
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a preprint version which may differ from the publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/72491

 

 

 

Please be advised that this information was generated on 2022-08-22 and may be subject to

change.

http://hdl.handle.net/2066/72491


ar
X

iv
:0

71
0.

49
09

v2
 

[a
str

o-
ph

] 
29 

Oc
t 

20
07

The origin of galactic cosmic rays *
Jörg  R. Hörandel

Radboud U niversity N ijm egen, D epartm ent o f Astrophysics, P .O . B ox 9010, 6500 GL N ijm egen, The N etherlands

A b s tr a c t

The origin of galactic cosmic rays is one of the most interesting unsolved problems in astroparticle physics. Experi
mentally, the problem is attacked by a multi-disciplinary effort, namely by direct measurem ents of cosmic rays above 
the atmosphere, by air shower observations, and by the detection of TeV 7  rays. Recent experim ental results are pre
sented and their implications on the contem porary understanding of the origin of galactic cosmic rays are discussed.
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1. In tro d u ctio n

The E a rth  is perm anently  exposed to  a vast flux of 
highly energetic particles, fully ionized atom ic nuclei 
from outer space. The ex tra te rrestria l origin of these 
particles has been dem onstrated  by V. Hess in 1912 
[1] and he nam ed the particles "H öhenstrahlung” 
or "U ltrastrah lung” . In 1925 R. Millikan coined the 
term  ” Cosmic Rays” . T hey have a threefold ori
gin. Particles w ith energies below 100 MeV originate 
from the Sun. Cosmic rays in narrow er sense are par
ticles w ith energies from the  100 MeV dom ain up to  
energies beyond 1020 eV. Up to  several 10 GeV the 
flux of the particles observed is m odulated  by the 1 1 - 
year cycle of the  heliospheric m agnetic fields. P a rti
cles w ith energies below 1017 to  1018 eV are usually 
considered to  be of galactic origin. A p ro ton  w ith an 
energy of 1018 eV has a Larm or radius rL =  360 pc 
in the  galactic m agnetic field (B  «  3 ^G ). This ra
dius is com parable to  the thickness of the galactic 
disc and illustrates th a t particles a t the  highest en-
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ergies can not be m agnetically bound to  the Galaxy. 
Hence, they  are considered of extragalactic  origin.

The energy density  can be inferred from the m ea
sured differential energy spectrum  d N / d E  [2]

PE -  I E M
ß  d E  ' ’

47r 
c

(1 )

where ßc  is the  velocity of particles w ith energy 
E . For galactic cosmic rays the m ajor contribution 
to  the to ta l energy density originates from p arti
cles w ith energies around 1 GeV. Such particles 
are strongly influenced by the heliospheric m ag
netic fields. O utside the heliosphere, in the local 
in terstellar environm ent an energy density pEIS  =  
1.1 eV /cm 3 is obtained (Ref. [3] p. 12). The param 
eterization of the m easured galactic cosmic-ray flux 
according to  the poly-gonato model [4] results in a 
density  pE“ 1 =  0.43 eV /cm 3. This is the m easurable 
energy density a t E a rth  (for an average m odulation 
param eter M  =  750 MeV, see (1) in Ref. [4]). This 
implies th a t  less th a n  half of the  energy flux can be 
registered d irectly  a t E arth .

In this article we will give an overview on recent 
experim ental results and their im plications on the 
contem porary  understanding of the origin of galactic 
cosmic rays. As space is lim ited here, the reader m ay
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also consider further recent reviews by the au thor 
[4,5,6,7,8].

Progress in the understanding of the origin of 
galactic cosmic rays emerged m ainly from observa
tions in three com plem entary disciplines. The direct 
m easurem ent of cosmic-ray particles above the a t
mosphere in ou ter space and on stratospheric bal
loons (Sect. 2 ). At energies exceeding 1015 eV the 
steeply falling cosmic-ray energy spectrum  requires 
experim ents w ith large detection areas exposed for 
long times, a t present, only realized in ground based 
installations (Sect. 4 ). W ith  such detectors extensive 
air showers are detected, which originate in in ter
actions of high-energy particles in the atm osphere 
(Sect. 3 ). And, finally, the observation of TeV 7 -rays 
(Sect. 5 ).

2. D irec t m ea su rem en ts

Detectors above the atm osphere allow a precise 
determ ination  of the com position of cosmic rays and 
the m easurem ent of energy spectra  for individual el
ements, presently, up to  about 1014 eV. These find
ings are very im portan t to  understand  the propaga
tion  of the  particles in the Galaxy.

In the 100 MeV energy dom ain detailed studies 
of the isotopic com position of cosmic rays and the 
com parison to  the  local galactic abundance indicates 
th a t cosmic rays are accelerated out of a sam ple of 
well m ixed in terstellar m a tte r [9]. The propagation  
tim e of the particles in the  G alaxy has been deter
mined to  be Tesc =  (15.6±  1.6) • 106 yr [10,11,12]. At 
GeV energies the elem ental com position has been 
studied  in detail, finding all elements of the periodic 
tab le  in cosmic rays, see e.g. [6 ]. Some elements, as 
e.g. boron are produced during the propagation in 
the  G alaxy through spallation of heavier elements 
such as carbon. Investigations of the  abundance ra
tios of different elements (like the boron-to-carbon 
ratio) yield the colum n density  of m a tte r traversed 
by the particles in the  G alaxy [10,13].

At present, several groups try  to  extend the direct 
m easurem ents to  higher energies tow ards the knee 
(at about 4.5 • 1015 eV) in the all-particle spectrum , 
benefiting from long-duration balloon flights [15]. 
Among these are the ATIC [16], CREAM  [17], and 
T R A C ER  [18] experim ents. The la tte r is presently 
w ith an apertu re  of 5 m 2 sr the  largest cosmic-ray 
detector for direct m easurem ents. I t comprises sev
eral electrom agnetic detectors, nam ely an acrylic 
Cerenkov counter, a proportional tube  array, and a
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Fig. 1. Energy spec tra  for individual elem ents as m easured 
by th e  T R A C E R , HEAO, and CRN experim ents [14].

transition  rad iation  detector, thus covering a large 
energy range from 10 G eV /n  up to  105 G eV /n  w ith 
single-element resolution. Spectra for elements from 
oxygen to  iron as m easured by TR A C ER  during 
an A ntarctic circum polar flight in 2003 are com
piled in Fig. 1 [14]. The d a ta  extend previous results 
from the space experim ents HEAO (satellite) and 
CRN (on the Space Shuttle) to  higher energies. C ur
rently, the d a ta  of a flight from Sweden to  Alaska in 
2006 are analyzed. TR A C ER  has been flown w ith an 
upgraded electronics being able to  record elements 
from boron to  iron. The new d a ta  are expected to  
extend m easurem ents of the boron-to-carbon ratio  
up to  105 G eV /n, thus, providing, unprecedented in
form ation of the propagation properties approach
ing the knee in the energy spectrum .

Frequently, the question arises w hether the energy 
spectra  of protons and helium  have the same spec
tra l index. Figure 2 shows a com pilation of da ta , for 
details and references see Ref. [6 ]. From  the  figure it 
seems to  be clear th a t the helium  spectrum  is indeed 
fla tter as com pared to  protons. Due to  spallation of 
nuclei during their propagation  and the dependence 
of the  in teraction  cross section «  A 2 / 3  one would ex
pect a slightly fla tter spectrum  for helium  nuclei as 
com pared to  protons. Following [19] the difference 
should be of the  order of A 7  «  0.02. However, fits 
to  the experim ental d a ta  (lines in Fig. 2) yield =  
-2 .7 1  ±  0.02 and 7 He =  -2 .6 4  ±  0.02 [4], resulting 
in a difference A 7  =  0.07.
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Fig. 2. Energy spec tra  for p ro tons (black) and helium  nuclei 
(grey). For a  list of experim ents and references see Ref. [6]. 
T he lines represent fits according to  th e  poly-gonato m odel
[4].

3. E x te n s iv e  air sh ow ers

W hen high-energy cosmic-ray particles penetrate  
the  E arth s  atm osphere they  in teract and generate 
a cascade of secondary particles, the  extensive air 
showers. Two types of experim ents m ay be distin
guished to  register air showers: installations m easur
ing the longitudinal developm ent of showers (or the 
dep th  of the  shower m axim um ) in the atm osphere 
by observations of Cerenkov or fluorescence light 
and appara tus m easuring the density  (and energy) 
of secondary particles (electrons, muons, hadrons) 
a t ground level.

The shower energy is proportional to  the to ta l 
light collected or to  the  to ta l num ber of particles 
recorded a t observation level. More challenging is 
an estim ation of the  m ass of the prim ary  particle. 
It is either derived by a m easurem ent of the depth  
of the  shower m axim um  X max and the fact th a t the 
dep th  of the shower m axim um  for a p rim ary  particle 
w ith mass A relates to  the  dep th  of the  m axim um  
for p ro ton  induced showers as

X max X max X 0 ln A , (2 )

where X 0 =  36.7 g /cm 2 is the  rad iation  length in air 
[20,21]. Or, m easuring the electron-to-m uon ra tio  in 
showers. A Heitler model of hadronic showers [21] 
yields the relation

lg (N e/ N M) =  C  -  0.065 ln A. (3)

This illustrates the sensitivity of air shower exper
im ents to  ln A. To m easure the com position w ith a

wc
o
o<D

<13.Q

Number of muons

Fig. 3. N um ber of electrons vs. num ber of m uons a t shower 
m axim um  for fully sim ulated  showers (sym bols). T he lines 
represent predictions of a  Heitler model: solid — constan t 
m ass for p ro tons and iron nuclei (4 ), dashed — constan t en
ergy (5), and d o tted  — constan t dep th  of th e  shower m axi
m um  X m ax  (6) .

resolution of 1 un it in ln A the shower m axim um  has 
to  be m easured to  an accuracy of about 37 g /cm 2 

(see (2 )) or the  N e/N M ra tio  has to  be determ ined 
w ith an relative error around 16% (see (3)). Due to  
the large intrinsic fluctuations in air showers, w ith 
existing experim ents a t m ost groups of elements can 
be reconstructed  w ith A ln  A «  0.8 — 1.

The detection principle is illustra ted  in Fig. 3, de
picting the num ber of electrons as function of the 
num ber of m uons a t shower m axim um . The symbols 
represent fully sim ulated showers w ith discrete ener
gies in steps of half a decade, for details see Ref. [21]. 
The lines represent predictions of a Heitler model of 
hadronic air showers [21]. The solid lines are lines of 
constant mass

N e |A =  7.24 • A - 0 ' 1 6 N /1' 16 (4)

for p rim ary  protons and iron nuclei. The dashed 
lines correspond to  a constan t energy, following

NelE 5.30 • 107 (E 0 /P eV ) N - (5)

The sets of lines define a parallelogram  giving the 
axes for energy and m ass in the  N e-N M plane as 
indicated by the arrows. The do tted  lines represent 
a constan t X max , separated  by 100 g /cm 2 according 
to

1 AT I X max +  2 8 7 . 9  g /cm  . >
l^ N e \x mal =  ------ c-an ft /---- 2-------+  l-021gATM. 6569.6 g /cm 2

U
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Fig. 4. N um ber of e lectrons vs. num ber of m uons for showers 
m easured w ith th e  K A SCAD E experim ent, th e  th ird  dim en
sion is th e  m uon production  hight [22].

A similar plot is presented in Fig. 4, showing the 
N e-N M plane for showers m easured w ith the KAS
CADE experim ent. The th ird  dim ension gives the 
production hight of muons [22]. In the  N e-N M plane 
light p rim ary  elements are expected in the upper left 
p a rt of the figure. This is underlined by the m easure
m ents yielding in this area deeply penetra ting  show
ers. A ttention  should be payed when the two figures 
are com pared: X max for the  electrom agnetic com
ponent (Fig. 3) is com pared to  X max for the  muonic 
com ponent (E M >  0.8 GeV, Fig. 4 ) . Fig. 3 represents 
N e and N  a t the  shower m axim um , Fig. 4 gives val
ues m easured a t ground. For muons the lateral dis
tribu tions are in tegrated  in the  range interval from
40 to  200 m  only in Fig. 4 .

By detecting two quantities (e.g. N e and N M or N e 
and X max), energy and mass of the prim ary  particles 
can be deduced. The arrival direction of cosmic rays 
is determ ined by m easurem ents of the  arrival times 
of secondary particles a t the  detectors.

4. In d irec t m ea su rem en ts

Air shower experim ents extend the findings of di
rect m easurem ents to  highest energies. They provide 
inform ation on the all-particle energy spectrum , the 
(average) m ass com position, and, recently, inform a
tion  on energy spectra  for elem ental groups. These 
results contribute to  the understanding of the  origin 
of struc tu res in the all-particle spectrum , like the 
knee or the  second knee.

The all-particle energy spectrum  up to  about 
1018 eV is reasonably well known. The spectra  ob
tained  by different experim ents agree well in shape 
and absolute flux taking a ± 1 0 % uncertain ty  in the

103

102

10

1
106 107 108 

primary energy E [GeV]

Fig. 5. Energy spec tra  for p rim ary  p ro tons and helium  nuclei, 
unfolded from  air showers registered by K A SCA D E w ithin 
th ree  zenith  angle intervals [24].

energy determ ination  of the  individual experim ents 
into account [4]. The spectrum  can be described by 
a power law d N /d E  «  E Y, w ith an spectral index 
changing a t the  knee (E k =  4.5 PeV) from 7  =  —2.7 
to  y =  —3.1.

For the m ean (logarithm ic) m ass of cosmic rays 
there seems to  be a dependence on the technique 
applied for the air shower observations [23]. Two 
classes of experim ents m ay be distinguished: detec
tors m easuring the depth  of the shower m axim um  
and experim ents m easuring (the la teral d istribu tion  
of) particles a t ground level. This indicates incon
sistencies in the in teraction  models used to  in terp ret 
the data . For example, introducing lower inelastic 
cross sections in the  interaction  model Q G S JE T  01 
and slightly increasing the elasticity, good agree
m ent between the two classes of experim ents can be 
achieved [23]. In terpreting  the d a ta  w ith this model 
yields a consistent p icture w ith a m ean logarithm ic 
mass sm oothly continued from direct m easurem ents 
up to  about 1015 eV, then  exhibiting an increase up 
to  energies around 1017 eV.

A big step forward in understanding the origin of 
the knee in the  all-particle energy spectrum  are the 
results of the KASCADE experim ent. The la tte r 
comprises a 2 0 0  x 2 0 0  m 2 scintillator array  to  reg
ister the electrom agnetic and muonic com ponent 
[25], a hadron  calorim eter equipped w ith liquid 
ionization cham bers [26], and a lim ited-stream er 
tube  m uon tracking detector [27]. The sim ultane
ous detection of different shower com ponents allows 
detailed studies of hadronic in teraction  models

4



Fig. 6 . Rayleigh am plitudes as function of energy as observed 
by different experim ents [39].

[28,29,30,31,32,33,34]. The m ost consistent models 
are then  applied to  unfold energy spectra  for five 
groups of elem ents from the m easured air shower 
d a ta  [35]. The energy spectra  of the light elements 
(protons and helium) exhibit a depression of the 
flux a t high energies while the spectra  of the heavier 
groups continue to  follow power laws to  higher ener
gies. The results obtained using different hadronic 
in teraction models to  in terp ret the d a ta  agree qual
itatively. However, there are differences in the  ab
solute flux obtained, indicating inconsistencies in 
the  interaction  models. These results have recently 
been confirmed by an analysis tak ing  also inclined 
showers into account [24]. As example, the spectra 
obtained for p rim ary  protons and helium  nuclei for 
three different intervals of the  cosmic-ray arrival di
rection are shown in Fig. 5 . The different d a ta  sets 
are consistent w ith each other.

Similar energy spectra  for groups of elem ents have 
been obtained by the EA S-TO P [36], G RAPES-3 
[37], and T ibet [38] experim ents [6 ]. Overall, a con
sistent ’s tan d ard  p ic tu re’ evolves [4,6]: the energy 
spectra  as obtained by direct m easurem ents can be 
ex trapo lated  to  high energies, assum ing power laws. 
The d a ta  are com patible w ith cut-offs in the  spec
tra  proportional to  their nuclear charge Z . The all
particle spectrum  and m ean logarithm ic m ass thus 
obtained are com patible w ith air shower data . The 
combined energy spectra  for groups of elem ents ob
tained  from direct and indirect m easurem ents ex
tend  over seven orders of m agnitude in energy. They 
are com patible w ith contem porary  models of the ac
celeration of cosmic rays in supernova rem nants and 
models of the  diffusive propagation  of the particles 
in the  G alaxy [6 ].

A nother im portan t aspect is the  anisotropy of 
the arrival direction of cosmic rays, giving hints to  
understand  the propagation  of the  particles in the 
Galaxy. If the knee is caused by leakage of p a rti
cles from the Galaxy, one would expect less particles

arriving from directions perpendicular to  the  galac
tic disk. Frequently, the Rayleigh formalism is ap
plied to  quantify  the  observations [40]. U pper lim its 
as obtained by KASCADE and prelim inary results 
obtained by the K A SCA D E-G rande experim ent are 
compiled together w ith results from m any experi
m ents in Fig. 6  [39]. An increase of the anisotropy 
am plitudes can be recognized. However, an in ter
p re ta tion  has to  take into account th a t the avail
able sta tistics decreases roughly as «  E - 3 , there
fore, an increase of the observed anisotropy is ex
pected, which is of the  order of the observed increase. 
The observed anisotropy am plitude is com patible 
w ith a diffusion model of the  particle propagation 
[40,41,42].

5. T eV  Y-ray a stro n o m y

O bservation of TeV Y-rays w ith atm ospheric 
Cerenkov telescopes, like the HESS [44], MAGIC 
[45], or VERITAS [46] experim ents, give the m ost 
direct h in ts tow ards the acceleration sites of cosmic 
rays.

The energy density  of galactic cosmic rays 
am ounts to  about pE «  1 eV /cm 3. The power re
quired to  sustain  a constant cosmic-ray intensity  
can be estim ated as L cr =  pcr V/Tesc «  1041 erg /s, 
where Tesc is the  residence tim e of cosmic rays in a 
volume V (the Galaxy, or the galactic halo). W ith  a 
ra te  of about three supernovae per century  in a typ
ical G alaxy the energy required could be provided 
by a small fraction («  1 0 %) of the kinetic energy 
released in supernova explosions. This has been re
alized already by B aade and Zwicky [47]. The actual 
m echanism  of acceleration rem ained m ysterious 
until Fermi [48] proposed a process th a t involved 
in teraction  of particles w ith large-scale m agnetic 
fields in the Galaxy. Eventually, this lead to  the 
curren tly  accepted model of cosmic-ray acceleration 
by a first-order Fermi m echanism  th a t operates in 
strong shock fronts which are powered by the explo
sions and propagate from the supernova rem nant 
(SNR) into the in terstellar m edium  [49,50,51,52].

The theory  of acceleration of (hadronic) cos
mic rays a t shock fronts in supernova rem nants 
is strongly supported  by recent m easurem ents of 
the HESS experim ent [53,43], observing TeV y- 
rays from the shell type supernova rem nant RX 
J1713.7-3946, originating from a core collapse su
pernova of type II /Ib . For the first time, a SNR 
could be spatially  resolved in Y-rays and spectra
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Fig. 7. T he SNR RX J1713.7-3946 as seen by th e  HESS experim ent, spatia lly  resolved in TeV 7 -ray light. Left : 7 -ray excess 
contours, superim posed are  14 fields for which spec tra  have been obtained independently. T he corresponding integral flux is 
displayed as function of photon  spectra l index (righ t). For deta ils see [43].

have been derived directly  a t a poten tia l cosmic-ray 
source as can be seen in Fig. 7. The figure shows on 
the left-hand side excess contours of TeV Y-rays. 
The SNR has been divided into 14 fields for which 
spectra  have been obtained independently  [43]. 
The corresponding integral flux values are p lo t
ted  against the spectral index on the right-hand 
panel. The m easurem ents yield a spectral index 
Y =  —2.19 ±  0.09 ±  0.15 for the  observed Y-ray flux 
averaged over the com plete source.

A model for the  acceleration of hadronic particles 
in the SNR is supported  by m easurem ents in vari
ous energy ranges from radio wavelengths to  TeV y- 
rays [54]. An im portan t feature of the model is th a t 
efficient production  of nuclear cosmic rays leads to  
strong m odifications of the  shock w ith large down
stream  m agnetic fields (B  «  100 ^G ). Due to  this 
field am plification the electrons are accelerated to  
lower m axim um  energy and  for the same rad io /x - 
ray  flux less electrons are needed. Consequently, the 
inverse C om pton and B rem sstrahlung fluxes are rel
atively low only. The model predicts th a t the spec
tru m  of decaying neu tral pions, generated in in ter
actions of accelerated hadrons w ith m aterial in the 
vicinity of the source, is clearly dom inant over elec
trom agnetic emission generated by inverse Com pton 
effect and non-therm al Brem sstrahlung. The m ea
surem ents are com patible w ith a nonlinear kinetic 
theory  of cosmic-ray acceleration in supernova rem 

nants and im ply th a t th is supernova rem nant is an 
effective source of nuclear cosmic rays, where about 
1 0 % of the mechanical explosion energy are con
verted into nuclear cosmic rays [54,55].

F urther quan tita tive  evidence for the acceleration 
of hadrons in supernova rem nants is provided by 
m easurem ents of the  H EG RA  experim ent [56] of 
TeV Y-rays from the SNR Cassiopeia A [57] and 
by m easurem ents of the  HESS experim ent from the 
SNR ”Vela Jun io r” (SNR RX J0852.0-4622) [58].

For completeness, it should also be m entioned 
th a t the  detection of Y-rays w ith GeV energies con
trib u ted  to  the  understanding of cosmic-ray propa
gation. The diffuse Y-ray background detected  w ith 
the E G R E T  satellite experim ent [59] exhibits a 
s truc tu re  in the GeV region, which is in terpreted  as 
indication for the  in teraction of propagating  cosmic 
rays w ith in terstellar m a tte r [60]. This is the m ost 
direct evidence for cosmic rays propagating  in the 
galactic halo, well outside the galactic disc.

6. D isc u ss io n  an d  o u tlo o k

In the last decade our understanding of the  ori
gin of galactic cosmic rays has been significantly 
im proved by m ultidisciplinary efforts, combining 
key observations of the  direct and indirect m ea
surem ents of cosmic rays as well as the detection 
of Y-rays. The observations by the HESS Y-ray

6



telescope give clear h in ts th a t hadronic particles 
are accelerated in SNR. The d a ta  are com patible 
w ith a model of first order Fermi acceleration at 
strong shock fronts. The particles propagate in a 
diffusive process th rough the Galaxy. Param eters 
of the  propagation  models have been constrain t by 
direct m easurem ents above the atm osphere. The 
KASCADE experim ent has shown th a t the energy 
spectra  of the light elem ents exhibit a cut-off struc
ture, while the spectra  of heavier elem ental groups 
follow power laws to  higher energies. The observed 
spectra  seem to  be com patible w ith the assum ption 
of power laws and a cut-off energy proportional to  
the  nuclear charge. This implies th a t the  knee in the 
all-particle energy spectrum  is caused by a cut-off 
of the light elements. The shape of the  all-particle 
spectrum  a t higher energies is then  determ ined by 
the subsequent cut-offs of all elem ental species in 
cosmic rays. M ost likely, the  astrophysical origin of 
the  knee is a com bination of the  m axim um  energy 
reached in the acceleration process and leakage from 
the G alaxy during propagation  [19]. More exotic 
ideas about the cause of the knee are m ost likely 
excluded [6 ,8 ].

In conclusion th is gives a qualitative ’standard  
p ic tu re’ of the origin of galactic cosmic rays. How
ever, several details rem ain unclear and a precise 
quan tita tive  description of all aspects of the acceler
ation and propagation  m echanisms is still missing. 
Among the open questions are:
I t is no t clear how to  precisely m atch the spectral in
dices observed a t E a rth  to  the spectra  a t the  sources, 
being com patible w ith the TeV Y-ray observations 
and the m odification of the spectral slope during 
propagation.
A precise astrophysical in terp re ta tion  of air shower 
d a ta  is a t present lim ited by the understanding of 
hadronic interactions in the atm osphere, thus the 
exact shape of the  energy spectra  a t the ir corre
sponding knees is unknown.
C ontem porary  assum ptions on the param eters of 
cosmic-ray propagation  models yield anisotropies in 
the arrival directions not observed by air shower ex
perim ents [61,19].

In the near future experim ents like TR A C ER  
aim  to  reveal details of the  cosmic-ray propagation 
for energies approaching the knee [62]. Experim ents 
a t the  LHC probing the extrem e forward direc
tion  of phase space will improve the description 
of high-energy hadronic in teractions [63]. Also the 
exploration of the end of the  galactic com ponent 
and the transition  to  extragalactic  particles in the

energy range from 1017 — 1018 eV will be of im
portance. Key experim ents in this energy region 
are K A SCA D E-G rande (a 0.5 km 2 extension of the 
KASCADE experim ent) [64], Ice C u b e/ Ice Top (a 
1 km 2 air shower experim ent and neutrino telescope 
a t the South Pole) [65,66], and H EA T/A M IG A  (a
25 km 2 extension of the Auger experim ent to  lower 
energies) [67].

A round 1018 eV two features appear in the 
all-particle energy spectrum . The second knee at 
E 2nd «  400 P eV «  92 x E k, where the spectrum  
exhibits a steepening to  y «  —3.3, and the ankle a t 
about 4 EeV, above this energy the spectrum  seems 
to  flatten  again to  y «  —2.7. The region around
4 EeV  is sometimes also called ” the dip” in the 
spectrum .
A possible cause for the  second knee is the end of 
the galactic com ponent, when all elem ents succes
sively have reached their cut-off energies, the la tte r 
being proportional to  their nuclear charge [4,19]. 
If one assumes th a t u ltra-heavy  elements (heavier 
th an  iron) play an im portan t role to  understand  
the second knee, the factor of 92 between the ener
gies of the  knee and the second knee can be easily 
understood  as the nuclear charge of the heaviest 
elements in the periodic table.
The dip is proposed to  be caused by electron- 
positron pair production of cosmic rays on photons 
of the  cosmic microwave background [6 8 ].

The investigation of the transition  region and a 
precise m easurem ent of the  galactic all-particle spec
tru m  is also im portan t for an estim ate of the en
ergy content of ex tragalactic cosmic rays. For exam 
ple, the extragalactic  com ponent needed according 
to  the poly-gonato model to  sustain  the observed 
all-particle flux a t highest energies has an energy 
density  of p ^ 9 =  3.7 • 10- 7  eV /cm 3.

A prom ising rediscovered technique for the ex
ploration of cosmic rays from the transition  region 
to  highest energies is the detection of radio sig
nals from air showers [69]. M ost likely the emission 
m echanism  is coherent synchrotron rad iation  of 
electrons w ith energies around the critical energy 
(85 MeV) deflected in the  m agnetic field of the 
E a rth  (geosynchrotron radiation) [70]. The LO PES 
experim ent, registering showers in coincidence w ith 
the K A SCA D E-G rande experim ent has dem on
stra ted  the feasibility of th is approach [71]. Radio 
detection of air showers is also pursued in the CO- 
DALEM A experim ent [72] and w ithin the LOFAR 
radio telescope [73]. Also first radio pulses from air 
showers have been recorded w ith antennae set up at

7



the  southern  site of the  Pierre Auger O bservatory
[74].

References

1] V. Hess, Phys. Zeitschr. 13 (1912) 1084.
2] F. Halzen, astro-ph/0604441 (2006).
3] T . Gaisser, Cosmic Rays and P artic le  Physics, 

C am bridge U niversity Press, 1999.
4] J. Hörandel, A stropart. Phys. 19 (2003) 193.
5] J. Hörandel, A stropart. Phys. 21 (2004) 241.
6] J. Höorandel, astro-ph/0702370 (Advances in Space 

R esearch in press) (2007).
7] J. Horandel, Il Nuovo C im ento B 120 (2005) 825.
8] J. Hörandel, Int. J. Mod. Phys. A 20 (2005) 6753.
9] M. W iedenbeck, et al., Proc. 28th Int. Cosmic R ay Conf., 

T sukuba  4 (2003) 1899.
10] N. Yanasak, et al., A strophys. J. 563 (2001) 768.
11] M. Garcia-M unoz, e t al., A strophys. J. 201 (1975) L141.
12] J. Simpson, M. Garcia-M unoz, Space Sci. Rev. 46 (1988) 

205.
13] M. G arzia-M unoz, e t al., A strophys. J. Suppl. Ser. 64 

(1987) 269.
14] P. Boyle, e t al., Proc. 30th Int. Cosmic Ray Conf., 

M erida (2007) in press.
15] W . Jones, Proc. 29th Int. Cosmic R ay Conf., Pune  10 

(2005) 173.
16] T . Guzik, e t al., Adv. Space Res. (2004) in press.
17] E. Seo, et al., Adv. Space Res. 33 (2004) 1777.
18] F. G ahbauer, et al., A strophys. J. 607 (2004) 333.
19] J. Hörandel, et al., A stropart. Phys. 27 (2007) 119.
20] J. M atthew s, A stropart. Phys. 22 (2005) 387.
21] J. Hörandel, Mod. Phys. L ett. A 22 (2007) 1533.
22] P. Doll, e t al., Proc. 30th Int. Cosmic Ray Conf., M erida 

(2007) in press.
23] J. Hörandel, J. Phys. G: Nucl. P a rt. Phys. 29 (2003) 

2439.
24] H. Ulrich, e t al., Proc. 30th Int. Cosmic R ay Conf., 

M erida (2007) in press.
25] T . Antoni, et al., Nucl. Instr. & M eth. A 513 (2003) 490.
26] J. Engler, e t al., Nucl. Instr. & M eth. A 427 (1999) 528.
27] P. Doll, et al., Nucl. Instr. & M eth. A 488 (2002) 517.
28] T . A ntoni, et al., J. Phys. G: Nucl. P a rt. Phys. 25 (1999) 

2161.
29] T . A ntoni, et al., J. Phys. G: Nucl. P a rt. Phys. 27 (2001) 

1785.
30] J. Milke, e t al., A cta Physica Polonica B 35 (2004) 341.
31] J. Milke, et al., Proc. 29th Int. Cosmic R ay Conf., Pune 

6 (2005) 125.
32] W . Apel, et al., J. Phys. G: Nucl. P a rt. Phys. (2007) in 

press.
33] J. Hörandel, e t al., Proc. 29th Int. Cosmic Ray Conf., 

Pune  6 (2005) 121.
34] J. Hörandel, Nucl. Phys. B (Proc. Suppl.) 122 (2003) 

455.
35] T . Antoni, et al., A stropart. Phys. 24 (2005) 1.

G. Navarra, e t al., Proc. 28th Int. Cosmic Ray Conf., 
T sukuba  1 (2003) 147.
Y. Hayashi, et al., Proc. 29th Int. Cosmic Ray Conf., 
Pune 10 (2005) 243.
M. Am enom ori, e t al., Phys. Rev. D 62 (2000) 112002. 
S. Over, et al., Proc. 30th Int. Cosmic Ray Conf., M erida
(2007) in press.
T . Antoni, e t al., A strophys. J. 604 (2004) 687.
G. M aier, et al., Int. J. Mod. Phys. A 20 (2005) 6840. 
J. C andia, et al., J. Cosmol. A stropart. Phys. 5 (2003) 3.
F. A haronian , e t al., A stron. & A stroph. 449 (2006) 223. 
J. H inton, New A stronom y Reviews 48 (2004) 331.
D. Ferenc, et al., Nucl. Instr. & M eth. A 553 (2005) 274. 
T . Weekes, e t al., A stropart. Phys. 17 (2002) 221.
W . Baade, F. Zwicky, Phys. Rev. 46 (1934) 76.
E. Fermi, Phys. Rev. 75 (1949) 1169.
W . Axford, et al., Proc. 15th Int. Cosmic R ay Conf., 
P lovdiv 11 (1977) 132.
G. Krym sky, Dok. Acad. Nauk USSR 234 (1977) 1306. 
A. Bell, Mon. Not. R. A str. Soc. 182 (1978) 147.
R. B lanford, J. O striker, A strophys. J. 221 (1978) L29.
F. A haronian, et al., N ature  432 (2004) 75.
H. Vöolk, E. Berezhko, A stron. & A stroph. 451 (2006) 
981.
E. Berezhko, H. Volk, A strophys. J. 661 (2007) L175.
F. A haronian , e t al., A stron. & A stroph. 370 (2001) 112. 
E. Berezhko, e t al., A stron. & A stroph. 400 (2003) 971. 
H. Volk, astro-ph/0603502 (2006).
A. Strong, J. M attox, A stron. & A stroph. 308 (1996) 
L21.
A. Strong, I. Moskalenko, p rep rin t astro-ph/9903370 
(1999).
V. P tusk in , Adv. Space Res. 19 (1997) 697.
D. M öller, e t al., Proc. 30th Int. Cosmic R ay Conf., 
M erida (2007) in press.
R. Engel, Nucl. Phys. B (Proc. Suppl.) 151 (2006) 437.
G. N avarra, et al., Nucl. Instr. & M eth. A 518 (2004) 
207.
M. Kestel, et al., Nucl. Instr. & M eth. A 535 (2004) 139. 
T . Gaisser, et al., Proc. 28th Int. Cosmic Ray Conf., 
T sukuba  2 (2003) 1117.
H. Kalges, et al., Proc. 30th Int. Cosmic Ray Conf., 
M erida (2007) in press.
V. Berezinsky, astro-ph/0509069 (2005).
H. Allan, Progress in E lem entary  Partic les and Cosmic 
Ray Physics, J.G . W ilson & S.G. W outhuysen eds., 
N orth Holland, 1971, p. 169.
T . Huege, H. Falcke, A stropart. Phys. 24 (2005) 116.
H. Falcke, et al., N ature  435 (2005) 313.
D. A rdouin, e t al., Nucl. Instr. & M eth. A 555 (2005) 
148.
w w w .lofar.org.
A. van den Berg, e t al., Proc. 30th Int. Cosmic Ray 
Conf., M erida (2007) in press.

8

http://arXiv.org/abs/astro-ph/0604441
http://arXiv.org/abs/astro-ph/0702370
http://arXiv.org/abs/astro-ph/0603502
http://arXiv.org/abs/astro-ph/9903370
http://arXiv.org/abs/astro-ph/0509069
http://www.lofar.org

