a neutron, proton and iron nucleus which gets more 
energy ? 

3.  If you have a proton with E=1015eV which potential drop do you 
need to accelerate it ? 

Energy=qeZ	  V	  



Discovery 



Cosmic Rays 
•  Hess 1912 experiment showed 

that ionization increased with 
height  
–  It was coming from the sky  

•  Charged particles 
–  Not clear where they came from, B 

field  deflects them 

Why	  the	  drop	  ?	  

Knee	  and	  Ankle	  might	  be	  due	  
to	  different	  CR	  sources	  or	  
change	  in	  the	  propagaLon	  



The Knee and the Ankle 



CR Composition 

•  90% protons 
•  9% He 
•  1% electrons 
•  Only 0.01% is anti-matter 
•  Isotopic abundance show Be/Ti 

elements are produced by 
propagation/spallation 



Electron Spectrum 
•  Electrons (e- - e+) are only a fraction of protons and have a softer 

spectrum (slope of ~3.0 w.r.t. 2.76) 
•  Deviation from propagation (blue line) might indicate additional 

electron/positron sources 
•  ATIC bump not confirmed by Fermi 



Larmor (gyro) Radius 
Hillas	  	  critrerion=	  the	  larmor	  radius	  must	  be	  <	  size	  of	  the	  accelerator	  



Ultra high-Energy Cosmic Rays 
•  UHECRs are a puzzle: 

–  Cannot be contained in the Galaxy 
–  Cannot be accelerated in SNR 
–  Cannot come from very far away: 

•  GZK Cut-off (photo-pion production on 
CMB) 

LHC	  	  



Solar Modulation 
•  s 

intensity 



>1020	  eV	  

>1021	  eV	  (H)	  

LHC	  

Sources of Cosmic Rays 
•  Change in slope of the CR spectrum suggests there are 2 kinds of CR 

sources 
–  Galactic: dominate the low energy spectrum till E<1e15 eV 
–  Extra-Galactic: dominate about E>1e15 EV  

•  At these energies CRs are not contained in our Galaxy: Larmor Radius > kpc 
•  The observed sky isotropy suggests these are coming from everywhere and accelerated by galaxies 

more powerful than our own 

–  Galactic sources must  match the CR luminosity  
•  SN require only a ~1% efficiency in accelerating CRs 
•  Derive it on the black board 

•  Hillas Criterion: 
–  The Larmor Radius < Accelerator 



East West Effect 
•  In 1930, Bruno Rossi predicted that the Earth’s B field should 

introduce a modulation in the intensity of CRs 
•  Clearly seen also at gamma-rays (by product of CRs) 

Fermi	  



CR acceleration 



1st Order Fermi: Cross Shocking 
•  sa 

r	  =	  V1/V2	  ≈	  4	  for	  strong	  shocks	  



Fractional Energy Increase 

Eq.	  1	  



https://www.cfa.harvard.edu/~lsironi/Site/
Research.html 

For	  a	  simulaLons	  of	  the	  shock	  



What is the probability for an angle theta ? 

1	  



Escape Probability per Cycle 

c



Spectrum of Accelerated Particles 
•  Notes on blackboard 



To Remember 
•  There are no configurations that lead to losses 
•  The acceleration depends on shock velocity/strength 
•  The energy gain is basically independent of any detail on how the 

particles scatter back and forth 

Maximum Energy 

Amplified	  B	  fields	  are	  present	  because	  CRs	  are	  accelerated	  efficiently	  



Propagation of Cosmic Rays 
•  Continuity eq. + Fick’s Law = diffusion equation 

•  In the `leaky box model’: CR inside a volume have a constant 
escape prob. ~n/τ 

•  At steady state (dn/dt=0) and neglecting losses: n = Q τesc 
•  τesc depends on Energy: τesc ~ E-b with b~0.7 

•  Q~E-2 -> spectrum of CRs ~E-2.7 like we observe at Earth 

•  Radioactive elements used to infer how much matter CR traverse : 
X~0.3 cm-3 : -> CR spend part of their life in the Halo  
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Boron to Carbon Ratio 
•  Secondaries/primaries ratios as function of Energy are used to 

constrain the path length (e.g. tau_esc) for CRs 
•  Most famous one is Boron/Carbon (B/C) ratio 

–  Boron has Z=5  - Carbon Z= 6 





Magnetic Field Amplification 
•  Larmor radius of ~1pc for E~1014 eV 

–  SNR with µG fields cannot accelerate CRs to such energy 

•  Evidence from X-ray images of larger fields 

CRs	  create	  magneLc	  
turbulence	  in	  the	  shock	  
region	  



CR Ionization rate 
•  Protons of 1-10 GeV are like 

MIPS: e.g. loose energy by 
ionization (governed by Bethe’s 
cross section) 

•  The ionization rate comes: 
–  ζCR = fh fsec  ζp 

–  Where fh=5, fsec=5/ 
–  ζCR=5e-17 s 

•  See Spitzer&Tomasko 1969 



ISM temperature 

•  Balancing heating=cooling, 
the equilibrium temperature 
can be measured 
–  Cooling = radiative 

recombination, cooling due to 
inelastic scattering etc. 

•  See Spitzer&Tomasko 1969 



Summary up to now 
•  CRs are important for a number of reasons 

–  Most energetic particles ever -> study of accelerator 
–  Propagating through the galaxy they support the ISM, ionize it, create products by 

spallation, create observable radiation (bright at radio and gamma-rays) 
–  Amplify magnetic fields in  

•  SNe can, on energetic ground, accelerate CRs with E<1015 eV 

•  Acceleration happens via 1st order Fermi acceleration with amplification of 
magnetic fields in upstream/downstream shock regions 
–  Reproduces the power law distribution of the energy of Cosmic rays 

•  Pion bump in SNRs as expected for CR accelerators 

•  Propagation of CRs (leaky box model) soften the spectrum (e.g. the high-E 
CRs leave sooner) 

•  CRs heat up the ISM via ionization 



Anti-matter CRs (DM!) 
•  The search for anti-matter is mainly of interest for two reasons:  

–  accelerated anti-matter could be the result of acceleration of anti-nuclei in a 
anti-matter galaxy   

–   anti-protons (as well as positrons) are produced in cosmic- ray interactions 
with gas and provide insights into the cosmic-ray transport. Deviations from 
the anti-proton flux expected from secondary production may lead us to 
conclude that additional, primary anti-proton-production is necessary as e.g. 
suggested in models of evaporating black holes as well as from self-
annihilating dark matter (e.g. WIMP-dark matter). 

PAMELA	  
experiment	  

AnL-‐protons	  



Positron Fraction 
•  Pamela found a positron excess w.r.t. the level of positrons 

generated by secondaries 
–  Positron fraction increases with energy! 
–  DM or nearby pulsars ?!  
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UHECRs 
•  E>5e19 eV 

–  Above the GZK (Greisen–Zatsepin–Kuzmin) limit, photo-pion production over 
the CMB 

–  Protons travel <50 Mpc (z<0.01) 



Sources of UHECRs 
•  Because of the GZK they have to be nearby 
•  Correlation found with AGN within the GZK cut-off along the 

super-galactic plane 
–  27 CRs – 99% C.L. e.g. < 3sigma 

•  Several CRs from around the position of Cen-A 
–  Bright nearby (5 Mpc) radio galaxy 

Science	  



Mystery Over ? Not yet…. 
•  Subsequent analyses did not confirm the results 

–  69 CRs, no significant correlation 


