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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



Direct measurement (balloons, satellites)
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Measurement in upper atmosphere

Traversed 
column depth

X =
Z ∞

h
ρ(h)dl

Total atmosphere (vertical) Xatm ≈ 1030 g/cm2
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Nuclear abundance: cosmic rays compared to solar system
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Cross check of model with secondary elements
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Interstellar medium in galaxy: ~1 atom /cm3

Spallation of nuclei

12C

9Be

3He

10-6

10-4

10-2

100

102

104

106

0 5 10 15 20 25 30

Ab
un

da
nc

e r
ela

tiv
e t

o C
ar

bo
n =

 10
0

Nuclear charge

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

• Explanation of differences of abundances
• Energy dependence through τesc predicted



Composition of cosmic rays at low energy
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(Hörandel, 2005)

Most frequent elements: H ... Fe/Ni
Often only H and Fe considered

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



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

�



Air shower ground arrays

102

103

104

105

106

107

108

102 103 104 105 106 107 108 109 1010

N
um

be
r o

f m
uo

ns
 N

µ
 (E

µ
>1

 G
eV

)

Shower size Ne (Ee>1 MeV)

QGSJet, proton
iron

Combined energy-
composition analysis

1014 eV

1015 eV

1017 eV

1016 eV

Example: 
KASCADE-Grande (Karlsruhe)

8



Energy / composition analysis using shower profiles
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• Energy well determined
• Primary particle type: mean and 

fluctuations of shower depth of 
maximum

Example: event measured by Auger Collab. (ICRC 2003)
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Success: all-particle flux
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Magnetic fields: Confinement in the Galaxy (i)
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log(E)

log(Flux)

free streaming limit
(anisotropy?)

diffusion limit
(isotropic arrival direction)

spectrum of sources

Observed spectrum softer than injection spectrum

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



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→
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Magnetic fields: Confinement in the Galaxy (ii)
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Diffusion: same behaviour for different elements at same rigidity p/Z ~ E/Z
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Magnetic fields: Confinement in sources
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log(E)

log(Flux)

free streaming limit
(anisotropy?)

diffusion limit
(isotropic arrival direction)

spectrum of sources

knee from sources
(acceleration) ?

Acceleration: same behaviour for different elements at same rigidity p/Z ~ E/Z

SN remnant 1006

20 pc

Distance ~ 2.2 kpc



Exotic models for interpretation
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The knee and unusual events at PeV energies

A.A.Petrukhina

aExperimental Complex NEVOD, Moscow Engineering Physics Institute,
Kashirskoe shosse, 31, Moscow 115409, Russia

The appearance of the knee in EAS energy spectrum in the atmosphere in PeV energy interval and observation
of various types of unusual events approximately at same energies are considered as evidence for new physics.
Some ideas about possible new physical processes at PeV energies are described. Perspectives to check these ideas
and their consequences for experiments at higher energies are discussed.

1. Introduction

Although a possibility of two different expla-
nations of the knee in the measured Ne spectrum
of EAS (primary spectrum or interaction change)
was discussed in the first paper [1], the point of
view that the knee is connected with a change of
primary spectrum became predominant. The rea-
son is very simple. For the second possibility (in-
teraction change) it is necessary to explain where
is the difference (∆E) between primary (E0) and
EAS (EEAS) energies, and what particles carry
away this energy ∆E. During 40 years the an-
swers to these questions were not found. Only
in 1999 was a suitable approach to the problem
proposed [2]. The main idea of this approach is
the following. In hadron interactions at PeV en-
ergies some new ”heavy particles” (excited states
of matter) with mass, Mx, about 1 TeV are pro-
duced, and these objects can decay into leptons
directly or through W± and Z0-bosons. In this
case muons and three types of neutrinos (νe, νµ,
ντ ) will carry very large energies (≥ 100 TeV)
that cannot be detected by existing EAS arrays.
This circumstance allows to explain the appear-
ance of the knee in the EAS energy spectrum. At
the 12th ISVHECRI the author noted that some
unusual events observed in cosmic ray hadron ex-
periments could be explained by means of VHE
muon interactions [3]. The present paper contains
the results of further analysis in the framework of
a new approach of other unusual events and phe-
nomena observed in cosmic rays.

2. Overview of unusual experimental data

Unusual events in particle physics are those
which cannot be explained in the framework of
existing theories of particle interactions, or which
in principle can occur but with negligibly small
probability. Of course, in any experiment some
unusual or inexplicable events can be observed,
and very often their appearance can be explained
by various methodical and technical reasons or
chance coincidences of different phenomena. But
it is impossible to explain numerous unusual
events which are detected in interactions of cos-
mic rays with PeV energies and higher as chance
coincidences, since these unusual events and phe-
nomena are detected in different experiments.

All observed unusual experimental results can
be combined into three groups: 1) unusual phe-
nomena in hadron experiments; 2) unexpected
behaviour of EAS characteristics; 3) evidence of
some excess of VHE muons.

1) Most of the unusual phenomena in
hadron experiments were obtained in experiments
”Pamir” and ”Chacaltaya” [4] and in the Tien-
Shan hadron calorimeter [5] as briefly described
below.

Families - sets of separated cascades, charac-
teristics of which can hardly be explained in the
framework of usual multi-production of secondary
particles.

Halos in families - diffuse dark spots around
some cascades in families which cannot be ex-
plained without additional suppositions about

Nuclear Physics B (Proc. Suppl.) 151 (2006) 57–60
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cross section measurements
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Abstract

We model new physics modifications to the total proton-proton
cross section with an incoherent term that allows for missing energy
above the scale of new physics. We explore the possibility that the
new physics interaction alone can provide an explanation for the knee
just above 106 GeV in the cosmic ray spectrum. We add the con-
straint that the new physics must also be consistent with published
pp cross section measurements an order of magnitude and more above
the knee. Allowing for the necessary rescaling of the cross section data
in the light of the new physics, we find parameter ranges in several
generic models that readily give good quality fits to recently published
Tibet III spectrum analysis and to the rescaled direct cross section
measurements. The rise in cross section required at energies above the
knee is radical. Even before reaching design energy, the Large Hadron
Collider can test this picture with total cross section measurements.

1 Introduction

The knee phenomenon in the cosmic ray spectrum [1], observed by many ex-
periments over many years ago, still lacks a convincing explanation. Though
it is generally believed to be of astrophysical origin, the center of mass energy
corresponding to the knee is several TeV in the proton-proton (pp) system,

1

New physics: scaling with nucleon-nucleon cms energy

E0

Eµ ~100 TeV

log(E)

log
(Flux)

spectrum of 
sources

knee due wrong energy 
reconstruction ?



Origin and physics of the knee
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KASCADE

Area ~ 0.04 km2,
252 surface detectors
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Air shower ground arrays

Combined energy-
composition analysis
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Energy spectrum really just a broken power law ?
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Fig. 12. Comparison of the all-particle energy spectrum obtained with KASCADE–
Grande data based on the QGSJet model to results of other experiments. The band
around the KASCADE-Grande spectrum denotes the systematic uncertainties in
the flux estimation. An EPOS based analysis would result in spectrum which is
shifted upwards by approximately 10% in the flux.

there is at low energies a very good agreement with the results of the KAS-569

CADE experiment and others in the overlapping energy range. At higher ener-570

gies the KASCADE-Grande spectrum (QGSJet II) shows a slightly lower flux571

than earlier experiments, in particular by GAMMA, AKENO and YAKUTSK.572

The strong peak-like structure at 1017 eV as claimed by the GAMMA exper-573

iment [30] is not confirmed by our results. At the highest accessible energy574

the KASCADE-Grande result is statistically in agreement with the results of575

HIRES and the Pierre Auger Observatory.576

4 Conclusion577

The main observables of KASCADE-Grande, shower size and total number578

of muons in the air showers could be reconstructed with high precision and579

low systematic uncertainties. Applying various reconstruction methods to the580

KASCADE-Grande data the obtained all-particle energy spectra are com-581

pared for cross-checks of reconstruction, for studies of systematic uncertain-582

ties and for testing the validity of the underlying hadronic interaction models.583

By combining both observables, a composition independent all-particle en-584

ergy spectrum of cosmic rays is reconstructed in the energy range of 1016 eV585

to 1018 eV within an uncertainty of 10-15% based on the hadronic interaction586

model QGSJet-II.587

Taking into account the systematic uncertainties for all methods, the under-588

lying hadronic interaction models (QGSJet-II/FLUKA) are intrinsically con-589

sistent, i.e. the correlation between the different observables, respectively the590

22
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?

Kampert, Torino Symposium 09/2010

KASCADE-Grande, ECRS 2010 (paper in preparation)



Curvature in power law of flux
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Non-linear shock acceleration

Bell & Lucek, 2001 (several papers)
Berezhko, Völk, ....

Figure 1: Left panel : all-particle spectrum (thick line) and spectra of individual elements.

Right panel : spatial dependence of the hydrodynamical quantities (the gas pressure upstream

is very low and lies outside the plot boundaries).

choice of parameters corresponds to a 2000 year old SNR with radius Rsh ∼ 14.4

pc, i.e. a SNR at the beginning of its Sedov-Taylor stage for a SN explosion of

1051 erg and an ejecta mass of 1.4 solar masses. It is worth recalling that the

highest cosmic ray energy is thought to be achieved at this evolutionary stage

[16].

The free-escape boundary is placed at x0 = 0.2Rsh upstream of the shock

and the diffusion coefficient is taken as Bohm-like,

Di(x, p) =
1

3
v(p)

pc

ZiB(x)
, (17)

in the amplified magnetic field at the shock position, namely B(x) = B1 =
√

8πρ0u2
0Pw,1 upstream and B(x) = B2 = RsubB1 downstream.

In Fig. 1 we show the spectra of accelerated particles and the the quan-

tities related to shock hydrodynamics, obtained through the iterative method

described in §2, in a case of efficient particle acceleration (we used ξH = 3.8, cor-

responding to ηH = 5.7× 10−5 in Eq. 2). Notice that the gas pressure upstream

is very low and lies outside the plot boundaries.

The most noticeable feature is the fact that, for the standard abundances

deduced in §3, the dynamical role of nuclei overall is twice as important as

that of protons: at the shock position the pressure of accelerated protons is

PH # 0.05, in units of the ram pressure far upstream, while the pressure in

12

Caprioli, Blasi, Amato, astro-ph/1007.1925

Magnetic field amplification, similar
end values for different environments

Anisotropy likely
at some level



Transition to extra-galactic sources ?
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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 



Source: diffuse shock acceleration?

Emax � 1018 eV Z β
�

R
kpc

��
B

µG

�

Hillas 1984:

shock
velocity

mag. field
strength

size of acc. 
region
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Greisen-Zatsepin-Kuzmin (GZK) effect

CMB: Penzias & Wilson (1965)

400 ph/cm3

�Eγ� ∼ 6.3×10−4 eV

Greisen, Zatsepin &
 Kuzmin (1966)

Universe opaque for 
p with E > 1020 eV

IR

γ-rays

visible

x-rays

URB

25

p γ → p π0

p γ → n π+

A γ → (A−1) n
A γ → (A−2) (pn)



Example: Energy loss of protons

(Cronin, TAUP 2003)

Hadronic energy loss: stochastic process (Achterberg 1999, 
Stanev et al., PRD62, 2000)

proton, E = 1021.5eV

10-3

10-2

10-1

100

101

1019 1020 1021 1022

E a
rr 

dN
/d

E a
rr

arrival energy Earr,  eV

512 Mpc
128 Mpc

32 Mpc 8 Mpc

2 Mpc
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Loss length comparison: protons vs. nuclei

10-1

100

101

102

103

104

1019 1020 1021

Proton
Helium
Oxygen
Iron

75
 (M

pc
)

E (eV)

He O
H

Fe

Loss length here
defined for 25% loss
of initial energy

(Allard et al., 2005)

Nuclei subject to energy loss 
similar to nucleons

27

Proton and iron propagate
over largest distance 
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Origin of flux suppression: GZK effect vs. max. energy

28

Max. energy 
scenario naturally 
predicts change in 
composition & 
very steep 
suppression

Change of had. 
interaction 
chracteristics could 
explain data



Southern Pierre Auger 
Observatory

Malargue, Argentina

Area ~3000 km2, 
1600 surface detectors,
 24 telescopes
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Hybrid detection
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Simulation of individual hybrid events
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PROCEEDINGS OF THE 31st ICRC, !ÓDŹ 2009 3
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EM

relative bias S
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Iron - Mean 0.08

RMS(sum) = 0.23

Fig. 3: The dependence of the relative deviation between

the simulated and the estimated EM signals on the

primary particle. The results are presented for 10EeV

energy showers and zenith angles up to 50◦.
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Fig. 4: The relative difference between the EM signals

in data and in the simulation (open and filled symbols

indicate the use of proton or iron primaries in the

simulation, respectively). The systematic uncertainty for

SEM (10 EeV and 38◦ showers) is shown by the shaded

band.

IV. INDIVIDUAL HYBRID SIMULATION

The FD and SD signals can be compared to the model

predictions on an event-by-event basis with a technique

based on the simulation of individual high quality hybrid

events. The shower simulations are done using SENECA

[11] and QGSJET II as high energy hadronic interaction

model. The surface detector response has been simu-

lated with GEANT4 and extensively tested [12]. We

use hybrid events with 18.8 < log10(E/eV) < 19.2
that satisfy the quality cuts used in the FD-SD energy

calibration and Xmax analyses [7], [13]. Each event is at

first simulated 400 times using the geometry and energy
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Fig. 5: The observed longitudinal (top panel) and lateral

(bottom panel) profiles for one of the hybrid events.

The best-matching simulation is shown by the full (top)

and dashed (bottom) line (without rescaling of the muon

number relative to the model prediction).

given by the hybrid reconstruction of the event. The

primary is taken as proton or iron as is most probable

based on the measured Xmax of the event. The three

simulated showers with the lowest χ2 with respect to

the FD data are then re-simulated using a lower thinning

level to have a high quality simulation of the particles

reaching ground. Finally, the actual detector response to

each of the simulated events is obtained using [14]. The

longitudinal profiles and the lateral distribution functions

variation among the three simulations is ≈ 5 and 15%,
respectively . The measured longitudinal profile together

with that of the best-matching simulated event is shown

in Fig. 5 (top panel) for one representative event; in the

bottom panel, the measured tank signals are compared

to those of the simulated event.

An overall rescaling of the surface detector signals

results in a residual discrepancy which increases ap-

proximately linearly with secθ of the events; a possible
interpretation of this deficit of signal is a lack of muons

in the simulations. The preferred energy and muon

shift within the Golden Hybrid method can be found

determining for each event the reconstructed S(1000),

Procedure
• Simulation of 400 showers

with reconstructed geometry
• Proton or iron primaries
• SD simulation for best long. profile
• Reconstruction of hybrid event

Results
•Muon deficit found in both

proton and iron like showers
• Showers with same Xmax show

10-15% variation of S(1000)
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Example: QGSJET II, iron
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Comparison of results
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Energy scale rel. to FD
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Individual hybrid simulation

Em. component

Universality methodMuon counting

Results of different methods consistent
• shift of energy scale expected
•muon deficit in simulation even with shifted energy scale

But:  All results depend directly or indirectly on simulation of em. component

QGSJET II:
Nµrel = 1.0 (protons)
Nµrel = 1.32 (iron)



HiRes-MIA hybrid measurement
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Telescope Array: energy scale
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TA SD and HiRes Spectra
Energy Scale

Energy scale is 
determined more 
accurately by FD than by 
CORSIKA QGSJET-II
Set SD energy scale to 
FD energy scale using 
well-reconstructed events 
seen by both detectors:
27% renormalization.

Energy Scale
Energy scale is 
determined more 
accurately by FD than by 
CORSIKA QGSJET-II
Set SD energy scale to 
FD energy scale using 
well-reconstructed events 
seen by both detectors:
27% renormalization.

Suppression of flux at ultra-high energy
confirmed with scintillator array

(TA Collab., Thomson, ICHEP 2010)



Summary
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• Many fundamental questions still unsolved in cosmic ray physics

• Composition measurement key ingredient, strong dependence on 
hadronic interaction models

• Discrepancies indicate shortcomings current models

• Data and input (theory/phenomenology) needed from colliders

• Cosmic ray data allow us to reach to higher energy

• Next talk: what can we learn from cosmic ray observations?



Composition based on mean Xmax
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Verification with multi-
messenger data
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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)



Heitler model of em. shower
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λem

Nmax = E0/Ec

Xmax ∼ λem ln(E0/Ec)

Shower maximum: 

E0

E = Ec

E = E0/2n

X = n λem

39



Muon production in hadronic showers

tot ch= n    + nneutn

n ch( )2

E

(nch)n

tot

2
tot

n
tot

E /n

E /(n    )

E /(n    )

0

0

0

0 Primary particle proton

π0 decay immediately

π± initiate new cascades 

Assumptions: 
• cascade stops at

• each hadron produces one muon

Epart = Edec

Nµ =
�

E0

Edec

�α

α =
lnnch

lnntot
≈ 0.82 . . .0.95

(Matthews, Astropart.Phys. 22, 2005) 40



Superposition model
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Proton-induced shower

Nµ =
�

E0

Edec

�α

Nmax = E0/Ec

Assumption: nucleus of mass A and energy E0 corresponds
                        to A nucleons (protons) of energy En = E0/A

Xmax ∼ λeff ln(E0)

XA
max ∼ λeff ln(E0/A)

NA
µ = A

�
E0

AEdec

�α
= A1−αNµ

NA
max = A

�
E0

AEc

�
= Nmax

α≈ 0.9
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GZK horizon and magnetic field deflection
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Figure 7: Projected view of 20 trajectories of proton primaries emanating from a
point source for several energies. Trajectories are plotted until they reach a physical
distance from the source of 40Mpc. See text for details.

scaled for other magnetic conditions. For example, if the magnetic field were 100
nanogauss, propagation at 100 EeV would be completely diffusive, as shown in the
upper left panel of Figure 7. Propagation at 1000 EeV however would be quite distinct
from the lower left panel as energy loss by the GZK effect would be significant. Less
than 1% of the particles would escape interaction with the CMB and propagate
rectilinearly. The remainder would quickly pass to diffusive propagation, drop below
100 EeV, and travel much more slowly from the source. For iron primaries, the panel
on the upper right of Figure 7 would correspond to 80 EeV. This regime is not fully
diffusive and the primaries would have some memory of their source which would be
revealed by a broad anisotropy. These examples reveal the complexity introduced in
propagation of cosmic rays due to magnetic fields. In some cases the galactic magnetic
field will also be important.

In Figure 8 I have plotted the distribution of observed directions of the cosmic
rays with respect to the source direction. For 1 EeV proton primaries the directions
are completely isotropic; no memory of the source direction remains. In Figure 9 I
plot the dispersion of angles for 100 EeV and 30 EeV proton primaries. Here the
angular spread is 1.5◦ and 5◦ respectively.

If the sources of cosmic rays with energy ≥10 EeV are extragalactic and are
associated with the distribution of nearby matter, then one would expect that the
flux and energy spectrum of the cosmic rays will depend on the hemisphere in which
the observations are made. Most of the nearby matter is found in the Virgo cluster
at a distance of ∼ 18 Mpc. In Figure 10 I plot the column density of gravitating

8

1018 eV 3x1018 eV

1019 eV 1020 eV

Extragalactic magnetic field
GZK horizon: energy-source relation

0.004    16 Mpc
0.01      40 Mpc
0.1        415 Mpc

(Bergmann et al.,  PLB 2006)
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Distribution of Galaxies
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Distribution of Galaxies
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Event 2567344
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Importance of fluctuations
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considerable fluctuations !
! ! ! ! (get smaller at higher energies)

Longitudinal Development:

particle
multiplication

particle
absorption

Xmax

(Knapp, 1998)


