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Outline
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Review of important measurements and observations
(flux, temporal variation, anisotropy, elemental composition)

Supernova remnants as galactic sources
(galaxy, magnetic fields, energy budget, stochastic acceleration)

Propagation of cosmic rays in the galaxy
(diffusion, leaky box model, primary vs. secondary elements, lifetime)

Open problems and new puzzles
(flux features, knee, ankle, isotropy, transition from galactic to 
extragalactic sources, extragalactic sources, ...)

Separate lectures
Electron and positron fluxes (Wolfgang Menn)
Cosmic rays at the highest energies (Markus Roth)



Review of known properties of cosmic rays
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Flux of cosmic rays
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Flux follows power law

dN
dEdΩdAdt

∝ E−γ

Energy spectrum of all-particle flux

γ ≈ 2.7 1011 eV < E < 1015.5 eV
≈ 3.1 1015.5 eV < E < 1018.5 eV



Ultra-high energy: 1020 eV
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Need accelerator of size of Mecury´s orbit 
to reach 1020 eV with current technology

Large Hadron Collider (LHC), 
27 km circumference, 
superconducting magnets

Ultra High Energy Cosmic Rays - Accelerators

! need ILC (35 MV/m)

L= diameter of Saturn orbit

! alternatively built LHC around

Mercury orbit

! astrophysical shock

acceleration less efficient...

(M. Unger, 2006)

Acceleration time for LHC: 815 years 



Fluxes of individual elements
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Power law also found
for individual elements

Index of power law almost
identical (heavier elements
have slightly harder spectra)

(Boyle & Müller 2007)

Relative abundance of nuclei
H : He   : Z= 6-9 : 10-20 : 21-30
1  : 0.38 : 0.22     : 0.15   : 0.4



Flux at low energy

7
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BESS-2001

Ft.Sumner
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(Abe et al.)

24.68g/cm
2

9.45g/cm
2

17.5g/cm

BESS-2000
Lynn Lake

< 0.1 GeVcutoffE

(Ascending)

24.31g/cm
29.53g/cm
218.6g/cm

North Pole
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Geomagnetic cutoff and East-West effect
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Earth's magnetic field

East-West effect

Vincinity of poles: B ≈ 60 μT
Equator:              B ≈ 30 μT

Radius of curvature
smaller than radius of Earth

RL = 3×103
(

E
GeV

)(
µT
ZB

)
km



Particles below geomagnetic cutoff
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Measurement in upper atmosphere

Particle detector

Remaining atmosphere 
above detector (5 g/cm2)

Particle detector

Particle with energy
greater than cutoff

Traversed 
column depth

X =
Z ∞

h
ρ(h)dl

Total atmosphere (vertical) Xatm ≈ 1030 g/cm2

Secondaries



Temporal variation of flux at poles
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Kinetic energy (GeV)
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• geomagnetic cutoff negligible
• corrected for atm. overburden



Anti-Correlation with solar activity

11

Differential rotation of sun: reversal of mag. field every 
11 years (full period 22 years)

Flux of cosmic
rays at poles



Solar modulation of cosmic ray flux
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Heliosphere

Example: 
Proton energy 
reduced by 
0.5 to 1 GeV after 
crossing Solar Wind

Sources not in
solar system

~100 AU

ΦEarth(E) =
E2 −m2

(E + Z · Vpot)2 −m2
ΦISM(E + Z · Vpot)



Comparison of element abundances
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Nuclear abundance: cosmic rays compared to solar system
H

He

Li

Be

B

C

N

O

F

Ne

Na

Mg

Al

Si

P

S

Cl

A

K

Ca

Sc

Ti

V

Cr

Mn

Fe

Ni

Cu

Cosmic ray
Solar system

Flux of elements at ~1GeV

Not typical products of 
Supernova explosions

Discrepancy for hydrogen: 
first ionization potential (FIP)?

(Gaisser & Stanev, NPA 2006)



What about heavy elements ?
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Supernova remnants as galactic sources
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Galaxy and galactic magnetic fields
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1 pc = 3.26 ly =  3.08 1016 m

Magnetic field not well known,
B = 3 µG = 30 nT close to Solar System

disk

Galactic
Center

halo

15 kpc
300 pc

Sun

8.5 kpc2-4 kpc

RL ! 1pc×
(

E
1015 eV

)(
µG
ZB

)

Diffusion: distance scales ~ (time)2 Extragalactic sources unlikely

(Andromeda, M31)



Galaxy and galactic magnetic fields
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1 pc = 3.26 ly =  3.08 1016 m

Magnetic field not well known,
B = 3 µG = 30 nT close to Solar System

disk

Galactic
Center

halo

15 kpc
300 pc

Sun

8.5 kpc2-4 kpc

Diffusion: distance scales ~ (time)2 Extragalactic sources unlikely

(Andromeda, M31)

Geschichte Spektrum mögliche Quelle Zusammenfassung I Experimente Zusammenfassung II + Ausblick Literatur

galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit γ =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen→ kein Energieverlust→
quadratische Abhängigkeit auf der Erde messbar

RL ! 1pc×
(

E
1015 eV

)(
µG
ZB

)



Supernova remnants
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SN remnant 1006

20 pc

Distance ~ 2.2 kpc

General arguments:
• Rate and energy budget
• Acceleration theory
• Elemental composition

Observed galactic SN explosions:
1604 (Kepler)
1572 (Tycho)
1181 (Chinese astronomers)
1054 (Crab nebula)
1006 (Chinese and Arabian records)

Estimates: 
~3 SN explosions / 100 yrs
Kinetic energy of ejecta:  ~1051 erg

(1 erg = 0.1 µJ)



Power needed to maintain cosmic ray flux
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Assumption: entire galaxy homogeneously filled with cosmic rays

Density of particles for given flux

dN
dEdV

=
4π
c

dN
dEdΩdAdt

c dt

Z
dΩ = 4πIsotropy

dV

Etot =
Z

dV
Z

dE E · dN
dEdV

Total cosmic ray energy

Psrc = Etot/τesc ≈ 1041erg/s

τesc ≈ 107aMean escape time

PSNR ≈ 1042erg/s

Kinetic energy released in SN explosionsPower of cosmic ray sources
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Stochastic Fermi acceleration



Stochastic acceleration on SN shock fronts
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Ejecta
Compressed
gas (ISM)

4ρISM ≈ ρshock



First order Fermi acceleration
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Einführung
Quellenhypothese

Ausbreitung der kosmischen Strahlung
Zusammenfassung

Fermi-Beschleunigung 1.Ordnung
Elementhäufigkeit
Energiebilanz

Fermi-Mechanismus 1.Ordnung

∆E =
1

2
m(v + (u1 − u2))

2 − 1

2
mv2

∆E

E
=

2(u1 − u2)

v

Relativistisch:
∆E

E
=

4

3

u1 − u2

c

⇒ Prozentualer Energiegewinn immer gleich!

15 / 36

u2u1

Assumption: 
particles scatter elastically on turbulent mag. fields 

Rest frame of shock front

∆E =
1
2

m(v+(u1−u2))2− 1
2

mv2

vertical crossing,
non-relativistic shock speed

∆E
E

=
4
3

(u1−u2)
c

Energy-independent relative energy gain 

Factor from averaging over all angles

∆E
E
≈ 2

(u1−u2)
v



Expected energy distribution
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Assumption: energy-independent escape probability Pesc

Energy gain per complete cycle of crossings

Energy after k cycles

Number of particles available for further acceleration

N = N0 (1−Pesc)k

Flux of particles

Numerical values depend on many details

Corresponds to dN/dE ~ E-2

∆E
E

= ξ

E = E0 ξk

N(> E) = const E−α
α =− ln(1−Pesc)/ lnξ

α = 1



Geschichte Spektrum mögliche Quelle Zusammenfassung I Experimente Zusammenfassung II + Ausblick Literatur

galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit γ =2
Diffusion der Teilchen aufgrund der Magnetfelder
kein Entweichen der Teilchen→ kein Energieverlust→
quadratische Abhängigkeit auf der Erde messbar

Propagation of cosmic rays in the Galaxy
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Diffusion, escape,
interaction with interstellar medium



Leaky Box model
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Einführung
Quellenhypothese

Ausbreitung der kosmischen Strahlung
Zusammenfassung

Diffusionsgleichung
Leaky-Box-Modell

Leaky-Box

z

ρ

z

ρ

23 / 36

disk

Galactic
Center

halo

15 kpc
300 pc

Sun

8.5 kpc2-4 kpc

realistic density
distribution Leaky Box model

Leaky Box

Number of particles that escape from box
proportional to number of particles in box



Effect of cosmic ray confinement in galaxy
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Simplification: only one particle type considered, no energy losses

Flux independent of time

N(E) = τesc Q(E)

Observation: ~E-2.7
Theory: ~E-2

Has to be energy-dependent!

∂N(E)
∂t

=− 1
τesc

N(E)+Q(E)

0 =− 1
τesc

N(E)+Q(E)



Energy-dependent escape time
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Required by observations τesc ∝ E−0.7

τesc ∝
(

E
Z

)−0.7Prediction if diffusion in 
magnetic field determines
escape process

N(E) = τesc Q(E)

Only energy/charge 
important

With τesc ~ 107 yr: enhancement of cosmic ray density by 103 - 104

                               relative to free streaming



Cross check of model with secondary elements
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Interstellar medium in galaxy: ~1 atom /cm3

Spallation of nuclei

12C

9Be

3He
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• Explanation of differences of abundances
• Energy dependence through τesc predicted
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Cosmic rays of higher energy 
escape faster
have a smaller chance to interact

Xp = 5 ... 15 g/cm2

Total column density traversed ~1 GeV

Interaction length of C ~ 70 g/cm2

If cosmic rays would propagate only in
galactic disk this would correspond to τesc ~ 106 yr



Summary (1)
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Theory of galactic cosmic rays
• solar modulation
• geomagnetic cutoff
• SNR most likely sources
• injected flux follows approx. power law
• elemental abundance similar to local 

matter
• diffusion in gal. magnetic fields
• ratio of secondary to primary elements
• lifetime of cosmic rays 

Open questions
• confirmation of SNR as sources
• maximum energy of galactic sources
• origin of the knee
• origin of the ankle
• transition from galactic to extragalactic 

cosmic rays
• isotropy vs. anisotropy of arrival 

directions
• extragalactic sources



Verification with multi-
messenger data

31

Heraeus-400

11 Feb. 2008

Tom Gaisser 5

Problems of simplest SNR shock 

model
• Expected shape of spectrum:

– Differential index !

 

~ 2.1 for 

diffusive shock acceleration

• !observed ~ 2.7"##!source ~2.1;  

$!

 

~ 0.6 ! %esc(E) ~ E-0.6 

• c %esc ! Tdisk ~100 TeV

• ! Isotropy problem 

• Emax ~ &shock Ze x B x Rshock

– ! Emax ~ Z x 100 TeV with 

exponential cutoff of each 

component

– But spectrum continues to 

higher energy:

• ! Emax problem

• Expect p + gas ! ' (TeV) for 
certain SNR

– Need nearby target as shown 
in picture from Nature (April 02)

– Some likely candidates (e.g. 
HESS J1745-290) but still no 
certain example

– ! Problem of elusive (0 '-rays

Example: gamma-rays
(neutrinos would be conclusive!)

Heraeus-400

11 Feb. 2008

Tom Gaisser 7

Chandra

Cassiopeia A

Chandra
SN 1006!"#$%&'($)*+,()-.(-)&+/0+12)$*+&%",,"/'+

/0+*/-'3+456,7
89":&'.&+0/)+$%;#"0".$("/'<+=+>+?@@+!A

=&)&BCD/EF/#D<+GA??? Filaments with high 
mag. field (100 µG):
indirect proof of
hadronic particles?

E.G.Berezhko et al.: CR acceleration parameters of SN 1006 7

Fig. 6. Total (π0-decay + IC) (black lines), π0-decay (blue

lines), and IC (green lines) differential γ-ray energy fluxes as a
function of γ-ray energy, calculated for ISM hydrogen number

densitiesNH = 0.05 cm−3 (solid lines) andNH = 0.035 cm−3

(dashed lines) for the parameters η = 2.9 × 10−4, Kep =
4.1 × 10−4 and Bd = 150 µG, derived from the fit of the syn-
chrotron spectrum. The H.E.S.S. value (Naumann-Godo et al.

2009) is shown as well.

0.035 cm−3 it is already two thirds. Since the maximal pro-

ton energy, reached at some time during the evolution, is about

εmax ≈ 2 × 1015 eV, the corresponding π0-decay component

has a power law form dFγ/dεγ ∝ ε−γ
γ with γ ∼ 2 up to the

cutoff energy εγ ≈ 1014 eV. The cutoff energy is defined here

as that energy, where the spectral energy density has dropped

by a factor 1/e from its maximum value which given by log

ε2γdFγ/dεγ ≈ −0.8.
According to Fig. 6 the H.E.S.S. data are consistent with

an ISM number density from quite a narrow interval 0.035 ≤
NH ≤ 0.05 cm−3, since for the theoretically derived γ-
ray spectrum we have Φ = 2.1 × 10−12 erg/(cm2 s) and

Φ = 2.9 × 10−12 erg/(cm2 s) for NH = 0.035 cm−3 and

NH = 0.05 cm−3 respectively. It should be noted that the cor-

responding explosion energy Esn ≈ 1.7 × 1051 erg is close to

the upper end of the typical range of type Ia SN explosion en-

ergies that vary by a factor of about two (Gamezo et al. 2005;

Blinnikov et al. 2006).

Acero et al. (2007) find the value NH ≈ 0.05 cm−3 on the

basis of X-ray measurements. The above interval is consistent

with their result.

From Fig. 6 the γ-ray spectrum produced by the nuclear

CRs is very close to the IC emission spectrum produced by

CR electrons alone. Since the differential energy spectrum of

freshly accelerated nuclear particles and electrons is rather

close to a spectrum Ne ∝ ε−2, and since the electrons with

energies ε > εl ≈ 1 TeV subsequently undergo significant

synchrotron cooling in the interior, leading to the spectrum

Ne ∝ ε−3, not only the amplitude but also the shape of these

two components are very similar within the energy interval

1010 < εγ < 1013 eV. Therefore the VHE γ-ray spectrum

alone is not able to discriminate between the hadronic π0-

decay and the leptonic IC γ-ray components. However, it was
already shown by Ksenofontov et al. (2005) that such a low

VHE emission flux, with a highly depressed IC γ-ray flux, is
only possible if the nuclear CR component is efficiently pro-

duced with accompanying strong magnetic field amplification.

In the framework of the interpretation developed in this pa-

per the most direct evidence for the energetic dominance of

a nuclear energetic particle component is the observed γ-ray
morphology. It corresponds to the theoretical prediction and is

consistent with all other measurements.

A last point concerns the radial extentRc of the contact dis-

continuity between ejected and swept-up mass relative to the

radius Rs of the SNR blast wave, cf. recent data presented and

discussed by Cassam-Chenaı̈ et al. (2008). The ratio Rs/Rc is

given as 1.04 ± 0.03 outside the synchrotron rims, and essen-
tially as 1 in the region within the synchrotron rims. In the case
of Tycho’s SNR we have discussed in quantitative detail (e.g.

Völk et al. 2008a) the reduction of this ratio compared to a pure

gas shock as a result of the considerable shock modification

produced by accelerated nuclear CRs, which leads to the in-

crease of the shock compression. Qualitatively such considera-

tions agree with the experiment for SN 1006: the ratioRs/Rc is

larger in the equatorial region, where CR injection/acceleration

is inefficient, and it is essentially smaller within the polar re-

gion, where CRs are efficiently produced. While for Tycho’s

SNR particle acceleration gives a good theoretical explanation

of the relatively small ratio within our model, this is clearly

impossible quantitatively for the above numbers in the case of

SN 1006. Cassam-Chenaı̈ et al. (2008) believe that the value

of the contact discontinuity radius Rc was somehow overesti-

mated ”... since our measurements are likely to be affected by

projection and other effects, ...”. On the other hand, very re-

cently Miceli et al. (2009) have found numbers Rs/Rc of the

order of 1.1 which are in the expected range. Future work will

have to resolve this difference.

3. Summary

Since the relevant astronomical parameters as well as the syn-

chrotron spectrum of SN 1006 are measured in impressive de-

tail it is possible to determine the values of the relevant physical

parameters with the appropriate accuracy for this SNR: proton

injection rate η = (2.9 ± 0.6) × 10−4, electron to proton ra-

tio Kep = (4.1 ± 0.3) × 10−4 and downstream magnetic field

strength Bd = (150± 15) µG.
As a result the flux of TeV emission detected by H.E.S.S.

is consistent with the ISM number density 0.035 ≤ NH ≤
0.05 cm−3. The corresponding hydrodynamic SN explosion

energy Esn = 1.7 × 1051 erg is close to the upper end Esn =
1.6 × 1051 erg of the typical range of type Ia SN explosion

energies that vary by a factor of about two. Also the magnetic

field amplification properties of this SNR are well understand-

able as the result of azimuthal variations of ion injection over

the projected SNR circumference and corresponding accelera-

tion which lead to a polar cap-type morphology for the X-ray

synchrotron as well as the γ-ray emission. As a consequence,
the recent H.E.S.S. measurement of a dipolar morphology also

IC contribution
derived from X-ray data

(Berezhko et al., astro-ph/0906.3944)



Origin of the knee and the ankle

32
Energy      (eV/particle)

1310 1410 1510 1610 1710 1810 1910 2010

)
1.

5
 e

V
-1

 s
r

-1
 s

ec
-2

 J
(E

)  
 (m

2.
5

Sc
al

ed
 fl

ux
   

E

1310

1410

1510

1610

1710

1810

1910

    (GeV)ppsEquivalent c.m. energy 
210 310 410 510 610

RHIC (p-p)
-p)!HERA (

Tevatron (p-p)
LHC (p-p)

ATIC
PROTON
RUNJOB

KASCADE (QGSJET 01)
KASCADE (SIBYLL 2.1)
KASCADE-Grande (prel.)
Tibet ASg (SIBYLL 2.1)

HiRes-MIA
HiRes I
HiRes II
Auger SD 2008



Origin of the knee and the ankle
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Origin of the knee and the ankle
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Origin of the knee
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KASCADE

Area ~ 0.04 km2,
252 surface detectors
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Origin of the ankle: transition model
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Origin of the ankle: pair production (dip) model

Berezinsky et al.:
- Ankle is feature due to 
  extragalactic proton propagation
- Injection spectrum dN/dE ~ E-2.7

Hillas, Wibig & Wolfendale et al.:
- Ankle is transition galactic
  to extragalactic cosmic rays
- Injection spectrum dN/dE ~ E-2.3

Astropart. Phys. 21 (2004)

J. Phys. G31 (2005)

17            18            19            20
log10(E/eV)
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Flux very similar, composition & anisotropy different



Arrival direction distribution of cosmic rays
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4 R.BONINO et al. SEARCH FOR SIDEREAL MODULATION

TABLE II
RESULTS OF THE TWO ANALYSES IN DIFFERENT ENERGY RANGES (THE EVENTS IN THE DIFFERENT ENERGY INTERVALS
ARE SLIGHTLY DIFFERENT BETWEEN THE TWO METHODS BECAUSE THE RAYLEIGH ANALYSIS, UNLIKE THE EAST-WEST
METHOD, CORRECTS THE ENERGY OF THE EVENTS FOR THE WEATHER EFFECTS). THE STATISTICAL UNCERTAINTIES ARE
CHARACTERISED BY THE QUANTITIES sR =

√
2/N AND sEW =

√
2/N/ sin δt. RAYLEIGH PROBABILITIES AND 99%C.L.

UPPER LIMITS ARE ALSO GIVEN. SINCE ALL THE MEASURED AMPLITUDES ARE COMPATIBLE WITH BACKGROUND, THE
PHASES ARE NOT SIGNIFICANT AND ARE NOT REPORTED HERE.

Rayleigh analysis E-W method upper limits
Energy range [EeV] r [%] sR [%] P [%] r [%] sEW [%] P [%] r99% [%]

all energies 0.48 0.27 19.5 1.05
0.2 - 0.5 0.25 0.43 84.2 1.19
0.5 - 1 1.08 0.44 4.8 2.03
1 - 2 0.90 0.32 1.8 0.77 0.65 49.9 1.59
2 - 4 0.79 0.64 45.8 1.65 1.33 46.3 2.12
4 - 8 0.71 1.33 86.6 5.05 2.73 18.0 3.66
>8 5.36 2.05 3.3 2.76 4.08 79.5 9.79

Fig. 4. Upper limits on the anisotropy amplitude as a function of energy from this analysis. Results from EAS-TOP, AGASA
and KASCADE/Grande experiments are displayed too. Also shown are the predictions from two different galactic magnetic
field models with different symmetries (A and S) and the expectations from the Compton-Getting effect for an extra-galactic
component isotropic in the CMB rest frame (C-G Xgal).

IV. CONCLUSIONS

We have searched for large scale patterns in the
arrival directions of events recorded at the Pierre Auger
Observatory using two complementary analyses.

We have set 99% c.l. upper limits at the percent level
at EeV energies, constraining some theoretical models.
In particular, we can already exclude all those models
that predict anisotropy amplitudes greater than ∼ 2%
below 4 EeV. Further statistics will obviously be useful,
and the sensitivity will be improved in the coming years
using data from the Pierre Auger Observatory.

Finally we do not confirm the 4% modulation detected
by AGASA at 4 s.d. between 1 and 2 EeV.
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A Galactic sources reach energies of 1019 eV
• only heavy elements confined to galaxy
• global dipole anisotropy
• source regions (light elements)
• no large scale anisotropy found so far 

Leaky box model predicts
rapid rise of anisotropy 

(Auger ICRC 2009)

B Transition to extragalactic
sources at lower energy (~1017 eV)

• pair-production model
• isotropy (1017 < E < 1019.7 eV)
• composition 80% protons
• in contradiction to composition data from Auger



New puzzle at low energy – 

Signatures of a local source?
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Anisotropy at "too low" an energy
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360  270  180 
 90   0  

K. Munakata, M. Amenomori, et al AIP Conf Vol 932, 283

Abdo, A. et al astroph0801.3827

Milagro Observation using Background Calculation over 2 hour (30o in RA) intervals

Tibet AS Observation after subtracting model of large scale anisotropy

Milagro: Relative excess of 4-6 10-4, more than 10 sigma significance
            Energy of cosmic rays ~1013 eV = 10 TeV (Lamor radius < 10-2 pc)

Geminga SNR
(distance 170 pc)

(Milagro, PRL 101, 2008)

(Goodman, ICRC 2009)



Milagro anisotropy confirmed by several observations
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http://people.roma2.infn.it/~aldo/RICAP09_trasp_Web/Vernetto_ARGO_RICAP09ar.pdf

(Goodman, ICRC 2009)

http://people.roma2.infn.it/~aldo/RICAP09_trasp_Web/Vernetto_ARGO_RICAP09ar.pdf
http://people.roma2.infn.it/~aldo/RICAP09_trasp_Web/Vernetto_ARGO_RICAP09ar.pdf
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Update of direct flux measurements
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(Seo, ICRC 2009)

New CREAM data confirm ATIC2
Crossing of helium and proton fluxes observed

(Seo et al, ICRC 2009)



Similar feature in electron spectrum – a coincidence ?
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Acceleration of particles at the sun
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Aufnahme mit LASCO (SOHO)

Direct detection of particles
from shock acceleration

(Mewaldt et al., A.I.P. Conf. Proc. 598 (2001) 165)


