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In LMC average proton spectrum 2.45

• A.Neronov and D.Malishev, arXiv: 1505.07601 
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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)



MEPHI, High Energy Astrophysics.  Lecture 1: Cosmic rays

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 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

• V.Savchenko, M.Kachelriess, and D.Semikoz, arXiv:1505.02720

•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. 1710.02321)
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Prediction: plateau in B/C

•M.Kachelriess, A.Neronov  and D.S.,  1710.02321 
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Electron spectrum

•M.Kachelriess, A.Neronov  and D.S.,  1710.02321 
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Radiation at Earth from local SN

•Melott et al 1702.0436
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Spectrum in presence of   
Local bubble

•M.Bouyahiaoui, M.Kachelriess and D.S., arXiv:1812.03522
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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
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Conclusions: galaxy
n We have phenomenological understanding of Galactic 

cosmic rays from 100 GeV*Z to 10*PeV*Z energies.  
n Neutrinos and gamma-rays in galactic plane both 

consistent with  galactic CR spectrum 1/E2.5 (next 
lectures)

n Local 2.7 proton flux is local due to 2-3 Myr old nearby 
source. Same source responsible to p to He ratio, 
positron and anti-proton excess and plateau anomaly 
in the dipole anisotropy

n Same source probably affected climate and life at 
Earth due to increased radiation during 1 Myr
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UHECR spectrum and 
GZK cutoff
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Main CR energy loss processes
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Nucleons can produce pions on the cosmic microwave background

nucleon g

D-resonance

multi-pion production

pair production energy loss

pion production energy loss

pion production rate

Þsources must be in cosmological backyard
within 50-100 Mpc from Earth 
(compare to the Universe size ~ 5000 Mpc)

Eth =
2mNmπ +mπ

2

4ε
≈ 6 ⋅1019eV
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Same true for heavy nuclei:
IR background is important

-----------------------------

D.Allard, arXiv:1111.3290
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Auger/TA Energy Spectrum 

UHECR 2014
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Auger/TA Energy Spectrum 

UHECR 2014
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Theoretical models and 
composition at highest 

energies
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Protons can fit UHECR data

V.Berezinsky ,  astro-ph/0509069

problem: composition 
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Mixed composition model

D.Allard, E.Parizot and A.Olinto, astro-ph/0512345

Problems: 1) escape of the nuclei from the source
2) How to accelerate Fe in our Galaxy 
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Auger composition 2009: nuclei!
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Muon excess



MEPHI, High Energy Astrophysics.  Lecture 1: Cosmic rays

Arrival directions 
of UHECR and 
magnetic fields.



MEPHI, High Energy Astrophysics.  Lecture 1: Cosmic rays

UHECR propagation in Milky Way

n Deflection angle ~ 1-2 degrees at 1020eV for protons
¨Astronomy by hadronic particles?
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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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Arrival  directions for E>40 EeV in 
HiRes (E>52 EeV in AGASA)
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Probability of correlation

3 s   after penalty on angle
M.Kachelriess and D.S.  astro-ph/0512498
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Arrival  directions for E>57 EeV in 
Auger
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Statistics with Galactic plane cut

n Z<=0.018  R=75 Mpc:     425 AGN                  
|b|>12 degrees 

n 6 events in Galactic plane only one 
correlate 

n Out of Galactic plane 21 event /19 
correlate 90%.

n Only new events: 11/9 correlate P=0.0002
n In later data no correlations
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Transition from galactic 
to extragalactic cosmic 

rays
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Anisotropy dipole

• Pierre Auger Collaboration, arXiv:1103.2721
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Dependence on parameters
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•Turb. Magn. Field spectrum 
•Kolmogorov/Kraichnan

•Lmax = 100-300 pc

• G.Giacinti et al, arXiv:1112.5599
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Auger cosmposition 
measurements

• Auger Collaboration, arXiv:1409.5083
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Auger limit on Fe fraction
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LnA plot
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Auger dipole measurements

• Auger Collaboration, arXiv:1310.4620
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Contribution of extra-Galactic 
sources
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UHECR proton flux from 
extragalactic sources
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Conclusions extragalactic CR
n Cutoff in UHECR spectrum exist. UHECR come from 

astrophysical sources
n UHECR composition mixed. Only significant anisotropy 

is TA hot spot. Not easy to find sources.
n Transition from Galactic to extra-Galactic cosmic rays is 

from 30 PeV (protons) to 1 EeV (heavy nuclei)   
n For understanding of UHECR sources one need to add 

information on neutrinos and gamma-rays (see next 
lectures)
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Seminar:
GZK cutoff
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Nucleons can produce pions on the cosmic microwave background

nucleon g

D-resonance

multi-pion production

pair production energy loss

pion production energy loss

pion production rate

Þsources must be in cosmological backyard
within 50-100 Mpc from Earth 
(compare to the Universe size ~ 5000 Mpc)

Eth =
2mNmπ +mπ

2

4ε
≈ 6 ⋅1019eV
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Cutoff energy and threshold 
energy

E =
2mNmπ +mπ

2

2ε(1− cos(α))

Eth =
2mNmπ +mπ

2

4εmax
≈ 6 ⋅1019eV

Eav =
2mNmπ +mπ

2

2εav
≈ 2 ⋅1020eV
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CMB background
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D-resonance

multi-pion production

ΔE / E =Mpi /MP =1/ 6 ΔEmulti / E = Sumi p
i
pi /MP =1/ 2
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Nucleons can produce pions on the cosmic microwave background

nucleon g

D-resonance

multi-pion production

pair production energy loss

pion production energy loss

pion production rate

Þsources must be in cosmological backyard
within 50-100 Mpc from Earth 
(compare to the Universe size ~ 5000 Mpc)

Eth =
2mNmπ +mπ

2

4ε
≈ 6 ⋅1019eV
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Distance

Rint * sigma*ncmb =1

Rint =1/ (sigma*ncmb ) =1/ (6e− 28cm
2 * 400 / cm3)

Rint = 4*10
24cm

Rat = Rint (E / dE) =10Mpc
Rmulti = 20Mpc


