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few particles are expected per km2 and century, huge
ground based installations are necessary to measure sec-
ondary products generated by cosmic rays in the atmo-
sphere and the (average) mass can be estimated coarsely
only. The situation is sketched figuratively in Fig. 1.

At energies in the MeV range sophisticated silicon detec-
tors, operated in outer space, like the Ulysses HET (Simp-
son et al., 1992) or the ACE/CRIS (0.025 m2 sr) (Stone
et al., 1998) experiments can identify individual isotopes,
fully characterized by simultaneous measurements of their
energy, charge, and mass (E,Z,A). Since the particles have
to be absorbed completely in a silicon detector this tech-
nique works up to energies of a few GeV only.

In the GeV domain particles are registered with mag-
netic spectrometers on stratospheric balloons, like the
BESS instrument (Ajima et al., 2000). They are the only
detectors discussed here which are able to identify the sign
of the particles charge. All other detectors rely on the fact
that the specific ionization loss is dE/dx ! Z2, thus |Z| is
derived from the measurements. Magnet spectrometers
are the only detectors suitable to distinguish between mat-
ter and antimatter as e.g. e+ ! e!, p ! !p, or He!He. The
particle momentum is derived from the curvature of the
trajectory in a magnetic field, which limits the usage of
these detectors to energies approaching the TeV scale.

At higher energies particles are measured with balloon
borne instruments on circumpolar long duration flights
(Jones, 2005). Individual elements are identified, character-
ized by their charge and energy. |Z| is determined through
dE/dx measurements. Experimentally most challenging is
the energy measurement. In calorimeters the particles need
to be (at least partly) absorbed. The weight of a detector
with a thickness of one hadronic interaction length (ki)
and an area of 1 m2 amounts to about 1 t. Due to weight
limitations actual detectors like ATIC (Guzik et al., in
press) or CREAM (Seo et al., 2004) have to find an opti-
mum between detector aperture and energy resolution,

resulting in relatively thin detectors with a thickness of
1.7 ki (ATIC) or 0.7 ki (CREAM) only. The measurement
of transition radiation from cosmic-ray particles allows to
build large detectors with reasonable weight. The largest
cosmic-ray detector ever flown on a balloon, the TRACER
experiment (Gahbauer et al., 2004) has an aperture of
5 m2 sr. During a long duration balloon flight over Antarc-
tica (Hörandel, 2006a) and another flight from Sweden to
Alaska (Boyle, in press), up to now an exposure of
70 m2 sr d has been reached with this experiment. With
such exposures the energy spectra for individual elements
can be extended to energies exceeding 1014 eV.

To access higher energies very large exposures are neces-
sary. At present reached only in ground based experiments,
registering extensive air showers. In the TeV regime (small)
air showers are observed with imaging Čerenkov telescopes
such as the HEGRA (Aharonian et al., 1999), HESS (Hin-
ton, 2004), MAGIC (Ferenc, 2005), or VERITAS (Weekes
et al., 2002) experiments. These instruments image the tra-
jectory of an air shower in the sky with large mirrors onto a
segmented camera.

For primary particles with energies exceeding 1014 eV
the particle cascades generated in the atmosphere are large
enough to reach ground level, where the debris of the cas-
cade is registered in large arrays of particle detectors. Two
types of experiments may be distinguished: installations
measuring the longitudinal development of showers (or
the depth of the shower maximum) in the atmosphere
and apparatus measuring the density (and energy) of sec-
ondary particles at ground level.

The depth of the shower maximum is measured in two
ways. Light-integrating Čerenkov detectors like the
BLANCA (Fowler et al., 2001) or TUNKA (Gress et al.,
1999) experiments are in principle arrays of photomulti-
plier tubes with light collection cones looking upwards in
the night sky, measuring the lateral distribution of Čeren-
kov light at ground level. The depth of the shower maxi-
mum and the shower energy is derived from these
observations. Imaging telescopes as in the HiRes (Abu-
Zayyad et al., 2001a) or AUGER (Abraham et al., 2004)
experiments observe an image of the shower on the sky
through measurement of fluorescence light, emitted by
nitrogen molecules, which had been excited by air shower
particles. These experiments rely on the fact that the depth
of the shower maximum for a primary particle with mass A
relates to the depth of the maximum for proton induced
showers as

XA
max " X p

max ! X 0 lnA; #1$

where X0 = 36.7 g/cm2 is the radiation length in air (Mat-
thews, 2005; Hörandel, 2006b).

An example for an air shower array is the KASCADE-
Grande experiment (Antoni et al., 2003; Navarra et al.,
2004), covering an area of 0.5 km2. The basic idea is to
measure the electromagnetic component in an array of
unshielded scintillation detectors and the muons in scintil-
lation counters shielded by a lead and iron absorber, while

Fl
ux

 d
N

/d
E

 [m
-2

 s
r-1

 s
-1

 G
eV

-1
]

10-0

10-30

10-24

10-6

10-12

10-18

Energy

C
om

po
si

tio
n 

re
so

lu
tio

n

MeV GeV TeV PeV EeV

isotopes (Z,A)

Si detectors

elements +Z

B spectrometers

elements |Z|
calorimeters, TRDs

emulsions

air Cerenkov

elemental groups ln A

air shower arrays

-

Fig. 1. Illustrative sketch of the composition resolution achieved by
di!erent cosmic-ray detection techniques as function of energy. Over the
energy range shown the flux of cosmic rays decreases by about 30 orders of
magnitude as indicated on the right-hand scale.
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the hadronic component is measured in a large calorimeter
(Engler et al., 1999). The total number of particles at obser-
vation level is obtained through the measurement of parti-
cle densities and the integration of the lateral density
distribution (Antoni et al., 2001). The direction of air
showers is reconstructed through the measurement of the
arrival time of the shower particles in the individual detec-
tors. Measuring the electron-to-muon ratio in showers, the
mass of the primary can be inferred. A Heitler model of
hadronic showers (Hörandel, 2006b) yields the relation

Ne

N l
! 35:1

E0

A " 1 PeV

! "0:15

#2$

or lg
Ne

Nl

! "
% C & 0:065 lnA:

This illustrates the sensitivity of air shower experiments
to lnA. To measure the composition with a resolution of
one unit in lnA the shower maximum has to be measured
to an accuracy of about 37 g/cm2 (see (1)) or the Ne/Nl

ratio has to be determined with an relative error around
16% (see (2)). Due to the large intrinsic fluctuations in air
showers, with existing experiments at most groups of ele-
ments can be reconstructed with DlnA ! 0.8 & 1.

The exposure achieved by several experiments is shown
in Fig. 2. The integral cosmic-ray flux roughly depends on
energy as !E&2. Hence, the grey lines (!E&2) serve to com-
pare the exposure of detectors in di!erent energy regimes.
It can be recognized that the di!erent experiments, despite
of their huge di!erences in physical size, ranging from the
!300 cm2 CRIS space experiment to the !3600 km2

AUGER air shower experiment, have about equal e!ective
sizes when the decreasing cosmic-ray flux is taken into
account.

3. Propagation

The propagation of cosmic rays in the Galaxy can be
described quantitatively, taking into account energy loss,
nuclear interactions, radioactive decay, spallation produc-
tion, and production by radioactive decay, using the equa-
tion (Simpson, 1983)
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Ji(x) is the flux of species i after propagating through an
amount of matter x [g/cm2] subject to the reduction of
Ji(0), that represents the source term. The other parameters
are: dE/dx, the rate of ionization energy loss; rt

i, the total
inelastic cross section for species i; Ti, the mean lifetime
at rest for radioactive decay for species i; rij, the cross sec-
tion for production of species i from fragmentation of spe-
cies j; Tij, the mean lifetime at rest for decay of species j into
species i; NA, Avogadro’s Number; A, the mean atomic
weight of the interstellar gas; and c, the Lorentz factor.
The exact spatial distribution of the matter traversed be-
comes important only when considering radioactive iso-
topes, since the distance traversed in a time T is qbcT.

Abundances of stable secondary nuclei (produced dur-
ing propagation) indicate the average amount of interstel-
lar medium traversed during propagation before escape.
Because secondary radioactive cosmic-ray species will be
created and decay only during transport, their steady-state
abundances are sensitive to the confinement time if their
mean lifetimes are comparable or shorter than this time.

At low energies around 1 GeV/n the abundance of indi-
vidual elements in cosmic rays has been measured. A com-
pilation of data from various experiments is presented in
Fig. 3. The data are compared to the abundance in the
solar system. Overall, a good agreement between cosmic
rays and solar system matter can be stated. However, there
are distinguished di!erences as well, giving hints to the
acceleration and propagation processes of cosmic rays.

The elements lithium, beryllium, and boron, the ele-
ments below iron (Z = 26), and the elements below the lead
group (Z = 82) are significantly more abundant in cosmic
rays as compared to the solar system composition
(Fig. 3). This is attributed to the fact, that these elements
are produced in spallation processes of heavier elements
(fourth term in (3)) during the propagation through the
Galaxy.

Measured ratios of secondary to primary nuclei, namely
boron/carbon and (scandium + vanadium)/iron, are
shown in Fig. 4 (Yanasak et al., 2001). These ratios can
be used to estimate the matter traversed by cosmic rays
in the Galaxy (Garzia-Munoz et al., 1987). The data can
be successfully described using a Leaky Box model, assum-
ing the escape path length for particles with rigidity R and
velocity b = v/c as
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the hadronic component is measured in a large calorimeter
(Engler et al., 1999). The total number of particles at obser-
vation level is obtained through the measurement of parti-
cle densities and the integration of the lateral density
distribution (Antoni et al., 2001). The direction of air
showers is reconstructed through the measurement of the
arrival time of the shower particles in the individual detec-
tors. Measuring the electron-to-muon ratio in showers, the
mass of the primary can be inferred. A Heitler model of
hadronic showers (Hörandel, 2006b) yields the relation
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This illustrates the sensitivity of air shower experiments
to lnA. To measure the composition with a resolution of
one unit in lnA the shower maximum has to be measured
to an accuracy of about 37 g/cm2 (see (1)) or the Ne/Nl

ratio has to be determined with an relative error around
16% (see (2)). Due to the large intrinsic fluctuations in air
showers, with existing experiments at most groups of ele-
ments can be reconstructed with DlnA ! 0.8 & 1.

The exposure achieved by several experiments is shown
in Fig. 2. The integral cosmic-ray flux roughly depends on
energy as !E&2. Hence, the grey lines (!E&2) serve to com-
pare the exposure of detectors in di!erent energy regimes.
It can be recognized that the di!erent experiments, despite
of their huge di!erences in physical size, ranging from the
!300 cm2 CRIS space experiment to the !3600 km2

AUGER air shower experiment, have about equal e!ective
sizes when the decreasing cosmic-ray flux is taken into
account.

3. Propagation

The propagation of cosmic rays in the Galaxy can be
described quantitatively, taking into account energy loss,
nuclear interactions, radioactive decay, spallation produc-
tion, and production by radioactive decay, using the equa-
tion (Simpson, 1983)
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Ji(x) is the flux of species i after propagating through an
amount of matter x [g/cm2] subject to the reduction of
Ji(0), that represents the source term. The other parameters
are: dE/dx, the rate of ionization energy loss; rt

i, the total
inelastic cross section for species i; Ti, the mean lifetime
at rest for radioactive decay for species i; rij, the cross sec-
tion for production of species i from fragmentation of spe-
cies j; Tij, the mean lifetime at rest for decay of species j into
species i; NA, Avogadro’s Number; A, the mean atomic
weight of the interstellar gas; and c, the Lorentz factor.
The exact spatial distribution of the matter traversed be-
comes important only when considering radioactive iso-
topes, since the distance traversed in a time T is qbcT.

Abundances of stable secondary nuclei (produced dur-
ing propagation) indicate the average amount of interstel-
lar medium traversed during propagation before escape.
Because secondary radioactive cosmic-ray species will be
created and decay only during transport, their steady-state
abundances are sensitive to the confinement time if their
mean lifetimes are comparable or shorter than this time.

At low energies around 1 GeV/n the abundance of indi-
vidual elements in cosmic rays has been measured. A com-
pilation of data from various experiments is presented in
Fig. 3. The data are compared to the abundance in the
solar system. Overall, a good agreement between cosmic
rays and solar system matter can be stated. However, there
are distinguished di!erences as well, giving hints to the
acceleration and propagation processes of cosmic rays.

The elements lithium, beryllium, and boron, the ele-
ments below iron (Z = 26), and the elements below the lead
group (Z = 82) are significantly more abundant in cosmic
rays as compared to the solar system composition
(Fig. 3). This is attributed to the fact, that these elements
are produced in spallation processes of heavier elements
(fourth term in (3)) during the propagation through the
Galaxy.

Measured ratios of secondary to primary nuclei, namely
boron/carbon and (scandium + vanadium)/iron, are
shown in Fig. 4 (Yanasak et al., 2001). These ratios can
be used to estimate the matter traversed by cosmic rays
in the Galaxy (Garzia-Munoz et al., 1987). The data can
be successfully described using a Leaky Box model, assum-
ing the escape path length for particles with rigidity R and
velocity b = v/c as
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Fig. 7. All-particle cosmic-ray energy spectrum as obtained by direct measurements above the atmosphere by the ATIC [219,220], PROTON [221], and
RUNJOB [222] as well as results from air shower experiments. Shown are Tibet AS� results obtained with SIBYLL 2.1 [223], KASCADE data (interpreted
with two hadronic interaction models) [224], preliminary KASCADE-Grande results [225], and Akeno data [226,33]. The measurements at high energy are
represented by HiRes-MIA [227,228], HiRes I and II [229], and Auger [169].

Fig. 8. All-particle energy spectra in the knee region. Results from direct measurements by Grigorov et al. [221], JACEE [230], RUNJOB [222], and SOKOL
[231] aswell as from the air shower experiments Akeno 1 km2 [226], BASJE-MAS [232], BLANCA [173], CASA-MIA [163], DICE [182], EAS-TOP [233], GAMMA
[234], GRAPES-3 [235], HEGRA [174], KASCADE electrons and muons interpreted with two hadronic interaction models [224], hadrons [236], and a neural
network analysis combining different shower components [237], KASCADE-Grande (prelinimary) [238], MSU [239], Mt. Norikura [240], Tibet AS� [241]
and AS� -III [223], as well as Tunka-25 [176].

3.1. Galactic cosmic rays

Many groups have published results on the all–particle energy spectrum from indirect measurements in the knee
region (�1015 eV). The spectra obtained are compiled in Fig. 8. The ordinate has been multiplied by E2.5

0 . The individual
measurements agree within a factor of two in the flux values and a similar shape can be recognized for all experiments
with a knee at energies of about 4 PeV. Also shown are results for the all-particle flux as obtained by direct observations
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The iron group and the ultra-heavy elements
are more pronounced in cosmic rays as compared
to the solar system. Especially the r-process ele-
ments beyond xenon (Z ! 54) are enhanced, partly
due to spallation products of the platinum and
lead nuclei (Z ! 78, 82). For the latter direct
measurements at low energies around 1 GeV/nu-
cleon yield about a factor two more abundance as
compared to the solar system and a factor of four
for the actinides thorium and uranium (Z ! 90, 92)
[66]. This has been attributed to the hypothesis
that cosmic rays are accelerated out of supernova
ejecta-enriched matter [67].

The di!erences for ultra-heavy elements be-
tween cosmic rays and solar system abundances
seen in Fig. 7 are much bigger as compared to the
measurements at energies of 1 GeV/nucleon. At
low energies the flux is strongly suppressed due to
the solar modulation, while at 1 TeV/particle the
e!ects of the heliospheric magnetic fields are al-
most negligible. Together with the enhancements
discussed before, this accounts for the di!erences
seen in Fig. 7. The overall distribution from hy-

drogen to uranium is much flatter for cosmic rays.
While the solar system abundances cover a range
of 11 decades, the cosmic-ray distribution extends
over 6 decades in flux only.

4. Indirect measurements

Many groups published results on the all-par-
ticle energy spectrum from indirect measurements.
Several experiments detect the main components
of extensive air showers most commonly the elec-
tromagnetic component, but also muons and ha-
drons are investigated. The !CCerenkov photons
produced by relativistic shower particles and the
fluorescence light of nitrogen molecules in the at-
mosphere induced by air showers are also utilized.
The detectors are located at various atmospheric
depths corresponding to altitudes from 50 m up to
4370 m.a.s.l. The experiments used in this compi-
lation and their respective measuring techniques as
well as the atmospheric overburden are listed in
Table 3.

Table 3
Air shower experiments and components measured to derive the primary energy spectrum

Experiment e l h !CC F g/cm2 Energy
shift (%)

AKENO (low energy) [73] " 1 GeV 930 )4
BLANCA [74] " " 870 4
CASA-MIA [75] " 800 MeV 870 4
DICE [76] " 800 MeV " 860 1
EAS-Top [77] " 1 GeV 820 )11
HEGRA [78] " " 790 )10
KASCADE (electrons/muons) [79] " 230 MeV 1022 )7
KASCADE (hadrons/muons) [80] 230 MeV 50 GeV 1022 )1
KASCADE (neural network) [81] " 230 MeV 1022 )8
MSU [82] " 1020 )5
Mt. Norikura [83] " 735 9
Tibet [84] " 606 )10
Tunka-13 [85] " 680 0
Yakutsk (low energy) [86] " 1020 )3

AKENO (high energy) [87] " 930 )16
Fly!s Eye [88] " 860 )3
Gauhati [89] " 1025 )5
Haverah Park [90] " 1018 )10
HiRes/MIA [91] 800 MeV " 860 )5
Yakutsk (high energy) [92] " 1 GeV " 1020 )20

e: Electromagnetic, l: muonic, h: hadronic, !CC: !CCerenkov, and F: fluorescence light. The particle thresholds are given for the muonic
and hadronic components. In addition, the atmospheric overburden (g/cm2) and the shift of the energy scale are listed.

J.R. H"oorandel / Astroparticle Physics 19 (2003) 193–220 201
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Some of the experiments present di!erent re-
sults, based on di!erent hadronic interaction
models used to interpret the data. Detailed studies
of air shower properties, especially concerning the
hadronic component, have been performed by the
KASCADE group [69,70]. Comparison to simu-
lations, using the program CORSIKA [71] with
several high energy hadronic interaction models
implemented revealed, that the QGSJET model
presently is the best model to describe air shower
data. Other groups obtained similar results (see
e.g. [72,74]). Hence, if more than one interpreta-
tion of measurements is given, the energy spectrum
derived with the QGSJET model is used.

The results of the groups are presented in Fig. 8.
The overall agreement between the experiments is
quite good, the di!erential fluxes multiplied by E2:5

agree within a factor of two. All experiments ex-
hibit a similar shape of the spectrum despite their
di!erent absolute normalization. This is remark-
able since di!erent components of air showers are
investigated by various groups at di!erent atmo-

spheric depths, i.e. di!erent types of particle in-
teractions in the atmosphere are probed and the
showers are sampled at di!erent stages of their
longitudinal development.

The all-particle spectrum obtained by direct
measurements from JACEE [47], RUNJOB [51],
SOKOL [58], and Grigorov et al. [93] agrees with
the indirect measurements in the region of overlap,
i.e. from below 100 TeV–1 PeV particle energy.

The knee at about 4 PeV is clearly recognizable
in the spectrum. Assuming this bend being caused
by the cut-o! of the proton component, the ga-
lactic component extends in the poly-gonato
model up to ZU ! 4 PeV " 0:4 EeV. The energy
spectrum multiplied by E3

0 is shown in Fig. 9 for
high energies as reported by the Fly!s Eye group.
Indeed, a change in the spectral slope around
4! 108 GeV is visible, the dashed line represents a
fit taken from the Fly!s Eye publication [88]. A
similar structure has been observed by the experi-
ments AKENO and Haverah Park, the spectral
indices obtained around 400 PeV by the three ex-

Fig. 8. All-particle energy spectra obtained from direct and indirect measurements, for references see Table 3 and text. The sum spectra
for individual elements according to the poly-gonato model are represented by the dotted line for 16Z6 28 and by the solid line for
16Z6 92. Above 108 GeV the dashed line gives the normalized average spectrum.

202 J.R. H!oorandel / Astroparticle Physics 19 (2003) 193–220

The weighted average of the normalized all-
particle spectra has been calculated, taking the er-

rors of the individual measurements into account,
the result is presented in Fig. 11 and Table 5. The

Fig. 10. Normalized all-particle energy spectra for individual experiments. The renormalization values for the energy scale and ref-
erences are given in Table 3. The sum spectra for individual elements according to the poly-gonato model are represented by the dotted
line for 16Z6 28 and by the solid line for 16Z6 92. Above 108 GeV the dashed line reflects the average spectrum.

Fig. 11. Average all-particle energy spectrum. The line through the data represents a fit of the sum spectrum for elements with
16Z6 92 according to the poly-gonato model with rigidity dependent cut-o! for (a) common cc and (b) common Dc. The dotted line
shows the spectrum for 16Z6 28. In addition, energy spectra for groups of elements are shown. Above 108 GeV the dashed line
reflects the average spectrum.

204 J.R. H!oorandel / Astroparticle Physics 19 (2003) 193–220

Energy scales of 
individual experiments 
can be slightly shifted 
(within their systematic 
uncertainties). This yields 
a well defined all-particle 
energy spectrum.
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dip at knee energies in the mean logarithmic mass.
The approaches by Sveshnikova (acceleration in
supernova remnants) as well as V!olk and Zirak-
ashvili (reacceleration in the galactic halo) lead
both to a twofold shape of the element spectra.
Yet, also common features can be recognized, like
the relative sharp kinks in the spectra as found by
Erlykin and Wolfendale as well as by Stanev et al.,
both models describe acceleration in supernova
remnants. The distinct shape leads in both cases to
structures in the hlnAi distribution.

The review has shown further that even similar
conceptions lead to hlnAi values covering the
whole range depicted in Fig. 4. As an example,
acceleration in supernova remnants yields hlnAi
values at the lower edge of the experimental values
(Berezhko and Ksenofontov) and also at the upper
border (Kobayakawa et al.).

Unfortunately, the experiments give no con-
clusive energy spectra for elemental groups (Figs.
1–3) and the mean logarithmic mass covers a rel-
atively wide range, see Fig. 4. Most astrophysical
informations available from air shower measure-
ments depend on the model used to describe the

interactions in the atmosphere. Hence, an inter-
pretation and evaluation of the data should be
treated with care and it is very challenging to
characterize in a quantitative way the best model
to describe the origin of the knee.

In models which introduce new type of interac-
tions in the atmosphere, like the one just discussed
by Kazanas and Nicolaidis or the approaches
by Nikolsky et al. [44] or by Petrukhin [45], the
threshold for a new type of interaction depends on
the energy per nucleon. Thus, such models ulti-
mately arrive at a mass dependent cut-o! for indi-
vidual element spectra. The investigations of the
KASCADEgroup however seem to indicate a rigid-
ity dependent cut-o! for individual elements [2–6].
Also with the phenomenological approach of the
poly-gonatomodel a rigidity dependent approach is
favored [1].

In addition, the simultaneous observations of a
knee in the electromagnetic, muonic and hadronic
component by the KASCADE group [2,46,47] yield
no major inconsistencies between the di!erent air
shower components. Therefore, a proposed new
interaction would have to ‘‘hide’’ the energy in such

Table 2
Synopsis of all models discussed

Model Author(s)

Source/Acceleration
Acceleration in SNR Berezhko and Ksenofontov [18]
Acceleration in SNR+ radio galaxies Stanev et al. [19]
Acceleration by oblique shocks Kobayakawa et al. [20]
Acceleration in variety of SNR Sveshnikova [21]
Single source model Erlykin and Wolfendale [22]
Reacceleration in the galactic wind V!olk and Zirakashvili [23]
Cannonball model Plaga [24]

Propagation/Leakage from Galaxy:
Minimum pathlength model Swordy [25]
Anomalous di!usion model Lagutin et al. [26]
Hall di!usion model Ptuskin et al. [27], Kalmykov and Pavlov [42]
Di!usion in turbulent magnetic fields Ogio and Kakimoto [28]
Di!usion and drift Roulet et al [29]

Interactions with background particles
Di!usion model + photo-disintegration Tkaczyk [30]
Interaction with neutrinos in galactic halo Dova et al. [31]
Photo-disintegration (optical and UV photons) Candia et al. [32]

New interactions in the atmosphere
Gravitons, SUSY, technicolor Kazanas and Nicolaidis [33,34]

262 J.R. H!orandel / Astroparticle Physics 21 (2004) 241–265
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the relevant particle interactions is not completely tested
by man-made accelerator experiments. The uncertainties
imposed by the hadronic interaction models are more
relevant for composition analyses than for energy measure-
ments. Hence, our strategy is to separate the measured EAS
in electron-poor and electron-rich events as representatives
of the heavy and light primary mass groups, similar to the
analysis presented in Ref. [1]. The shape and structures of
the resulting energy spectra of these individual mass
groups are much less affected by the differences of the
various hadronic interaction models than the relative
abundance.

As a consequence of the considerations above, the en-
ergy and mass assignment of individual events is achieved
by using both observables Nch and N!, as well as their
correlation. The following equation is motivated by dis-
cussions of hadronic air showers in Ref. [7], with the basic
idea that the total number of secondary particles at obser-
vation level is related to the primary energy while the
energy sharing between the electromagnetic and the had-
ronic (i.e. muonic) shower components is related to the
primary mass. Therefore, the primary energy log10!E" is
assumed to be proportional to the shower size log10!Nch"
with a correction factor that accounts for the mass depen-
dence by making use of the measured ratios of shower sizes
log10!Nch=N!":

log10!E=GeV" # $aH % !aFe & aH"k'log10!Nch"
% bH % !bFe & bH"k; (1)

k # log10!Nch=N!" & log10!Nch=N!"H
log10!Nch=N!"Fe & log10!Nch=N!"H

; (2)

with log10!Nch=N!"H;Fe # cH;Fe ( log10!Nch" % dH;Fe. The
parameter k takes into account both the average differences
in the Nch=N! ratio among different primaries with the
same Nch as well as the shower-to-shower fluctuations for
events of the same primary mass. The exact form of the
equation is optimized for the experimental situation of
KASCADE-Grande and the free parameters [8] are deter-
mined by Monte Carlo simulations [9]. They are defined
independently for 5 different zenith angle intervals of equal
exposure (the upper limits of " are 16.7), 24.0), 29.9),
35.1), and 40.0)) to take into account the shower attenu-
ation. Data are combined only at the very last stage to
reconstruct the final energy spectrum. The Nch-N! corre-
lation of individual events is incorporated in calculating k,
which serves now as mass sensitive observable. Figure 3
shows the evolution of k as a function of the reconstructed
energy for the first two zenith angle bins, where a similar
behavior is observed for all angular ranges. The error bars
include statistical as well as reconstruction uncertainties of
the k parameter. The width of the k distributions decreases
slightly for increasing energy and amounts, at 100 PeV, to
about*0:2,*0:15,*0:4 for H, Fe, and data, respectively.

The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
kep!E" # $kSi!E" % kC!E"'=2 distribution. The dashed

lines represent the uncertainties in defining this energy
dependent selection cut. The resulting spectra are shown
in Fig. 4, where the band indicates changes of the spectra
when the cut is varied within the dashed lines shown in
Fig. 3. The energy resolution for an individual event is
better than 25% over the entire energy range and the all-
particle spectrum is reconstructed within a total systematic
uncertainty in flux of 10%–15% [8,10].
The reconstructed spectrum of the electron-poor events

shows a distinct kneelike feature at about 8( 1016 eV.
Applying a fit of two power laws to the spectrum inter-
connected by a smooth knee [11] results in a statistical
significance of 3:5# that the entire spectrum cannot be
fitted with a single power-law. The change of the spectral
slope is !$ # &0:48 from $ # &2:76* 0:02 to $ #
&3:24* 0:05 with the break position at log10!E=eV" #
16:92* 0:04. Applying the same function to the all-
particle spectrum results in a statistical significance of
only 2:1# that a fit of two power laws is needed to describe
the spectrum. Here the change of the spectral slope is from
$ # &2:95* 0:05 to $ # &3:24* 0:08, but with the
break position again at log10!E=eV" # 16:92* 0:10.
Hence, the selection of heavy primaries enhances the
kneelike feature that is already present in the all-particle
spectrum. The spectrum of the electron-rich events (light
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the relevant particle interactions is not completely tested
by man-made accelerator experiments. The uncertainties
imposed by the hadronic interaction models are more
relevant for composition analyses than for energy measure-
ments. Hence, our strategy is to separate the measured EAS
in electron-poor and electron-rich events as representatives
of the heavy and light primary mass groups, similar to the
analysis presented in Ref. [1]. The shape and structures of
the resulting energy spectra of these individual mass
groups are much less affected by the differences of the
various hadronic interaction models than the relative
abundance.

As a consequence of the considerations above, the en-
ergy and mass assignment of individual events is achieved
by using both observables Nch and N!, as well as their
correlation. The following equation is motivated by dis-
cussions of hadronic air showers in Ref. [7], with the basic
idea that the total number of secondary particles at obser-
vation level is related to the primary energy while the
energy sharing between the electromagnetic and the had-
ronic (i.e. muonic) shower components is related to the
primary mass. Therefore, the primary energy log10!E" is
assumed to be proportional to the shower size log10!Nch"
with a correction factor that accounts for the mass depen-
dence by making use of the measured ratios of shower sizes
log10!Nch=N!":

log10!E=GeV" # $aH % !aFe & aH"k'log10!Nch"
% bH % !bFe & bH"k; (1)

k # log10!Nch=N!" & log10!Nch=N!"H
log10!Nch=N!"Fe & log10!Nch=N!"H

; (2)

with log10!Nch=N!"H;Fe # cH;Fe ( log10!Nch" % dH;Fe. The
parameter k takes into account both the average differences
in the Nch=N! ratio among different primaries with the
same Nch as well as the shower-to-shower fluctuations for
events of the same primary mass. The exact form of the
equation is optimized for the experimental situation of
KASCADE-Grande and the free parameters [8] are deter-
mined by Monte Carlo simulations [9]. They are defined
independently for 5 different zenith angle intervals of equal
exposure (the upper limits of " are 16.7), 24.0), 29.9),
35.1), and 40.0)) to take into account the shower attenu-
ation. Data are combined only at the very last stage to
reconstruct the final energy spectrum. The Nch-N! corre-
lation of individual events is incorporated in calculating k,
which serves now as mass sensitive observable. Figure 3
shows the evolution of k as a function of the reconstructed
energy for the first two zenith angle bins, where a similar
behavior is observed for all angular ranges. The error bars
include statistical as well as reconstruction uncertainties of
the k parameter. The width of the k distributions decreases
slightly for increasing energy and amounts, at 100 PeV, to
about*0:2,*0:15,*0:4 for H, Fe, and data, respectively.

The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
kep!E" # $kSi!E" % kC!E"'=2 distribution. The dashed

lines represent the uncertainties in defining this energy
dependent selection cut. The resulting spectra are shown
in Fig. 4, where the band indicates changes of the spectra
when the cut is varied within the dashed lines shown in
Fig. 3. The energy resolution for an individual event is
better than 25% over the entire energy range and the all-
particle spectrum is reconstructed within a total systematic
uncertainty in flux of 10%–15% [8,10].
The reconstructed spectrum of the electron-poor events

shows a distinct kneelike feature at about 8( 1016 eV.
Applying a fit of two power laws to the spectrum inter-
connected by a smooth knee [11] results in a statistical
significance of 3:5# that the entire spectrum cannot be
fitted with a single power-law. The change of the spectral
slope is !$ # &0:48 from $ # &2:76* 0:02 to $ #
&3:24* 0:05 with the break position at log10!E=eV" #
16:92* 0:04. Applying the same function to the all-
particle spectrum results in a statistical significance of
only 2:1# that a fit of two power laws is needed to describe
the spectrum. Here the change of the spectral slope is from
$ # &2:95* 0:05 to $ # &3:24* 0:08, but with the
break position again at log10!E=eV" # 16:92* 0:10.
Hence, the selection of heavy primaries enhances the
kneelike feature that is already present in the all-particle
spectrum. The spectrum of the electron-rich events (light
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estimation of energy and mass of the primary particles is
based on the combined measurement of the charged parti-
cle component by the detector array of Grande and the
muon component by the KASCADE muon array (Fig. 1).
Basic shower observables like the core position, zenith
angle, and total number of charged particles (shower size
Nch) are derived from the measurements of the Grande
stations. While the Grande detectors are sensitive to
charged particles, the muonic component is measured in-
dependently by the shielded detectors of the KASCADE
array. 192 scintillation detectors of 3:24 m2 sensitive areas
each are placed below an iron and lead absorber to select
muons above 230 MeV kinetic energy. A core position
resolution of 5 m, a direction resolution of 0.7!, and a
resolution of the shower size of about 15% are achieved.
The total number of muons (N!) with a resolution of about

25% is calculated by combining the core position deter-
mined by the Grande array and the muon densities
measured at the KASCADE array, where N! undergoes a

correction for a bias in reconstruction due to the asymmet-
ric position of the detectors [5].

The present analysis is based on 1173 days of data
taking. The cuts on the sensitive area (EAS core recon-
structed within the array) and zenith angle (< 40!), chosen
to assure best and constant reconstruction accuracies, re-
sult in an exposure of 2" 1013 m2 " s sr. Figure 2 displays
the correlation of the two observables Nch and N!. This

distribution is the basis of the following analysis, since it
contains all the experimental information required for
reconstructing the energy and mass of the cosmic rays:
the higher the energy of the primary cosmic ray the larger

the total particle number. The fraction of muons of all
charged particles at observation level is characteristic for
the primary mass: showers induced by heavy primaries
start earlier in the atmosphere and the higher nucleon
number leads to a relatively larger muon content at obser-
vation level. KASCADE-Grande measures the particle
number at an atmospheric depth well beyond the shower
maximum, where the electromagnetic component already
becomes reduced. Thus, electron-rich EAS are generated
preferentially by light primary nuclei and electron-poor
EAS by heavy nuclei, respectively.
However, a straightforward analysis is hampered by the

shower-to-shower fluctuations, i.e., by the dispersion of the
muon and electromagnetic particle numbers for a fixed
primary mass and energy. In addition, cosmic rays imping-
ing on the atmosphere under different zenith angles show a
varying, complicated behavior due to the nonuniform mass
and density distribution of the air. Therefore, the absolute
energy and mass scale have to be inferred from compari-
sons of the measurements with Monte Carlo simulations.
This creates additional uncertainties, since the physics of

y
 c

o
o

r d
in

a
te

 [
m

]

x coordinate [m]

Grande stations

KASCADE

MTD

CD

FIG. 1 (color online). Layout of the KASCADE-Grande ex-
periment: shown are the Grande array as well as the KASCADE
array with its central detector (CD) and muon tracking detector
(MTD). The shaded area marks the outer 12 clusters (16 detector
stations each) of the KASCADE array consisting of shielded
(muon array) and unshielded detectors. The inner 4 clusters
consist of unshielded detectors only.

)CIC(N
10

muon number log

)
C

IC
ch

(N
10

nu
m

be
r 

of
 c

ha
rg

ed
 p

ar
tic

le
s 

lo
g

3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 84

4.5

5

5.5

6

6.5

7

7.5

8

8.5

9

nu
m

be
r 

of
 s

ho
w

er
s

1

10

210

310

410

 eV1810

°0

  eV1610

  eV1510

°40

 eV1710

KASCADE-Grande data
°- 40°0

also line of
full efficiency

ele
ct

ro
n-p

oor r
id

ge

(h
ea

vy
 p

rim
ar

ies
)

electro
n-ric

h rid
ge

(lig
ht prim

aries)

nu
m

be
r 

of
 s

ho
w

er
s

)(N
10

muon number log

)
ch

(N
10

nu
m

be
r 

of
 c

ha
rg

ed
 p

ar
tic

le
s 

lo
g c. 1.5!106events

5 5.5 6 6.5 7 7.5

6

6.5

7

7.5

8

8.5

9

1

10

210

310

 KASCADE-Grande data
)o , CIC corrected (22o - 40o 0

c. 6.5!105events

FIG. 2 (color online). Two-dimensional distribution of the
shower sizes: charged particle number and total muon number.
All quality cuts are applied. In addition, a roughly estimated
energy scale is indicated in the upper panel. The lower panel
shows a zoom to higher energies of the same observables, which
is now corrected for attenuation.

PRL 107, 171104 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

21 OCTOBER 2011

171104-2

ligh
t

he
av
y



W.D. Apel et al., PRL 107 (2011) 171104

and medium mass primaries) is compatible with a single
power law with slope index ! ! "3:18# 0:01. However,
a recovery to a harder spectrum at energies well above
1017 eV cannot be excluded by the present data. This
finding is of particular interest and needs more detailed
investigations with improved statistics in future.

The main result, i.e., the kneelike structure in the spec-
trum of electron-poor events, is validated in the following
by various cross checks (Fig. 5). Variations of the slopes of
the selection cut, as well as parallel shifts of the cut lines
have shown that the spectral form, i.e., the kneelike struc-
ture of the electron-poor event sample, is retained. By
shifting k to larger values the fraction of heavy primaries
in the sample is enriched. Interestingly, we found that the
slope index of the spectrum is not significantly changing
beyond the break, but gets systematically harder at lower
energies. The position of the break remains constant, in-
dicating that the heaviest primaries in the sample dominate
the spectral form. An example of a spectrum obtained by
such a variation of the selection cut is shown in Fig. 5.

A systematic uncertainty possibly affecting the interpre-
tation of the data is related to the attenuation of the particle
numbers in the atmosphere. So far, the attenuation given by
the EAS simulations is taken into account. For validation,
an independent analysis is performed where the correction
for attenuation, i.e., for the zenith angular dependence, is
based on the measured events, and not on simulations.
The correction parameters are obtained by applying the
constant intensity cut method (CIC) [12] to the two ob-
servables independently. This procedure allows the data

collected from different zenith angles to be combined in a
model independent way. The shower size ratio YCIC !
log10N

0
"=log10N

0
ch is calculated, where N0

" and N0
ch are

the shower sizes corrected for attenuation effects in the
atmosphere in such a way that they correspond to the
shower sizes at a certain reference zenith angle. In order
to check, in addition to the attenuation correction, also
reconstruction and selection uncertainties, we applied
more stringent cuts for this analysis, which increase the
energy threshold and decrease the statistics of the event
sample compared to the standard analysis. Now, YCIC is
used to separate the events into electron-rich and electron-
poor subsamples. In contrast to the k parameter, the YCIC

parameter is almost energy independent, where the energy
of the individual events is again determined using Eq. (1).
For direct comparison with the results obtained before,
YCIC > 0:845 is chosen for selecting the electron-poor
event sample. The reconstructed spectrum (see Fig. 5)
obviously confirms the earlier finding of the kneelike
structure, which is due to a decrease in the flux of the
heavy component.
Another source of systematic uncertainty is related to

the hadronic interaction model. In the frame of QGSJet-II,
the measured distributions in k and YCIC are in agreement
with a dominant electron-poor composition for the entire
energy range. Whereas the YCIC and k values themselves
behave differently for other hadronic interaction models,
the measured and simulated YCIC and k dependences on
energy, and hence the shapes and structures of the resulting
spectra are similar [13]. Details will be discussed in a
forthcoming paper, but it is not expected that the basic
result of the present analysis changes.
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the relevant particle interactions is not completely tested
by man-made accelerator experiments. The uncertainties
imposed by the hadronic interaction models are more
relevant for composition analyses than for energy measure-
ments. Hence, our strategy is to separate the measured EAS
in electron-poor and electron-rich events as representatives
of the heavy and light primary mass groups, similar to the
analysis presented in Ref. [1]. The shape and structures of
the resulting energy spectra of these individual mass
groups are much less affected by the differences of the
various hadronic interaction models than the relative
abundance.

As a consequence of the considerations above, the en-
ergy and mass assignment of individual events is achieved
by using both observables Nch and N!, as well as their
correlation. The following equation is motivated by dis-
cussions of hadronic air showers in Ref. [7], with the basic
idea that the total number of secondary particles at obser-
vation level is related to the primary energy while the
energy sharing between the electromagnetic and the had-
ronic (i.e. muonic) shower components is related to the
primary mass. Therefore, the primary energy log10!E" is
assumed to be proportional to the shower size log10!Nch"
with a correction factor that accounts for the mass depen-
dence by making use of the measured ratios of shower sizes
log10!Nch=N!":

log10!E=GeV" # $aH % !aFe & aH"k'log10!Nch"
% bH % !bFe & bH"k; (1)

k # log10!Nch=N!" & log10!Nch=N!"H
log10!Nch=N!"Fe & log10!Nch=N!"H

; (2)

with log10!Nch=N!"H;Fe # cH;Fe ( log10!Nch" % dH;Fe. The
parameter k takes into account both the average differences
in the Nch=N! ratio among different primaries with the
same Nch as well as the shower-to-shower fluctuations for
events of the same primary mass. The exact form of the
equation is optimized for the experimental situation of
KASCADE-Grande and the free parameters [8] are deter-
mined by Monte Carlo simulations [9]. They are defined
independently for 5 different zenith angle intervals of equal
exposure (the upper limits of " are 16.7), 24.0), 29.9),
35.1), and 40.0)) to take into account the shower attenu-
ation. Data are combined only at the very last stage to
reconstruct the final energy spectrum. The Nch-N! corre-
lation of individual events is incorporated in calculating k,
which serves now as mass sensitive observable. Figure 3
shows the evolution of k as a function of the reconstructed
energy for the first two zenith angle bins, where a similar
behavior is observed for all angular ranges. The error bars
include statistical as well as reconstruction uncertainties of
the k parameter. The width of the k distributions decreases
slightly for increasing energy and amounts, at 100 PeV, to
about*0:2,*0:15,*0:4 for H, Fe, and data, respectively.

The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
kep!E" # $kSi!E" % kC!E"'=2 distribution. The dashed

lines represent the uncertainties in defining this energy
dependent selection cut. The resulting spectra are shown
in Fig. 4, where the band indicates changes of the spectra
when the cut is varied within the dashed lines shown in
Fig. 3. The energy resolution for an individual event is
better than 25% over the entire energy range and the all-
particle spectrum is reconstructed within a total systematic
uncertainty in flux of 10%–15% [8,10].
The reconstructed spectrum of the electron-poor events

shows a distinct kneelike feature at about 8( 1016 eV.
Applying a fit of two power laws to the spectrum inter-
connected by a smooth knee [11] results in a statistical
significance of 3:5# that the entire spectrum cannot be
fitted with a single power-law. The change of the spectral
slope is !$ # &0:48 from $ # &2:76* 0:02 to $ #
&3:24* 0:05 with the break position at log10!E=eV" #
16:92* 0:04. Applying the same function to the all-
particle spectrum results in a statistical significance of
only 2:1# that a fit of two power laws is needed to describe
the spectrum. Here the change of the spectral slope is from
$ # &2:95* 0:05 to $ # &3:24* 0:08, but with the
break position again at log10!E=eV" # 16:92* 0:10.
Hence, the selection of heavy primaries enhances the
kneelike feature that is already present in the all-particle
spectrum. The spectrum of the electron-rich events (light
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the relevant particle interactions is not completely tested
by man-made accelerator experiments. The uncertainties
imposed by the hadronic interaction models are more
relevant for composition analyses than for energy measure-
ments. Hence, our strategy is to separate the measured EAS
in electron-poor and electron-rich events as representatives
of the heavy and light primary mass groups, similar to the
analysis presented in Ref. [1]. The shape and structures of
the resulting energy spectra of these individual mass
groups are much less affected by the differences of the
various hadronic interaction models than the relative
abundance.

As a consequence of the considerations above, the en-
ergy and mass assignment of individual events is achieved
by using both observables Nch and N!, as well as their
correlation. The following equation is motivated by dis-
cussions of hadronic air showers in Ref. [7], with the basic
idea that the total number of secondary particles at obser-
vation level is related to the primary energy while the
energy sharing between the electromagnetic and the had-
ronic (i.e. muonic) shower components is related to the
primary mass. Therefore, the primary energy log10!E" is
assumed to be proportional to the shower size log10!Nch"
with a correction factor that accounts for the mass depen-
dence by making use of the measured ratios of shower sizes
log10!Nch=N!":

log10!E=GeV" # $aH % !aFe & aH"k'log10!Nch"
% bH % !bFe & bH"k; (1)

k # log10!Nch=N!" & log10!Nch=N!"H
log10!Nch=N!"Fe & log10!Nch=N!"H

; (2)

with log10!Nch=N!"H;Fe # cH;Fe ( log10!Nch" % dH;Fe. The
parameter k takes into account both the average differences
in the Nch=N! ratio among different primaries with the
same Nch as well as the shower-to-shower fluctuations for
events of the same primary mass. The exact form of the
equation is optimized for the experimental situation of
KASCADE-Grande and the free parameters [8] are deter-
mined by Monte Carlo simulations [9]. They are defined
independently for 5 different zenith angle intervals of equal
exposure (the upper limits of " are 16.7), 24.0), 29.9),
35.1), and 40.0)) to take into account the shower attenu-
ation. Data are combined only at the very last stage to
reconstruct the final energy spectrum. The Nch-N! corre-
lation of individual events is incorporated in calculating k,
which serves now as mass sensitive observable. Figure 3
shows the evolution of k as a function of the reconstructed
energy for the first two zenith angle bins, where a similar
behavior is observed for all angular ranges. The error bars
include statistical as well as reconstruction uncertainties of
the k parameter. The width of the k distributions decreases
slightly for increasing energy and amounts, at 100 PeV, to
about*0:2,*0:15,*0:4 for H, Fe, and data, respectively.

The k parameter is used to separate the events into
different samples. The line in Fig. 3 separates the
electron-poor (heavy) group, and is defined by fitting the
kep!E" # $kSi!E" % kC!E"'=2 distribution. The dashed

lines represent the uncertainties in defining this energy
dependent selection cut. The resulting spectra are shown
in Fig. 4, where the band indicates changes of the spectra
when the cut is varied within the dashed lines shown in
Fig. 3. The energy resolution for an individual event is
better than 25% over the entire energy range and the all-
particle spectrum is reconstructed within a total systematic
uncertainty in flux of 10%–15% [8,10].
The reconstructed spectrum of the electron-poor events

shows a distinct kneelike feature at about 8( 1016 eV.
Applying a fit of two power laws to the spectrum inter-
connected by a smooth knee [11] results in a statistical
significance of 3:5# that the entire spectrum cannot be
fitted with a single power-law. The change of the spectral
slope is !$ # &0:48 from $ # &2:76* 0:02 to $ #
&3:24* 0:05 with the break position at log10!E=eV" #
16:92* 0:04. Applying the same function to the all-
particle spectrum results in a statistical significance of
only 2:1# that a fit of two power laws is needed to describe
the spectrum. Here the change of the spectral slope is from
$ # &2:95* 0:05 to $ # &3:24* 0:08, but with the
break position again at log10!E=eV" # 16:92* 0:10.
Hence, the selection of heavy primaries enhances the
kneelike feature that is already present in the all-particle
spectrum. The spectrum of the electron-rich events (light
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Figure 11: The all-particle spectrum obtained in this work based on an unfolding of KASCADE-Grande measurements, and the spectrum obtained in [32] based
on an unfolding of KASCADE measurements (see Appendix A), are compared to spectra determined by other analysis methods of our collaboration [10] or other
experiments (see legend for references). Additionally shown are some elemental spectra representing di!erent mass groups (see legend). The error bars denote
statistical uncertainties, error bands the systematic ones (the latter ones are only shown for the results of this work, as well as for the results obtained by the alternative
analysis methods of our collaboration [10]).

The all-particle spectrum, which su!ers in this work from
uncertainties of the contributing elemental spectra and which
is structureless within the given uncertainties, agrees with that
determined in an alternative analysis of the KASCADE-Grande
data [10], where a small break-o! at about 80 PeV was found18.
Furthermore, both KASCADE-Grande all-particle spectra are
compatible with the findings of most of the other experiments.
The unfolded energy spectra of light and intermediate pri-

maries are rather featureless in the sensitive energy range.
There are slight indications for a possible recovery of protons at
higher energies, which is, however, statistically not significant.
But, this finding would agree with the one in [31] where a sig-
nificant hardening in the cosmic ray spectrum of light primaries
was observed.
The spectrum of iron exhibits a clear knee-like structure at

about 80 PeV. The position of this structure is consistent with
that of a structure found in spectra of heavy primaries deter-
mined by other analysis methods of the KASCADE-Grande

18In the energy range from 1 PeV to some hundred PeV, this break-o! in
the all-particle spectrum is the second one besides the one at about 3 PeV to
5 PeV reported in [32] based on KASCADE data an using also QGSJET-II-02
as interaction model.

data [3]. The energy where this knee-like structure occurs con-
forms to the one where the break-o! in the all-particle spec-
trum is observed. Hence, the findings in this work and in [3]
demonstrate the first time experimentally that the heavy knee
exists, and the kink in the all-particle spectrum is presumably
caused by this decrease in the flux of heavy primaries. The
spectral steepening occurs at an energy where the charge de-
pendent knee of iron is expected, if the knee at about 3 PeV to
5 PeV is assumed to be caused by a decrease in the flux of light
primaries (protons and/or helium).
However, there is still uncertainty about whether the ap-

plied interaction models, especially the high energy one
QGSJET-II-02, are valid in all the details. As demonstrated
in [2], it is expected that variations in the interaction models
primarily a!ect the relative abundances of the primaries, and
hence assign possible structures given in the data to di!erent
mass groups, while the structures themselves are rather model
independent. Although it was shown that the interaction models
used do not seem to exhibit significant weaknesses in describ-
ing the data, more certainty can be expected in the near future,
when man-made particle accelerators like the LHC reach lab-
oratory energies up to some hundred PeV, and hence allow to
optimize the interaction models in an energy range relevant for
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experiments (see legend for references). Additionally shown are some elemental spectra representing di!erent mass groups (see legend). The error bars denote
statistical uncertainties, error bands the systematic ones (the latter ones are only shown for the results of this work, as well as for the results obtained by the alternative
analysis methods of our collaboration [10]).

The all-particle spectrum, which su!ers in this work from
uncertainties of the contributing elemental spectra and which
is structureless within the given uncertainties, agrees with that
determined in an alternative analysis of the KASCADE-Grande
data [10], where a small break-o! at about 80 PeV was found18.
Furthermore, both KASCADE-Grande all-particle spectra are
compatible with the findings of most of the other experiments.
The unfolded energy spectra of light and intermediate pri-

maries are rather featureless in the sensitive energy range.
There are slight indications for a possible recovery of protons at
higher energies, which is, however, statistically not significant.
But, this finding would agree with the one in [31] where a sig-
nificant hardening in the cosmic ray spectrum of light primaries
was observed.
The spectrum of iron exhibits a clear knee-like structure at

about 80 PeV. The position of this structure is consistent with
that of a structure found in spectra of heavy primaries deter-
mined by other analysis methods of the KASCADE-Grande

18In the energy range from 1 PeV to some hundred PeV, this break-o! in
the all-particle spectrum is the second one besides the one at about 3 PeV to
5 PeV reported in [32] based on KASCADE data an using also QGSJET-II-02
as interaction model.

data [3]. The energy where this knee-like structure occurs con-
forms to the one where the break-o! in the all-particle spec-
trum is observed. Hence, the findings in this work and in [3]
demonstrate the first time experimentally that the heavy knee
exists, and the kink in the all-particle spectrum is presumably
caused by this decrease in the flux of heavy primaries. The
spectral steepening occurs at an energy where the charge de-
pendent knee of iron is expected, if the knee at about 3 PeV to
5 PeV is assumed to be caused by a decrease in the flux of light
primaries (protons and/or helium).
However, there is still uncertainty about whether the ap-

plied interaction models, especially the high energy one
QGSJET-II-02, are valid in all the details. As demonstrated
in [2], it is expected that variations in the interaction models
primarily a!ect the relative abundances of the primaries, and
hence assign possible structures given in the data to di!erent
mass groups, while the structures themselves are rather model
independent. Although it was shown that the interaction models
used do not seem to exhibit significant weaknesses in describ-
ing the data, more certainty can be expected in the near future,
when man-made particle accelerators like the LHC reach lab-
oratory energies up to some hundred PeV, and hence allow to
optimize the interaction models in an energy range relevant for
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FIG. 4. (color online). The all-particle and electron-rich
spectra from the analysis [8] in comparison to the results of
this analysis with higher statistics. In addition to the light
and heavy spectrum based on the separation between He and
CNO, the light spectrum based on the separation on He is
also shown. The error bars show the statistical uncertainties.

resulting in a larger k -value. Especially helium events170

migrate (by calibrating with QGSJet-II) to the heavy
mass group. This e!ect might be slightly compensated
by the higher reconstructed energy of the events [18]. Us-
ing an EPOS calibration, the measured showers appear
to originate from lighter primaries and of lower energy175

compared to the QGSJet-II calibration. Figure 3 also
demonstrates that the selection of events according to
the k-parameter does not induce any artificial structures
in the spectra of light primaries. If the data are well
described by QGSJet-II, then the spectrum of light pri-180

maries with the separation between He and CNO should
consist mainly of protons and helium, maybe with some
additional, less abundant elements between helium and
carbon. This can be seen in Fig. 3, where the combined
simulated proton and helium component for QGSJet-II185

is in good agreement with the reconstructed spectrum of
light elements, which has been obtained by applying the
QGSJet-II based reconstruction and selection criteria to
the data simulated using QGSJet-II. Assuming that the
data simulated with EPOS are closer to real data, then190

the measured spectrum of light particles is an almost
pure proton spectrum. The simulated proton spectrum
for EPOS is similar to the reconstructed spectrum of light
primaries, which has been derived from EPOS generated
events using again the QGSJet-II based reconstruction195

and selection criteria. According to QGSJet-II, the spec-
trum of heavy elements for the same separation would
contain carbon and primaries heavier than that. For
EPOS it should also contain most of the helium com-
ponent.200

In Fig. 4, the results of the present analysis are shown.
To cross-check the results from [8] the all-particle spec-
trum and the spectrum of light primaries for the former
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FIG. 5. (color online). The reconstructed energy spectrum
of the light mass component of cosmic rays. The number
of events per energy bin is indicated as well as the range of
systematic uncertainty. The error bars show the statistical
uncertainties.

used area and data are compared with the ones obtained
with higher statistics from the present studies. Both all-
particle spectra and spectra of light elements based on
the separation between CNO and Si are in good agree-
ment. The spectra of light and heavy particles with
the separation between He and CNO are obtained us-
ing the separation-line shown in Fig. 2. The spectrum
of the heavy component, which now contains also the
medium mass component, exhibits a change of index at
E = 1016.88±0.03 eV and it therefore agrees inside the
corresponding uncertainty with the previous result [8] at
Eheavy

knee = 1016.92±0.04 eV. The hardening or ankle-like
feature visible in the enriched spectrum of light primaries
is more prominent compared to the one that includes the
CNO component. Although statistics gets quite low for
the spectrum of light elements with the separation on He
(obtained by a fit to the mean k -values for He in Fig. 2),
it is obvious that it cannot be described by one single
power law only. Formula (4) [19] is used for fitting the
spectra of the light and heavy components:

dI

dE
(E) = I0 · E

!1 · [1 + (
E

Eb
)"](!1!!2)/",

I0 : normalization factor,

!1/2 : index before/after the bending,

Eb : energy of the break position,

" : smoothness of the break.

(4)

As shown in Fig. 5, a change of the spectral index from
!1 = !3.25± 0.05 to !2 = !2.79± 0.08 at an energy of
1017.08±0.08 eV is observed for the light component. The
dashed lines mark the systematic error band for the sep-
aration between He and CNO obtained by using the se-205

lection shown in Fig. 2. The measured number of events
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Figure 3. Energy reconstruction bias (top) and resolution (bottom) as a function of the
reconstructed energy. For the IceTop-alone analysis (left), an H4a composition mixture is
assumed, and four zenith angle bins are shown. For the Coincidence analysis (right), four
nuclear types are shown.

corner were misreconstructed in energy. After correcting the reconstruction, the S125-primary
energy relationships were re-derived from Monte Carlo and the scale of the energy spectrum
is slightly di↵erent from [3]. Figure 5(left) shows a similar set of results for the Coincidence
analysis, which agrees with the IceTop-alone analysis within the systematic errors.
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Figure 4. All-particle energy spectrum from
the IceTop-alone three-year analysis compared
to the previously published one-year result.

Both the IceTop-alone and IceTop-IceCube
coincidence analyses show a hardening of the
spectrum at around 20 PeV, and a softening
again past 100 PeV. These features are
consistent with previously-published results,
and are present in all three years of data.
The energy spectra of the three individual
years agree well with each other within their
systematic errors. The energy spectra of
the two analyses agree within 2%, which is
within the estimated systematic error due to
the IceTop-alone analysis’s assumption of a
composition model.

Both analyses share sources of systematic
errors in IceTop. Uncertainties on the
measurement of S125, due to calibration of
the IceTop tanks (3%) and uncertainty on the
snow attenuation length � (3%) dominate the
uncertainty on the measurement of primary
energy in both analyses. In the IceTop-
alone analysis, a composition model must
be assumed (such as “H4a” [11] which was
used for this work), and there is a systematic
uncertainty associated with this choice, which is depicted in Figure 5(left). The dominant
systematic on the composition determination is uncertainty in normalization of the number of
detected photons (the ”light yield”) in the in-ice detector. As an alternative hadronic interaction
model, QGSJET-II-03 was also investigated [12].

Using the reconstructed fractions of the four elemental groups together with the all-particle
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corner were misreconstructed in energy. After correcting the reconstruction, the S125-primary
energy relationships were re-derived from Monte Carlo and the scale of the energy spectrum
is slightly di↵erent from [3]. Figure 5(left) shows a similar set of results for the Coincidence
analysis, which agrees with the IceTop-alone analysis within the systematic errors.
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Figure 4. All-particle energy spectrum from
the IceTop-alone three-year analysis compared
to the previously published one-year result.

Both the IceTop-alone and IceTop-IceCube
coincidence analyses show a hardening of the
spectrum at around 20 PeV, and a softening
again past 100 PeV. These features are
consistent with previously-published results,
and are present in all three years of data.
The energy spectra of the three individual
years agree well with each other within their
systematic errors. The energy spectra of
the two analyses agree within 2%, which is
within the estimated systematic error due to
the IceTop-alone analysis’s assumption of a
composition model.

Both analyses share sources of systematic
errors in IceTop. Uncertainties on the
measurement of S125, due to calibration of
the IceTop tanks (3%) and uncertainty on the
snow attenuation length � (3%) dominate the
uncertainty on the measurement of primary
energy in both analyses. In the IceTop-
alone analysis, a composition model must
be assumed (such as “H4a” [11] which was
used for this work), and there is a systematic
uncertainty associated with this choice, which is depicted in Figure 5(left). The dominant
systematic on the composition determination is uncertainty in normalization of the number of
detected photons (the ”light yield”) in the in-ice detector. As an alternative hadronic interaction
model, QGSJET-II-03 was also investigated [12].

Using the reconstructed fractions of the four elemental groups together with the all-particle

4

Ice Top only

energy spectrum, individual energy spectra for the elemental groups can be measured, as is
shown in Figure 5. The results are compared to alternate spectra in grey using di↵erent light
yields, which is the largest source of systematic error. Despite the large systematic uncertainties,
clear di↵erences in behavior between the four elemental groups are visible: protons and helium
turning down steeply at lower energies, and oxygen and iron maintaining a harder spectrum up
to higher energies.

Figure 5. Left: All-particle energy spectrum from the Coincidence analysis, compared to the
IceTop-alone result. The grey bound shows the uncertainty due to the unknown composition on
the energy spectrum measured by IceTop-alone. Right:Individual spectra for the four nuclear
types (protons, helium, oxygen, and iron), compared with alternate results due to systematic
uncertainty in the in-ice light yield (dark grey= -12.5%, light grey= +9.6%)

The average composition increases from the lowest energies up to ⇠100 PeV, where the slope
of the trend changes. Although systematics dominate the absolute scale of the composition
measurement, the general trends seen in Figure 5 are present in tests of systematics.
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corner were misreconstructed in energy. After correcting the reconstruction, the S125-primary
energy relationships were re-derived from Monte Carlo and the scale of the energy spectrum
is slightly di↵erent from [3]. Figure 5(left) shows a similar set of results for the Coincidence
analysis, which agrees with the IceTop-alone analysis within the systematic errors.
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Figure 4. All-particle energy spectrum from
the IceTop-alone three-year analysis compared
to the previously published one-year result.

Both the IceTop-alone and IceTop-IceCube
coincidence analyses show a hardening of the
spectrum at around 20 PeV, and a softening
again past 100 PeV. These features are
consistent with previously-published results,
and are present in all three years of data.
The energy spectra of the three individual
years agree well with each other within their
systematic errors. The energy spectra of
the two analyses agree within 2%, which is
within the estimated systematic error due to
the IceTop-alone analysis’s assumption of a
composition model.

Both analyses share sources of systematic
errors in IceTop. Uncertainties on the
measurement of S125, due to calibration of
the IceTop tanks (3%) and uncertainty on the
snow attenuation length � (3%) dominate the
uncertainty on the measurement of primary
energy in both analyses. In the IceTop-
alone analysis, a composition model must
be assumed (such as “H4a” [11] which was
used for this work), and there is a systematic
uncertainty associated with this choice, which is depicted in Figure 5(left). The dominant
systematic on the composition determination is uncertainty in normalization of the number of
detected photons (the ”light yield”) in the in-ice detector. As an alternative hadronic interaction
model, QGSJET-II-03 was also investigated [12].

Using the reconstructed fractions of the four elemental groups together with the all-particle
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energy spectrum, individual energy spectra for the elemental groups can be measured, as is
shown in Figure 5. The results are compared to alternate spectra in grey using di↵erent light
yields, which is the largest source of systematic error. Despite the large systematic uncertainties,
clear di↵erences in behavior between the four elemental groups are visible: protons and helium
turning down steeply at lower energies, and oxygen and iron maintaining a harder spectrum up
to higher energies.

Figure 5. Left: All-particle energy spectrum from the Coincidence analysis, compared to the
IceTop-alone result. The grey bound shows the uncertainty due to the unknown composition on
the energy spectrum measured by IceTop-alone. Right:Individual spectra for the four nuclear
types (protons, helium, oxygen, and iron), compared with alternate results due to systematic
uncertainty in the in-ice light yield (dark grey= -12.5%, light grey= +9.6%)

The average composition increases from the lowest energies up to ⇠100 PeV, where the slope
of the trend changes. Although systematics dominate the absolute scale of the composition
measurement, the general trends seen in Figure 5 are present in tests of systematics.
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FIGURE 3. Energy spectrum of protons in Galactic cosmic rays as measured by the direct experiments
AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011 [23], and
RICH-II [24] and the air shower experiments GRAPES [25], EAS-TOP (electrons and muons) [26]
(unaccompanied hadrons) [27], and KASCADE (electrons and muons) [11] (unaccompanied hadrons)
[28]. Two hadronic interaction models have been used to interpret the data from the GRAPES and
KASCADE experiments. The line represents a parameterization according to the Poly Gonato model
[9].

IceCube/IceTop. The IceCube neutrino telescope at the South Pole is also a large
km2-scale detector for muons from extensive air showers, complemented by an array of
detectors on the surface (IceTop) to register the charged particles in air showers [17].
First results on the mass composition of cosmic rays have been obtained from data taken
already during the construction of the detector. The mean logarithmic mass derived
from one month of data with about half the detector is depicted in Fig. 2 (right). The
measurements clearly indicate a rising mean mass as a function of energy. Results up to
energies exceeding 1017 eV are expected soon with the full detector being operational
since 2010 and it will be interesting to see, if a trend to a lighter composition, as
discussed above, will be found as well by IceCube at energies exceeding 1017 eV.

THE COMPOSITION OF GALACTIC COSMIC RAYS

A compilation of world data from direct and indirect measurements of cosmic rays for
four elemental groups is given in Fig. 3 (protons), Fig. 4 (helium nuclei), Fig. 5 (CNO-
group nuclei), and Fig. 6 (iron-group nuclei). Here we restricted ourself to "modern"
measurements. Older data are included in previous compilations [9, 2]. The energy
is given as total energy per particle. Direct measurements above the atmosphere (on
balloons and space crafts) extend to almost 106 GeV and at higher energies air shower
measurements set in.
To guide the eye the lines represent a parameterization according to the Poly Gonato

model with a rigidity dependent cut-off and a constant %& (see Ref. [9] for details) with
the following parameter range for the nuclear charge number Z: Fig. 3 protons Z = 1,
Fig. 4 helium Z = 2, Fig. 5 CNO group Z = 5!12, Fig. 6 iron group Z = 26!92.
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FIGURE 4. Energy spectrum of helium nuclei in Galactic cosmic rays as measured by the direct
experiments AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011
[23], and RICH-II [24] and the air shower experimentsGRAPES [25], and KASCADE [11]. Two hadronic
interaction models have been used to interpret the data from the GRAPES and KASCADE experiments.
The line represents a parameterization according to the Poly Gonato model [9].
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FIGURE 5. Energy spectrum of nuclei from the CNO group in Galactic cosmic rays as measured by
the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER [31] and the air
shower experiments GRAPES [25], EAS-TOP [26], KASCADE [11], and KASCADE-Grande (light) [8].
Two hadronic interaction models have been used to interpret the data from the GRAPES and KASCADE
experiments. The direct measurements have single-element resolution, i.e. measure the !ux of carbon
and oxygen nuclei. Air shower experiments can only resolve elemental groups. The line represents a
parameterization according to the Poly Gonato model [9].

These "gures re!ect the present status of our understanding of the elemental com-
position of Galactic cosmic rays. Several common features can be recognized. At low
energies, the !ux is in!uenced by magnetic "elds in the heliosphere (solar modulation).
At higher energies the spectra follow approximately a power law. Finally, at energies
exceeding 1015 eV the spectra exhibit a fall-off, which is roughly proportional to the
charge of the respective nuclei Ec ! Z ·4 ·1015 eV.
A closer look reveals some more properties. An often discussed issue is the spec-

tral slope of protons and helium nuclei. As can be inferred from Figs. 3 and 4, the
spectrum of helium is slightly !atter (% = "2.64± 0.02) as compared to protons
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FIGURE 3. Energy spectrum of protons in Galactic cosmic rays as measured by the direct experiments
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RICH-II [24] and the air shower experiments GRAPES [25], EAS-TOP (electrons and muons) [26]
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[28]. Two hadronic interaction models have been used to interpret the data from the GRAPES and
KASCADE experiments. The line represents a parameterization according to the Poly Gonato model
[9].

IceCube/IceTop. The IceCube neutrino telescope at the South Pole is also a large
km2-scale detector for muons from extensive air showers, complemented by an array of
detectors on the surface (IceTop) to register the charged particles in air showers [17].
First results on the mass composition of cosmic rays have been obtained from data taken
already during the construction of the detector. The mean logarithmic mass derived
from one month of data with about half the detector is depicted in Fig. 2 (right). The
measurements clearly indicate a rising mean mass as a function of energy. Results up to
energies exceeding 1017 eV are expected soon with the full detector being operational
since 2010 and it will be interesting to see, if a trend to a lighter composition, as
discussed above, will be found as well by IceCube at energies exceeding 1017 eV.

THE COMPOSITION OF GALACTIC COSMIC RAYS

A compilation of world data from direct and indirect measurements of cosmic rays for
four elemental groups is given in Fig. 3 (protons), Fig. 4 (helium nuclei), Fig. 5 (CNO-
group nuclei), and Fig. 6 (iron-group nuclei). Here we restricted ourself to "modern"
measurements. Older data are included in previous compilations [9, 2]. The energy
is given as total energy per particle. Direct measurements above the atmosphere (on
balloons and space crafts) extend to almost 106 GeV and at higher energies air shower
measurements set in.
To guide the eye the lines represent a parameterization according to the Poly Gonato

model with a rigidity dependent cut-off and a constant %& (see Ref. [9] for details) with
the following parameter range for the nuclear charge number Z: Fig. 3 protons Z = 1,
Fig. 4 helium Z = 2, Fig. 5 CNO group Z = 5!12, Fig. 6 iron group Z = 26!92.
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FIGURE 5. Energy spectrum of nuclei from the CNO group in Galactic cosmic rays as measured by
the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER [31] and the air
shower experiments GRAPES [25], EAS-TOP [26], KASCADE [11], and KASCADE-Grande (light) [8].
Two hadronic interaction models have been used to interpret the data from the GRAPES and KASCADE
experiments. The direct measurements have single-element resolution, i.e. measure the !ux of carbon
and oxygen nuclei. Air shower experiments can only resolve elemental groups. The line represents a
parameterization according to the Poly Gonato model [9].

These "gures re!ect the present status of our understanding of the elemental com-
position of Galactic cosmic rays. Several common features can be recognized. At low
energies, the !ux is in!uenced by magnetic "elds in the heliosphere (solar modulation).
At higher energies the spectra follow approximately a power law. Finally, at energies
exceeding 1015 eV the spectra exhibit a fall-off, which is roughly proportional to the
charge of the respective nuclei Ec ! Z ·4 ·1015 eV.
A closer look reveals some more properties. An often discussed issue is the spec-

tral slope of protons and helium nuclei. As can be inferred from Figs. 3 and 4, the
spectrum of helium is slightly !atter (% = "2.64± 0.02) as compared to protons
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FIGURE 3. Energy spectrum of protons in Galactic cosmic rays as measured by the direct experiments
AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011 [23], and
RICH-II [24] and the air shower experiments GRAPES [25], EAS-TOP (electrons and muons) [26]
(unaccompanied hadrons) [27], and KASCADE (electrons and muons) [11] (unaccompanied hadrons)
[28]. Two hadronic interaction models have been used to interpret the data from the GRAPES and
KASCADE experiments. The line represents a parameterization according to the Poly Gonato model
[9].

IceCube/IceTop. The IceCube neutrino telescope at the South Pole is also a large
km2-scale detector for muons from extensive air showers, complemented by an array of
detectors on the surface (IceTop) to register the charged particles in air showers [17].
First results on the mass composition of cosmic rays have been obtained from data taken
already during the construction of the detector. The mean logarithmic mass derived
from one month of data with about half the detector is depicted in Fig. 2 (right). The
measurements clearly indicate a rising mean mass as a function of energy. Results up to
energies exceeding 1017 eV are expected soon with the full detector being operational
since 2010 and it will be interesting to see, if a trend to a lighter composition, as
discussed above, will be found as well by IceCube at energies exceeding 1017 eV.

THE COMPOSITION OF GALACTIC COSMIC RAYS

A compilation of world data from direct and indirect measurements of cosmic rays for
four elemental groups is given in Fig. 3 (protons), Fig. 4 (helium nuclei), Fig. 5 (CNO-
group nuclei), and Fig. 6 (iron-group nuclei). Here we restricted ourself to "modern"
measurements. Older data are included in previous compilations [9, 2]. The energy
is given as total energy per particle. Direct measurements above the atmosphere (on
balloons and space crafts) extend to almost 106 GeV and at higher energies air shower
measurements set in.
To guide the eye the lines represent a parameterization according to the Poly Gonato

model with a rigidity dependent cut-off and a constant %& (see Ref. [9] for details) with
the following parameter range for the nuclear charge number Z: Fig. 3 protons Z = 1,
Fig. 4 helium Z = 2, Fig. 5 CNO group Z = 5!12, Fig. 6 iron group Z = 26!92.
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FIGURE 4. Energy spectrum of helium nuclei in Galactic cosmic rays as measured by the direct
experiments AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011
[23], and RICH-II [24] and the air shower experimentsGRAPES [25], and KASCADE [11]. Two hadronic
interaction models have been used to interpret the data from the GRAPES and KASCADE experiments.
The line represents a parameterization according to the Poly Gonato model [9].
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FIGURE 5. Energy spectrum of nuclei from the CNO group in Galactic cosmic rays as measured by
the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER [31] and the air
shower experiments GRAPES [25], EAS-TOP [26], KASCADE [11], and KASCADE-Grande (light) [8].
Two hadronic interaction models have been used to interpret the data from the GRAPES and KASCADE
experiments. The direct measurements have single-element resolution, i.e. measure the !ux of carbon
and oxygen nuclei. Air shower experiments can only resolve elemental groups. The line represents a
parameterization according to the Poly Gonato model [9].

These "gures re!ect the present status of our understanding of the elemental com-
position of Galactic cosmic rays. Several common features can be recognized. At low
energies, the !ux is in!uenced by magnetic "elds in the heliosphere (solar modulation).
At higher energies the spectra follow approximately a power law. Finally, at energies
exceeding 1015 eV the spectra exhibit a fall-off, which is roughly proportional to the
charge of the respective nuclei Ec ! Z ·4 ·1015 eV.
A closer look reveals some more properties. An often discussed issue is the spec-

tral slope of protons and helium nuclei. As can be inferred from Figs. 3 and 4, the
spectrum of helium is slightly !atter (% = "2.64± 0.02) as compared to protons
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FIGURE 3. Energy spectrum of protons in Galactic cosmic rays as measured by the direct experiments
AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011 [23], and
RICH-II [24] and the air shower experiments GRAPES [25], EAS-TOP (electrons and muons) [26]
(unaccompanied hadrons) [27], and KASCADE (electrons and muons) [11] (unaccompanied hadrons)
[28]. Two hadronic interaction models have been used to interpret the data from the GRAPES and
KASCADE experiments. The line represents a parameterization according to the Poly Gonato model
[9].

IceCube/IceTop. The IceCube neutrino telescope at the South Pole is also a large
km2-scale detector for muons from extensive air showers, complemented by an array of
detectors on the surface (IceTop) to register the charged particles in air showers [17].
First results on the mass composition of cosmic rays have been obtained from data taken
already during the construction of the detector. The mean logarithmic mass derived
from one month of data with about half the detector is depicted in Fig. 2 (right). The
measurements clearly indicate a rising mean mass as a function of energy. Results up to
energies exceeding 1017 eV are expected soon with the full detector being operational
since 2010 and it will be interesting to see, if a trend to a lighter composition, as
discussed above, will be found as well by IceCube at energies exceeding 1017 eV.

THE COMPOSITION OF GALACTIC COSMIC RAYS

A compilation of world data from direct and indirect measurements of cosmic rays for
four elemental groups is given in Fig. 3 (protons), Fig. 4 (helium nuclei), Fig. 5 (CNO-
group nuclei), and Fig. 6 (iron-group nuclei). Here we restricted ourself to "modern"
measurements. Older data are included in previous compilations [9, 2]. The energy
is given as total energy per particle. Direct measurements above the atmosphere (on
balloons and space crafts) extend to almost 106 GeV and at higher energies air shower
measurements set in.
To guide the eye the lines represent a parameterization according to the Poly Gonato

model with a rigidity dependent cut-off and a constant %& (see Ref. [9] for details) with
the following parameter range for the nuclear charge number Z: Fig. 3 protons Z = 1,
Fig. 4 helium Z = 2, Fig. 5 CNO group Z = 5!12, Fig. 6 iron group Z = 26!92.
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FIGURE 4. Energy spectrum of helium nuclei in Galactic cosmic rays as measured by the direct
experiments AMS [18], ATIC-2 [19], BESS [20], CAPRICE 98 [21], CREAM2011 [22], PAMELA2011
[23], and RICH-II [24] and the air shower experimentsGRAPES [25], and KASCADE [11]. Two hadronic
interaction models have been used to interpret the data from the GRAPES and KASCADE experiments.
The line represents a parameterization according to the Poly Gonato model [9].
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FIGURE 5. Energy spectrum of nuclei from the CNO group in Galactic cosmic rays as measured by
the direct experiments ATIC-2 [19], CREAM [22], CRN [29], HEAO-3 [30], TRACER [31] and the air
shower experiments GRAPES [25], EAS-TOP [26], KASCADE [11], and KASCADE-Grande (light) [8].
Two hadronic interaction models have been used to interpret the data from the GRAPES and KASCADE
experiments. The direct measurements have single-element resolution, i.e. measure the !ux of carbon
and oxygen nuclei. Air shower experiments can only resolve elemental groups. The line represents a
parameterization according to the Poly Gonato model [9].

These "gures re!ect the present status of our understanding of the elemental com-
position of Galactic cosmic rays. Several common features can be recognized. At low
energies, the !ux is in!uenced by magnetic "elds in the heliosphere (solar modulation).
At higher energies the spectra follow approximately a power law. Finally, at energies
exceeding 1015 eV the spectra exhibit a fall-off, which is roughly proportional to the
charge of the respective nuclei Ec ! Z ·4 ·1015 eV.
A closer look reveals some more properties. An often discussed issue is the spec-

tral slope of protons and helium nuclei. As can be inferred from Figs. 3 and 4, the
spectrum of helium is slightly !atter (% = "2.64± 0.02) as compared to protons
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Fig. 9. Cosmic-ray energy spectra for four groups of elements, from top to bottom: protons, helium, CNO group, and iron group. Protons: Results from
direct measurements above the atmosphere by AMS [242], ATIC [243], BESS [244], CAPRICE [245], HEAT [246,247], IMAX [248], JACEE [249], MASS [250,
251], RUNJOB [222], RICH-II [252–254], SOKOL [231,255], and fluxes obtained from indirect measurements by KASCADE electrons and muons for two
hadronic interaction models [224] and single hadrons [256], EAS-TOP (electrons and muons) [257] and single hadrons [258], GRAPES-3 interpreted with
two hadronic interactionmodels [259], HEGRA [260], Mt. Chacaltaya [261], Mts. Fuji and Kanbala [262], Tibet burst detector (HD) [263] and AS� (HD) [264].
Helium: Results from direct measurements above the atmosphere by ATIC [243], BESS [244], CAPRICE [245], HEAT [246,247], IMAX [248], JACEE [249],
MASS [250,251], RICH-II [252], RUNJOB [222,254], SOKOL [231,265], and fluxes obtained from indirect measurements by KASCADE electrons and muons
for two hadronic interaction models [224], GRAPES-3 interpreted with two hadronic interaction models [259], Mts. Fuji and Kanbala [262], and Tibet burst
detector (HD) [263]. CNO group: Results from direct measurements above the atmosphere by ATIC (C+O) [266], CRN (C+O) [267], TRACER (O) [268], JACEE
(CNO) [269], RUNJOB (CNO) [222], SOKOL (CNO) [231], and fluxes obtained from indirect measurements by KASCADE electrons andmuons [224], GRAPES-
3 [259], the latter two give results for two hadronic interactionmodels, and EAS-TOP [257]. Iron: Results from direct measurements above the atmosphere
by ATIC [266], CRN [267], HEAO-3 [270–272], TRACER [268] (single element resolution) and [273,247], JACEE [230], RUNJOB [222], SOKOL [231] (iron
group), as well as fluxes from indirect measurements (iron group) by EAS-TOP [257], KASCADE electrons and muons [224], GRAPES-3 [259], and H.E.S.S.
direct Cherenkov light [274]. The latter three experiments give results according to interpretations of the measured air-shower data with two hadronic
interaction models, namely QGSJET and SIBYLL. The gray solid lines indicate spectra according to the poly-gonato model [2].
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Fig. 9. Cosmic-ray energy spectra for four groups of elements, from top to bottom: protons, helium, CNO group, and iron group. Protons: Results from
direct measurements above the atmosphere by AMS [242], ATIC [243], BESS [244], CAPRICE [245], HEAT [246,247], IMAX [248], JACEE [249], MASS [250,
251], RUNJOB [222], RICH-II [252–254], SOKOL [231,255], and fluxes obtained from indirect measurements by KASCADE electrons and muons for two
hadronic interaction models [224] and single hadrons [256], EAS-TOP (electrons and muons) [257] and single hadrons [258], GRAPES-3 interpreted with
two hadronic interactionmodels [259], HEGRA [260], Mt. Chacaltaya [261], Mts. Fuji and Kanbala [262], Tibet burst detector (HD) [263] and AS� (HD) [264].
Helium: Results from direct measurements above the atmosphere by ATIC [243], BESS [244], CAPRICE [245], HEAT [246,247], IMAX [248], JACEE [249],
MASS [250,251], RICH-II [252], RUNJOB [222,254], SOKOL [231,265], and fluxes obtained from indirect measurements by KASCADE electrons and muons
for two hadronic interaction models [224], GRAPES-3 interpreted with two hadronic interaction models [259], Mts. Fuji and Kanbala [262], and Tibet burst
detector (HD) [263]. CNO group: Results from direct measurements above the atmosphere by ATIC (C+O) [266], CRN (C+O) [267], TRACER (O) [268], JACEE
(CNO) [269], RUNJOB (CNO) [222], SOKOL (CNO) [231], and fluxes obtained from indirect measurements by KASCADE electrons andmuons [224], GRAPES-
3 [259], the latter two give results for two hadronic interactionmodels, and EAS-TOP [257]. Iron: Results from direct measurements above the atmosphere
by ATIC [266], CRN [267], HEAO-3 [270–272], TRACER [268] (single element resolution) and [273,247], JACEE [230], RUNJOB [222], SOKOL [231] (iron
group), as well as fluxes from indirect measurements (iron group) by EAS-TOP [257], KASCADE electrons and muons [224], GRAPES-3 [259], and H.E.S.S.
direct Cherenkov light [274]. The latter three experiments give results according to interpretations of the measured air-shower data with two hadronic
interaction models, namely QGSJET and SIBYLL. The gray solid lines indicate spectra according to the poly-gonato model [2].
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measured with detectors above the atmosphere and with
air shower experiments, shown in the figure as well. In
the measured spectrum some structures can be recognized,
indicating small changes in the spectral index c. The most
important are the knee at Ek ! 4.5 PeV, the second knee at
E2nd ! 400 PeV ! 92 · Ek, where the spectrum exhibits a
second steepening to c ! "3.3, and the ankle at about
4 EeV, above this energy the spectrum seems to flatten
again to c ! "2.7. To understand the origin of these
structures is expected to be a key element in understand-
ing the origin of cosmic rays.

Various scenarios to explain the knee are proposed in
the literature, for an overview see e.g. (Hörandel, 2004,
2005). The most popular approaches (maximum energy
attained and leakage), just described above, are modeled
with varying details, resulting in slightly di!erent spectra.
But, also other ideas are discussed, like the reacceleration
of particles in the galactic wind, the interaction of cos-
mic-ray particles with dense photon fields in the vicinity
of the sources, interactions with the neutrino background
assuming massive neutrinos, the acceleration of particles
in c-ray bursts, or hypothetical particle physics interactions
in the atmosphere, transporting energy in unobserved
channels, thus faking the knee feature. All scenarios result
in spectra for individual elements with a break at energies
being either proportional to the nuclear charge Z or to
the nuclear mass A which yield certain structures in the
sum spectrum. To distinguish between the di!erent models,

measurements of the (average) mass of cosmic rays as func-
tion of energy are required, or – even better – the measure-
ment of spectra of individual elements or at least elemental
groups.

5.2. Mean mass

Frequently, the ratio of the number of electrons and
muons is used to determine the mass composition, see
(2). Muons with an energy of several 100 MeV to 1 GeV
are used by the experiments CASA-MIA (Glasmacher
et al., 1999a), EAS-TOP (Aglietta et al., 2004a),
GRAPES-3 (Hayashi et al., 2005), or KASCADE. To
study systematic e!ects two hadronic interaction models
are used to interpret the data measured with GRAPES-3
and KASCADE (Antoni et al., 2005). High energy muons
detected deep below rock or antarctic ice are utilized by the
EAS-TOP/MACRO (Aglietta et al., 2004b) and SPASE/
AMANDA (Rawlins et al., 2003) experiments. Also, the
correlation between the hadronic and muonic shower com-
ponents has been investigated, e.g. by the KASCADE
experiment (Hörandel, 1998). The production height of
muons has been reconstructed by HEGRA/CRT (Bernlöhr
et al., 1998) and KASCADE (Büttner et al., 2003).

Results from various experiments measuring electrons,
muons, and hadrons at ground level are compiled in
Fig. 9. The same experimental data are presented in the
upper and lower graphs, where they are compared to
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Fig. 8. All-particle energy spectrum of cosmic rays, the flux is multiplied by E3. Results from direct measurements by Grigorov et al. (1999), JACEE
(Asakimori et al., 1995), RUNJOB (Derbina et al., 2005), and SOKOL (Ivanenko et al., 1993) as well as from the air shower experiments AGASA (Takeda
et al., 2003), Akeno 1 km2 (Nagano et al., 1984a), and 20 km2 (Nagano et al., 1984b), AUGER (Sommers et al., 2005), BASJE-MAS (Ogio et al., 2004),
BLANCA (Fowler et al., 2001), CASA-MIA (Glasmacher et al., 1999b), DICE (Swordy and Kieda, 2000), EAS-TOP (Aglietta et al., 1999), Fly’s Eye
(Corbato et al., 1994), GRAPES-3 interpreted with two hadronic interaction models (Hayashi et al., 2005), Haverah Park (Lawrence et al., 1991) and (Ave
et al., 2003), HEGRA (Arqueros et al., 2000), HiRes–MIA (Abu-Zayyad et al., 2001a), HiRes-I (Abbasi et al., 2004), HiRes-II (Abbasi et al., 2005),
KASCADE electrons and muons interpreted with two hadronic interaction models (Antoni et al., 2005), hadrons (Hörandel et al., 1999), and a neural
network analysis combining di!erent shower components (Antoni et al., 2002), KASCADE-Grande (preliminary) (Haungs et al., in press), MSU (Fomin
et al., 1991), Mt. Norikura (Ito et al., 1997), SUGAR (Anchordoqui and Goldberg, 2004), Tibet ASc (Amenomori et al., 2000a) and ASc-III (Amenomori
et al., 2003), Tunka-25 (Chernov et al., 2006), and Yakutsk (Glushkov et al., 2003). The lines represent spectra for elemental groups (with nuclear charge
numbers Z as indicated) according to the poly-gonato model (Hörandel, 2003a). The sum of all elements (galactic) and a presumably extragalactic
component are shown as well. The dashed line indicates the average all-particle flux at high energies.
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The all-particle flux can be described as the sum of the 
spectra of individual elements.
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energy spectrum, individual energy spectra for the elemental groups can be measured, as is
shown in Figure 5. The results are compared to alternate spectra in grey using di↵erent light
yields, which is the largest source of systematic error. Despite the large systematic uncertainties,
clear di↵erences in behavior between the four elemental groups are visible: protons and helium
turning down steeply at lower energies, and oxygen and iron maintaining a harder spectrum up
to higher energies.

Figure 5. Left: All-particle energy spectrum from the Coincidence analysis, compared to the
IceTop-alone result. The grey bound shows the uncertainty due to the unknown composition on
the energy spectrum measured by IceTop-alone. Right:Individual spectra for the four nuclear
types (protons, helium, oxygen, and iron), compared with alternate results due to systematic
uncertainty in the in-ice light yield (dark grey= -12.5%, light grey= +9.6%)

The average composition increases from the lowest energies up to ⇠100 PeV, where the slope
of the trend changes. Although systematics dominate the absolute scale of the composition
measurement, the general trends seen in Figure 5 are present in tests of systematics.
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Fig. 14. Cosmic-ray energy spectra for four groups of elements, from top to bottom: protons, helium, CNO group, and iron group. (Refer to note in
Fig. 13.) The grey solid lines indicate spectra according to the poly-gonato model (Hörandel, 2003a). The black lines indicate spectra for models explaining
the knee as e!ect of leakage from the Galaxy during the propagation process according to Hörandel et al. (2007) (—), Ogio and Kakimoto (2003) (- - -),
Roulet (2004) (! ! !), as well as Völk and Zirakashvili (2003) (-Æ-Æ-).
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Fig. 13. Average depth of the shower maximum Xmax as function of primary energy as obtained by Auger [305], BLANCA [173], CACTI [306], DICE [182],
Fly’s Eye [307], Haverah Park [308], HEGRA [174], HiRes/MIA [228], HiRes [309], Mt. LianWang [310], SPASE/VULCAN [311], Tunka-25 [176], Yakutsk [312].
The lines indicate simulations for proton and iron induced showers using the CORSIKA codewith the hadronic interactionmodel QGSJET 01 (—), QGSJET II-3
(- - -), SIBYLL 2.1 (. . .), and EPOS 1.6 (-·-·).

constant intensity method by requiring the same number of showers per unit of sin2 � . In the second step S38 is converted
to total shower energy.

The aperture of the Auger detector increased continuously during construction and has an uncertainty of less than 3%.
The systematic uncertainty of the energy scale coming from the fluorescence energy measurement is estimated to be 22%.
The main contributions to this uncertainty come from the uncertainty of the fluorescence yield (14%), the calibration of
the fluorescence telescopes (10%), and the reconstruction method (10%) [304,169]. The described calibration procedure for
relating S(1000) to the primary particle energy leads to an uncertainty of 7% at 1019 eV increasing to 15% at 1020 eV.

4. Composition

4.1. Mean logarithmic mass

At energies below 1014 eV the abundance of individual elements has been measured with detectors above the
atmosphere. At higher energies this is presently not possible due to the low flux values and the large fluctuations in the
development of extensive air showers. Thus, in the past,mostly themeanmass has been investigated. An often-used quantity
to characterize the composition is the mean logarithmic mass, defined as ⌅ln A⇧ = �

i ri ln Ai, ri being the relative fraction of
nuclei of mass Ai. Experimentally, ⌅ln A⇧ is obtained applying twomethods: (i) the quantity is proportional to the ratio of the
number of electrons and muons registered at ground level ⌅ln A⇧ ⇤ log10(Ne/Nµ), see (19) and (ii) ⌅ln A⇧ is proportional to
the observed depth of the showermaximum, according to the relation XA

max = Xp
max �XR ln A, see (13). Hence, themaximum

of an iron induced shower should be about 150 g/cm2 higher up in the atmosphere as compared to a proton induced shower
(Xp

max).
Recent measurements of the average depth of the shower maximum are compiled in Fig. 13, covering energies from 105

to almost 1011 GeV. The experimental results are compared to predictions for the average depth of the shower maximum
from simulations for primary protons and iron nuclei. The CORSIKA code [135] has been used with the hadronic interaction
model QGSJET 01 [124], QGSJET II-3 [125], SIBYLL 2.1 [127], and EPOS 1.6 [313]. There are significant differences between
the predictions of the different models concerning the absolute values of Xmax. The differences become important when the
model predictions are compared with the experimental data to derive information on the elemental composition of cosmic
rays.

Below 4⇥106 GeV the values obtained by different experiments exhibit a common trend, they seem to increase faster as
a function of energy than the simulations, which implies that the average composition would become lighter as a function
of energy. Above the knee (E � 4 ⇥ 106 GeV) the measured values flatten up to about 4 ⇥ 107 GeV, indicating an increase
in the average mass in this energy range, as expected from sequential breaks in the energy spectra for individual elements,
seen already in Fig. 9. Finally, above 4 ⇥ 107 GeV the measured data exhibit a constant slope for Xmax as function of energy.

average depth of the shower maximum Xmax

2



for details see Hörandel (2003b). In principle, the di!er-
ence between the two cases illustrated in the figure repre-
sents an estimate of the projection of the experimental
errors from collider experiments on the average depth
of the shower maximum in air showers. At 109 GeV
the di!erence between the two scenarios for primary pro-
tons is about half the di!erence between proton and iron
induced showers. This illustrates the significance of the
uncertainties of the collider measurements for air shower
observables. The lower values for the inelastic proton–air
cross section (model 3a) are in good agreement with
recent measurements from the HiRes experiment (Belov,
2006; Hörandel, 2006c).

Knowing the average depth of the shower maximum for
protons X p

max and iron nuclei X Fe
max from simulations, the

mean logarithmic mass can be derived in the superposition

model of air showers from the measured Xmeas
max using

hlnAi ! "Xmeas
max # X p

max$="X Fe
max # X p

max$ % lnAFe. This con-
version requires to chose a particular interaction model.
The influence of di!erent interaction models on the ÆlnAæ
values obtained is discussed in detail elsewhere (Hörandel,
2003b). Taking the two cases shown in Fig. 10 as solid and
dashed lines yields di!erences in ÆlnAæ as depicted in
Fig. 11. As expected, they grow as function of energy
and exceed one unit in ÆlnAæ at energies above 109 GeV.
As mentioned above, these di!erences are projections of
the errors of parameters derived at accelerators on air
shower measurements. The average depth of proton show-
ers is more increased as the depth of iron induced cascades
(see Fig. 10). Since in the energy region between 107 and
108 GeV the measurements indicate a trend towards a hea-
vier composition, the influence of the modifications on the
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di!erent models. At low energies the values for the mean
logarithmic mass are complemented by results from direct
measurements. A clear increase of ÆlnAæ as function of
energy can be recognized. However, individual experiments
exhibit systematic di!erences of about ±1 unit. Such fluctu-
ations in ÆlnAæ are expected according to the simple esti-
mate (2), assuming that the ratio of the electromagnetic
and muonic shower components can be measured with an
accuracy of the order of 16%. This uncertainty is a realistic
value for the resolution of air shower arrays. Of particular
interest are the investigations of the KASCADE and
GRAPES-3 experiments: interpreting the measured data
with two di!erent models for the interactions in the atmo-

sphere results in a systematic di!erence in ÆlnAæ of about
0.7–1.

The experimental values in Fig. 9 follow a trend pre-
dicted by the poly-gonato model as indicated by the grey
lines in the figure which implies that the increase of the
average mass with energy is compatible with subsequent
breaks in the energy spectra of individual elements, starting
with the lightest species. The experimental values are com-
pared to astrophysical models for the origin of the knee in
the figure. The top panel shows models which explain the
knee due to the maximum energy achieved during the
acceleration process. In the lower panel predictions from
propagation models (including reacceleration during prop-
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Fig. 9. Mean logarithmic mass of cosmic-rays derived from the measurements of electrons, muons, and hadrons at ground level. Results are shown from
CASA-MIA (Glasmacher et al., 1999a), Chacaltaya (Aguirre et al., 2000), EAS-TOP electrons and GeV muons (Aglietta et al., 2004a), EAS-TOP/
MACRO (TeV muons) (Aglietta et al., 2004b), GRAPES-3 data interpreted with two hadronic interaction models (Hayashi et al., 2005), HEGRA CRT
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(-Æ-Æ-).
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the average depth of the shower maximum
according to an interpretation with a modification
of QGSJET (model 3a in [17]), the average mean
logarithmic mass has been calculated. For details
on the experiments and references the reader is
referred to [1,17]. The mean value and the varia-
tion as function of primary energy are given in
Table 1 for reference. The average experimental
values are also presented graphically as shaded
area in Fig. 4 together with the predictions of
various models as described below in Section 3.

The values calculated with the poly-gonato
model are presented in Fig. 4 in addition as grey
lines. The inclusion of ultra-heavy elements has
only a minor e!ect on hlnAi, at 108 GeV the values
with and without ultra-heavy elements di!er only
by DhlnAi ! 0:2. The dotted lines depict the sys-
tematic errors of the model resulting from the

uncertainties of the direct measurements and the
errors of the fit parameters of the poly-gonato
model. In order to include also systematic e!ects
caused by the assumptions made in the model,
hlnAi has been calculated for 16 Z6 28 and
16 Z6 92, with a common cc and a common Dc,
as well as with and without ad-hoc component.
The largest and smallest values obtained with these
combinations are shown in the figure, representing
the total systematic error. The errors are asym-
metric, since compared to heavy elements the en-
ergy spectra of light elements are specified more
precisely by direct measurement.

It should be mentioned that at energies below 1
PeV the indirect observations obtain a lighter mass
composition than the direct measurements. The
hlnAi range of the latter is bounded by the dotted
grey lines.

Fig. 4. Mean logarithmic mass derived from many experiments (shaded area) compared to hlnAi as obtained with di!erent models.
(Upper left panel) Acceleration in supernova remnants as described by Berezhko and Ksenofontov [18], Kobayakawa et al. [20], Stanev
et al. [19], and Sveshnikova [21]; (upper right panel) source and acceleration related models by Erlykin and Wolfendale [22], Plaga [24],
as well as V!olk and Zirakashvili [23]; (lower left panel) di!usion models by Kalmykov et al. [42], Ogio and Kakimoto [28], as well as
Roulet et al. [29] and (lower right panel) propagation models by Dova et al. [31], Lagutin et al. [26], Swordy [25], and Tkaczyk [30]. In
addition, the range of hlnAi for the extrapolation of direct measurements according to the poly-gonato model is indicated as dotted
grey lines, see text.
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to an uneven event distribution in right ascension. Because the
reference map needs to account for these and other effects, which
are difficult or impossible to simulate at the required level of
accuracy, it has to be constructed from the data themselves.

We begin by binning the sky into an equal-area grid in
equatorial coordinates with an average pixel size of 0.!23 using
the HEALPix library (Gorski et al. 2005). The resolution of
the HEALPix pixelation of the sphere is defined by a parameter
Nside which is related to the number of pixels by Npix = 12 N2

side.
In this analysis, we chose Nside = 256, so the sky is originally
divided into 786 432 pixels.32 Since HAWC covers the sky
at declinations between "26! and 64!, the total number of
independent pixels is 525 716.

A binned data map N (!, ") is used to store the arrival direc-
tions of air showers reconstructed from data. The reference map
#N (!, ")$ is produced using the direct integration technique de-
scribed in Atkins et al. (2003), adapted for the HEALPix grid.
We begin by collecting all events recorded during a predefined
time period !t and convolve the local arrival direction distribu-
tion with the detector event rate. The method effectively smooths
out the true arrival direction distribution in right ascension on
angular scales of roughly !t · 15! hr"1, so the analysis is only
sensitive to structures smaller than this characteristic angular
scale. The direct integration method produces a reference map
with the same underlying local arrival direction distribution and
the same event rate as the data. Therefore, any effects from
temporal variations in the cosmic-ray rate or from the detector
geometry appear in the data map as well as in the reference
map and cancel when the two are compared to produce maps of
significance or relative intensity. The relative intensity map is
calculated as

"I (!i , "i) = !Ni

#N$i
= N (!i , "i) " #N (!i , "i)$

#N (!i , "i)$
, (2)

which gives the amplitude of deviations from the isotropic
expectation in each angular bin i.

We emphasize that this algorithm estimates the reference level
by averaging the number of events over a fixed declination band.
Because different declination bands have different normaliza-
tions, the method is not sensitive to anisotropy that depends
only on declination, i.e., with constant relative intensity in right
ascension. Studies using simulated data (Santander 2013) show
that this does not affect typical small-scale structure, but it re-
duces the sensitivity of the method to large-scale structure. As
an example, for a pure dipole tilted at some angle with re-
spect to the equatorial plane, the method is only sensitive to the
projection of the dipole onto the equatorial plane.

To improve the sensitivity to features on angular scales larger
than the pixel size, we apply a smoothing procedure which
takes the event counts in each pixel and adds the counts from
neighboring pixels within a radius # . This is equivalent to
convolving the map with a top hat function of radius # . Applied
to both the data map and the reference map, the procedure leads
to maps with the original binning, but neighboring pixels are no
longer independent and pixel values become highly correlated
over a range # . In this paper, we use # = 10!, the same scale
used in Abdo et al. (2008). This scale is a compromise, since
the optimal # varies from region to region, with no single scale
appropriate for the entire sky map. However, # = 10! displays
all the relevant features and allows us to analyze the shape of
the anisotropy.

32 For the analysis of the Moon’s shadow in Section 3, Nside = 512 was used.

Figure 4. Relative intensity of the cosmic-ray flux for 113 days of HAWC-95/
111, in equatorial coordinates. Right ascension runs from 0! to 360! from right
to left. The solid horizontal line denotes a declination of 0!. Lines of equal right
ascension and declination are separated by 30!. The map contains 4.9 % 1010

events. An integration time of !t = 24 hr is used to access the largest features
present in the map. The map is shown with 10! smoothing applied.
(A color version of this figure is available in the online journal.)

Gamma rays are present in the data set, but since the analysis
is not optimized for gamma rays and we apply a smoothing
radius of 10!, far larger than the optimal smoothing radius
for point sources, even the brightest TeV gamma-ray sources,
such as the Crab, do not appear as a significant excess in the
smoothed maps.

The significance of the deviation of the data from the isotropic
expectation in each bin is calculated using the method described
in Li & Ma (1983). In this method, the statistical uncertainty of
the number of events in each bin of the reference map depends
on the quantity !Li"Ma, the ratio of time spent on-source to time
spent off-source. The effective value for !Li"Ma depends on the
integration time !t , smoothing radius # , and declination " and
is calculated using

!Li"Ma = $ #2

2 # (15!/hr)!t cos "
. (3)

For !t = 24 hr, # = 10!, and " = 0!, the value for !Li"Ma
is 0.0436.

Direct integration requires the local arrival direction distri-
bution and thus the acceptance of the detector to be stable
throughout the time period !t . Using a %2-difference test to
compare local arrival direction distributions over various time
periods, we find that the shape of these distributions is stable
over very long periods (up to several weeks) and changes only
when the detector geometry changes (for example at the time of
the switch from HAWC-95 to HAWC-111). The high stability
of the detector allows us to use !t = 24 hr in this analysis.
As described above, this value preserves features on all angular
scales, including the dipole moment. The angular power spec-
trum can be determined directly from this relative intensity map
(see Section 4.3).

The relative intensity of the cosmic-ray flux for an integration
time of !t = 24 hr and a smoothing scale # = 10! is
shown in Figure 4. Several significant features appear in this
map. The localized excess region at right ascension 60! and
declination "10!, which roughly coincides with Region A of
the Milagro map and (more accurately) with Region 1 of the
ARGO-YBJ map, dominates the sky map. In addition, the large-
scale structure of the cosmic-ray flux, with its broad deficit
region at 200!, is clearly visible in this map. The large-scale
structure potentially distorts any smaller structures, enhancing
their excess in the region near the maximum of the large-
scale structure and suppressing them near the broad minimum.
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to an uneven event distribution in right ascension. Because the
reference map needs to account for these and other effects, which
are difficult or impossible to simulate at the required level of
accuracy, it has to be constructed from the data themselves.

We begin by binning the sky into an equal-area grid in
equatorial coordinates with an average pixel size of 0.!23 using
the HEALPix library (Gorski et al. 2005). The resolution of
the HEALPix pixelation of the sphere is defined by a parameter
Nside which is related to the number of pixels by Npix = 12 N2

side.
In this analysis, we chose Nside = 256, so the sky is originally
divided into 786 432 pixels.32 Since HAWC covers the sky
at declinations between "26! and 64!, the total number of
independent pixels is 525 716.

A binned data map N (!, ") is used to store the arrival direc-
tions of air showers reconstructed from data. The reference map
#N (!, ")$ is produced using the direct integration technique de-
scribed in Atkins et al. (2003), adapted for the HEALPix grid.
We begin by collecting all events recorded during a predefined
time period !t and convolve the local arrival direction distribu-
tion with the detector event rate. The method effectively smooths
out the true arrival direction distribution in right ascension on
angular scales of roughly !t · 15! hr"1, so the analysis is only
sensitive to structures smaller than this characteristic angular
scale. The direct integration method produces a reference map
with the same underlying local arrival direction distribution and
the same event rate as the data. Therefore, any effects from
temporal variations in the cosmic-ray rate or from the detector
geometry appear in the data map as well as in the reference
map and cancel when the two are compared to produce maps of
significance or relative intensity. The relative intensity map is
calculated as

"I (!i , "i) = !Ni

#N$i
= N (!i , "i) " #N (!i , "i)$

#N (!i , "i)$
, (2)

which gives the amplitude of deviations from the isotropic
expectation in each angular bin i.

We emphasize that this algorithm estimates the reference level
by averaging the number of events over a fixed declination band.
Because different declination bands have different normaliza-
tions, the method is not sensitive to anisotropy that depends
only on declination, i.e., with constant relative intensity in right
ascension. Studies using simulated data (Santander 2013) show
that this does not affect typical small-scale structure, but it re-
duces the sensitivity of the method to large-scale structure. As
an example, for a pure dipole tilted at some angle with re-
spect to the equatorial plane, the method is only sensitive to the
projection of the dipole onto the equatorial plane.

To improve the sensitivity to features on angular scales larger
than the pixel size, we apply a smoothing procedure which
takes the event counts in each pixel and adds the counts from
neighboring pixels within a radius # . This is equivalent to
convolving the map with a top hat function of radius # . Applied
to both the data map and the reference map, the procedure leads
to maps with the original binning, but neighboring pixels are no
longer independent and pixel values become highly correlated
over a range # . In this paper, we use # = 10!, the same scale
used in Abdo et al. (2008). This scale is a compromise, since
the optimal # varies from region to region, with no single scale
appropriate for the entire sky map. However, # = 10! displays
all the relevant features and allows us to analyze the shape of
the anisotropy.

32 For the analysis of the Moon’s shadow in Section 3, Nside = 512 was used.

Figure 4. Relative intensity of the cosmic-ray flux for 113 days of HAWC-95/
111, in equatorial coordinates. Right ascension runs from 0! to 360! from right
to left. The solid horizontal line denotes a declination of 0!. Lines of equal right
ascension and declination are separated by 30!. The map contains 4.9 % 1010

events. An integration time of !t = 24 hr is used to access the largest features
present in the map. The map is shown with 10! smoothing applied.
(A color version of this figure is available in the online journal.)

Gamma rays are present in the data set, but since the analysis
is not optimized for gamma rays and we apply a smoothing
radius of 10!, far larger than the optimal smoothing radius
for point sources, even the brightest TeV gamma-ray sources,
such as the Crab, do not appear as a significant excess in the
smoothed maps.

The significance of the deviation of the data from the isotropic
expectation in each bin is calculated using the method described
in Li & Ma (1983). In this method, the statistical uncertainty of
the number of events in each bin of the reference map depends
on the quantity !Li"Ma, the ratio of time spent on-source to time
spent off-source. The effective value for !Li"Ma depends on the
integration time !t , smoothing radius # , and declination " and
is calculated using

!Li"Ma = $ #2

2 # (15!/hr)!t cos "
. (3)

For !t = 24 hr, # = 10!, and " = 0!, the value for !Li"Ma
is 0.0436.

Direct integration requires the local arrival direction distri-
bution and thus the acceptance of the detector to be stable
throughout the time period !t . Using a %2-difference test to
compare local arrival direction distributions over various time
periods, we find that the shape of these distributions is stable
over very long periods (up to several weeks) and changes only
when the detector geometry changes (for example at the time of
the switch from HAWC-95 to HAWC-111). The high stability
of the detector allows us to use !t = 24 hr in this analysis.
As described above, this value preserves features on all angular
scales, including the dipole moment. The angular power spec-
trum can be determined directly from this relative intensity map
(see Section 4.3).

The relative intensity of the cosmic-ray flux for an integration
time of !t = 24 hr and a smoothing scale # = 10! is
shown in Figure 4. Several significant features appear in this
map. The localized excess region at right ascension 60! and
declination "10!, which roughly coincides with Region A of
the Milagro map and (more accurately) with Region 1 of the
ARGO-YBJ map, dominates the sky map. In addition, the large-
scale structure of the cosmic-ray flux, with its broad deficit
region at 200!, is clearly visible in this map. The large-scale
structure potentially distorts any smaller structures, enhancing
their excess in the region near the maximum of the large-
scale structure and suppressing them near the broad minimum.

5

A.U. Abeysekara et al., ApJ 796 (2014) 108

The Astrophysical Journal, 796:108 (11pp), 2014 December 1 Abeysekara et al.

Figure 5. Relative intensity (top) and pre-trial significance (bottom) of the
cosmic-ray flux after fit and subtraction of the dipole, quadrupole, and octupole
term from the map shown in Figure 4. The map is shown with 10! smoothing
applied.
(A color version of this figure is available in the online journal.)

As we are interested in structure on scales smaller than 60!,
corresponding to multipoles ! > 3, we need to remove the
lower order multipoles from the sky map. We apply two different
methods to remove or suppress the ! ! 3 term.

In the first method, we directly fit the relative intensity map
to the sum of the monopole (! = 0), dipole (! = 1), quadrupole
(! = 2), and octupole (! = 3) terms of an expansion in Laplace
spherical harmonics Y!m. The fit function F (", #) therefore has
the form

F ("i , #i) =
3!

!=0

!!

m="!

a!mY!m($ " #i ,"i), (4)

where ("i , #i) are the right ascension and declination of the
i th pixel and the a!m are the 16 free parameters of the fit.
We then subtract the fit result from the map, and analyze the
residual map.

We perform the fit on the 525,716 pixels of the relative
intensity map that lie in the field of view of HAWC. The
%2/ndf = 527 282/525 700 corresponds to a %2-probability of
6.0%. The marginal probability indicates that additional smaller
structure is still present in the data. Note that this fit gives a
significantly better result than the fit with !max = 2 only (DC
offset + dipole + quadrupole), corresponding to a %2-difference
of 262 with 7 degrees of freedom. The residual map in relative
intensity (top) and significance (bottom) are shown in Figure 5.

The second method uses a shorter integration time, !t = 4 hr,
to filter any structure with angular extent greater than 60!. In
Figure 6, we show the relative intensity (top) and significance
maps (bottom) produced with this method. A comparison
between Figure 5 and Figure 6 shows that the maps are largely
equivalent. While regions A and C agree well in shape and

Figure 6. Relative intensity (top) and pre-trial significance (bottom) of the
cosmic-ray flux using a background estimated from direct integration with a
time period !t = 4 hr. The map is shown with 10! smoothing applied.
(A color version of this figure is available in the online journal.)

relative intensity, region B extends into mid-latitudes for the
!t = 4 hr map.

There are also regions of strong deficits visible, typically on
both sides of the strong excess regions. The appearance of these
deficit regions, correlated with the excess regions, is a well-
known artifact of the method (Abdo et al. 2008). They appear
because the background near strong excesses is overestimated
due to the fact that the excess events are part of the background
estimation.

The two methods to remove the large-scale anisotropy are
affected by different systematic uncertainties. Estimating the
background using !t = 24 hr and explicitly subtracting lower
order multipoles should, in principle, minimize artifacts from
the presence of strong excesses described above. However,
because of the incomplete sky coverage, the removal of the lower
order multipoles can potentially affect higher order terms, too.
This effect is studied with the angular power spectrum analysis
described in Section 4.3 and is found to be small in HAWC
data. Filtering the low order multipoles by choosing a short
integration time !t also influences higher order multipoles (in a
less transparent way than the direct subtraction), and it depends
on the choice of !t .

In the following analysis, we estimate the systematic error on
the relative intensity of cosmic-ray excess regions by comparing
the intensity obtained with the two methods, and, in addition,
by comparing two different integration times (3 hr and 4 hr)
which are both found to preserve the power in the higher order
multipoles of the angular power spectrum (Section 4.3). The
larger difference of the two alternative methods is taken as the
systematic uncertainty reported in Section 4.2 for the various
regions of excess. The cosmic-ray dipole caused by the motion
of the Earth around the Sun can potentially distort any sidereal
large-scale structure, but should have no effect on the small-
scale structure.
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Figure 8. Angular power spectra of the unsmoothed relative intensity map (Figure 4) before (blue) and after (red) fitting and subtraction of the dipole, quadrupole,
and octupole moments (! ! 3). The error bars on the C! are statistical. Note that the ! < 3 terms in the residual spectrum are not shown because they were found to
be compatible with zero within statistical uncertainties. The gray bands show the 68% and 95% spread of the C! for isotropic data sets.
(A color version of this figure is available in the online journal.)

A third excess region, Region C in Figure 5, is centered at
" = 205.!7 and # = 22.!5 with a pre-trial significance of 8.2$ and
a peak relative intensity of (2.9±0.4±0.5)"10#4. This excess
region is not significant in the Milagro data, but the ARGO-YBJ
collaboration has observed a hot spot at the same location, called
Region 4 in Bartoli et al. (2013). The morphology of this region
is shown in the right panel of Figure 7. The median cosmic-ray
energy at this declination is 2.0 TeV.

Region C is located at the center of the minimum of the large-
scale structure, but it is already visible (albeit with smaller
significance) in Figure 4 before the subtraction of the ! ! 3
terms. The relative intensity of this region in HAWC is a factor
of 1.8 higher than reported by ARGO-YBJ.

The significances quoted for the three excess regions do
not account for statistical trials caused by the search for any
significant deviation from isotropy in the 525,716 pixels. In a
blind search we would account for “look elsewhere” effects by
repeating the analysis for a large number of isotropic sky maps
with the same exposure as the data. Because such a calculation is
computationally prohibitive given the high pre-trial significance
of the excess regions, we conservatively estimate that the
number of independent pixels in the sky map is of the order
of 105. In fact, the trials penalty is much smaller because we are
not performing a blind search of the data; these excess regions
have been observed by other experiments. However, even with a
correction factor of 105, the significances of Regions A, B, and
C are 16.1$ , 10.2$ , and 6.7$ after trials, respectively.

The ARGO-YBJ experiment has also observed a new region
with a maximum relative intensity of 2.3"10#4, called Region 3
in Bartoli et al. (2013), which is a factor of 1.4 more intense than
the excess in Region C. The shape of this new region is rather
complex. The most intense signal is found near " = 240! and
# = 45!, although the region extends to declinations as low as
15!. While this region is brighter in ARGO-YBJ than Region C,
it is currently not significant in HAWC data; the largest pre-trial
significance within 10! of the ARGO-YBJ peak excess is 3.7$ .
This region will be studied in more detail with a larger data set
in the future.

4.3. Power Spectrum Analysis

A common tool to search for correlations between bins in a
map without prior knowledge of the expected angular scale

of excess or deficit regions is the angular power spectrum.
The amplitude of the power spectrum at multipole order !
is correlated with the presence of structure at angular scales
180!/!. We perform an angular power spectrum analysis on
the unsmoothed relative intensity map #I = !N/$N%. In this
analysis, #I is treated as a scalar field which is expanded in
terms of a basis

#I ("i , #i) =
&!

!=0

!!

m=#!

a!mY!m(% # #i ,"i), (5)

where the Y!m are the real (Laplace) spherical harmonics and
the a!m are the multipole coefficients of the expansion in the sky
map. The power spectrum of the relative intensity is defined as
the variance of the multipole coefficients a!m,

C! = 1
2! + 1

!!

m=#!

|a!m|2. (6)

Due to the partial sky coverage of HAWC, the Ylm do
not form an orthonormal basis and the true power spectrum
cannot be calculated directly. Following the approach outlined
in detail in Abbasi et al. (2011), we first calculate the so-called
pseudo-power spectrum, a convolution of the power spectrum of
the data and the power spectrum of the corresponding relative
exposure map. We use the publicly available PolSpice software
(Szapudi et al. 2001; Chon et al. 2004) to calculate the true
power spectrum from the pseudo-power spectrum.

The angular power spectrum of the unsmoothed relative
intensity map is shown in Figure 8. The blue and red points
show the power spectrum before and after the subtraction of the
! ! 3 terms. The error bars are calculated from the diagonal
components of the covariance matrix (see Efstathiou 2004 for
a detailed discussion). The gray bands in Figure 8 indicate the
68% and 95% spread of the C! around the median for a large
number of relative intensity maps representing isotropic arrival
direction distributions. These isotropic skymaps were generated
by comparing the counts from the reference map to a Poisson-
fluctuated reference map.

The angular power spectrum of the relative intensity map
shows, as expected, a strong dipole (! = 1) and quadrupole
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to an uneven event distribution in right ascension. Because the
reference map needs to account for these and other effects, which
are difficult or impossible to simulate at the required level of
accuracy, it has to be constructed from the data themselves.

We begin by binning the sky into an equal-area grid in
equatorial coordinates with an average pixel size of 0.!23 using
the HEALPix library (Gorski et al. 2005). The resolution of
the HEALPix pixelation of the sphere is defined by a parameter
Nside which is related to the number of pixels by Npix = 12 N2

side.
In this analysis, we chose Nside = 256, so the sky is originally
divided into 786 432 pixels.32 Since HAWC covers the sky
at declinations between "26! and 64!, the total number of
independent pixels is 525 716.

A binned data map N (!, ") is used to store the arrival direc-
tions of air showers reconstructed from data. The reference map
#N (!, ")$ is produced using the direct integration technique de-
scribed in Atkins et al. (2003), adapted for the HEALPix grid.
We begin by collecting all events recorded during a predefined
time period !t and convolve the local arrival direction distribu-
tion with the detector event rate. The method effectively smooths
out the true arrival direction distribution in right ascension on
angular scales of roughly !t · 15! hr"1, so the analysis is only
sensitive to structures smaller than this characteristic angular
scale. The direct integration method produces a reference map
with the same underlying local arrival direction distribution and
the same event rate as the data. Therefore, any effects from
temporal variations in the cosmic-ray rate or from the detector
geometry appear in the data map as well as in the reference
map and cancel when the two are compared to produce maps of
significance or relative intensity. The relative intensity map is
calculated as

"I (!i , "i) = !Ni

#N$i
= N (!i , "i) " #N (!i , "i)$

#N (!i , "i)$
, (2)

which gives the amplitude of deviations from the isotropic
expectation in each angular bin i.

We emphasize that this algorithm estimates the reference level
by averaging the number of events over a fixed declination band.
Because different declination bands have different normaliza-
tions, the method is not sensitive to anisotropy that depends
only on declination, i.e., with constant relative intensity in right
ascension. Studies using simulated data (Santander 2013) show
that this does not affect typical small-scale structure, but it re-
duces the sensitivity of the method to large-scale structure. As
an example, for a pure dipole tilted at some angle with re-
spect to the equatorial plane, the method is only sensitive to the
projection of the dipole onto the equatorial plane.

To improve the sensitivity to features on angular scales larger
than the pixel size, we apply a smoothing procedure which
takes the event counts in each pixel and adds the counts from
neighboring pixels within a radius # . This is equivalent to
convolving the map with a top hat function of radius # . Applied
to both the data map and the reference map, the procedure leads
to maps with the original binning, but neighboring pixels are no
longer independent and pixel values become highly correlated
over a range # . In this paper, we use # = 10!, the same scale
used in Abdo et al. (2008). This scale is a compromise, since
the optimal # varies from region to region, with no single scale
appropriate for the entire sky map. However, # = 10! displays
all the relevant features and allows us to analyze the shape of
the anisotropy.

32 For the analysis of the Moon’s shadow in Section 3, Nside = 512 was used.

Figure 4. Relative intensity of the cosmic-ray flux for 113 days of HAWC-95/
111, in equatorial coordinates. Right ascension runs from 0! to 360! from right
to left. The solid horizontal line denotes a declination of 0!. Lines of equal right
ascension and declination are separated by 30!. The map contains 4.9 % 1010

events. An integration time of !t = 24 hr is used to access the largest features
present in the map. The map is shown with 10! smoothing applied.
(A color version of this figure is available in the online journal.)

Gamma rays are present in the data set, but since the analysis
is not optimized for gamma rays and we apply a smoothing
radius of 10!, far larger than the optimal smoothing radius
for point sources, even the brightest TeV gamma-ray sources,
such as the Crab, do not appear as a significant excess in the
smoothed maps.

The significance of the deviation of the data from the isotropic
expectation in each bin is calculated using the method described
in Li & Ma (1983). In this method, the statistical uncertainty of
the number of events in each bin of the reference map depends
on the quantity !Li"Ma, the ratio of time spent on-source to time
spent off-source. The effective value for !Li"Ma depends on the
integration time !t , smoothing radius # , and declination " and
is calculated using

!Li"Ma = $ #2

2 # (15!/hr)!t cos "
. (3)

For !t = 24 hr, # = 10!, and " = 0!, the value for !Li"Ma
is 0.0436.

Direct integration requires the local arrival direction distri-
bution and thus the acceptance of the detector to be stable
throughout the time period !t . Using a %2-difference test to
compare local arrival direction distributions over various time
periods, we find that the shape of these distributions is stable
over very long periods (up to several weeks) and changes only
when the detector geometry changes (for example at the time of
the switch from HAWC-95 to HAWC-111). The high stability
of the detector allows us to use !t = 24 hr in this analysis.
As described above, this value preserves features on all angular
scales, including the dipole moment. The angular power spec-
trum can be determined directly from this relative intensity map
(see Section 4.3).

The relative intensity of the cosmic-ray flux for an integration
time of !t = 24 hr and a smoothing scale # = 10! is
shown in Figure 4. Several significant features appear in this
map. The localized excess region at right ascension 60! and
declination "10!, which roughly coincides with Region A of
the Milagro map and (more accurately) with Region 1 of the
ARGO-YBJ map, dominates the sky map. In addition, the large-
scale structure of the cosmic-ray flux, with its broad deficit
region at 200!, is clearly visible in this map. The large-scale
structure potentially distorts any smaller structures, enhancing
their excess in the region near the maximum of the large-
scale structure and suppressing them near the broad minimum.
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Figure 5. Relative intensity (top) and pre-trial significance (bottom) of the
cosmic-ray flux after fit and subtraction of the dipole, quadrupole, and octupole
term from the map shown in Figure 4. The map is shown with 10! smoothing
applied.
(A color version of this figure is available in the online journal.)

As we are interested in structure on scales smaller than 60!,
corresponding to multipoles ! > 3, we need to remove the
lower order multipoles from the sky map. We apply two different
methods to remove or suppress the ! ! 3 term.

In the first method, we directly fit the relative intensity map
to the sum of the monopole (! = 0), dipole (! = 1), quadrupole
(! = 2), and octupole (! = 3) terms of an expansion in Laplace
spherical harmonics Y!m. The fit function F (", #) therefore has
the form

F ("i , #i) =
3!

!=0

!!

m="!

a!mY!m($ " #i ,"i), (4)

where ("i , #i) are the right ascension and declination of the
i th pixel and the a!m are the 16 free parameters of the fit.
We then subtract the fit result from the map, and analyze the
residual map.

We perform the fit on the 525,716 pixels of the relative
intensity map that lie in the field of view of HAWC. The
%2/ndf = 527 282/525 700 corresponds to a %2-probability of
6.0%. The marginal probability indicates that additional smaller
structure is still present in the data. Note that this fit gives a
significantly better result than the fit with !max = 2 only (DC
offset + dipole + quadrupole), corresponding to a %2-difference
of 262 with 7 degrees of freedom. The residual map in relative
intensity (top) and significance (bottom) are shown in Figure 5.

The second method uses a shorter integration time, !t = 4 hr,
to filter any structure with angular extent greater than 60!. In
Figure 6, we show the relative intensity (top) and significance
maps (bottom) produced with this method. A comparison
between Figure 5 and Figure 6 shows that the maps are largely
equivalent. While regions A and C agree well in shape and

Figure 6. Relative intensity (top) and pre-trial significance (bottom) of the
cosmic-ray flux using a background estimated from direct integration with a
time period !t = 4 hr. The map is shown with 10! smoothing applied.
(A color version of this figure is available in the online journal.)

relative intensity, region B extends into mid-latitudes for the
!t = 4 hr map.

There are also regions of strong deficits visible, typically on
both sides of the strong excess regions. The appearance of these
deficit regions, correlated with the excess regions, is a well-
known artifact of the method (Abdo et al. 2008). They appear
because the background near strong excesses is overestimated
due to the fact that the excess events are part of the background
estimation.

The two methods to remove the large-scale anisotropy are
affected by different systematic uncertainties. Estimating the
background using !t = 24 hr and explicitly subtracting lower
order multipoles should, in principle, minimize artifacts from
the presence of strong excesses described above. However,
because of the incomplete sky coverage, the removal of the lower
order multipoles can potentially affect higher order terms, too.
This effect is studied with the angular power spectrum analysis
described in Section 4.3 and is found to be small in HAWC
data. Filtering the low order multipoles by choosing a short
integration time !t also influences higher order multipoles (in a
less transparent way than the direct subtraction), and it depends
on the choice of !t .

In the following analysis, we estimate the systematic error on
the relative intensity of cosmic-ray excess regions by comparing
the intensity obtained with the two methods, and, in addition,
by comparing two different integration times (3 hr and 4 hr)
which are both found to preserve the power in the higher order
multipoles of the angular power spectrum (Section 4.3). The
larger difference of the two alternative methods is taken as the
systematic uncertainty reported in Section 4.2 for the various
regions of excess. The cosmic-ray dipole caused by the motion
of the Earth around the Sun can potentially distort any sidereal
large-scale structure, but should have no effect on the small-
scale structure.
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Figure 8. Relative intensity maps in polar coordinates for the energy bins described in Section 3.2. The median energy of the data shown
in each map is indicated in the upper left. Maps have been smoothed with a 20� smoothing radius. The final three maps are shown on a
di↵erent relative intensity scale. The 1.6PeV map is based on IceTop data. All other maps show IceCube data.
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Figure 8. Relative intensity maps in polar coordinates for the energy bins described in Section 3.2. The median energy of the data shown
in each map is indicated in the upper left. Maps have been smoothed with a 20� smoothing radius. The final three maps are shown on a
di↵erent relative intensity scale. The 1.6PeV map is based on IceTop data. All other maps show IceCube data.
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Figure 5. Angular power spectra for the relative intensity map for six years of IceCube data. Blue and red points show the power spectrum
before and after the subtraction of the best-fit dipole and quadrupole terms from the relative intensity map. Error bars are statistical (see
the text for a discussion of systematic errors). The gray bands indicate the 68% (dark) and 95% (light) spread in the C` for a large sample
of isotropic data sets. The power spectrum is calculated using the unsmoothed map.

4.2. Energy Dependence of Anisotropy

To study the energy dependence of the cosmic-ray
anisotropy, we split the data into the nine energy bins de-
scribed in Section 3.2. This results in a sequence of maps
with increasing median energy, starting from 13TeV for
the lowest-energy bin to 5.3PeV for the highest-energy
bin. The sky maps in relative intensity for all nine en-
ergy bins in equatorial coordinates are shown in Fig. 6.
In addition to the nine maps based on IceCube data,
we also show the IceTop map with its median energy of
1.6 PeV. Because of the reduced statistics in these maps,
we have applied a top-hat smoothing procedure with a
smoothing radius of 20� to all, improving the sensitivity
to larger structure. Note that the relative intensity scale
for these plots is identical for energies up to 580TeV,
where it then switches to a di↵erent scale to account for
the strong increase in relative intensity. For the IceTop
bins with 580TeV, 1.4PeV, and 5.4PeV median energy
and for the IceTop data, Fig. 7 shows the sky maps in
statistical significance.
The maps clearly indicate a strong energy dependence

of the global anisotropy. The large excess from 30� to
120� and deficit from 150� to 250� that dominate the sky
map at lower energies gradually disappear above 50TeV.
Above 100 TeV a change in the morphology is observed.
At higher energies, the anisotropy is characterized by a
wide relative deficit from 30� to 120�, with an amplitude
increasing with energy up to at least 5PeV, the highest
energies currently accessible to IceCube. To illustrate
the phase change, the relative intensity sky maps are
shown in polar coordinates in Fig. 8. It is important to
note that the time-scrambling method used to calculate
the reference map decreases in sensitivity as we approach
the polar regions. This e↵ect is clearly visible in Fig. 8,
where the relative intensity approaches zero at the pole
for each map, but is not indicative of the morphology of
the true anisotropy.
Because of the poor energy resolution, it is di�cult to

accurately determine the energy where the transition in
anisotropy occurs and how rapid the transition is. To il-
lustrate the energy dependence of the phase and strength
of the anisotropy, we show in Fig. 9 amplitude (left) and
phase (right) of the dipole moment as a function of en-
ergy. Both values are calculated by fitting the set of
harmonic functions with n  3 to the projection of the
two-dimensional relative intensity map (Fig. 6) in right
ascension,

3X

n=0

An cos[n(↵� �n)] , (1)

where An is the amplitude and �n is the phase of the nth

harmonic term, respectively. The fit is performed on a
projection with a 5� bin width in right ascension. We fit
the one-dimensional projection in right ascension rather
than the full sky map because the two-dimensional fit
of spherical harmonics to the map is di�cult to perform
with a limited field of view. As a result of the method
we apply to generate the reference map, the sky map will
in any case only show the projection of any dipole com-
ponent, so the one-dimensional fit is su�cient to study
the energy dependence of the dominant dipole. The val-
ues for the projections in each energy bin are provided
in Tab. 3.
The red data points in Fig. 9 are based on the Ice-

Top data. While the phase agrees well with that of
the IceCube data at similar energies, the amplitude of
the anisotropy is larger for the IceTop data than for
any IceCube energy bin. A possible explanation for the
di↵erence could be the di↵erent chemical composition
of the IceCube and IceTop data sets. Table 4 shows
the relative composition of cosmic rays detected in Ice-
Cube and IceTop according to simulation, based on a
primary cosmic-ray composition according to the model
by Hörandel (2003). For IceCube, we list the composi-
tion for all nine energy bins. Elements are grouped in

angular power spectra
most power l<4
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Figure 8. Relative intensity maps in polar coordinates for the energy bins described in Section 3.2. The median energy of the data shown
in each map is indicated in the upper left. Maps have been smoothed with a 20� smoothing radius. The final three maps are shown on a
di↵erent relative intensity scale. The 1.6PeV map is based on IceTop data. All other maps show IceCube data.
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Figure 5. Angular power spectra for the relative intensity map for six years of IceCube data. Blue and red points show the power spectrum
before and after the subtraction of the best-fit dipole and quadrupole terms from the relative intensity map. Error bars are statistical (see
the text for a discussion of systematic errors). The gray bands indicate the 68% (dark) and 95% (light) spread in the C` for a large sample
of isotropic data sets. The power spectrum is calculated using the unsmoothed map.

4.2. Energy Dependence of Anisotropy

To study the energy dependence of the cosmic-ray
anisotropy, we split the data into the nine energy bins de-
scribed in Section 3.2. This results in a sequence of maps
with increasing median energy, starting from 13TeV for
the lowest-energy bin to 5.3PeV for the highest-energy
bin. The sky maps in relative intensity for all nine en-
ergy bins in equatorial coordinates are shown in Fig. 6.
In addition to the nine maps based on IceCube data,
we also show the IceTop map with its median energy of
1.6 PeV. Because of the reduced statistics in these maps,
we have applied a top-hat smoothing procedure with a
smoothing radius of 20� to all, improving the sensitivity
to larger structure. Note that the relative intensity scale
for these plots is identical for energies up to 580TeV,
where it then switches to a di↵erent scale to account for
the strong increase in relative intensity. For the IceTop
bins with 580TeV, 1.4PeV, and 5.4PeV median energy
and for the IceTop data, Fig. 7 shows the sky maps in
statistical significance.
The maps clearly indicate a strong energy dependence

of the global anisotropy. The large excess from 30� to
120� and deficit from 150� to 250� that dominate the sky
map at lower energies gradually disappear above 50TeV.
Above 100 TeV a change in the morphology is observed.
At higher energies, the anisotropy is characterized by a
wide relative deficit from 30� to 120�, with an amplitude
increasing with energy up to at least 5PeV, the highest
energies currently accessible to IceCube. To illustrate
the phase change, the relative intensity sky maps are
shown in polar coordinates in Fig. 8. It is important to
note that the time-scrambling method used to calculate
the reference map decreases in sensitivity as we approach
the polar regions. This e↵ect is clearly visible in Fig. 8,
where the relative intensity approaches zero at the pole
for each map, but is not indicative of the morphology of
the true anisotropy.
Because of the poor energy resolution, it is di�cult to

accurately determine the energy where the transition in
anisotropy occurs and how rapid the transition is. To il-
lustrate the energy dependence of the phase and strength
of the anisotropy, we show in Fig. 9 amplitude (left) and
phase (right) of the dipole moment as a function of en-
ergy. Both values are calculated by fitting the set of
harmonic functions with n  3 to the projection of the
two-dimensional relative intensity map (Fig. 6) in right
ascension,

3X

n=0

An cos[n(↵� �n)] , (1)

where An is the amplitude and �n is the phase of the nth

harmonic term, respectively. The fit is performed on a
projection with a 5� bin width in right ascension. We fit
the one-dimensional projection in right ascension rather
than the full sky map because the two-dimensional fit
of spherical harmonics to the map is di�cult to perform
with a limited field of view. As a result of the method
we apply to generate the reference map, the sky map will
in any case only show the projection of any dipole com-
ponent, so the one-dimensional fit is su�cient to study
the energy dependence of the dominant dipole. The val-
ues for the projections in each energy bin are provided
in Tab. 3.
The red data points in Fig. 9 are based on the Ice-

Top data. While the phase agrees well with that of
the IceCube data at similar energies, the amplitude of
the anisotropy is larger for the IceTop data than for
any IceCube energy bin. A possible explanation for the
di↵erence could be the di↵erent chemical composition
of the IceCube and IceTop data sets. Table 4 shows
the relative composition of cosmic rays detected in Ice-
Cube and IceTop according to simulation, based on a
primary cosmic-ray composition according to the model
by Hörandel (2003). For IceCube, we list the composi-
tion for all nine energy bins. Elements are grouped in
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Figure 9. Amplitude (left) and phase (right) of the dipole moment of the projection of the relative intensity in right ascension for the
nine energy bins of IceCube (blue) and for IceTop (red). The projections were fit with the set of harmonic functions (see Eq. 1), but only
the dipole is reported here. Data points indicate the median energy of each energy bin, with error bars on the energy showing the 68%
central interval.

Figure 10. Projection of relative intensity for all declinations as a function of right ascension for each configuration of the IceCube
detector from IC59 to the fourth year of IC86. The yearly data points are placed side by side in time sequence, and the di↵erent right
ascension bins are delineated by vertical lines. The shaded areas indicate systematic errors, calculated using the anti-sidereal frame for
each year independently.

projection as function of right ascension



Deciphering the Dipole Anisotropy of Galactic 
Cosmic Rays

M. Ahlers, arXiv1605.06446

3

CR intensity I into right ascension,

A
1

ei↵1
=

1

⇡(s
2

� s
1

)

2⇡Z

0

d↵

�2Z

�1

d� cos �ei↵I(↵, �) , (5)

where s
1/2 = sin �

1/2 and [�
1

, �
2

] is the declination inter-
val of the observatories’ time-integrated field of view (see
Table I). Note that expression (5) assumes that any in-
tensity variation induced by the local detector acceptance
is corrected, e.g., by following the method described in
Ref. [29].

Recent observations indicate that there exist signifi-
cant anisotropies in the arrival direction of CRs down to
angular scales of 10� [8, 30]. Hence, the observed relative
CR intensity must be expressed as a sum over spherical
harmonics in the form
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Table I shows the mixing terms M

1` for the first five
multipole moments for five different CR observatories.
The mixing terms are large and indicate that the pres-
ence of medium-scale anisotropy can have a significant
effect on the dipole anisotropy. We also show the mixing
of multipole moments derived from the one-dimensional
dipole analysis for an ideal observatory with full sky cov-
erage. In the case of a large integrated field of view, the
dipole analysis in terms of a two-dimensional analysis of
spherical harmonics seems more appropriate (see, e.g.,
Ref. [29]).

However, under the assumption that higher multipole
moments are negligible, |a`�1

| ⌧ |a
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| for ` > 1, we can
proceed by estimating the projected dipole component as
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The statistical uncertainty of the dipole vector can be ex-
pressed via the uncertainties on the amplitude and phase
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FIG. 1. Summary plot of the reconstructed TeV–PeV dipole
components �?0h and �?6h in the equatorial plane following
Eqs. (3) and (8). We show results of ARGO-YBJ [5], EAS-
TOP [6], IceCube/IceTop [7, 8], and Tibet-AS� [9] on the
energy dependence of the dipole anisotropy. (We omit the
last IceCube data point at 5.4 PeV with low significance [8].)
The attached numbers indicate the median energy of the bins
as log10(Emed/TeV). The colored disks show the error range
estimated by Eq. (9). The dashed line and grey-shaded area
indicate the magnetic field direction and its uncertainty (pro-
jected onto the equatorial plane) inferred from IBEX obser-
vations [21]. The black arrow indicate the Compton-Getting
effect from the solar motion with respect to the Local Stan-
dard of Rest that we subtracted from the data.

Figure 1 shows a summary of TeV–PeV anisotropy mea-
surements from the observatories listed in Table I. In
order to convert the amplitude and phase from RA-
projected data to the true horizontal dipole components
we use the conversion (8) and correct for a Compton-
Getting effect of the solar motion in the LSR in the re-
lation (3). The individual data sets presented in Fig. 1
show a large relative scatter at similar median energies,
even after correcting for the partial sky coverage of the
observatories. This indicates the contribution of cross-
talk of the dipole with ` & 2 multipoles of the individual
observatories (see Table I).

The dashed line in Fig. 1 shows the best-fit magnetic
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