Astrophys. Space Sci. Trans., 7, 2884 2011
www.astrophys-space-sci-trans.net/7/295/2011/
doi:10.5194/astra-7-295-2011

© Author(s) 2011. CC Attribution 3.0 License. Astrophysics an@pace Sciences
Transactions

Cosmic rays in the knee energy range

A. Haungs
Karlsruhe Institute of Technology (KIT) - Helmholtz Sector, Institit Kernphysik, Germany

Received: 16 December 2010 — Accepted: 15 March 2011 — Published: 30 August 2011

Abstract. In the energy range of the so called ‘knee’ be- within studies of the intensity spectrum of the content of
tween 100 TeV and 1EeV one expects to identify the endcharged particles of extensive air showers, which roughly
of the galactic origin of cosmic rays. Only for the lowest reflects the primary energy. Another feature in the strik-
energies a direct detection with instruments on high-altitudejng power-law behavior of the spectrum is visible around
long-flying balloons are possible. Measurements of the high-4 — 10- 108 eV, known as the ankle, where the spectral in-
energy particles are performed indirectly via the detectiondex of the particle flux changes back to approximate7
of extensive air showers by extended arrays of particle oNagano and Watsg2000.
Cherenkov light sensitive detectors. Multidimensional anal- Up to energies of a few eV direct measurements via
yses of the air shower data indicate a distinct knee in theballoon and satellite based instruments are performed. But,
energy spectra of light primary cosmic rays at few PeV andabove these energies direct measurements are hardly possible
an increasing dominance of heavy ones towards higher enetiue to the low flux. Thus indirect measurements observing
gies. This provides implications for discriminating astro- extensive air showers (EAS) attempt to reveal the structure
physical models of the origin of the knee and of the physicsof the spectrum. Figur@ sketches the various possibilities
of the transition from galactic to extragalactic cosmic ray ori- in measuring extensive air showers. Sophisticated experi-
gin. Where around 1 PeV many experiments were in operments are characterized by applying more than one technique
ation and have given valuable results in the last decade, aind observing several EAS techniques simultaneously in or-
higher energies there was a lack of experimental efforts. Tader to obtain as much information on the individual EAS as
improve the reconstruction quality and statistics at energiegossible.
from 10 to 1000 PeV, where the transition can be expected, The key questions of the origin of this knee are still not
presently several experiments are in operation or going to beonvincingly solved. Astrophysical scenarios like the change
in operation. First results of these experiments, as well asfthe acceleration mechanisms at the cosmic ray sources (Su-
perspectives of future efforts in this energy range will be dis-pernova remnants, pulsars, etc.) or effects of the transport
cussed. mechanisms inside the Galaxy (diffusion with escape proba-
bilities) are conceivable for the origin of the knee as well as
particle physics reasons like a new kind of hadronic interac-
1 Introduction tion_inside the atmqsphere or duri_ng the transport through
the interstellar medium. An overview on the zoo of these

The all-particle energy spectrum of cosmic rays exhibits atheoretical models is given in referend¢¢tfande) 2004. It

distinctive discontinuity at few PeV, known as the knee, IS obvious that only detailed measurements covering the full
. ' S 8

where the spectral index changes fron2.7 to approxi-  €nergy range of the knee from @V to 13°eV and anal-

mately—3.1 (Fig. 1). This feature has been discovered more YS€S Of the primary energy spectra for the different incoming

than half a century ago by Kulikov and Khristiansen of the particle types can validate or disprove some of these models.

Moscow State UniversityKulikov and Khristiansen1959 Despite of numerous EAS studies with various different
experimental set-ups in the last decades, this demand could

be never accomplished, mainly due to the weak mass res-

Correspondence toA. Haungs olution of the measured shower observabldaungs et al.
BY (haungs@kit.edu) 2003.
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Fig. 1. The all-particle energy spectrum as measured by various experiments. References to the data points are given within the plot; the

results of KASCADE-Grande refer to referenéateaga et al.2010.
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Fig. 2. Sketch of various ways to study experimentally extensive air showers. The fluorescence and radio technique is only efficient for
cosmic rays above 100 PeV, and therefore of minor importance for the knee energy range.
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The highest energies above the so called ankle at a few ,

EeV are believed to be exclusively of extragalactic origin. CEEE S
The extragalactic component and the possible cut-off (GZK) i \. 3
atc. 100 EeV is subject of the Pierre Auger Observatory (see 'Ot o \:’*... g
Abraham et aJ.2004 Thus, in the experimentally scarcely i Hex10 oy S . ]
explored region between the (first) knee and the ankle there 1“43 € x 10~ 000, Ty, 5
are two more peculiarities of the cosmic ray spectrum ex- _ - 0x 10 %:""%oe e 3
pected: (i) A knee of the heavy component which is either =z 107°¢ R *00g, Ca "o, Yo 3
expected (depending on the model) at the position of the first 2 £ NeX 107 oag,, oy e ey Te, 3
knee scaled with Z (the charge) or alternatively with A (the 720 Mex 107w, “co, " "eo 7% %? ?]
mass) of iron. (ii) A transition region from galactic to extra- < [ six107 ..,%:"?-e,_,;jjmﬂo' e ¥
galactic origin of cosmic rays, where there is no theoretical — | 1s[ R 0 . RN N \"'ixfl ]
reason for a smooth crossover in slope and flux. Closeto2 Ib'“"noo% Tony e P ]
10'8eV, earlier experiments have claimed a so-called ‘sec- 2, xF N S W e By
ond knee’ Bergman and Bel2007), where, dependenton £ F Cax107 mmag, *or Yo Pe 3
the considered astrophysical model, it is allocated to case (i) = m—M:Z e e -4
or (ii), respectively. In order to investigate different scenar- = _ “”-"o.“_,“"-\\”‘\i T ]
ios precise EAS measurements of high statistical accuracy _mj: OSE{S\ E'IEQO‘ "R%‘~1‘F*~ ]
are needed for the energy range of%and 138eV, which [ S CAPRICE  CREAM o P ]
appears a little bit ignored in the last decades. Meanwhile, T eHESS w’:w‘ 7
more interest arose, mainly due to first results from sophisti- 107°F < RUNIOB 3
cated experiments like KASCADE-Grande. In addition, new BT T Y N T ST BT v R T T
experimental efforts are performed and a couple of experi- Kinetic energy per particle (nucleus) [GeV]

ments just started to be or will be soon in operation.

Figure 1 summarizes the experimental results related toFig. 3. Compilation of direct measurements of the cosmic ray
the all-particle energy spectrum. What will follow in this energy spectrum for different nuclei (fromdgkamura et a]2010).
short review is mainly the discussion of recent experimental
findings on the structure and peculiarities of this spectrum in
the energy range of the knee. In addition these findings, invere found by various experiments, more precisely by MI-
particular for the higher energy range, will be discussed inLAGRO (Abdo et al, 2008, ICECUBE (Abbasi et al.2010),
context of astrophysical models for the origin and propaga-TIBET (Amenomori et al. 200§, and Superkamiokande
tion of cosmic rays. (Guillian et al, 2007). In particular, the MILAGRO collab-

oration could determine both, the large-scale anisotropy and,
based on filtering out the large variations, also small scale
2 Below the knee variations in the fluxAbdo et al, 2009. The source of this
large-scale anisotropy is as unknown as its possible influence
Figure 3 shows the cosmic ray spectra obtained by directto higher energies, i.e. the knee energy range.
measurements for the different nuclei. The impressing par-
allelity of the spectra (except at very low energies where the
solar modulation affects the spectral shape) is used as arg® The knee
ment that the galactic cosmic rays originated from a single
acceleration and propagation process within our Milky Way From the manifold experimental efforts in studying the knee
which is valid up to the knee energy. However, recently theof the last decades, the KASCADE experiment was prob-
CREAM balloon experiment mentioned that the parallelity ably the most sophisticated. Hence, this chapter will start
is violated in case of proton and helium spectra in such awith a short review on the results of this experiment. The
way that the spectra have slightly different slopes and showK ASCADE experiment Antoni et al, 2003 introduced a
a slightly concave behaviour, with the consequence that Henew quality of investigations of the knee feature in the energy
lium should be the dominant component already before thespectrum, due to its high precision in reconstructing the to-
knee. It is interesting to note, that the CREAM collaboration tal electron and muon number separately in individual EAS.
has assigned this hardening of the proton and helium spectradditionally, for each event hadron and high-energy muon
(Ahn et al, 2010 to a possible change of the acceleration information is available. The data analyses aim to recon-
mechanism of cosmic rays. struct the energy spectra of individual mass groups taking

A second interesting experimental observation concernsnto account not only different shower observables, but also
anisotropy studies of cosmic rays in the energy range of a fewtheir correlation on an event-by-event basis. The content of
TeV. Here, two large-scale regions with a significant excesseach cell of the two-dimensional spectrum of reconstructed
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the results of different models are includéth{ings et a).2010).
Fig. 4. All-particle spectrum and individual mass spectra of
KASCADE as result of the unfolding procedure based on the
hadronic interaction model EPOS 1.99 (fréimger, 2010 Haungs  position) differ significantly. Thus presently it is not yet pos-
etal, 2010. sible to pin down definitely the mass composition. Modeling
the hadronic interactions underlies assumptions from particle
physics theory and extrapolations resulting in large uncer-
electron number vs. muon numbegy) is the sum of con- tainties, which are reflected by discrepancies in the resulting
tributions from the individual primary elements. Hence the composition. The differences in the total energy appear to be
inverse probleng(y) = [ K (y,x) p(x)dx with y = (N, N}{) comparatively smaller and are less model dependent.
andx = (E, A) has to be solved, and with known(x) the Crucial parameters of the modeling of hadronic interac-
spectra of individual masses can be built. The kernel function models which can be responsible for these inconsisten-
tion is obtained by Monte Carlo simulations on basis of (dif- cies are the total nucleus-air cross-section and the parts of
ferent) hadronic interaction models as options embedded ithe inelastic and diffractive cross sections leading to shifts
CORSIKA. CORSIKA is a sophisticated air shower simula- of the position of the shower maximum in the atmosphere,
tion tool packageHeck et al, 1998, which was developed and therefore to a change of the muon and electron num-
in the frame of the KASCADE experiment and which mean- bers as well as to their correlation on single air shower ba-
while is worldwide used. sis. The multiplicity of the pion generation at all energies

By applying these procedures (with the assumption of five@t the.hadronic interactions during the air shower develop-
primary mass groups) to the experimental data energy spechent is also a semi-free parameter in the air-shower mod-
tra for 5 individual mass groups are obtained and the sum ofling as accelerator data have still large uncertainties. Ar-
these spectra results in the all particle spectrum as shown iRitrary changes of free parameters in the interaction models
Fig. 1) (Apel et al, 2005. Concerning the individual spec- will change the correlation of all shower parameters. Tests
tra a knee like feature was clearly detected in the spectra o#iSing KASCADE observablesiitoni et al, 1999 Apel et
primary proton and helium. This demonstrated that the knedl» 2009, which are measured independently of those used
feature originates from a decreasing flux of the light primary in the unfolding procedure, give further constraints, in par-
particles. The described analysis was repeated by using dificular by investigating correlations of the hadronic shower
ferent hadronic interaction models where these findings wer&omponent with electron or muon numbers. The aim is to
confirmed Apel et al, 2010 Haungs et a).2010. Figure4 provide hints for the model builder groups hpw the param-
shows as an example the results of KASCADE based orfters (and the theory) should be modified in order to de-
the newest version of the hadronic interaction model EPOSSCribe all the data consistently. Combining all the correla-
(Werner et al.2006. This model interprets the measure- tions, the final observables of the showers have not to be dif-
ments as composed mainly by light primaries, but interestférent by more thar 15% to be consistent with the data.
ingly the slopes between the proton and Helium spectra ard his requires rather a fine-tuning of the free parameters in
slightly different in such a way that around 1 PeV Helium the simulgtion of the _ha_dronic interactions than_a need on
gets more abundant than protons, which is in accordance with€W physics. That this is true can be seen in Bigihere
the measurements by the CREAM balloon experiment. the resulting proton spectra are compared with direct mea-

Comparing the unfolding results based on the OliﬂEeren,[surements, where many data are available. Here, most of the

hadronic interaction models, similar structures of the individ- reiults ;’irt(_e n tfhg_ rar]{ge of the stathncaI uncertainty of the
ual spectra as well as the all-particle spectrum agree nicely(,EX rapolation ot direct measurements.

but the relative abundances of the primary mass groups (com-
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In summary, the KASCADE results provide clear hints for

.y . . e data
a rigidity dependence of the knee feature, which automati- 3 94 - Syst. Band
cally leads to an increasing heavier mean mass of the com- Preliminary

position passing the kne®¢ Donato and Medina-Tanco

2009. But what is the dominant primary mass group at the
knee? This is still an open question, and the KASCADE
and TIBET @Amenomori et al. 2008 collaborations inter-

pret their data in a different way despite their proton fluxes 92
(see Fig.5) are in good agreement. Direct measurements
of high-energy cosmic rays, which are able to determine the = 04
composition in a model independent way, may be possible
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in future and could give an answer to this question. In addi- 06 | | | | |
tion, the GRAPESTanaka et a).2008 experiment in India, 7 75 8 "85 9
whose detector installation is similar to KASCADE, but lo- log,(E/GeV)

cated at higher altitude, will reach lower primary energies, iy g Residual plot for the reconstructed all-particle energy spec-

providing an overlap with direct measurements. trum obtained from KASCADE-Grande. The systematic error band
Another open question is the ‘sharpness’ of the knee.s also shown (dotted lines). The plot is taken from reference

Some experiments, like TIBETA(nenomori et al.200§ or (Arteaga et al.2010.

TUNKA (Korosteleva et al.2007), e.g. claim explicitly that

they see a sharp knee which can be explained by a considefyyqe is in contradiction to the ‘dip modelBerezinsky et
able contribution to the overall bulk of cosmic rays stemming 2006, where the rigidity dependent main galactic com-

from a near-by single sourcEilykin and Wolfendale2009.  honent is directly overtaken from a proton dominant extra-

The knee of the underlying ‘standard’ spectrum should begalactic component already at ¥@V. Here, the ankle is

smeared out as it is originating from many sources (SNR'S)generated by an extragalactic feature.

and also by propagation effects. The concavity or hardening of the spectrum seen by
KASCADE-Grande can be explained in terms of the rigidity
dependent main bulk of cosmic rays responsible for the knee,
see Fig.7. According to the relative abundance of the heavy
component the significance of this hardening can increase
'Sr decrease. By that, the KASCADE-Grande finding also
can serve as a hint to the composition arountf #¥. The

4 Above the knee

For the still less explored energy range between knee and a
kle there are now new results available from the KASCADE-

G_rande Apel et al, 20103 exp_erlment_, Wh'c.h IS an_exten- weak knee-like feature close to¥@V seen by KASCADE-
sion of the former KASCADE installation, still allowing the . : . L
Grande is also in agreement with the rigidity model as the

independent measurement of the muon content of the EAS, .. .
. . oo position of the structure is at an energy where one expect
In particular this possibility to reconstruct the total muon

. ) the knee of the iron component. But, both findings are still
number for Grande measured showers is the salient feature P 9

. .~ In agreement with both contradicting astrophysical models.
g;ggﬁ?ﬁn[;@rande compared to other experiments in thISCrucial for clarifying the situation are detailed studies of the

. . composition in this energy range where KASCADE-Grande
Figure 1 shows the reconstructed all-particle spectrum P gy rang

which was communicated this year as a first result thasarich potential.
; : i For completion of the present experimental situation, re-
KASCADE-Grande Bertaina et al.2010. For displaying P P P

. ) . sults of the GAMMA experiment?) will be mentioned.
the very interesting details of the shape of the spectrum al'hey reported about a peak in the spectral shape close to

residual plot was constructed in order to see the deviatiorionev (see Fig.1) which can be explained by the iron

fr%m a leix.prc;pobrtl?%gl tdfh . d(jle € F'q[ﬁ) fV\;E'Ch IS tr;e component of the mentioned near-by single source of cos-
index obtained by Titling the middie part of the Spectrum. ;. ray origin. Such a strong peak is not confirmed by the

TW% interesting features .ShOW up, one is a C(;ncavity above ASCADE-Grande result and its existence, at least in such
10'°eV and another one is a small breakwat 0'7 eV, a significant appearance, is still under discussion.

For a discussion of the astrophysical implications of these | near future, new experiments will be in operation (or

findings in some more details, Figureby Michael Hillas ¢ already in operation) which will give new insights in the

(Hillas, 2009 depicts a possible scenario. In order to repro- energy range of the transition region. We can expect a deeper
duce the measured spectrum, before the KASCADE-Grand sight in the physics of cosmic rays for example by

results appeared, Hillas proposed a ‘component B’ of the

spectrum additionally to the rigidity dependent main galactic — KASCADE-Grande: Sophisticated analysis methods of
component. It fills the gap between the knee and the an-  the available data enables detailed composition studies
kle before the extragalactic component gets efficient. This (Arteaga et a].2010.

www.astrophys-space-sci-trans.net/7/295/2011/ Astrophys. Space Sci. Trans., 3022541
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Fig. 7. Possible scenario for explaining structures of the cosmic ray all-particle energy spectrum. To the standard galactic component ‘A’ a
component B is added closing the gap to the extragalactic component at highest energies (EG, where EGp is the proton component and EG’
stands for total EG contributionMHfllas, 20095.

— TUNKA: An extension of the Cherenkov-Array in operation will provide in next couple of years a deeper
TUNKA is in operation and allows access to energiesinsight in the miracles of the cosmic ray energy spectrum.
up to a few hundred Pe\Kprosteleva et al2007).
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