
The Physics of Cosmic Rays – An Overview

Ralph Engel

Karlsruhe Institut für Technologie (KIT)



Cosmic rays

~ 30 - 40 km

Composition

85%  H nuclei (protons)
12%  He nuclei
  1%  heavier nuclei

  2%  electrons and positions

0.01 - 0.001% antiprotons 
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Flux of cosmic rays
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Flux follows power law

dN
dEd�dAdt

⇤ E�⇥

Energy spectrum of all-particle flux

� � 2.7 1011 eV < E < 1015.5 eV
� 3.1 1015.5 eV < E < 1018.5 eV



Power laws are common in nature (i)
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FIG. 4 Cumulative distributions or “rank/frequency plots” of twelve quantities reputed to follow power laws. The distributions
were computed as described in Appendix A. Data in the shaded regions were excluded from the calculations of the exponents
in Table I. Source references for the data are given in the text. (a) Numbers of occurrences of words in the novel Moby Dick
by Hermann Melville. (b) Numbers of citations to scientific papers published in 1981, from time of publication until June
1997. (c) Numbers of hits on web sites by 60 000 users of the America Online Internet service for the day of 1 December 1997.
(d) Numbers of copies of bestselling books sold in the US between 1895 and 1965. (e) Number of calls received by AT&T
telephone customers in the US for a single day. (f) Magnitude of earthquakes in California between January 1910 and May 1992.
Magnitude is proportional to the logarithm of the maximum amplitude of the earthquake, and hence the distribution obeys a
power law even though the horizontal axis is linear. (g) Diameter of craters on the moon. Vertical axis is measured per square
kilometre. (h) Peak gamma-ray intensity of solar flares in counts per second, measured from Earth orbit between February
1980 and November 1989. (i) Intensity of wars from 1816 to 1980, measured as battle deaths per 10 000 of the population of the
participating countries. (j) Aggregate net worth in dollars of the richest individuals in the US in October 2003. (k) Frequency
of occurrence of family names in the US in the year 1990. (l) Populations of US cities in the year 2000.
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(d) Numbers of copies of bestselling books sold in the US between 1895 and 1965. (e) Number of calls received by AT&T
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power law even though the horizontal axis is linear. (g) Diameter of craters on the moon. Vertical axis is measured per square
kilometre. (h) Peak gamma-ray intensity of solar flares in counts per second, measured from Earth orbit between February
1980 and November 1989. (i) Intensity of wars from 1816 to 1980, measured as battle deaths per 10 000 of the population of the
participating countries. (j) Aggregate net worth in dollars of the richest individuals in the US in October 2003. (k) Frequency
of occurrence of family names in the US in the year 1990. (l) Populations of US cities in the year 2000.
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8 Power laws, Pareto distributions and Zipf’s law

minimum exponent
quantity xmin α

(a) frequency of use of words 1 2.20(1)

(b) number of citations to papers 100 3.04(2)

(c) number of hits on web sites 1 2.40(1)

(d) copies of books sold in the US 2 000 000 3.51(16)

(e) telephone calls received 10 2.22(1)

(f) magnitude of earthquakes 3.8 3.04(4)

(g) diameter of moon craters 0.01 3.14(5)

(h) intensity of solar flares 200 1.83(2)

(i) intensity of wars 3 1.80(9)

(j) net worth of Americans $600m 2.09(4)

(k) frequency of family names 10 000 1.94(1)

(l) population of US cities 40 000 2.30(5)

TABLE I Parameters for the distributions shown in Fig. 4.
The labels on the left refer to the panels in the figure. Expo-
nent values were calculated using the maximum likelihood
method of Eq. (5) and Appendix B, except for the moon
craters (g), for which only cumulative data were available. For
this case the exponent quoted is from a simple least-squares fit
and should be treated with caution. Numbers in parentheses
give the standard error on the trailing figures.

And the data for the numbers of copies of books sold
cover rather a small range—little more than one decade
horizontally. Nonetheless, one can, without stretching
the interpretation of the data unreasonably, claim that
power-law distributions have been observed in language,
demography, commerce, information and computer sci-
ences, geology, physics and astronomy, and this on its
own is an extraordinary statement.

B. Distributions that do not follow a power law

Power-law distributions are, as we have seen, impres-
sively ubiquitous, but they are not the only form of broad
distribution. Lest I give the impression that everything
interesting follows a power law, let me emphasize that
there are quite a number of quantities with highly right-
skewed distributions that nonetheless do not obey power
laws. A few of them, shown in Fig. 5, are the following:

(a) The abundance of North American bird species,
which spans over five orders of magnitude but is
probably distributed according to a log-normal. A
log-normally distributed quantity is one whose log-
arithm is normally distributed; see Section IV.G
and Ref. [32] for further discussions.

(b) The number of entries in people’s email address

instance in the discussion of the distribution of the sizes of elec-
trical blackouts [30, 31]. These however I consider insufficiently
substantiated for inclusion in the present work.

100 102 104

abundance

1

10

100

1000

0 100 200 300

number of addresses

100

101

102

103

104

100 102 104 106

size in acres

100

102

104

(a) (b)

(c)

FIG. 5 Cumulative distributions of some quantities whose
distributions span several orders of magnitude but that
nonetheless do not follow power laws. (a) The number of
sightings of 591 species of birds in the North American Breed-
ing Bird Survey 2003. (b) The number of addresses in the
email address books of 16 881 users of a large university com-
puter system [33]. (c) The size in acres of all wildfires occur-
ring on US federal land between 1986 and 1996 (National Fire
Occurrence Database, USDA Forest Service and Department
of the Interior). Note that the horizontal axis is logarithmic
in frames (a) and (c) but linear in frame (b).

books, which spans about three orders of magni-
tude but seems to follow a stretched exponential.
A stretched exponential is curve of the form e−axb

for some constants a, b.

(c) The distribution of the sizes of forest fires, which
spans six orders of magnitude and could follow a
power law but with an exponential cutoff.

This being an article about power laws, I will not discuss
further the possible explanations for these distributions,
but the scientist confronted with a new set of data having
a broad dynamic range and a highly skewed distribution
should certainly bear in mind that a power-law model is
only one of several possibilities for fitting it.

III. THE MATHEMATICS OF POWER LAWS

A continuous real variable with a power-law distribu-
tion has a probability p(x) dx of taking a value in the
interval from x to x + dx, where

p(x) = Cx−α, (7)
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Rate of particles

10 particles / km2 min.

10 particles / km2 day

10 particles / km2 century

0.1 particles / m2 min.

LHC beam energy
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Flight altitude 30-35 km

Detector weight
limited to < 3 tons

140 m (max)

175 m

70 m

170 m

260 m

Long-duration balloon flights
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AMS 02

Payload Commander
Andreas Sabellek (KIT)

Launch: May 16, 2011
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Flux at low energy

11

Kinetic energy (GeV)
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Estimate of radius of curvature of trajectory

q = Ze

FL = qvB
�B

Lorentz force

Inertial force

Charge

Momentum p = mv�⇥ E/c
relaticistic limit

FF = m
v2

RL

RL =
p

ZeB

�RL

12

Rigidity R =
p

Ze



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
�(h)dl

Total atmosphere (vertical) Xatm ≈ 1030 g/cm2

Secondaries



Temporal variation of flux at poles
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• corrected for atm. overburden



Anti-Correlation with solar activity
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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

�Earth(E) =
E2 �m2

(E + Z · Vpot)2 �m2
�ISM(E + Z · Vpot)



Fluxes of individual elements
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Power law also found
for individual elements

Index of power law almost
identical (heavier elements
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



Comparison of element abundances
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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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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)



Galactic and extragalactic sources
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38

Karlsruhe, 23-25 Feb. 2005 — Cosmic-rays & Particle Acceleration — E. Parizot (IPN Orsay)

Non rectilinear propagation!Non rectilinear propagation!

! Galactic magnetic field: ~ 3 µG    (3.10-10 T)

! Gyroradius:

1015 eV

1 pc

1018 eV

1 kpc

1021 eV

1 Mpc

B = 3 µG

B

B

Supernova remnant Disk + Galactic halo >> galaxy

!  proton astronomy?

1 pc = 3.26 ly =  3.08 1016 m

disk

Galactic
Center

halo

15 kpc
300 pc

Sun

8.5 kpc2-4 kpc

No diffusion in Galactic
mag. field at very high energy



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 � =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

=
4⇥
c

dN
dEd�dAdt

c dt

Z
d� = 4⇥Isotropy

dV

Etot =
Z

dV
Z

dE E · dN
dEdV

Total cosmic ray energy

Psrc = Etot/�esc � 1041erg/s

�esc � 107aMean escape time

PSNR � 1042erg/s

Kinetic energy released in SN explosionsPower of cosmic ray sources
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ASTRONOMY: BAADE AND ZWICKY

the earth could be obtained by taking into account the effect of the red-
shift.

If a super-nova should again occur in our Milky Way system, the
intensity of the cosmic rays would be considerably altered for the period
of a few days. The change in intensity Aa would be

Aa = LT/47r X 1042r2 ergs/cm.2 sec., (7)
where r is measured in units of 1000 L.Y. Numerically the change is of the
order of

AO = 104/r2 ergs/cm.2 sec., (8)
since, according to the preceding paper, 1047 ergs/sec. seems a probable
value of LT. Supposing that the super-nova occurs in the neighborhood
of the center of our own galactic system, that is, r = 30, approximately,
we obtain

Au = 11 ergs/cm.2 sec. 104 a. (9)
If interest in these questions still prevails at that future time, science will
therefore be able to test the correctness of our hypothesis some time
during the next thousand years or so, as the occurrence of a super-nova
in our own system would multiply the intensity of the cosmic rays by
a factor one thousand or more. It also seems quite possible to observe
with cosmic-ray electroscopes the flare-up of a super-nova in one of the
nearer extragalactic nebulae, as for them r = 1000 n, and

Au = 0.01/n2 ergs/cm.2 sec., (10)
where n is a number of the order one. It might in this connection be of
interest to follow up the causes for Regener's4 curious balloon observation
of March 29, 1933.

Furthermore, we recommend that observers of cosmic rays be on the
lookout for short-period systematic increases in the intensity of cosmic
rays in order to determine as accurately as possible the time and the
direction of the maximum intensity. With such data quickly at hand,
astronomers might be able actually to locate the responsible super-nova
in one of our near-by systems. As there are about one thousand nebulae
in the region

0 < n < 10, (11)
one super-nova per year should be expected in this "immediate" neighbor-
hood of ours, producing an intensity increase in the cosmic rays of the
order of one per cent or more for a period of a few days.

C. Additional Remarks.-A more detailed critical discussion of the views

262 PROC. N. A. S.
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Unfortunately, at the present time only a few underexposed spectra
of super-novae are available, and it has not thus far been possible to inter-
pret them.

1 S. I. Bailey, Pop. Astr., 29, 554 (1921).
2 K. Lundmark, Kungi. Svenska Vetensk. Handlingar, 60, No. 8 (1919).
3 Handbuch d. Astrophysik, Vol. VI (Novae).

COSMIC RA YS FROM SUPER-NOVAE
By W. BAADE AND F. ZWICKY

MOUNT WILSON OBSERVATORY, CARNEGIE INSTITUTION OF WASHINGTON AND CALI-
FORNIA INSTITUTE OF TECHNOLOGY, PASADENA

Communicated March 19, 1934

A. Introduction.-Two important facts support the view that cosmic
rays are of extragalactic origin, if, for the moment, we disregard the
possibility that the earth may possess a very high and self-renewing
electrostatic potential with respect to interstellar space.

(1) The intensity of cosmic rays is practically independent of time.
This fact indicates that the origin of these rays can be sought neither in
the sun nor in any of the objects of our own Milky Way.

(2) The decrease in intensity of cosmic rays in equatorial regions has
successfully been explained by assuming that at least a part of the rays
consists of very energetic, positively or negatively charged particles.
These particles must be of extra-terrestrial origin, as otherwise the dis-
tance traversed by them would not be long enough for the earth's magnetic
field to produce the observed dip in intensity at the equator.

From the fact that in the cloud-chamber experiments no protons or
charged particles heavier than electrons have been observed in any con-
siderable number, one might conclude that the corpuscular component of
cosmic rays consists of positive or negative electrons, or both. The
characteristics of the east-west effect indicate that the positively charged'
particles far outnumber the negatives. However, whether or not these
particles are electrons cannot as yet be said with certainty, since the
electrons which are observed in cloud chambers may all be secondary
particles formed in the earth's atmosphere by different primaries.
With the facts mentioned as a beginning it has become customary to

reason approximately as follows. Since none of the objects of our Milky
Way seem to produce any cosmic rays, these rays probably are not emitted
from any of the extragalactic nebulae either, as the spirals among these

VOL. 20, 1934 259
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Stochastic Fermi acceleration



Stochastic acceleration on SN shock fronts
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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

= ⇥

E = E0 �k

N(> E) = const E��
� =� ln(1�Pesc)/ ln⇥

� = 1



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

galaktische Magnetfelder

SN als Quelle von KS verursacht ein Spektrum mit � =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

31

Diffusion, escape,
interaction with interstellar medium



Leaky Box model
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Einführung
Quellenhypothese

Ausbreitung der kosmischen Strahlung
Zusammenfassung

Di�usionsgleichung
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) = �esc Q(E)

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

Has to be energy-dependent!

⇥N(E)
⇥t

=� 1
�esc

N(E)+Q(E)

0 =� 1
�esc

N(E)+Q(E)



Energy-dependent escape time
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Required by observations �esc ⇥ E�0.7

�esc ⇥
�

E
Z

⇥�0.7Prediction if diffusion in 
magnetic field determines
escape process

N(E) = �esc Q(E)

Only energy/charge 
important

With τesc ~ 2 x107 yr: enhancement 
of cosmic ray density by factor
103 - 104 relative to free streaming

ANRV326-NS57-10 ARI 14 September 2007 18:0

Because the secondary flux must come from the Galaxy at large (the local secon-
daries being negligible), a steep local primary source will cause B/C to decrease at
low energies. The known existence of the Local Bubble containing the Sun, and its
probable origin in a few supernovae in the last few million years, makes this plausible,
but hard to prove. However, it might be possible if CR composition at low energies
were found to have anomalies, indicating a younger age compared to high-energy
CR. Davis et al. (104) claim that if B/C is fitted in such a model, then sub-Fe/Fe
cannot be fitted by the same model. However, an acceptable fit to this and other data
is found in Reference 126 using a diffusion model for the large-scale component.

3.2. Unstable Secondary-to-Primary Ratios: Radioactive Clocks
The five unstable secondary nuclei that live long enough to be useful probes of
CR propagation are 14C, 10Be, 26Al, 36Cl, and 54Mn, with properties summarized in
References 101, 126, and 127. 10Be is the longest lived and best measured. The theory
is presented in Section 2.2. On the basis of these isotopes and updated cross sections
(128), the halo height zh = 4–6 kpc, consistent with earlier estimates of 3–7 kpc (98)
and 4–12 kpc (67). Figure 11 compares 10Be/9Be with models, where the ISOMAX
10Be measurements (129) up to 2 GeV (and hence longer decay lifetime) are consistent
with the fit to the other data, although the statistics are not very constraining.

The data are often interpreted in terms of the leaky-box model, but this is mislead-
ing (108, 127, 131). For the formulae and the detailed procedure for the leaky-box
model interpretation, see Reference 132. Luckily, the leaky-box-model surviving frac-
tion can be converted to physically meaningful quantities (131) for a given model.
For example, in a simple diffusive halo model, the surviving fraction determines the
diffusion coefficient, which can be combined with stable secondary-to-primary ratios
to derive the halo size. Typical results are Dxx = (3 − 5) × 1028 cm2 s−1 (at 3 GV) and
zh = 4 kpc. We can then compare the leaky-box model’s escape time of ≈107 yr with
the actual time for CRs to reach the halo boundary after leaving their sources, the
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ISOMAX TOF
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ACE
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Voyager 1, 2
IMP-7/8
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10010–110–2 101
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e
/9 B

e

Diffusive halo model
Leaky box model

Ulysses

Figure 11
Data on energy-dependence
of 10Be/9Be, including
ISOMAX, ACE, Ulysses,
Voyager, IMP, and ISEE-3
data. The solid black line is
a diffusive halo model with
4-kpc scale height using
GALPROP (98). The gray
lines are leaky-box models
(130). Figure adapted from
Reference 129 with
permission from the
American Astronomical
Society.
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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
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Nuclear abundance: cosmic rays compared to solar system
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Solar system

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

Particles about only 1/10 of the time in the
Galcatic disk, otherweise in magnetic halo
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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



Magnetic fields: Confinement in the Galaxy
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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
Density of particles much higher than without mag. fields

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

galaktische Magnetfelder

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



Rate of particles

10 particles / km2 min.

10 particles / km2 day

10 particles / km2 century

0.1 particles / m2 min.

LHC beam energy
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Simulation of proton-induced air shower

Particles arrive at ground 
in a disc propagating with 
speed of light
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Simulation of shower development (ii)
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Typical detection techniques

Atmospheric depth

log of particle number

Mountain 
altitude

Sea level

1013eV
1015eV

1017eV

1019eV1011eV

30 km
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Measurement techniques
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Proton-initiated air shower
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Iron-initiated air shower
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Photon-initiated air shower
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Geschichte Spektrum mögliche Quelle Zusammenfassung I Experimente Zusammenfassung II + Ausblick Literatur

galaktische Magnetfelder

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

Interpretation of the knee (i)
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log(E)

log(Flux)

free streaming limit
(anisotropy?)

diffusion limit
(isotropic arrival direction)

spectrum of sources

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

knee from change in
diffusion regime ?



Interpretation of the knee (ii)
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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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9 New physics, the cosmic ray spectrum knee, and pp

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(Fl
ux)

spectrum of 
sources

knee due wrong energy 
reconstruction ?



Origin and physics of the knee
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KASCADE

 Karlsruhe, Germany

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

10 particles / km2 min.

10 particles / km2 day

10 particles / km2 century

0.1 particles / m2 min.

LHC beam energy
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Origin of the ankle: transition model
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Transition from galactic to extragalactic sources
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Energy spectra at transition region
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Hillas:
- Ankle is transition galactic
  to extragalactic cosmic rays
- Injection spectrum dN/dE ~ E-2.3

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

Flux very similar, composition different
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Large scale anisotropy data
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Anisotropy

9

Upper limits and model calculations
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Figure 11: Upper limits on the anisotropy amplitude of first harmonic as a function of energy from
this analysis. Results from EAS-TOP, AGASA, KASCADE and KASCADE-Grande experiments
are displayed too. An analysis of the KASCADE-Grande data with the East/West method delivers an
additional limit for 3 1015 eV. Also shown are the predictions up to 1 EeV from two different galactic
magnetic field models with different symmetries (A and S ), the predictions for a purely galactic
origin of UHECRs up to a few tens of 1019 eV (Gal), and the expectations from the Compton-
Getting effect for an extragalactic component isotropic in the CMB rest frame (C-G Xgal).

drift motions are expected to induce a modulation in this energy range. These predictions
depend on the assumed galactic magnetic field model as well as on the source distribu-
tion and the composition of the UHECRs5. Two alternative models are displayed in Fig.
11, corresponding to different geometries of the halo magnetic fields [9]. The bounds re-
ported here already exclude the particular model with an antisymmetric halo magnetic field
(A) and are starting to become sensitive to the predictions of the model with a symmetric
field (S ). We note that those models assume a predominantly heavy composition galactic
component at EeV energies, while scenarios in which galactic protons dominate at those
energies would typically predict anisotropies larger than the bounds obtained in Fig. 11.
Maintaining the amplitudes of such anisotropies within our bounds necessarily translates
into constraints upon the description of the halo magnetic fields and/or the spatial source
distribution. This is particularly interesting in the view of our composition measurements
at those energies compatible with a light composition [35]. Aternatively to a leaky galaxy
model, there is still the possibility that a large scale magnetic field retains all particles in

5The dependence of the detection efficiency on the primary mass below 3 EeV could affect the details of
a direct comparison with a model based on a mixed composition.
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Figure 6: Phase of the first harmonic as a function of energy. The dashed line, resulting from an
empirical fit, is used in the likelihood ratio test (see text).

5.3. Results at the sidereal frequency in independent energy bins
To perform first harmonic analyses as a function of energy, the choice of the size of

the energy bins, although arbitrary, is important to avoid the dilution of a genuine signal
with the background noise. In addition, the inclusion of intervals whose width is below
the energy resolution or with too few data is most likely to weaken the sensitivity of the
search for an energy-dependent anisotropy [25]. To fulfill both requirements, the size of the
energy intervals is chosen to be ∆ log10(E) = 0.3 below 8 EeV, so that it is larger than the
energy resolution even at low energies. At higher energies, to guarantee the determination
of the amplitude measurement within an uncertainty σ ! 2%, all events (! 5, 000) with
energies above 8 EeV are gathered in a single energy interval.

The amplitude r at the sidereal frequency as a function of the energy is shown in Fig. 5,
together with the corresponding probability P(> r) to get a larger amplitude in each energy
interval for a statistical fluctuation of isotropy. The dashed line indicates the 99% C.L.
upper bound on the amplitudes that could result from fluctuations of an isotropic distribu-
tion. It is apparent that there is no evidence of any significant signal over the whole energy
range. A global statement refering to the probability with which the 6 observed amplitudes
could have arisen from an underlying isotropic distribution can be made by comparing the
measured value K =

∑6
i=1 k0i (where the sum is over all 6 independent energy intervals)

with that expected from a random distribution for which 〈K〉 = 6 [26]. The statistics of 2K
under the hypothesis of an isotropic sky is a χ2 with 2 × 6 = 12 degrees of freedom. For
our data, 2K = 19.0 and the associated probability for an equal or larger value arising from
an isotropic sky is ! 9%.

The phase ϕ of the first harmonic is shown in Fig. 6 as a function of the energy. While
the measurements of the amplitudes do not provide any evidence for anisotropy, we note
that the measurements in adjacent energy intervals suggest a smooth transition between
a common phase of ! 270◦ in the first two bins below ! 1 EeV compatible with the
right ascension of the Galactic Center αGC ! 268.4◦, and another phase (α ! 100◦) above
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Figure 11: Upper limits on the anisotropy amplitude of first harmonic as a function of energy from
this analysis. Results from EAS-TOP, AGASA, KASCADE and KASCADE-Grande experiments
are displayed too. An analysis of the KASCADE-Grande data with the East/West method delivers an
additional limit for 3 1015 eV. Also shown are the predictions up to 1 EeV from two different galactic
magnetic field models with different symmetries (A and S ), the predictions for a purely galactic
origin of UHECRs up to a few tens of 1019 eV (Gal), and the expectations from the Compton-
Getting effect for an extragalactic component isotropic in the CMB rest frame (C-G Xgal).

drift motions are expected to induce a modulation in this energy range. These predictions
depend on the assumed galactic magnetic field model as well as on the source distribu-
tion and the composition of the UHECRs5. Two alternative models are displayed in Fig.
11, corresponding to different geometries of the halo magnetic fields [9]. The bounds re-
ported here already exclude the particular model with an antisymmetric halo magnetic field
(A) and are starting to become sensitive to the predictions of the model with a symmetric
field (S ). We note that those models assume a predominantly heavy composition galactic
component at EeV energies, while scenarios in which galactic protons dominate at those
energies would typically predict anisotropies larger than the bounds obtained in Fig. 11.
Maintaining the amplitudes of such anisotropies within our bounds necessarily translates
into constraints upon the description of the halo magnetic fields and/or the spatial source
distribution. This is particularly interesting in the view of our composition measurements
at those energies compatible with a light composition [35]. Aternatively to a leaky galaxy
model, there is still the possibility that a large scale magnetic field retains all particles in

5The dependence of the detection efficiency on the primary mass below 3 EeV could affect the details of
a direct comparison with a model based on a mixed composition.
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Figure 6: Phase of the first harmonic as a function of energy. The dashed line, resulting from an
empirical fit, is used in the likelihood ratio test (see text).

5.3. Results at the sidereal frequency in independent energy bins
To perform first harmonic analyses as a function of energy, the choice of the size of

the energy bins, although arbitrary, is important to avoid the dilution of a genuine signal
with the background noise. In addition, the inclusion of intervals whose width is below
the energy resolution or with too few data is most likely to weaken the sensitivity of the
search for an energy-dependent anisotropy [25]. To fulfill both requirements, the size of the
energy intervals is chosen to be ∆ log10(E) = 0.3 below 8 EeV, so that it is larger than the
energy resolution even at low energies. At higher energies, to guarantee the determination
of the amplitude measurement within an uncertainty σ ! 2%, all events (! 5, 000) with
energies above 8 EeV are gathered in a single energy interval.

The amplitude r at the sidereal frequency as a function of the energy is shown in Fig. 5,
together with the corresponding probability P(> r) to get a larger amplitude in each energy
interval for a statistical fluctuation of isotropy. The dashed line indicates the 99% C.L.
upper bound on the amplitudes that could result from fluctuations of an isotropic distribu-
tion. It is apparent that there is no evidence of any significant signal over the whole energy
range. A global statement refering to the probability with which the 6 observed amplitudes
could have arisen from an underlying isotropic distribution can be made by comparing the
measured value K =

∑6
i=1 k0i (where the sum is over all 6 independent energy intervals)

with that expected from a random distribution for which 〈K〉 = 6 [26]. The statistics of 2K
under the hypothesis of an isotropic sky is a χ2 with 2 × 6 = 12 degrees of freedom. For
our data, 2K = 19.0 and the associated probability for an equal or larger value arising from
an isotropic sky is ! 9%.

The phase ϕ of the first harmonic is shown in Fig. 6 as a function of the energy. While
the measurements of the amplitudes do not provide any evidence for anisotropy, we note
that the measurements in adjacent energy intervals suggest a smooth transition between
a common phase of ! 270◦ in the first two bins below ! 1 EeV compatible with the
right ascension of the Galactic Center αGC ! 268.4◦, and another phase (α ! 100◦) above
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Typically only search for dipole anisotropy in equatorial coordinates (Rayleigh analysis)
Phase expected to be more sensitive than amplitude

(Auger Collab. Astropart. Phys. 34 (2011) 627)

Upper limits: surprisingly small anisotropy of arrival direction distribution
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Re-scaled flux: several breaks in power law
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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...

Problem 1: Sources of 1020 eV particles

59

Need accelerator of size of Mercury´s orbit
to reach 1020 eV with LHC technology

Hillas plot (1984)

Realistic constraints more severe

• small acceleration efficiency
• synchrotron & adiabatic losses
• interactions in source region
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Problem 2: Flux suppression due to GZK effect

(Cronin, TAUP 2003)
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Energy loss length Energy loss length

Protons

Greisen-Zatsepin-Kuzmin effect (1966)

Measurement of nucleus disintegration
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Ion beam

Target nucleus (at rest) 
needed to create photon
for interaction

Target: proton at rest

Electron beam

Photo-dissociation (giant dipole resonance)

Measurement of nucleus disintegration
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Problem 3: Arrival direction distribution
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GZK effect: anisotropy expected for light elements

GZK effect: source region for E > 6x1019 eV
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The Pierre Auger Observatory 

1665 surface detectors: 
water-Cherenkov tanks 
(grid of 1.5 km, 3000 km2)

4 fluorescence detectors 
(24 telescopes in total)

LIDARs and laser facilities

High elevation 
telescopes
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 Infill array of 750 m,
 Radio antenna array 

Southern hemisphere:
Province Mendoza, Argentina



The combined Auger energy spectrum
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• simple models, φsource ∝ E−β, (1+ z)m

• mass composition data required (e.g. J. Bellido, this conf.)
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Flux suppression compatible with GZK effect ?
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Proton dominated flux
Ankle: e+e– pair production
Suppression: delta resonance

Iron dominated flux
Ankle: transition to galactic sources
Suppression: giant dipole resonance

(Dip model of Berezinsky et al.)


