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When looked in detail the CR spectrum is not a simple power law 

Direct Measurements 
Satellite, Balloon 

Indirect Measurements 
Air Shower Experiments 
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PAMELA /ATIC/ CREAM  
reveal rigidity dependent  
spectral breaks 
and 
remarkable hardening 
after the breaks 
 

Perfect	
  demonstraKon	
  
of	
  	
  Peters	
  cycle:	
  
	
  
When	
  protons	
  accelerated	
  	
  
to	
  Epmax	
  	
  	
  a	
  nucleus	
  with	
  Ze	
  will	
  be	
  
accelerated	
  up	
  to	
  
Ezmax	
  =	
  Ze	
  x	
  R	
  =	
  Z	
  x	
  Epmax	
  
	
  
where	
  magne;c	
  rigidity	
  
R	
  =	
  Pc/Ze	
  
	
  
	
  
	
   Bernard	
  Peters	
  1961	
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Pamela Proton
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CreamII Proton
CreamII He
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CreamII Mg
CreamII Si
CreamII Fe

Spectral Indices of the hard component	
  

γProton = −2.67
γHe = −2.58

γO = −2.49

γSi = −2.37

γFe = −2.29



elements	
  

Fit	
  the	
  elemental	
  spectrum	
  	
  
with	
  Gaisser’s	
  formulaKon	
  	
  
of	
  Peters	
  cycle	
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Above	
  the	
  knee	
  use	
  <lnA>	
  as	
  guidance	
  



Amplitudes	
  and	
  indexes	
  of	
  all	
  elements	
  are	
  defined	
  by	
  the	
  CreamII	
  data.	
  Only	
  the	
  cutoffs	
  need	
  to	
  be	
  fit.	
  
	
  
Fe	
  spectrum	
  is	
  the	
  key	
  to	
  the	
  whole	
  puzzle.	
  	
  
	
  
The	
  Cream	
  Fe	
  data,	
  when	
  extended	
  with	
  the	
  same	
  index	
  up	
  to	
  an	
  energy	
  where	
  it	
  makes	
  100%	
  of	
  the	
  all	
  
parKcle	
  spectrum,	
  	
  defines	
  the	
  maximum	
  cut	
  off	
  energy	
  for	
  Fe.	
  	
  
	
  
This	
  point	
  turns	
  out	
  to	
  be	
  20.8	
  PeV.	
  	
  
	
  
If	
  Fe	
  cuts	
  off	
  at	
  20.8	
  PeV	
  	
  è	
  Proton	
  will	
  cut	
  off	
  at	
  20800/26	
  =800	
  TeV	
  	
  



	
  However	
  
	
  
<lnA>	
  data	
  tells	
  us	
  	
  
the	
  knee	
  is	
  not	
  100%	
  Fe.	
  
	
  
Since	
  the	
  amplitudes	
  are	
  locked	
  	
  
by	
  the	
  Cream	
  data,	
  	
  	
  
the	
  only	
  way	
  to	
  fit	
  <lnA>	
  	
  is	
  	
  
to	
  bring	
  the	
  cutoff	
  energy	
  down	
  	
  
	
  
and	
  fill	
  the	
  rest	
  with	
  elements	
  	
  
of	
  	
  a	
  new	
  Peters	
  cycle	
  	
  
(a	
  new	
  populaKon	
  of	
  parKcles)	
  



insert	
  another	
  Peter’s	
  cycle	
  
overlapping	
  with	
  the	
  previous	
  	
  
one	
  unKl	
  the	
  best	
  agreement	
  	
  
with	
  lnA	
  	
  is	
  reached	
  	
  
and	
  constrained	
  by	
  the	
  spectrum	
  

	
   	
  	
  

	
  

90	
  TeV	
  <	
  E1cutoff	
  <	
  150	
  TeV	
  	
  

	
   	
  and	
  

	
  	
  	
  	
  2	
  PeV	
  <	
  E2cutoff	
  <	
  4.5	
  PeV	
  with	
  
much	
  harder	
  spectral	
  indices	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
γProton = −2.3 γHe = −2.2

γCNO = −2.0 γFe = −2.0γSi = −2.0

The	
  comic	
  ray	
  knee	
  is	
  the	
  
intersecKon	
  of	
  two	
  different	
  
source	
  populaKons	
  



Cycle	
  1	
  alone	
  	
  

Epcutoff	
  =	
  120	
  TeV	
  	
  
	
  
EFecutoff	
  =	
  26	
  x	
  120	
  TeV	
  =	
  3.1	
  PeV	
  	
  
	
  

	
   	
   	
  	
  
	
   	
   	
  The	
  CR	
  Knee	
  

Cycle	
  2	
  alone	
  	
  

è
	
  

Epcutoff	
  =	
  4	
  PeV	
  
	
  
EFecutoff	
  =	
  26	
  x	
  4	
  PeV	
  =	
  104	
  PeV	
  	
  
	
  



without	
  ultraheavy	
  nuclei	
   with	
  ultraheavy	
  nuclei	
  

  Proceed with the same method to inject another Peters cycle for UHE 
 
•  Try to fit Auger’s composition as Cycle 3 
 
•  However, a gap is left between Cycle 2 and 3 and lnA turns to light too soon. There has to be 

some heavy elements at least upto 300 PeV.  
è  include ultraheavy element groups as extension of Cycle 2  
     (as inspired by the lowE GCR measurements)  

 



 

 

Auger fits to standard Peters cycle  

with Proton cut off at 2.1 EeV (index=2.6)  

No Helium could be accommodated 

Oxygen is dominant,  

but there has to be some Si and Fe  as well 

 

 

 

 

BUT: There is an EXTRA Proton  

         which is not part of the standard cycle 

 è this Proton cuts off ~ 20 EeV (index=2.0) 



Compare	
  with	
  the	
  Auger	
  results:	
  	
  	
  	
  best	
  performance	
  is	
  with	
  EPOS-­‐LHC	
  	
  	
  	
  	
  	
  



Compare	
  Auger	
  and	
  TA	
  

Auger	
  sees	
  heavy	
  elements	
  
under	
  extra-­‐galacKc	
  Proton	
  	
  

TA	
  sees	
  all	
  extra-­‐galacKc	
  Proton	
  
(	
  are	
  the	
  elements	
  there	
  	
  
in	
  undetectable	
  levels?	
  )	
  	
  



There is yet another "
Peter’s cycle here"

 A source population which cuts off"
 around 100 GeV will explain the PAMELA break, "
which is the overlap between this population"
and the harder classic supernovae "
component setting in."



FERMI-­‐LAT	
  

SNR	
  IC443	
  “Jellyfish	
  Nebula	
  
1.5	
  kpc	
  away,	
  	
  ~10,000	
  	
  yrs	
  old,	
  



The classical supernovae "
cutting around 100 TeV"
"
Massive stars, circumstellar ejecta"
"



Fast spinning more massive stars"
beamed structure"
è Pulsar Wind Nebula systems"



1-­‐2	
  PeV	
  neutrinos	
  as	
  secondaries	
  will	
  come	
  
from	
  	
  ~	
  20-­‐40	
  PeV	
  region	
  of	
  CR	
  spectrum	
  



6 source populations explain the observed CR spectrum and <lnA>"

      Source 1: The Sun (cutting off around 10 GeV)"
Population 2: Old SNR  (~10-20 kyrs old, e.g. IC443, W44, W28 ), cuts off ~100GeV"
"Population 3: The classical supernova cutting off around 100 TeV, ~1-3 in 100 yrs"
" " "      Massive stars, circumstellar ejecta"
Population 4: “Galactic PeVatron”: PWN/Hypernovae, 1 in 1000 yrs  è TeV –PeV neutrinos "

" "      Fast spinning massive stars with mass 20-50 Msun, beamed structure"
                      found in star forming regions, live wild, die young, "

" "      leave a fast spinning pulsar behind"
"" ""     """

Population 5: “Galactic EeVatron”: Hypernovae/GRB, 1 in 10000 yrs  è PeV neutrinos"
Population 6: extragalactic Proton: superposed on population 5 è PeV neutrinos"
"
IceCube’s TeV-PeV neutrinos are a mixture of Pop4 + Pop5 + Pop6 (galactic + extragalactic)"


