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Cosmic  Ray
Sources   and   Propagation

Some comments about the discussion during
this workshop,  with apologies   for incompleteness ...



Measurements of the 
Cosmic Ray  Fluxes  at the Earth:

 protons+ nuclei

 electrons 

 anti-particles

 Interpretation
 in terms of sources
 and propagation 



The CR spectra are nearly perfectly isotropic.

but the  angular distribution carries information 
of great importance

[of course also when the  angular distribution  is 
consistent with exact isotropy [“The dog that did not bark”]

The energy spectra
their  absolute and relative size,
their  different shapes for different particle types 
carry essential  information  that we want to understand.



1.  The electron spectrum

    And the relation between the spectra of electrons
    and protons/nuclei.
    
    [of vital importance for “multi-messenger” studies of the sources]

2.  The spectra of positrons and anti-protons.

     essential  to understand  CR propagation.
     
    [In my view]  finding the solution to
     the  “positron anomaly” problem
     is a crucial  problem  with deep and broad  implications.

Two topics that we have only discussed  little 
in this workshop but are very important:



The study of the flux of  cosmic rays  
measure  the density of Cosmic Rays 
At   one point (the the vicinity of the solar system)
and one time  (the present). 

Study of the space dependence of the CR population
are possible and very important (gamma-ray,  radio).

Time variations [on long time scales] are 
possible, even if the CR population is
on average stationary.
Common assumption:
[can be violated.  M] 



Talk of Michael Kachelriess: this morning:



Injection   
[in interstellar (or intergalactic)  space]

Propagation
[from the injection point to the Sun]

 Q: is this  division  really valid ?
 A: in most  scenarios  this is a good subdivision, 
     but this is a  critical point   

[ASTROPHYSICAL SOURCES]

Formation of the Cosmic Ray 
flux:
divided into two  phases:



Galactic Cosmic  Rays:
have their origin in sources inside the Milky Way

Extra-Galactic Cosmic Rays
gave their origin in sources outside the Milky Way

Natural  to  expect  that:

  Galactic particles dominate the flux at Low energy
 
  Extra-galactic particles dominate the flux at High energy

Transition
Energy  E*



 Galactic Cosmic Rays 

Very likely: 
Ensemble of  astrophysical objects that are
(astrophysically)  quasi-point-like and 
transients  [active for a limited amount of time] 
{e.g.  SNR's  or GRB's} 

Source labeled by k:

Position, time of activity,   injections of protons, …..



Average injection of  protons in the Milky Way
[particles/(GeV sec)]
obtained  averaging over all  sources;  

We know (!) that this  injection spectrum extends
to PeV energy (and possibly beyond).  So some sources
must be capable of doing so.



Relation between  the observed flux
and  the injection ?  [example of protons]

Flux  obtained summing  over many sources 
In a large volume (the entire Galaxy)
active during a long [Myr]  time interval (in the past)

Approximately:

Spectral shape  determined  by  Injection + Propagation



Do different classes of objects  contribute
to the observed  Cosmic Ray populations ?
[SNR's,  GRB's,  Galactic Center,....]

What physical mechanisms  operate in these potential
classes of  sources ?

What is the “average emission”
from sources of the same class ?

Sources of  the same class
have emission of the identical (or similar) shape 
or there are significant variations
between individual objects:

 Natural Questions: 



What are the main sources 
of the Galactic Cosmic Rays ?

At this  meeting we have   heard
[strong] arguments  in favor of 

SuperNova Remnants:

See talks of:
Pasquale Blasi
Gwenael Giacinti 





What is the average  spectrum 
of (for example) protons  injected by one object:

Simplest (naïve description):
 

Normalization, slope, E
max

Perhaps not exponential cutoff
E*, E

max
  



Very important  (and very “annoying” …)  ambiguity:

Any feature in the shape of  the energy  spectrum
can be attributed to the  injection or to  propagation.

Most  prominent spectral feature 

 the “Knee” [or better the “Knees”]:

Is it  created by  Injection or Propagation ?

P.Blasi  argued for Injection [acceleration]
             in a framework where  SNR are the CR sources

G.Giacinti    argued  for the knee as 
                     a signature of  Propagation
  









 Multi-Messenger Astrophysics 

Astrophysical  Objects that accelerate  Cosmic Rays
must be  emitters of photons and neutrinos.



We know  know that the Galaxy and the Universe
are full of different classes  of sources that contain
(and therefore generate)  populations of relativistic particles 



Fermi 3rd catalog









Emission from a source
[for example a SuperNova remnant]

Total emission of
Relativistic protons from the source

Looking at the source when it is active:
What are the emissions of photons and neutrinos ?



Total emission of
Relativistic protons from the source

Talk of Martin Pohl this morning









Are SNRs the only  candidate  as the main
source of the Galactic Cosmic Rays ?

Are there any alternatives ?



Are SNRs the only  candidate  as the main
source of the Galactic Cosmic Rays ?

Are there any alternatives ?

… SNR are  the most natural and attractive
  (and certainly the most “popular”  candidate)
  But one should keep an open mind for alternatives
  [perhaps  unexpected].

  GRB's   
  PWN's
  The Galactic Center











Galactic
 
    versus

Extra-Galactic



 “Bubble” of  cosmic rays
  generated in the Milky Way
  and contained by  the  
  Galaxy magnetic field

  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 field.



The distinction 
 Galactic / extra-Galactic  is conceptually clear.

… but how is it possible  experimentally to disentangle the 
    Galactic and extragalactic populations ? 

 Non trivial 

ISOTROPY  :

1. Sufficiently “scrambled”  particles  produced in 
    the Milky Way

2.  Extragalactic particles emitted from a 
     (sufficiently large portion)  of an isotropic universe

Galactic CR  production most likely from a  disk region
(with the Sun close to  one border) 

Crucial observation : ANGULAR  DISTRIBUTIONS !



Simple ideas:

1. At a sufficiently high magnetic rigidity
    the angular distribution of the Galactic particles 
    will start to  show the imprint of the geometry of the
    emission  (an confinement volume) 

2. At sufficiently high magnetic rigidity
    Extragalactic particles will:

    2a.  Come from a smaller  volume  in the universe
            and carry information about  the  
            non-homogeneity of  the local universe.

    2b.   “Point” [with smearing + deviations]
             to extragalactic source  “Proton Astronomy” 
     
              



Simple ideas:

1. At a sufficiently high magnetic rigidity
    the angular distribution of the Galactic particles 
    will start to  show the imprint of the geometry of the
    emission  (an confinement volume) 

2. At sufficiently high magnetic rigidity
    Extragalactic particles will:

    2a.  Come from a smaller  volume  in the universe
            and carry information about  the  
            non-homogeneity of  the local universe.

    2b.   “Point” [with smearing + deviations]
             to extragalactic source  “Proton Astronomy” 
     
              Has this been achieved ?

What is “sufficiently high” ?







Magnetic Field of the Milky Way

“Regular Field”  
 (Global structure)

“Random Field”   
(associated with turbulent motions
 in the interstellar plasma)
    



Magnetic fields
of different galaxies



Magnetic  field in  the galactic  plane  is of order
<B> = few  (5-10) microGauss,
with approximate equal  contributions of the 
regular and random fields.

The regular field in the galactic plane
has a spiral pattern with a pitch angle
similar to what is  seen in optical observations.

The Field  direction  reverses  
with regions where
the field is “in” and “out”

Extended halo  with
very poorly known properties.

c



Milky Way magnetic field
Jansson, Farrar
Ap.J. 761  (2012)



Milky Way magnetic field
Jansson, Farrar
Ap.J. 761  (2012)

What happens
if the lines “close”



The galactic  vertical  magnetic field in the vicinity
of the Solar System is  of order 0.2-0.3 microGauss,
and directed  from the South galactic Pole to the
North Galactic Pole.

“This field could be the manifestation  of a global
 dipolar field”

IF the  Milky Way
Magnetic field has a dipole
As large as suggested above  
What are the consequences ?



7 GeV in Earth Field

Confinement of  cosmic rays in the Earth dipole. 





Dipole Magnetic 
Moment



Can the global  structure of the  Milky Way magnetic
field play  (especially dipole, and quadrupole component)
play a significant role in the  confinement of the  highest
energy  cosmic rays ?

This is  (at least for me) an intriguing hypothesis
that is  interesting to study  both  theoretically
and experimentally.



Extragalactic  Contribution

Where is the transition ?

One expects that the transition is
associated to a spectral feature:



Extragalactic  Contribution

Where is the transition ?

One expects that the transition is
associated to a spectral feature:

“Ankle”                 [hardening]

or 

“Second Knee”      [softening, 
                                           less marked]





Kascade Grande   “ankle” in the light component.



Auger results:  Markus Roth







IceCube results:  Sam de Ridder



Interpretation of the  Auger data

Composition
becomes heavier

in a very peculiar way

Dispersion  also
decreases 

At all energies
only a small range
of masses contribute





Fit of the Auger composition presented at  ICRC2015



Andrew Taylor





Sources of UHECR  
[dominated but  extragalactic contribution]

Active Galactic Nuclei
[Andrew Taylor]

Gamma Ray Bursts
[Walter Winter]

 
...





Very interesting relation with the flux of
Astrophysical Neutrinos   detected by IceCube

Elements of discussion in the talks of
Walter Winter
Dmitri Semikoz







Theory  versus  Experiment
in Cosmic Ray astrophysics 

The study of Cosmic Rays  is a field dominated by the observers
where the theorists are always a few  steps  behind
trying to interpret  the surprises  obtained each time  that
new instruments allow  some progress
in the quality of observations.

The observers are guiding  the field toward  the  understanding
the physical mechanism, that control  high energy astrophysics.

The very existence of CR was not predicted,
The extension to  very high energy was not predicted,
…..

It is essential for future progress to have measurements  
of  good quality and  systematic uncertainties under control.



Some  observations for VHE/UHE Cosmic Rays
that have  broad and deep consequences 
for the  astrophysical interpretation
and that require confirmation/clarification.

1. The shape of the “Knees”  (1014 eV - 1017 eV)
    (for proton,  helium,  CNO,  …,   Fe).

2.  Confirmation of the existence
     of a hardening of the proton  (or light)
     component at  1017 eV, leading to a 
     proton dominated spectrum around 1018 eV.

3.  Evolution of the composition  of the CR
     around the “ankle” and up the highest energy
      (1018 eV - 1020 eV).  



1. The shape of the “Knees”  (1014 eV - 1017 eV)
    (for proton,  helium,  CNO,  …,   Fe).
     [Argo low energy proton/knee ?]
       [Is it possible to improve  after Kascade/EAS  TOP]

2.  Confirmation of the existence
     of a hardening of the proton  (or light)
     component at  1017 eV, leading to a 
     proton dominated spectrum around 1018 eV.
    [Crucial element for all interpretations]
      [What about IceCube ? Discrepancy ? Systematics  ? ]

3.  Evolution of the composition  of the CR
     around the “ankle” and up the highest energy
      (1018 eV - 1020 eV). 
      [Auger composition versus 
       “Dip Model”  (pure   proton) interpretation] 
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