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Overview: 
n  Introduction: galactic cosmic rays  
n  Problems with modeling of galactic cosmic rays  
n  CR spectrum from gamma-rays and neutrino 

data 
n  Fe60 anomaly and nearby source 
n  Nearby ‘recent’ source: proton spectrum and 

anisotropy, secondary positrons and anti-protons 
n  Conclusions 
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Introduction: 
galactic cosmic 

rays 
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Supernova ? galactic iron ? Extragalactic sources 

knee 

cutoff 
ankle 
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Spectra of individual nuclei 



        Physics Institute, Prague,  June 28, 2017  



        Physics Institute, Prague,  June 28, 2017  

Pierre Auger Observatory  
South site in Argentina  almost finished 

North site – project  
Surface Array 
 1600 detector stations 
 1.5 Km spacing 
 3000 Km2  (30xAGASA) 

Fluorescence Detectors 
 4 Telescope enclosures 
 6 Telescopes per 

  enclosure 
 24 Telescopes total 
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Spectra of individual nuclei 
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Knee in CR spectrum  

Knee was discovered by Kulikov  
and Khristiansen in data of MSU  
Experiment in 1958 
It was confirmed by all new  
independent eperiments 

 For long time it was 2 explanations: astrophysical and particle 
physics one.  In partile physics explanation it was assumed that 
either interaction changes or new particle dominates. Tevatron and 
LHC finally killed this interpretation. 
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Astrophysical interpretation of 
knee 

 Knee is due to maximal energy of dominant 
sources. Problem: knee is too charp 
 Single source dominate everything around knee 
Problem: dipole anisotropy is too small 
 Knee due to change in the propagation 
properties in interstellar medium Problem: 
majority of sources have to accelerate above 
knee 
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Transport Equations ~90 (no. of CR species) 

ψ(r,p,t) – density 
per total momentum 
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convection 
(Galactic wind) 
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diffusive reacceleration 
(diffusion in the momentum space) 

E-loss 

fragmentation radioactive decay 

+ boundary conditions 
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MILKY WAY GALAXY 
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Sources and Galactic magnetic field 

Ptuskin,  Astropart. Phys. 2011 
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GALPROP model of CR Propagation in the Galaxy 
Ø Gas distribution (energy losses, π0, brems) 

Ø Interstellar radiation field (IC, e± energy losses) 

Ø Nuclear & particle production cross sections 

Ø Gamma-ray production: brems, IC, π0 

Ø Energy losses: ionization, Coulomb, brems, IC, synch 

Ø Solve transport equations for all CR species 

Ø Fix propagation parameters 

Ø “Precise” Astrophysics 
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Assumptions of the model 
 
n Regular magnetic fields does not affect 

propagation of CR, one can neglect them 
n Spectrum is the same in all galaxy. It is as 

measured here 1/E^2.7 
n Sources are frequent enough that CR are in 

steady state regime, no variation of fluxes in 
time 
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Predictions of the model 
 
n  Spectrum is the same in all galaxy 1/E^2.7: Since 

accelerated spectrum is 1/E^2 or  1/E^2.2 magnetic 
field turbulence is Kreichnan with delta=0.5  

n   Spectra of all nuclei same as one of proton rescaled 
by regidity R=p/Z  

n  Regular magnetic fields does not affect propagation of 
CR, one can neglect them: Propagation of cosmic rays 
is spherically symmetric. Required diffusion coefficient 
is very high.  
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Predictions of the model 
 
n Because higher energy cosmic rays escape 

faster from Galaxy: 
¨  anisotropy is growing function of energy 
¨ Secondary fluxes drop relative to primary fluxes: 

positron and anti-proton fluxes should drop if 
compared to proton flux 
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Problems of 
galactic cosmic 

ray model 



        Physics Institute, Prague,  June 28, 2017  

Assumptions of the model 
 
n Regular magnetic fields does not affect 

propagation of CR, one can neglect them 
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MILKY WAY GALAXY 
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Galactic magnetic field 

n B = B_disk (regular) + B_disk (turbulent) + 
B_halo(regular)  + B_halo (turbulent) 
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Synchrotron/RM  maps 

From R.Jansson & G.Farrar, arXiv:1204.3662 
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Galactic magnetic field:  
 disk 

R.Jansson & G.Farrar, arXiv:1204.3662 
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Proton flux from SN at 1 PeV 
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Regular and  turbulent diffusion  
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Anisotropy dipole 

Pierre Auger Collaboration, arXiv:1103.2721 
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Assumptions of the model 
 
n Regular magnetic fields does not affect 

propagation of CR, one can neglect them 
n Spectrum is the same in all galaxy. It is as 

measured here 1/E^2.7 
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CR spectrum in 
MW and LMC 

from gamma-rays 
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Milky Way inner Galaxy  
Fermi E>10 GeV 

A.Neronov and D.Malishev, arXiv: 1505.07601  
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Milky Way inner Galaxy  
Fermi E>10 GeV: spectrum 2.4 
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In LMC average proton spectrum 2.45 

A.Neronov and D.Malishev, arXiv: 1505.07601  
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CR spectrum from 
astrophysical 

neutrinos 
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Pion production 
 

µ

µ

ννµ

νµπ

++⇒

+⇒
±±

±±

ee

i
b NN ∑+⇒+ πγ '

p 

n 

γπ 20 ⇒

eepn ν++⇒ −

Conclusion: proton, photon and neutrino fluxes are 
connected in well-defined way. If we know one of them we 
can predict other ones: tottot EE νγ ~

N + Ab ⇒ N ' + π∑
i
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IceCube data 4 yrs 
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Evidence of Galactic component in  
4 year IceCube data E>100 TeV 

A. Neronov & D.S. arXiv: 1509.03522 
Post-trial probability is 1.7 * 10-3 



IceCube neutrino sky map  
4 years E> 100 TeV and Fermi E>100 

GeV  5 degree smoothed 
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IceCube + Fermi LAT all sky: 
protons 1/E^2.5 

A.Neronov, D.S. arXiv:1412.1690  
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Assumptions of the model 
 
n Regular magnetic fields does not affect 

propagation of CR, one can neglect them 
n Spectrum is the same in all galaxy. It is as 

measured here 1/E^2.7 
n Sources are frequent enough that CR are in 

steady state regime, no variation of fluxes in 
time 
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Cosmic Rays in the Solar system 

Heliopause  
Bow shock  

Unshocked 
interstellar  
medium 

Solar modulation 
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CR detectors outside the Heliosphere 

Large mass concentrations in the ISM could be used as "natural" CR detectors. 
Such mass concentrations are e.g. nearby Giant Molecular Clouds (GMC). 
  

Orion cloud GMCs are objects of the mass 
~105 MSun and size ~10 pc, i.e. of 
the matter density n~103 – 104 
cm-3. 
CRs diffusing through the ISM 
cross the GMCs on the time 
scales of t~103 – 104 yr.  
During this time CRs interact 
with the GMC matter with 
probability p~ctσn~0.1.  

CR interaction in the GMCs lead 
to the gamma-ray emission (from 
neutral pion production and 
decay).  
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Gould belt clouds 
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Gamma-ray emission from nearby GMCs 

The gamma-ray spectrum of GMCs repeats the spectrum of emission from 
local ISM (diffuse Galactic emission at high Galactic latitudes).  
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Gamma-ray emission from nearby GMCs 
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Galactic cosmic ray spectrum 

Measurement of the spectrum of Galactic CRs not affected by the 
Heliospheric effects could be deduced from the gamma-ray spectrum of the 
clouds. 
Galactic cosmic ray spectrum has a strong break at the energy ~10 GeV. 

A.Neronov, D.S. and A.Taylor,  PRL, 108, 051105 (2012) 
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Progress since 2012? 

A.Neronov, D.Malyshev & D.S. 1705.02200 
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Individual clouds resolved 

A.Neronov, D.Malyshev & D.S. 1705.02200 
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Local kpc cosmic ray spectrum 

A.Neronov, D.Malyshev & D.S. 1705.02200 

Sources locally  can not support steady state regime above 30 GeV.  
In central galaxy it is OK up to 300 GeV or above 
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Predictions of the model 
 
n  Spectrum is the same in all galaxy 1/E^2.7: Since 

accelerated spectrum is 1/E^2 or  1/E^2.2 magnetic 
field turbulence is Kreichnan with delta=0.5  
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Delta=1/ 3   Kolmogorov Turbulence 

AMS-2   collaboration  PRL 117, 231102 (2016)  
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Predictions of the model 
 
n  Spectrum is the same in all galaxy 1/E^2.7: Since 

accelerated spectrum is 1/E^2 or  1/E^2.2 magnetic 
field turbulence is Kreichnan with delta=0.5  

n   Spectra of all nuclei same as one of proton rescaled 
by regidity R=p/Z  
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Proton and CNO spectra 
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MILKY WAY GALAXY 
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Predictions of the model 
 
n Because higher energy cosmic rays escape 

faster from Galaxy: 
¨  anisotropy is growing function of energy 
¨ Secondary fluxes drop relative to primary fluxes: 

positron and anti-proton fluxes should drop if 
compared to proton flux 
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Dipole anisotropy of cosmic rays 

G.Di Sciascio and R. Iuppa, arXiv: 1407.2144  
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Positron to (electron + positron) 
ratio by PAMELA, Fermi, AMS-2 
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Antriprotons by AMS-2 
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Problems of galactic cosmic 
rays  

n Measured spectra of nuclei  affected by Solar 
system for E<200 GeV 

n Show harder power law spectra 1/E^2.5 or 2.55 
for all nuclei for E>200 GeV up to PeV, except 
protons are with alpha=2.7 

n Acceleration consistent with 2.4-2.5 spectrum, 
2.7 difficult to explain 
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Problems of galactic cosmic 
rays  

n Models can not explain plateau in dipole 
anisotropy 

n Too many positrons at high energy: Dark 
Matter, pulsars? 

n There is  excess in antiproton spectrum  
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Fe60 from nearby 
source 
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Fe60 lifetime        e 
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2-3 Myr old SN: 
protons, positrons 
and anti-protons 
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Proton flux from SN at 1 PeV 
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Proton flux from SN at 1 PeV 
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Proton flux from nearby SN 

M.Kachelriess, A. Neronov and D.Semikoz, arXiv:1504.06472 
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Two regimes of anisotropy: 
n Anisoptropy: 

n Steady state disk: 

n Single source: n~exp(-r2/4DT) 

n      
n Source which give part of flux                      
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Dipole anisotropy of cosmic rays 

G.Di Sciascio and R. Iuppa, arXiv: 1407.2144  
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Dipole phase of cosmic rays 

G.Di Sciascio and R. Iuppa, arXiv: 1407.2144  
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Dipole phase of cosmic rays 
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Dipole anisotropy of cosmic rays 
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Anisotropy and flux from 2 Myr SN 
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A=3/2 R/T 
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Anisotropy and parameters of SN 
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Grammage to create 
secondaries  
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Positron to (electron + positron) 
ratio 
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Positron flux  PAMELA/AMS-II 

M.Kachelriess, A. Neronov and D.Semikoz, arXiv:1504.06472 
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Positron flux  PAMELA/AMS-II 
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Antriprotons 
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Nuclei 

Ratio of nuclei fluxes at TeV energies differs from one at GeV 
2 Myr SN solve problem (M.Kachelriess, A.Neronov  and D.S. 2017) 
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Radiation at Earth from local SN 

Melott et al 1702.0436 
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Conclusions 
 
n Assumption that spectrum of cosmic rays is the 

same for all galaxy does not work. Spectrum is 
1/E^2.4 consistent with acceleration and 
Kolmogorov turbulence. 

n Steady state regime for cosmic rays locally 
breakes at 20 GeV  

n Above this energy contributions of individual 
sources are important  
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Conclusions 
 
n  Local 2.7 proton flux is local due to 2-3 Myr old 

nearby source. Same source responsible for p 
to He flux variation, positron and anti-proton 
excess and plateau anomaly in the dipole 
anisotropy 

n This source provided enhanced radiation on 
Earth during 0.3-1 Myr: climate change and 
mutations 

 


