
15
19



326 J. Blümer et al. / Progress in Particle and Nuclear Physics 63 (2009) 293–338

P

5.25

5

4.75

3.75

3.5

4.5

4.25

4

17 18 19 2014 15 16

log10(E / eV)

A

p

B

B EGp

He

Fe

EGT

Q

ALL

P
P

EG no losses

HiRes
Stereo FlysEye
Tunka

KASCADE
HaverahPk

Akeno / AGASA
Tibet

lo
g 1

0(
E

2.
75

 x
 F

lu
x 

/ m
-2

 s
-1

 s
r-1

 G
eV

1.
75

)

5.5

3.25

Fig. 25. The breakdown of the cosmic-ray spectrum according to a model of Hillas [449] as the sum of galactic H, He, CNO, Ne–S, and Fe components with
the same rigidity dependence, and extragalactic H+He having a spectrum ⇧ E�2.3 before suffering losses by cosmic microwave background and starlight
interactions. The galactic components were given a turn-down shape based on a KASCADE knee shape as far as the point marked x. The dashed line Q is
the total galactic SNR flux if the extended tail (component B) of the galactic flux is omitted [449].

electrons ranging from radio frequencies to the x-ray regime. The observed synchrotron flux is used to adjust parameters in
themodel, which in turn, is used to predict the flux of TeV � -rays. The solid line above 106 eV reflects the spectra of decaying
neutral pions, generated in interactions of accelerated hadrons with material in the vicinity of the source (hadron + ISM
⌅ ⇥0 ⌅ � � ). This process is clearly dominant over electromagnetic emissions generated by the inverse Compton effect
and non-thermal bremsstrahlung, as can be inferred from the figure. The results are compatible with a nonlinear kinetic
theory of cosmic-ray acceleration in supernova remnants and imply that this supernova remnant is an effective source of
nuclear cosmic rays, where about 10% of the mechanical explosion energy is converted into nuclear cosmic rays [443,445].
Further quantitative evidence for the acceleration of hadrons in supernova remnants is provided by measurements of the
HEGRA experiment [446] of TeV � -rays from the SNR Cassiopeia A [447] and by measurements of the H.E.S.S. experiment
from the SNR ‘‘Vela Junior’’ [448].

In conclusion, it may be stated that a standard picture of the origin of galactic cosmic rays seems to emerge from the data.
The measurements seem to be compatible with the assumption that (hadronic) cosmic rays are accelerated at strong shock
fronts of supernova remnants. The particles propagate in a diffusive process through the Galaxy. As origin for the knee a
combination of the maximum energy attained in the acceleration process and leakage from the Galaxy seems to be favored.

6.2. Transition region

Different scenarios are discussed in the literature for the transition from galactic to extragalactic cosmic rays. The
transition most likely occurs at energies between 1017 and 1018 eV.

The flux for elemental groups of the model of Hillas is shown in Fig. 25 [449]. The spectra are constructed with rigidity-
dependent knee features at high energies. Reviewing the properties of cosmic rays accelerated in SNRs, and using the fluxes
as derived by the KASCADE experiment (marked as component A in Fig. 25) Hillas finds that the obtained all-particle flux
(dashed line, marked with Q ) is not sufficient to explain the observed all-particle flux, see Fig. 25 [449]. Hillas proposes a
second (galactic) component to explain the observed flux at energies above 1016 eV, marked as component ‘‘B’’ in the figure.
An extragalactic component, marked as EGT , dominates the all-particle spectrum above 1019 eV, for details see [449]. The
model proposed byWibig andWolfendalewith a transition at higher energies between 1018 and 1019 eV [450]is very similar.
In this model, the galactic cosmic-ray flux extends to higher energies. Thus, a significant contribution of the extragalactic
component is required beyond 1018 eV only.

Another possibility to match the measured all-particle flux is a significant contribution of ultra-heavy elements (heavier
than iron) to the all-particle spectrum at energies of around 4⇥1017 eV [2,3], as illustrated in Fig. 26 (left). The figure shows
spectra for elemental groups with nuclear charge numbers as indicated, derived from direct and indirect measurements
according to the poly-gonato model [2]. The sum of all elements is shown as a solid line and is compared to the average
experimental all-particle flux in the figure. In this approach the second knee is caused by the fall-off of the heaviest elements
with Z up to 92. It is remarkable that the second knee occurs at E2nd ⇤ 92 · Ek, the latter being the energy of the first knee.
In this scenario, a significant extragalactic contribution is required at energies E � 4 ⇥ 1017 eV.
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In themodel of Berezinsky and collaborators [451,452], the dip in the all-particle spectrumbetween 1018 and 1019 eV, see
Fig. 26 (right), is interpreted as a structure caused by electron–positron pair production on cosmic microwave background
photons p + �3K ⇧ p + e+ + e�. Assuming a power law injection spectrum with a spectral index between � = �2.7
(without cosmological source evolution) and �2.4 (with cosmological source evolution), the spectrum can be described
for E > 1017.5 eV with a proton-dominated composition [451]. The shape of the dip is confirmed by data of the Akeno,
AGASA, HiRes, Yakutsk, and Fly’s Eye detectors after energy-rescaling [452]. Below a characteristic energy Ec ⌅ 1⇥ 1018 eV
the spectrum flattens and the steeper galactic spectrum becomes dominant at E < Ec . The transition energy Etr < Ec
approximately coincides with the position of the second knee E2nd observed in the all-particle spectrum. The critical energy
Ec is determined by the energy Eeq = 2.3⇥ 1018 eV, where adiabatic and pair-production energy losses are equal. Thus, the
position of the second knee is explained in this scenario by proton energy losses on cosmicmicrowave background photons.
The extragalactic component required in the poly-gonato model is somewhere between scenarios 1 and 2 shown in Fig. 26
(right). It should be emphasized that the pair productionmechanism requires the primary particles to be dominated (�80%)
by protons [286,91].

Traditionally, the ankle is interpreted as the characteristic signature for the transition between galactic and extragalactic
cosmic rays [449,453]. In such a scenario, extragalactic cosmic rays dominate the flux above about 1019 eV. This picture of
the transition to extragalactic cosmic rays is supported by the pioneering observations of the Fly’s Eye experiment that the
composition changes at about 1018.5 eV [32,324]. New observations by HiRes-MIA and HiRes find a rather sharp transition
from a heavy to a light composition at much lower energy, E ⇤ 1017.5 eV. It is clear that the HiRes data are difficult to
understand within a model in which naturally heavy elements should dominate the end of the spectrum of galactic cosmic
rays just below 1019 eV.

If one assumes that extragalactic cosmic rays are accelerated in processes qualitatively similar to those in our Galaxy then,
at injection, the composition of extragalactic cosmic rays should be similar to that of cosmic rays at lower energy. Indeed,
model calculations show that a mixed or even predominantly heavy source composition could, after taking propagation
effects into account, be compatible with existing data [91,454].

On the other hand, themodel by Berezinsky et al. predicts a proton-dominated composition at energies as low as 1018 eV.
One of the advantages of this model is the natural explanation of the energy and the shape of the ankle. To obtain a good
description of the ankle, there should not be more than ⇤20% He in the extragalactic cosmic-ray flux [91,286]. This could
be interpreted as indication for either strong magnetic fields in the accelerating shock fronts or top-down source scenarios,
which predict proton-dominated fluxes at not too high an energy.

Understanding the nature of the ankle in the cosmic-ray spectrum has direct implications for the spectrum at much
higher energy. For example, if the e+e� pair production model is confirmed one can conclude that (i) extragalactic cosmic
rays are mainly protons, (ii) sources are cosmologically distributed, (iii) there should be a GZK suppression of the flux, (iv)
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Fig. 11. Mean logarithmic mass for the three di!erent EG-CR models combined with the WR-CR (C/He = 0.4) model. Data
are the same as in Figure 8. Results obtained using WR-CR (C/He = 0.1) model are shown in Appendix B.

ters and the minimal model, and is partially an artefact of
the simplified propagation approach applied to this model.
We expect it to be much smoother for realistic propagation.
At energies below ! 109 GeV, both the PCS and the UFA
models produce similar results which are in better agree-
ment with the observed trend of the composition, but do
not introduce a significant improvement over the canonical
extra-galactic component used in Section 4. In all the three
cases for the EG-CR model, the CNO group dominates the
composition of Galactic cosmic rays at the transition region
from Galactic to extra-galactic cosmic rays. A clear distinc-
tion between the models would be possible from a detailed
measurement of the five major mass groups shown in Figure
10, in which they all have their characteristic “fingerprint”:
for example, around 109 GeV the minimal model is domi-
nated by the CNO group, the PCS model by helium, and
the UFA model by protons.

Results obtained using the WR-CR (C/He = 0.1) sce-
nario are given in Appendix B. The main di!erence from the
results of the C/He = 0.4 scenario is the significant dom-
inance of helium up to the transition energy region from
Galactic to extra-galactic cosmic rays (see Figures B.1 and
B.2).

6. Discussions

Our study has demonstrated that cosmic rays below
! 109 GeV can be predominantly of Galactic origin. Above
109 GeV, they are most likely to have an extra-galactic ori-
gin. We show that both the observed all-particle spectrum
and the composition at high energies can be explained if the
Galactic contribution consists of two components: (i) SNR-
CRs which dominates the spectrum up to ! 107 GeV, and
(ii) GW-CRs or preferably WR-CRs which dominates at
higher energies up to ! 109 GeV. When combined with an
extra-galactic component expected from strong radio galax-
ies or a source population with similar cosmological evolu-

tion, the WR-CR scenarios predict a transition from Galac-
tic to extra-galactic cosmic rays at around (6"8)#108 GeV,
with a Galactic composition mainly dominated by helium or
the CNO group, in contrast to most common assumptions.
In the following, we discuss our results for the SNR-CRs,
GW-CRs, and WR-CRs in the context of other views on
the Galactic cosmic rays below 109 GeV, the implication of
our results on the strength of magnetic fields in the Galac-
tic halo and Wolf-Rayet stars, and also the case of a steep
extra-galactic component extending below the second knee.

6.1. SNR-CRs

The maximum contribution of the SNR-CRs to the all-
particle spectrum is obtained at a proton cut-o! energy
of ! 4.5 # 106 GeV (see Figure 2). Such a high energy is
not readily achievable under the standard model of dif-
fusive shock acceleration theory in supernova remnants
for magnetic field values typical of that in the interstel-
lar medium (see e.g., Lagage & Cesarsky 1983). However,
numerical simulations have shown that the magnetic field
near supernova shocks can be amplified considerably up to
! 10" 100 times the mean interstellar value (Lucek & Bell
2000; Reville & Bell 2012). This is also supported by ob-
servations of thin X-ray filaments in supernova remnants
which can be explained as due to rapid synchrotron losses of
energetic electrons in the presence of strong magnetic fields
(Vink & Laming 2003; Parizot et al. 2006). Such strong
fields may lead to proton acceleration up to energies close
to the cut-o! energy obtain in our study (Bell 2004).

The main composition of cosmic rays predicted by the
SNR-CRs alone looks similar to the prediction of the poly-
gonato model (Hörandel 2003a). Both show a helium dom-
inance over proton around the knee, and iron taking over
at higher energies at ! 107 GeV in the SNR-CRs and at
! 6# 106 GeV in the poly-gonato model. The helium dom-
inance is more significant in the SNR-CRs which is due to
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Fig. 8. Mean logarithmic mass, !lnA", of cosmic rays predicted using the three di!erent models of the additional Galactic
component: WR-CRs (C/He = 0.1), WR-CRs (C/He = 0.4), and GW-CRs. Data: KASCADE (Antoni et al. 2005), TUNKA
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(Porcelli et al. 2015), and the di!erent optical measurements compiled in Kampert & Unger (2012). The two sets of data points
correspond to two di!erent hadronic interaction models (EPOS-LHC and QGSJET-II-04) used to convert Xmax values to !lnA".

which reaches a maximum mean mass at ! 6 " 107 GeV,
and becomes gradually lighter up to the ankle. However,
in the narrow energy range of ! (1 # 4) " 108 GeV, the
behaviour of the GW-CR model seems to agree with the
measurements from TUNKA, LOFAR and Yakutsk exper-
iments which show a nearly constant composition that is
di!erent from the behaviour observed by the Pierre Auger
Observatory at these energies. Understanding the system-
atic di!erences between the di!erent measurements at these
energies will be important for further testing of the GW-CR
model. Up to around the ankle, the WR-CR models show
an overall better agreement with the measurements than
the GW-CR model. At around (3# 5)" 107 GeV, the WR-
CR models seem to slightly under predict the KASCADE
measurements, and they are more in agreement with the
TUNKA measurements. Cosmic-ray composition measured
by experiments like KASCADE, which measures the parti-
cle content of air showers on the ground, is known to have a
large systematic di!erence from the composition measured
with fluorescence and Cherenkov light detectors using Xmax

measurements (Hörandel 2003b). The large discrepancy be-
tween the model predictions and the data above the ankle is
due to the absence of heavy elements in the EG-CR model
considered in our calculation. The e!ect of choosing other
models of EG-CRs will be discussed in the next section.

5. Test with di!erent models of extra-galactic
cosmic rays

Despite of the dominance of the ankle-transition model
in the general discussion, it has often been pointed out
that the essential high-energy features of the cosmic ray
spectrum, i.e. the ankle and, in part, even the second
knee, can be explained by propagation e!ects of extra-

galactic protons in the cosmologically evolving microwave
background (Hillas 1967; Berezinsky & Grigorieva 1988;
Berezinsky et al. 2006; Hillas 2005; Aloisio et al. 2012,
2014). While the most elegant and also most radical formu-
lation of this hypothesis, the so-called “proton-dip model”,
is meanwhile considered disfavoured by the proton fraction
at the ankle measured by the Pierre Auger Observatory
(Aab et al. 2014), the light composition below the ankle re-
cently reported by the LOFAR measurement (Buitink et al.
2016) and a potential “light ankle” at about 108 GeV found
by the KASCADE-Grande experiment (Apel et al. 2013)
have reinstated the interest in such models, and led to a
number of ramifications, all predicting a more or less sig-
nificant contribution of extra-galactic cosmic rays below the
ankle. As such a component can greatly modify the model
parameters, in particular the maximum energy, for the ad-
ditional Galactic component – if not removing its necessity
altogether – we study this e!ect using the WR-CR models,
which show an overall best agreement with the data below
the ankle, as a Galactic paradigm.

Before, however, discussing a stronger extra-galactic
component below the ankle, we want to think about the
minimal extra-galactic contribution we can have, if we as-
sume the largely heavy spectrum above the ankle is all
extra-galactic and consider their propagation over extra-
galactic distances. To construct this “minimal model”, we
follow di Matteo et al. (2015) and use the Monte-Carlo sim-
ulation code CRPropa 3.0 (Batista et al. 2016), which takes
into account all important interaction processes undergone
by EG-CRs while propagating through the CMB and the
extra-galactic background light, and also the energy loss as-
sociated with the cosmological expansion. The e!ects of un-
certainties in the simulations are discussed in Batista et al.
(2015). We assume the sources to be uniformly distributed
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ABSTRACT

Motivated by the recent high-precision measurements of cosmic rays by several new-generation experiments, we have
carried out a detailed study to understand the observed energy spectrum and composition of cosmic rays with energies
up to about 1018 eV. Our study shows that a single Galactic component with subsequent energy cut-o!s in the individual
spectra of di!erent elements, optimised to explain the observed elemental spectra below ! 1014 eV and the “knee” in
the all-particle spectrum, cannot explain the observed all-particle spectrum above ! 2 " 1016 eV. We discuss two
approaches for a second component of Galactic cosmic rays – re-acceleration at a Galactic wind termination shock, and
supernova explosions of Wolf-Rayet stars, and show that the latter scenario can explain almost all observed features in
the all-particle spectrum and the composition up to ! 1018 eV, when combined with a canonical extra-galactic spectrum
expected from strong radio galaxies or a source population with similar cosmological evolution. In this two-component
Galactic model, the “knee” at ! 3 " 1015 eV and the “second knee” at ! 1017 eV in the all-particle spectrum are due
to the cut-o!s in the first and second components, respectively. We also discuss several variations of the extra-galactic
component, from a minimal contribution to scenarios with a significant component below the “ankle” (at ! 4"1018 eV),
and find that extra-galactic contributions in excess of regular source evolution are neither indicated nor in conflict with
the existing data. We also provide arguments that an extra-galactic contribution is unlikely to dominate at or below
the “second knee”. Our main result is that the second Galactic component predicts a composition of Galactic cosmic
rays at and above the “second knee” that largely consists of helium or a mixture of helium and CNO nuclei, with a
weak or essentially vanishing iron fraction, in contrast to most common assumptions. This prediction is in agreement
with new measurements from LOFAR and the Pierre Auger Observatory which indicate a strong light component and
a rather low iron fraction between ! 1017 and 1018 eV.

Key words. Galaxy — cosmic rays — di!usion — ISM: supernova remnants — Stars: winds — Stars: Wolf-Rayet

1. Introduction

Until a decade ago, the cosmic ray spectrum from " 10 GeV
to " 1011 GeV was seen as a power law with mainly two
features: a steepening from a spectral index ! # $2.7 to
! # $3.1 at about 3%106 GeV, commonly called the “knee”,
and a flattening back to ! # $2.7 at about 4 % 109 GeV,
consequently denoted as the “ankle”. Phenomenological ex-
planations for the knee have been given due to propagation
e!ects in the Galaxy (Ptuskin et al. 1993), progressive cut-
o!s in the spectra of nuclear components from hydrogen
to lead (Hörandel 2003a), or re-acceleration at shocks in
a Galactic wind (Völk & Zirakashvili 2004), but left open
the question of the primary Galactic accelerators produc-
ing these particles. Explanations based on source physics
have been mostly built on the assumption that supernova
remnants, on grounds of energetics known as one of the
most promising sources for cosmic rays (Baade & Zwicky
1934), accelerate cosmic rays at shocks ploughing into the
interstellar medium to energies up to about 105!6 GeV

! E-mail: satyendra.thoudam@lnu.se

(Lagage & Cesarsky 1983; Axford 1994). This may ex-
tend to " 108 GeV if they are propagating in fast and
highly magnetized stellar winds (Völk & Biermann 1988;
Biermann & Cassinelli 1993), or if non-linear e!ects in the
acceleration process are considered (Bell & Lucek 2001).
The combination of such components could eventually ex-
plain cosmic rays below and above the knee as a super-
position of components of di!erent nuclei, as shown, e.g.,
by Stanev et al. (1993). At energies above 109 GeV this
steep component was assumed to merge into a flatter extra-
galactic component (Rachen et al. 1993; Berezinsky et al.
2004), explaining the ankle in the spectrum. For this extra-
galactic component, sources on all scales have been pro-
posed: From clusters of galaxies (Kang et al. 1996) through
radio galaxies (Rachen & Biermann 1993), compact AGN
jets (Mannheim et al. 2001) to gamma-ray bursts (Waxman
1995). It was commonly assumed to be dominated by pro-
tons. Eventually, at " 1011 GeV the cosmic ray spectrum
was believed to terminate in the so-called GZK cuto!
(Greisen 1966; Zatsepin & Kuzmin 1996) due to interaction
with cosmic microwave background (CMB) photons.

Article number, page 1 of 23
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ABSTRACT

Recent cosmic-ray measurements have found an anomaly in the cosmic-ray energy spectrum at GeV-TeV energies. Although the origin
of the anomaly is not clearly understood, suggested explanations include the e!ect of cosmic-ray source spectrum, propagation e!ects,
and the e!ect of nearby sources. In this paper, we propose that the spectral anomaly might be an e!ect of reacceleration of cosmic
rays by weak shocks in the Galaxy. After acceleration by strong supernova remnant shock waves, cosmic rays undergo di!usive
propagation through the Galaxy. During the propagation, cosmic rays may again encounter expanding supernova remnant shock
waves, and get re-accelerated. As the probability of encountering old supernova remnants is expected to be larger than the younger
remnants because of their bigger sizes, reacceleration is expected to be produced mainly by weaker shocks. Since weaker shocks
generate a softer particle spectrum, the resulting re-accelerated component will have a spectrum steeper than the initial cosmic-ray
source spectrum produced by strong shocks. For a reasonable set of model parameters, it is shown that the re-accelerated component
can dominate the GeV energy region while the non-reaccelerated component dominates at higher energies, thereby explaining the
observed GeV-TeV spectral anomaly.

Key words. ISM: general – cosmic rays – ISM: supernova remnants – acceleration of particles

1. Introduction

Measurements of cosmic rays by the Advanced Thin Ionization
Calorimeter (ATIC; Panov et al. 2007), Cosmic Ray Energetics
and Mass (CREAM; Yoon et al. 2011), and Payload for
Antimatter Matter Exploration and Light-nuclei Astrophysics
(PAMELA; Adriani et al. 2011) experiments have found a spec-
tral anomaly at GeV-TeV energies. The spectrum in the TeV re-
gion is found to be harder than at GeV energies. Although the
hardening is found to be more prominent in the proton and he-
lium spectra, it also seems to be present in the spectra of heav-
ier cosmic-ray elements, such as carbon and oxygen. The spec-
tral anomaly is di"cult to explain with simple general models
of cosmic-ray acceleration, and their transport in the Galaxy.
Simple linear theory of cosmic-ray acceleration (Krymskii 1977;
Bell 1978; Blandford & Ostriker 1978), and the nature of their
propagation in the Galaxy (Ginzburg & Ptuskin 1976) predict
a single power-law cosmic-ray spectrum over a wide range in
energy.

The origin of the anomaly is still not clearly understood.
Possible explanations that have been suggested include the ef-
fect of cosmic-ray source spectrum (Biermann et al. 2010; Ohira
et al. 2011; Yuan et al. 2011; Ptuskin et al. 2013), e!ects due to
propagation through the Galaxy, (Tomassetti 2012; Blasi et al.
2012; Aloisio & Blasi 2013), and the e!ect of nearby sources
(Thoudam & Hörandel 2012, 2013; Erlykin & Wolfendale 2012;
Bernard et al. 2013; Zatsepin et al. 2013).

In this paper, we discuss the possibility that the anomaly
could be an e!ect of reacceleration of cosmic rays by weak
shocks in the Galaxy. This scenario was also briefly discussed

! Appendix A is available in electronic form at
http://www.aanda.org

recently by Ptuskin et al. 2011. After acceleration by strong su-
pernova remnant shock waves, cosmic rays escape from the rem-
nants and undergo di!usive propagation in the Galaxy. The prop-
agation can be accompanied by some level of reacceleration due
to repeated encounters with expanding supernova remnant shock
waves (Wandel 1988; Berezhko et al. 2003). As older remnants
occupy a larger volume in the Galaxy, cosmic rays are expected
to encounter older remnants more often than the younger rem-
nants. Thus, this process of reacceleration is expected to be pro-
duced mainly by weaker shocks. As weaker shocks generate a
softer particle spectrum, the resulting re-accelerated component
will have a spectrum steeper than the initial cosmic-ray source
spectrum produced by strong shocks. As will be shown later, the
re-accelerated component can dominate at GeV energies, while
the non-reaccelerated component (hereafter referred to as the
“normal component”) dominates at higher energies.

Cosmic rays can also be re-accelerated by the same magnetic
turbulence responsible for their scattering and spatial di!usion in
the Galaxy. This process, which is commonly known as the dis-
tributed reacceleration, has been studied quite extensively, and
it is known that it can produce strong features on some of the
observed properties of cosmic rays at low energies. For instance,
the peak in the secondary-to-primary ratios at "1 GeV/nucleon
can be attributed to this e!ect (Seo & Ptuskin 1994). Earlier
studies suggest that a strong amount of reacceleration of this
kind can produce unwanted bumps in the cosmic-ray proton and
helium spectra at few GeV/nucleon (Cesarsky 1987; Stephens
& Golden 1990). It was later shown that for some mild reaccel-
eration, which is su"cient to reproduce the observed boron-to-
carbon ratio, the resulting proton spectrum does not show any
noticeable bumpy structures (Seo & Ptuskin 1994). In fact, the
e"ciency of distributed reacceleration is expected to decrease
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Fig. 6. Result for protons (top) and helium nuclei (bottom). Solid line:
our calculation. Model parameters used: qP = 2.21, qHe = 2.18, fP =
6.95%, fHe = 0.79%. The propagation and the reacceleration model pa-
rameters (D0, !0, a, ", s) are the same as in Fig. 4. Data: CREAM (Yoon
et al. 2011), ATIC (Panov et al. 2007), AMS-01 (Alcaraz et al. 2000;
Aguilar et al. 2002), and PAMELA (Adriani et al. 2011).

present set of model parameters, there is also an additional e!ect
due to the steeper proton source index of qp = 2.21 compared to
that of helium nuclei of qHe = 2.18. Choosing a larger index
produces a steeper spectrum of background cosmic rays in the
Galaxy. This leads to two e!ects on the re-accelerated compo-
nent. First, a larger number of low-energy background particles
become available for reacceleration, leading to an increase in
the number of re-accelerated particles. Second, because now the
normal component also becomes steeper, the contribution of the
re-acelerated component becomes more extended to higher en-
ergies. Therefore, the reacceleration e!ect turns out to be more
prominent, and also somewhat more extended in energy for pro-
tons than for helium.

For heavier nuclei for which the inelastic cross-sections are
much larger, the reacceleration e!ect is significantly less. This
is demonstrated in Fig. 7 with our result on the iron nuclei.
The calculation assumes the source parameters to be qFe =
2.28 and fFe = 4.9 ! 10"3% to reproduce the measured spec-
trum. The propagation and the reacceleration model parameters
(D0, !0, a, ", s) are taken to be the same as in Fig. 4. Even for the
steeper source spectrum assumed for the iron nuclei as compared
to the proton and helium nuclei, the reacceleration e!ect is hard
to notice in Fig. 7, and the model spectrum above #20 GeV/n
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Fig. 7. Result for iron nuclei. Solid line: our calculation. Model pa-
rameters used: qFe = 2.28, fFe = 0.0049%. All other model parameters
remain the same as in Fig. 4. Data: CREAM (Ahn et al. 2009), ATIC
(Panov et al. 2007), CRN (Swordy et al. 1990), HEAO (Engelmann
et al. 1990), and TRACER (Obermeier et al. 2011).

follows approximately a single power law, unlike the proton and
helium spectra. Thus, our present model predicts a mass depen-
dent spectral hardening, which can be used to di!erentiate it
from other models in the future. Furthermore, in our model, such
a spectral hardening is not expected for electrons as they su!er
severe radiative losses that will dominate the reacceleration ef-
fect even at few GeV energies.

4. Conclusion

In short, we conclude that the spectral anomaly of cosmic rays at
GeV-TeV energies, observed for the proton and helium nuclei by
recent experiments, can be an e!ect of reacceleration of cosmic
rays by weak shocks associated with old supernova remnants in
the Galaxy. The reacceleration e!ect is shown to be important
for light nuclei such as proton and helium, and negligible for
heavier nuclei such as iron. Our prediction of the decreasing ef-
fect of reacceleration with the increase in the elemental mass
can be checked by future sensitive measurements of heavier nu-
clei at TeV/n energies. The reacceleration e!ect is expected to
be negligible for electrons.
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Fig. 2. Carbon (top) and boron (bottom) spectra for ! =
(0, 0.1, 0.3, 0.5, 0.8, 1.1). Other model parameters remain the same as
in Fig. 1.
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model parameters are the same as in Fig. 1.

than that of the primaries by the index of di!usion. This allows
the re-accelerated component to dominate to higher energies in
the case of boron.

Figure 3 shows the boron-to-carbon ratio for the di!erent
values of !. The model parameters and the line representations
remain the same as in Fig. 2. Similar e!ects observed in the
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Fig. 4. Boron-to-carbon ratio. Solid line: our present result for maxi-
mum reacceleration. Dashed line: best-fit result for pure di!usion model
(Thoudam & Hörandel 2013). Model parameters used: ! = 1.02, D0 =
9 ! 1028 cm2 s"1, "0 = 3 GV, a = 0.33, qC = 2.24, qO = 2.26, s = 4.5,
pc = 1 PeV/c, fC = 0.024%, fO = 0.025%, #̄ = 25 SNe Myr"1 kpc"2

and $ = 450 MV. Data: HEAO (Engelmann et al. 1990), CRN (Swordy
et al. 1990), CREAM (Ahn et al. 2008), AMS-01 (Aguilar et al. 2010),
ATIC (Panov et al. 2008; Orth et al. 1978; Simon et al. 1980; Webber
et al. 1985), and TRACER (Obermeier et al. 2011).

energy spectra shown in Fig. 2 are also observed in the ratio. In
the model without reacceleration (! = 0), the ratio follows an in-
verse relation with the di!usion coe"cient, and hence, the slope
of the ratio follows the inverse of the di!usion index as E"a (see
thick solid line in Fig. 3). When comparing the result for ! = 0
with the results obtained for ! > 0, it is clear that in the reaccel-
eration model, the secondary-to-primary ratio does not represent
a direct measure of the cosmic-ray di!usion coe"cient in the
Galaxy as in pure di!usion models. The ratio also depends on
the reacceleration parameters such as the e"ciency of reaccel-
eration and the spectral index of the re-accelerated particles s.
Moreover, the ratio depends weakly on the primary source pa-
rameters such as q and f , unlike in the pure di!usion models
where the ratio is almost independent of the source parameters.

3.2. Comparison with the data

For the rest of the study, we take the size of the source
distribution R = 20 kpc, the proton high-momentum cuto!
pc = 1 PeV/c, and the supernova explosion rate as #̄ =
25 SNe Myr"1 kpc"1. The latter corresponds to a rate of #3 SNe
per century in the Galaxy. The cosmic-ray propagation param-
eters (D0, "0, a), the reacceleration parameters (!, s), and the
source parameters (q, f ) are taken as model parameters. They
are derived from the measured cosmic-ray data.

We first determine (D0, "0, a, !, s) based on the measure-
ments of the boron-to-carbon ratio, and the spectra for the car-
bon, oxygen, and boron nuclei simultaneously. Their values are
found to be D0 = 9 ! 1028 cm2 s"1, " = 3 GV, a = 0.33,
! = 1.02, and s = 4.5. These values correspond to the maximum
amount of reacceleration permitted by the available boron-to-
carbon data, while at the same time produce a reasonably good
fit to the measured carbon, oxygen, and boron energy spectra si-
multaneously. Figure 4 shows the result on the boron-to-carbon
ratio (solid line) along with the measurement data. The data are
from High Energy Astronomy Observatory Program (HEAO:
Engelmann et al. 1990), Cosmic Ray Nuclei Experiment (CRN;
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Fig. 1. Energy spectra for di!erent cosmic-ray elements. Solid line: Model prediction for the SNR-CRs. Data: CREAM (Ahn et al.
2009; Yoon et al. 2011), ATIC-2 (Panov et al. 2007), AMS-02 (Aguilar et al. 2015a,b), PAMELA (Adriani et al. 2011), CRN
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Table 1. Source spectral indices, q, and energy injected per
supernova, f , for the di!erent species of cosmic rays used in the
calculation of the SNR-CRs spectra shown in Figures 1 and 2.

Particle type q f (!1049 ergs)
Proton 2.24 6.95
Helium 2.21 0.79
Carbon 2.21 2.42! 10!2

Oxygen 2.25 2.52! 10!2

Neon 2.25 3.78! 10!3

Magnesium 2.29 5.17! 10!3

Silicon 2.25 5.01! 10!3

Iron 2.25 4.95! 10!3

mechanism (see e.g., Malkov & Drury 2001). We assume
that the maximum energy for cosmic-ray nuclei produced
by the supernova shock is Z times the maximum energy
for protons. Based on the observed high concentration of
supernova remnants and atomic and molecular hydrogen
near the Galactic disk, in Equation 1, we assume that both
cosmic-ray sources and interstellar matter are distributed
in the disk (i.e., at z = 0). The distributions are assumed
to be uniform, and extended up to a radius R.

Recalling the analytical solution of Equation 1 derived
in Thoudam & Hörandel (2014), the cosmic-ray density at
the position r = 0 for p > p0 follows,

N(z, p) = !̄R

! "

0
dk

sinh [k(L" z)]

sinh(kL)
!

J1(kR)

B(p)

"

Q(p)

+ "sp!s

! p

p0

dp#p#
s
Q(p#)A(p#) exp

#

"s

! p

p!

A(u)du

$

%

,

(3)

where J1 is a Bessel function of order 1, and the functions
B and A are given by,

B(p) = 2D(p)k coth(kL) + n̄v(p)#(p) + "

A(u) =
1

uB(u)
. (4)

From Equation 3, the cosmic-ray density at the Earth can
be obtained by taking z = 0 considering that our Solar
system lies close to the Galactic plane.

2.2. Model prediction for the low-energy measurements

By comparing the abundance ratio of boron-to-carbon nu-
clei predicted by the model with the measurements, the
cosmic-ray propagation parameters (D0, a) and the re-
acceleration parameters ($, s) have been obtained to be,
D0 = 9 ! 1028 cm2 s!1, a = 0.33, $ = 1.02, and s = 4.5
(Thoudam & Hörandel 2014). We adopt these values in our
present study. The supernova remnant radius is taken to be
# = 100 pc. The inelastic interaction cross-section for pro-
tons is taken from Kelner et al. (2006), and for heavier nu-
clei, the cross-sections are taken from Letaw et al. (1983).
The surface matter density is taken as the averaged den-
sity in the Galactic disk within a radius equal to the size
of the di!usion boundary L. We choose L = 5 kpc, which
gives an averaged surface density of atomic hydrogen of
n̄ = 7.24! 1020 atoms cm!2 (Thoudam & Hörandel 2013).

An extra 10% is further added to n̄ to account for the he-
lium abundance in the interstellar medium. The radial ex-
tent of the source distribution is taken as R = 20 kpc. Each
supernova explosion is assumed to release a total kinetic en-
ergy of 1051 ergs, and the supernova explosion frequency is
taken as !̄ = 25 SNe Myr!1 kpc!2. The latter corresponds
to a rate of $ 3 supernova explosions per century in the
Galaxy.

Using the values of various parameters mentioned
above, the energy spectra of SNR-CRs for di!erent elements
are calculated. In Figure 1, results for eight elements (pro-
ton, helium, carbon, oxygen, neon, magnesium, silicon and
iron, which represent the dominant species at low energies)
are compared with the measured data at low energies. The
source parameters (q, f) for the individual elements are kept
free in the calculation, and they are optimised based on the
observed individual spectra at low energies. The parame-
ter values that best reproduce the measured data are listed
in Table 1. The source spectral indices are in the range of
2.21" 2.29, and out of the total of 8% of the supernova ex-
plosion energy channelled into SNR-CRs, the largest frac-
tion goes into protons at the level of 6.95%, followed by
helium nuclei with 0.79%. The calculated spectra repro-
duce the measured data quite well including the behaviour
of spectral hardening at TeV energies observed for protons
and helium nuclei. In our model, the absence of such a spec-
tral hardening for heavier nuclei is explained as due to the
increasing e!ect of inelastic collision over re-acceleration
with the increase in mass (Thoudam & Hörandel 2014).

2.3. Extrapolation of the SNR-CR spectrum to high energies

In Figure 1, we also show an extrapolation of the model pre-
diction to high energies. For protons, helium, carbon, silicon
and iron nuclei, the predictions are compared with the avail-
able measurements from the KASCADE experiment above
$ 106 GeV. The calculation assumes an exponential cut-o!
for the proton source spectrum at Ec = 4.5! 106 GeV, and
for the heavier nuclei at ZEc. This value of Ec, which is
obtained by comparing the predicted all-particle spectrum
with the observed all-particle spectrum as shown in Fig-
ure 2, represents the maximum Ec value permitted by the
measurements. While obtaining the all-particle spectrum
shown in Figure 2, we also include contributions from the
sub-dominant primary cosmic-ray elements (Z < 26), cal-
culated using elemental abundances at 103 GeV given in
Hörandel (2003a) and a source index of 2.25. Their total
contribution amounts up to $ 8% of the all-particle spec-
trum. The predicted all-particle spectrum agrees with the
data up to $ 2 ! 107 GeV, and reproduces the observed
knee at the right position. Choosing Ec values larger than
4.5! 106 GeV will produce an all-particle spectrum which
is inconsistent both with the observed knee position and
the intensity above the knee. Although our estimate for
the best-fit Ec value does not rely on the proton measure-
ments at high energies, it can be noticed from Figure 1
that both the predicted proton and helium spectra are in
good agreement (within systematic uncertainties) with the
KASCADE data. For carbon, silicon and iron nuclei, the
agreement with the data is less convincing, which may be
related to the larger systematic uncertainties in the shapes
of the measured spectra.

From Figure 2, it can be observed that, at energies
around the knee, the all-particle spectrum is predicted to be
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Table 1. Source spectral indices, q, and energy injected per
supernova, f , for the di!erent species of cosmic rays used in the
calculation of the SNR-CRs spectra shown in Figures 1 and 2.

Particle type q f (!1049 ergs)
Proton 2.24 6.95
Helium 2.21 0.79
Carbon 2.21 2.42! 10!2

Oxygen 2.25 2.52! 10!2

Neon 2.25 3.78! 10!3

Magnesium 2.29 5.17! 10!3

Silicon 2.25 5.01! 10!3

Iron 2.25 4.95! 10!3

mechanism (see e.g., Malkov & Drury 2001). We assume
that the maximum energy for cosmic-ray nuclei produced
by the supernova shock is Z times the maximum energy
for protons. Based on the observed high concentration of
supernova remnants and atomic and molecular hydrogen
near the Galactic disk, in Equation 1, we assume that both
cosmic-ray sources and interstellar matter are distributed
in the disk (i.e., at z = 0). The distributions are assumed
to be uniform, and extended up to a radius R.

Recalling the analytical solution of Equation 1 derived
in Thoudam & Hörandel (2014), the cosmic-ray density at
the position r = 0 for p > p0 follows,
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where J1 is a Bessel function of order 1, and the functions
B and A are given by,

B(p) = 2D(p)k coth(kL) + n̄v(p)#(p) + "

A(u) =
1

uB(u)
. (4)

From Equation 3, the cosmic-ray density at the Earth can
be obtained by taking z = 0 considering that our Solar
system lies close to the Galactic plane.

2.2. Model prediction for the low-energy measurements

By comparing the abundance ratio of boron-to-carbon nu-
clei predicted by the model with the measurements, the
cosmic-ray propagation parameters (D0, a) and the re-
acceleration parameters ($, s) have been obtained to be,
D0 = 9 ! 1028 cm2 s!1, a = 0.33, $ = 1.02, and s = 4.5
(Thoudam & Hörandel 2014). We adopt these values in our
present study. The supernova remnant radius is taken to be
# = 100 pc. The inelastic interaction cross-section for pro-
tons is taken from Kelner et al. (2006), and for heavier nu-
clei, the cross-sections are taken from Letaw et al. (1983).
The surface matter density is taken as the averaged den-
sity in the Galactic disk within a radius equal to the size
of the di!usion boundary L. We choose L = 5 kpc, which
gives an averaged surface density of atomic hydrogen of
n̄ = 7.24! 1020 atoms cm!2 (Thoudam & Hörandel 2013).

An extra 10% is further added to n̄ to account for the he-
lium abundance in the interstellar medium. The radial ex-
tent of the source distribution is taken as R = 20 kpc. Each
supernova explosion is assumed to release a total kinetic en-
ergy of 1051 ergs, and the supernova explosion frequency is
taken as !̄ = 25 SNe Myr!1 kpc!2. The latter corresponds
to a rate of $ 3 supernova explosions per century in the
Galaxy.

Using the values of various parameters mentioned
above, the energy spectra of SNR-CRs for di!erent elements
are calculated. In Figure 1, results for eight elements (pro-
ton, helium, carbon, oxygen, neon, magnesium, silicon and
iron, which represent the dominant species at low energies)
are compared with the measured data at low energies. The
source parameters (q, f) for the individual elements are kept
free in the calculation, and they are optimised based on the
observed individual spectra at low energies. The parame-
ter values that best reproduce the measured data are listed
in Table 1. The source spectral indices are in the range of
2.21" 2.29, and out of the total of 8% of the supernova ex-
plosion energy channelled into SNR-CRs, the largest frac-
tion goes into protons at the level of 6.95%, followed by
helium nuclei with 0.79%. The calculated spectra repro-
duce the measured data quite well including the behaviour
of spectral hardening at TeV energies observed for protons
and helium nuclei. In our model, the absence of such a spec-
tral hardening for heavier nuclei is explained as due to the
increasing e!ect of inelastic collision over re-acceleration
with the increase in mass (Thoudam & Hörandel 2014).

2.3. Extrapolation of the SNR-CR spectrum to high energies

In Figure 1, we also show an extrapolation of the model pre-
diction to high energies. For protons, helium, carbon, silicon
and iron nuclei, the predictions are compared with the avail-
able measurements from the KASCADE experiment above
$ 106 GeV. The calculation assumes an exponential cut-o!
for the proton source spectrum at Ec = 4.5! 106 GeV, and
for the heavier nuclei at ZEc. This value of Ec, which is
obtained by comparing the predicted all-particle spectrum
with the observed all-particle spectrum as shown in Fig-
ure 2, represents the maximum Ec value permitted by the
measurements. While obtaining the all-particle spectrum
shown in Figure 2, we also include contributions from the
sub-dominant primary cosmic-ray elements (Z < 26), cal-
culated using elemental abundances at 103 GeV given in
Hörandel (2003a) and a source index of 2.25. Their total
contribution amounts up to $ 8% of the all-particle spec-
trum. The predicted all-particle spectrum agrees with the
data up to $ 2 ! 107 GeV, and reproduces the observed
knee at the right position. Choosing Ec values larger than
4.5! 106 GeV will produce an all-particle spectrum which
is inconsistent both with the observed knee position and
the intensity above the knee. Although our estimate for
the best-fit Ec value does not rely on the proton measure-
ments at high energies, it can be noticed from Figure 1
that both the predicted proton and helium spectra are in
good agreement (within systematic uncertainties) with the
KASCADE data. For carbon, silicon and iron nuclei, the
agreement with the data is less convincing, which may be
related to the larger systematic uncertainties in the shapes
of the measured spectra.

From Figure 2, it can be observed that, at energies
around the knee, the all-particle spectrum is predicted to be
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2. Cosmic rays from supernova remnants
(SNR-CRs)

Although the exact nature of cosmic-ray sources in the
Galaxy is not yet firmly established, supernova remnants
are considered to be the most plausible candidates both
from the theoretical and the observational points of view.
It has been theoretically established that shock waves as-
sociated with supernova remnants can accelerate particles
from the thermal pool to a non-thermal distribution of en-
ergetic particles. The underlying acceleration process, com-
monly referred to as the di!usive shock acceleration pro-
cess, has been studied quite extensively, and it produces
a power-law spectrum of particles with a spectral index
close to 2 (Krymskii 1977; Bell 1978; Blandford & Ostriker
1978; Drury 1983; Ptuskin et al. 2010; Caprioli et al. 2011),
which is in good agreement with the values inferred from
radio observation of supernova remnants (Green 2009).
Moreover, the total power of ! 1042 ergs s!1 injected by
supernova explosions into the Galaxy, considering a su-
pernova explosion energy of ! 1051 ergs and an explo-
sion frequency of ! 1/30 yr!1, is more than su"cient to
maintain the cosmic-ray energy content of the Galaxy.
In addition to the radio measurements, observational ev-
idence for the presence of high-energy particles inside su-
pernova remnants is provided by the detection of non-
thermal X-rays (Vink & Laming 2003; Parizot et al. 2006)
and TeV gamma rays from a number of supernova rem-
nants (Aharonian et al. 2006, 2008; Albert et al. 2007). For
instance, the detection of TeV gamma rays up to energies
close to 100 TeV from the supernova remnant RX J1713.7-
3946 by the H.E.S.S. Cherenkov telescope array indicates
that particles with energies up to ! 1 PeV can be acceler-
ated inside supernova remnants (Aharonian et al. 2007).

2.1. Transport of SNR-CRs in the Galaxy

After acceleration by strong supernova remnant shock
waves, cosmic rays escape from the remnants and undergo
di!usive propagation through the Galaxy. During the prop-
agation, some fraction of cosmic rays may further get re-
accelerated due to repeated encounters with expanding su-
pernova remnant shock waves in the interstellar medium
(Wandel 1988; Berezhko et al. 2003). This re-acceleration
is expected to be produced mainly by older remnants, with
weaker shocks, because of their bigger sizes. Therefore, the
re-acceleration is expected to generate a particle spectrum
which is steeper than the initial source spectrum of cosmic
rays produced by strong shocks. This model has been de-
scribed in detail in Thoudam & Hörandel (2014), and it has
been shown that the re-accelerated cosmic rays can dom-
inate the GeV energy region while the non-re-accelerated
cosmic rays dominate at TeV energies, thereby explaining
the observed spectral hardening in the TeV region. Below,
we briefly summarise some key features of the model which
are important for the present study.

The steady-state transport equation for cosmic-ray nu-
clei in the Galaxy in the re-acceleration model is described
by,

" · (D"N)# [n̄v! + "] #(z)N

+

!

"sp!s

" p

p0

du N(u)us!1

#

#(z) = #Q#(z), (1)

where we have adopted a cylindrical geometry for the prop-
agation region described by the radial r and vertical z co-
ordinates with z = 0 representing the Galactic plane. We
assume the region to have a constant halo boundary at
z = ±L, and no boundary in the radial direction. This
is a reasonable assumption for cosmic rays at the galacto-
centric radius of the Sun as the majority of them are pro-
duced within a radial distance !L from the Sun (Thoudam
2008). Choosing a di!erent (smaller) halo height for the
Galactic center region, as indicated by the observed WMAP
haze (Biermann et al. 2010b), will not produce significant
e!ects in our present study. N(r, z, p) represents the dif-
ferential number density of the cosmic-ray nuclei with mo-
mentum/nucleon p, and Q(r, p)#(z) is the injection rate of
cosmic rays per unit volume by supernova remnants in the
Galaxy. The di!usive nature of the propagation is repre-
sented by the first term in Equation 1. The di!usion co-
e"cient D($) is assumed to be a function of the particle
rigidity $ as, D($) = D0%($/$0)a, where D0 is the di!u-
sion constant, % = v/c with v(p) and c representing the
velocity of the particle and the velocity of light respec-
tively, $0 = 3 GV is a constant, and a is the di!usion in-
dex. The rigidity is defined as $ = Apc/Ze, where A and
Z represent the mass number and the charge number of
the nuclei respectively, and e is the charge of an electron.
The second term in Equation 1 represents the loss of par-
ticles during the propagation due to inelastic interaction
with the interstellar matter, and also due to re-acceleration
to higher energies, where n̄ represents the surface density
of matter in the Galactic disk, !(p) is the inelastic inter-
action cross-section, and " corresponds to the rate of re-
acceleration. We take " = &V '̄, where V = 4($3/3 is
the volume occupied by a supernova remnant of radius
$ re-accelerating the cosmic rays, & is a correction factor
that is introduced to account for the actual unknown size
of the remnants, and '̄ is the frequency of supernova ex-
plosions per unit surface area in the Galactic disk. The
term containing the integral in Equation 1 represents the
gain in the number of particles due to re-acceleration from
lower energies. The e!ect of Galactic wind and ionisation
losses which are important mostly at low energies, below
! 1 GeV/nucleon, are not included explicitly in the trans-
port equation. Instead, we introduce a low-momentum cut-
o!, p0! 100 MeV/nucleon, in the particle distribution to
account for the e!ect on the number of low-energy parti-
cles available for re-acceleration in the presence of these pro-
cesses (Wandel et al. 1987). We assume that re-acceleration
instantaneously produces a power-law spectrum of parti-
cles with spectral index s. The source term Q(r, p) can
be expressed as Q(r, p) = '̄H[R # r]H[p # p0]Q(p), where
H(m) = 1(0) for m > 0(< 0) represents a Heaviside step
function, and the source spectrum Q(p) is assumed to follow
a power-law in total momentum with an exponential cut-o!
which, in terms of momentum/nucleon, can be written as

Q(p) = AQ0(Ap)
!q exp

$

#
Ap

Zpc

%

, (2)

where Q0 is a normalisation constant which is proportional
to the amount of energy f channelled into cosmic rays by a
single supernova event, q is the spectral index, and pc is the
cut-o! momentum for protons. The exponential cut-o! in
Equation 2 represents a good approximation for particles
at the shock produced by the di!usive shock acceleration
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Fig. 2. Contribution of SNR-CRs to the all-particle cosmic-ray spectrum. The thin lines represent spectra for the individual
elements, and the thick-solid line represents the total contribution. The calculation assumes an exponential cut-o! energy for
protons at Ec = 4.5 ! 106 GeV. Other model parameters, and the low-energy data are the same as in Figure 1. Error bars are
shown only for the proton and helium data. High-energy data: KASCADE (Antoni et al. 2005), IceTop (Aartsen et al. 2013), Tibet
III (Amenomori et al. 2008), the Pierre Auger Observatory (Schulz et al. 2013), and HiRes II (Abbasi et al. 2009).

dominated by helium nuclei, not by protons. The CREAM
measurements have shown that helium nuclei become more
abundant than protons at energies ! 105 GeV. Such a trend
is also consistent with the KASCADE measurements above
! 106 GeV (see Figure 1). Based on our prediction, helium
nuclei dominate the all-particle spectrum up to ! 1.5" 107

GeV, while above, iron nuclei dominate. The maximum en-
ergy of SNR-CRs, which corresponds to the fall-o! energy
of iron nuclei, is 26"Ec = 1.2" 108 GeV. Although this en-
ergy is close to the position of the second knee, the predicted
intensity is not enough to explain the observed intensity
around the second knee. Our result shows that SNR-CRs
alone cannot account for the observed cosmic rays above
! 2" 107 GeV. At 108 GeV, they contribute only ! 30% of
the observed data.

3. Additional component of Galactic cosmic rays

Despite numerous studies, it is not clearly understood at
what energy the transition from Galactic to extra-galactic
cosmic rays (EG-CRs) occurs. Although it was pointed out
soon after the discovery of the CMB and the related GZK
e!ect that it is possible to construct an all-extra-galactic
spectrum of cosmic rays containing both the knee and the
ankle as features of cosmological propagation (Hillas 1967),
the most natural explanation was assumed to be that the
transition occurs at the ankle, where a steep Galactic com-
ponent is taken over by a flatter extra-galactic one. To ob-
tain a sharp feature like the ankle in such a construction,
it is necessary to assume a cut-o! in the Galactic com-
ponent to occur immediately below it (Rachen et al. 1993;
Axford 1994), thus this scenario is naturally expecting a
second knee feature. For a typical Galactic magnetic field

strength of 3 µG, the Larmor radii for cosmic rays of en-
ergy Z"108 GeV is 36 pc, much smaller than the size of the
di!usion halo of the Galaxy, which is typically considered
to be a few kpc in cosmic-ray propagation studies, keep-
ing comic rays around the second knee well confined in the
Galaxy. This suggests that the Galactic cut-o! at this en-
ergy must be intrinsic to a source population or acceleration
mechanism di!erent from the standard supernova remnants
we have discussed above. In an earlier work, Hillas (2005)
considered an additional Galactic component resulting from
Type II supernova remnants in the Galaxy expanding into
a dense slow wind of the precursor stars. In the follow-
ing, we discuss two other possible scenarios. The first is
the re-acceleration of SNR-CRs by Galactic wind termi-
nation shocks in the Galactic halo (Jokipii & Morfill 1987;
Zirakashvili & Völk 2006), and the second is the contribu-
tion of cosmic rays from the explosions of Wolf-Rayet stars
in the Galaxy (Biermann & Cassinelli 1993). Both these
ideas have been explored in the past when detailed mea-
surements of the cosmic-ray spectrum and composition at
low and high energies were not available. Using new mea-
surements of cosmic rays and astronomical data (like the
Wolf-Rayet wind composition), our study can provide a
more realistic estimate of the cosmic-ray contribution from
these two possible mechanisms. In the following, the re-
accelerated cosmic rays from Galactic wind termination
shocks will be referred to as “GW-CRs”, and cosmic rays
from Wolf-Rayet stars as “WR-CRs”. Some ramifications of
these basic scenarios will be discussed in Section 6, after
investigating the e!ect of di!erent extra-galactic contribu-
tions below the ankle in Section 5.
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Thoudam et al.: Cosmic-ray energy spectrum and composition up to the ankle
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Fig. 3. Contribution of GW-CRs to the all-particle cosmic-ray
spectrum. The thin lines represent spectra for the individual
elements, and the thick dashed line represents the total contri-
bution. The injection fraction, kw = 14.5%, and the exponential
cut-o! energy for protons, Esh = 9.5!107 GeV. See text for the
other model parameters. Data are the same as in Figure 2.

3.1. Re-acceleration of SNR-CRs by Galactic wind
termination shocks (GW-CRs)

The e!ect of Galactic winds on the transport of cosmic
rays in the Galaxy has been discussed quite exten-
sively (Lerche & Schlickeiser 1982a; Bloemen et al.
1993; Strong & Moskalenko 1998; Jones et al. 2001;
Breitschwerdt et al. 2002). For cosmic rays produced
by sources in the Galactic disk such as the SNR-CRs,
the e!ect of winds on their transport is expected to be
negligible above a few GeV as the transport is expected to
be dominated mainly by the di!usion process. However,
Galactic winds can lead to the production of an additional
component of cosmic rays which can dominate at high
energies. Galactic winds, which start at a typical velocity
of about few km/s near the disk, reach supersonic speeds at
distances of a few tens of kpc away from the disk. At about
a hundred kpc distance or so, the wind flow terminates
resulting into the formation of termination shocks. These
shocks can catch the SNR-CRs escaping from the disk
into the Galactic halo, and re-accelerate them via the
di!usive shock acceleration process. The reaccelerated
cosmic rays can return to the disk through di!usive
propagation against the Galactic wind outflow. For an
energy dependent di!usion process, only the high-energy
particles may be e!ectively able to reach the disk.

To obtain the contribution of GW-CRs, we will first cal-
culate the escape rate of SNR-CRs from the inner di!usion
boundary, then propagate the escaped cosmic rays through
the Galactic wind region, and calculate the cosmic-ray flux
injected into the Galactic wind termination shocks. The es-
caped flux of SNR-CRs from the di!usion boundary, Fesc,
can be calculated as,

Fesc = [D!N ]z=±L =

!

D
dN

dz

"

z=±L

, (5)

where N(z, p) is given by Equation 3. Equation 5 assumes
that cosmic rays escape only through the di!usion bound-
aries located at z = ±L. Under this assumption, the total
escape rate of SNR-CRs is given by,

Qesc = Fesc " 2Aesc, (6)

where Aesc = !R2 is the surface area of one side of the
cylindrical di!usion boundary which is assumed to have
the same radius as the Galactic disk, and the factor 2 is to
account for the two boundaries at z = ±L. The propaga-
tion of the escaped SNR-CRs in the Galactic wind region
is governed by the following transport equation:

!.(Dw!Nw # VNw) +
"

"p

#

!.V

3
pNw

$

= #Qesc#(r), (7)

where we have assumed a spherically symmetric geometry
characterised by the radial variable r, Dw represents the
di!usion coe"cient of cosmic rays in the wind region which
is taken to be spatially constant, Nw(r, p) is the cosmic-
ray number density, V = Ṽ rr̂ is the wind velocity which
is assumed to increase linearly with r and directed radially
outwards, Ṽ is a constant that denotes the velocity gradi-
ent, and Qesc(p) is given by Equation 6. The exact nature of
the Galactic wind is not known. The spatial dependence of
the wind velocity considered here is based on the model of
magnetohydrodynamic wind driven by cosmic rays, which
shows that the wind velocity increases linearly with dis-
tance from the Galactic disk until it reaches an asymptotic
value at a distance of around 100 kpc (Zirakashvili et al.
1996). The second term on the left-hand side of Equation
7 represents the loss of particles due to advection by the
Galactic wind, and the third term represents momentum
loss due to the adiabatic expansion of the wind flow which
is assumed to be spherically symmetric. In writing Equa-
tion 7, considering that the size of the wind region is much
larger than the size of the escaping region of the SNR-CRs,
we neglect the size of the escaping region and consider Qesc

to be a point source located at r = 0. By solving Equation
7 analytically, the density of cosmic rays at distance r is
given by (see Appendix A),

Nw(r, p) =

%

Ṽ p2

8!3/2

& !

0
dp"

Qesc(p")
'

( p!

p uDw(u)du
)3/2

" exp

*

+#
r2Ṽ p2

4
( p!

p uDw(u)du

,

- . (8)

From Equation 8, the cosmic-ray flux with momen-
tum/nucleon p at the termination shock is obtained as,

Fw(p) =

!

#Dw
"Nw

"r
+ VNw

"

r=Rsh

, (9)

where Rsh represents the radius of the termination shock.
The total rate of cosmic rays injected into the termination
shock is given by,

Qinj(p) = Fw(p)"Ash, (10)

where Ash = 4!R2
sh is the surface area of the termination

shock. Assuming that only a certain fraction, ksh, partic-
ipates in the re-acceleration process, the cosmic-ray spec-
trum produced by the termination shock under the test
particle approximation can be written as (Drury 1983),

Qsh(p) = $p#! exp

.

#
Ap

Zpsh

/
& p

p0

kshQinj(u)u
!#1du, (11)
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Table 2. Relative abundances of di!erent cosmic-ray species
with respect to helium for two di!erent Wolf-Rayet wind com-
positions used in our model (Pollock et al. 2005).

Particle type C/He = 0.1 C/He = 0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19! 10!2 7.18! 10!2

Neon 0.42! 10!2 1.03! 10!2

Magnesium 2.63! 10!4 6.54! 10!4

Silicon 2.34! 10!4 5.85! 10!4

Iron 0.68! 10!4 1.69! 10!4

where we have introduced an exponential cut-o! in the
spectrum at momentum Zpsh with psh representing the
maximum momentum for protons, and ! is the spectral
index. In our calculation, psh and ksh will be kept as model
parameters, and their values will be determined based on
the measured all-particle spectrum.

After re-acceleration, the transport of cosmic-rays from
the termination shock towards the Galactic disk also follows
Equation 7. In the absence of adiabatic losses, the density
of re-accelerated cosmic rays at the Earth (taken to be at
r = 0) is given by,

NGW!CRs(p) =
Qsh

4"DwRsh
exp

!

"
Ṽ R2

sh

2Dw

"

(12)

The di!usion in the wind region is assumed to be much
faster than near the Galactic disk as the level of mag-
netic turbulence responsible for particle scattering is ex-
pected to decrease with the distance away from the Galac-
tic disk. We assume Dw to follow the same rigidity de-
pendence as D, and take Dw = 10D. For the wind ve-
locity, we take the velocity gradient Ṽ = 15 km/s/kpc.
This value of Ṽ is within the range predicted in an ear-
lier study using an advection-di!usion propagation model
(Bloemen et al. 1993), but slightly larger than the con-
straint given in Strong & Moskalenko (1998). It may be
noted that as long as both Dw and Ṽ are within a reason-
able range, it is not their individual values that is important
in determining the flux of GW-CRs, but their ratio Ṽ /Dw,
as can be seen from Equation 12. The larger this ratio, the
more the flux will be suppressed, and vice-versa.

The distance to the termination shock can be estimated
by balancing the Galactic wind ram pressure, Pw = #V 2

t ,
against the intergalactic pressure, PIGM, at the position of
the termination shock, where # is the mass density of the
wind and Vt = Ṽ Rsh represents the terminal velocity of the
wind. The ram pressure is related to the total mechanical
luminosity of the wind at the termination shock as, Lw =
2"R2

shPwVt. Using this, we obtain,

Rsh =

#

Lw

2"PIGMṼ

$1/3

. (13)

For Galactic wind driven by cosmic rays (Zirakashvili et al.
1996), the total mechanical luminosity of the wind cannot
be larger than the total power of the cosmic rays. From Sec-
tion 2.2, the total power invested in SNR-CRs (which dom-
inates the overall cosmic-ray energy density in our model)
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Fig. 4. Contribution of WR-CRs to the all-particle spectrum.
Top: C/He = 0.1. Bottom: C/He = 0.4. The thin lines represent
spectra for the individual elements, and the thick dashed line
represents the total contribution. The calculation assumes an
exponential energy cut-o! for protons at Ec = 1.8!108 GeV for
C/He = 0.1, and Ec = 1.3 ! 108 GeV for C/He = 0.4. See text
for the other model parameters. Data: same as in Figure 2.

is # 8% of the mechanical power injected by supernova ex-
plosions in the Galaxy. This corresponds to a total power
of # 8 ! 1040 ergs s!1 injected into SNR-CRs. Using this,
and taking an intergalactic pressure of PIGM = 10!15 ergs
cm!3 (Breitschwerdt et al. 1991), we obtain Rsh = 96 kpc
from Equation 13. The spectral indices ! are taken to be
the same as the source indices of the SNR-CRs listed in
Table 1. Having fixed these parameter values, the spectra
of the GW-CRs calculated using Equation 12 are shown in
Figure 3. Spectra for the individual elements and also the
total contribution are shown. The same particle injection
fraction of ksh = 14.5% is applied to all the elements, and
the maximum proton energy corresponding to psh is taken
as Esh = 9.5 ! 107 GeV. These values are chosen so that
the total GW-CR spectrum reasonably agrees with the ob-
served all-particle spectrum between # 108 and 109 GeV.

The GW-CRs produce a negligible contribution at low
energies. This is due to the increasing e!ect of advection
over di!usion at these energies, preventing particles from
reaching the Galactic disk. Higher energy particles, which
di!use relatively faster, can overcome the advection and
reach the disk more e!ectively. The flux suppression at low
energies is more significant for heavier nuclei like iron which
is due to their slower di!usion relative to lighter nuclei at
the same total energy. Adding adiabatic losses to Equation
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Table 2. Relative abundances of di!erent cosmic-ray species
with respect to helium for two di!erent Wolf-Rayet wind com-
positions used in our model (Pollock et al. 2005).

Particle type C/He = 0.1 C/He = 0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19! 10!2 7.18! 10!2

Neon 0.42! 10!2 1.03! 10!2

Magnesium 2.63! 10!4 6.54! 10!4

Silicon 2.34! 10!4 5.85! 10!4

Iron 0.68! 10!4 1.69! 10!4

where we have introduced an exponential cut-o! in the
spectrum at momentum Zpsh with psh representing the
maximum momentum for protons, and ! is the spectral
index. In our calculation, psh and ksh will be kept as model
parameters, and their values will be determined based on
the measured all-particle spectrum.

After re-acceleration, the transport of cosmic-rays from
the termination shock towards the Galactic disk also follows
Equation 7. In the absence of adiabatic losses, the density
of re-accelerated cosmic rays at the Earth (taken to be at
r = 0) is given by,

NGW!CRs(p) =
Qsh

4"DwRsh
exp

!

"
Ṽ R2

sh

2Dw

"

(12)

The di!usion in the wind region is assumed to be much
faster than near the Galactic disk as the level of mag-
netic turbulence responsible for particle scattering is ex-
pected to decrease with the distance away from the Galac-
tic disk. We assume Dw to follow the same rigidity de-
pendence as D, and take Dw = 10D. For the wind ve-
locity, we take the velocity gradient Ṽ = 15 km/s/kpc.
This value of Ṽ is within the range predicted in an ear-
lier study using an advection-di!usion propagation model
(Bloemen et al. 1993), but slightly larger than the con-
straint given in Strong & Moskalenko (1998). It may be
noted that as long as both Dw and Ṽ are within a reason-
able range, it is not their individual values that is important
in determining the flux of GW-CRs, but their ratio Ṽ /Dw,
as can be seen from Equation 12. The larger this ratio, the
more the flux will be suppressed, and vice-versa.

The distance to the termination shock can be estimated
by balancing the Galactic wind ram pressure, Pw = #V 2

t ,
against the intergalactic pressure, PIGM, at the position of
the termination shock, where # is the mass density of the
wind and Vt = Ṽ Rsh represents the terminal velocity of the
wind. The ram pressure is related to the total mechanical
luminosity of the wind at the termination shock as, Lw =
2"R2

shPwVt. Using this, we obtain,

Rsh =

#

Lw

2"PIGMṼ

$1/3

. (13)

For Galactic wind driven by cosmic rays (Zirakashvili et al.
1996), the total mechanical luminosity of the wind cannot
be larger than the total power of the cosmic rays. From Sec-
tion 2.2, the total power invested in SNR-CRs (which dom-
inates the overall cosmic-ray energy density in our model)
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Fig. 4. Contribution of WR-CRs to the all-particle spectrum.
Top: C/He = 0.1. Bottom: C/He = 0.4. The thin lines represent
spectra for the individual elements, and the thick dashed line
represents the total contribution. The calculation assumes an
exponential energy cut-o! for protons at Ec = 1.8!108 GeV for
C/He = 0.1, and Ec = 1.3 ! 108 GeV for C/He = 0.4. See text
for the other model parameters. Data: same as in Figure 2.

is # 8% of the mechanical power injected by supernova ex-
plosions in the Galaxy. This corresponds to a total power
of # 8 ! 1040 ergs s!1 injected into SNR-CRs. Using this,
and taking an intergalactic pressure of PIGM = 10!15 ergs
cm!3 (Breitschwerdt et al. 1991), we obtain Rsh = 96 kpc
from Equation 13. The spectral indices ! are taken to be
the same as the source indices of the SNR-CRs listed in
Table 1. Having fixed these parameter values, the spectra
of the GW-CRs calculated using Equation 12 are shown in
Figure 3. Spectra for the individual elements and also the
total contribution are shown. The same particle injection
fraction of ksh = 14.5% is applied to all the elements, and
the maximum proton energy corresponding to psh is taken
as Esh = 9.5 ! 107 GeV. These values are chosen so that
the total GW-CR spectrum reasonably agrees with the ob-
served all-particle spectrum between # 108 and 109 GeV.

The GW-CRs produce a negligible contribution at low
energies. This is due to the increasing e!ect of advection
over di!usion at these energies, preventing particles from
reaching the Galactic disk. Higher energy particles, which
di!use relatively faster, can overcome the advection and
reach the disk more e!ectively. The flux suppression at low
energies is more significant for heavier nuclei like iron which
is due to their slower di!usion relative to lighter nuclei at
the same total energy. Adding adiabatic losses to Equation
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Table 2. Relative abundances of di!erent cosmic-ray species
with respect to helium for two di!erent Wolf-Rayet wind com-
positions used in our model (Pollock et al. 2005).

Particle type C/He = 0.1 C/He = 0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19! 10!2 7.18! 10!2

Neon 0.42! 10!2 1.03! 10!2

Magnesium 2.63! 10!4 6.54! 10!4

Silicon 2.34! 10!4 5.85! 10!4

Iron 0.68! 10!4 1.69! 10!4

where we have introduced an exponential cut-o! in the
spectrum at momentum Zpsh with psh representing the
maximum momentum for protons, and ! is the spectral
index. In our calculation, psh and ksh will be kept as model
parameters, and their values will be determined based on
the measured all-particle spectrum.

After re-acceleration, the transport of cosmic-rays from
the termination shock towards the Galactic disk also follows
Equation 7. In the absence of adiabatic losses, the density
of re-accelerated cosmic rays at the Earth (taken to be at
r = 0) is given by,

NGW!CRs(p) =
Qsh

4"DwRsh
exp

!

"
Ṽ R2

sh

2Dw

"

(12)

The di!usion in the wind region is assumed to be much
faster than near the Galactic disk as the level of mag-
netic turbulence responsible for particle scattering is ex-
pected to decrease with the distance away from the Galac-
tic disk. We assume Dw to follow the same rigidity de-
pendence as D, and take Dw = 10D. For the wind ve-
locity, we take the velocity gradient Ṽ = 15 km/s/kpc.
This value of Ṽ is within the range predicted in an ear-
lier study using an advection-di!usion propagation model
(Bloemen et al. 1993), but slightly larger than the con-
straint given in Strong & Moskalenko (1998). It may be
noted that as long as both Dw and Ṽ are within a reason-
able range, it is not their individual values that is important
in determining the flux of GW-CRs, but their ratio Ṽ /Dw,
as can be seen from Equation 12. The larger this ratio, the
more the flux will be suppressed, and vice-versa.

The distance to the termination shock can be estimated
by balancing the Galactic wind ram pressure, Pw = #V 2

t ,
against the intergalactic pressure, PIGM, at the position of
the termination shock, where # is the mass density of the
wind and Vt = Ṽ Rsh represents the terminal velocity of the
wind. The ram pressure is related to the total mechanical
luminosity of the wind at the termination shock as, Lw =
2"R2

shPwVt. Using this, we obtain,

Rsh =

#

Lw

2"PIGMṼ

$1/3

. (13)

For Galactic wind driven by cosmic rays (Zirakashvili et al.
1996), the total mechanical luminosity of the wind cannot
be larger than the total power of the cosmic rays. From Sec-
tion 2.2, the total power invested in SNR-CRs (which dom-
inates the overall cosmic-ray energy density in our model)
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Fig. 4. Contribution of WR-CRs to the all-particle spectrum.
Top: C/He = 0.1. Bottom: C/He = 0.4. The thin lines represent
spectra for the individual elements, and the thick dashed line
represents the total contribution. The calculation assumes an
exponential energy cut-o! for protons at Ec = 1.8!108 GeV for
C/He = 0.1, and Ec = 1.3 ! 108 GeV for C/He = 0.4. See text
for the other model parameters. Data: same as in Figure 2.

is # 8% of the mechanical power injected by supernova ex-
plosions in the Galaxy. This corresponds to a total power
of # 8 ! 1040 ergs s!1 injected into SNR-CRs. Using this,
and taking an intergalactic pressure of PIGM = 10!15 ergs
cm!3 (Breitschwerdt et al. 1991), we obtain Rsh = 96 kpc
from Equation 13. The spectral indices ! are taken to be
the same as the source indices of the SNR-CRs listed in
Table 1. Having fixed these parameter values, the spectra
of the GW-CRs calculated using Equation 12 are shown in
Figure 3. Spectra for the individual elements and also the
total contribution are shown. The same particle injection
fraction of ksh = 14.5% is applied to all the elements, and
the maximum proton energy corresponding to psh is taken
as Esh = 9.5 ! 107 GeV. These values are chosen so that
the total GW-CR spectrum reasonably agrees with the ob-
served all-particle spectrum between # 108 and 109 GeV.

The GW-CRs produce a negligible contribution at low
energies. This is due to the increasing e!ect of advection
over di!usion at these energies, preventing particles from
reaching the Galactic disk. Higher energy particles, which
di!use relatively faster, can overcome the advection and
reach the disk more e!ectively. The flux suppression at low
energies is more significant for heavier nuclei like iron which
is due to their slower di!usion relative to lighter nuclei at
the same total energy. Adding adiabatic losses to Equation
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Table 2. Relative abundances of di!erent cosmic-ray species
with respect to helium for two di!erent Wolf-Rayet wind com-
positions used in our model (Pollock et al. 2005).

Particle type C/He = 0.1 C/He = 0.4
Proton 0 0
Helium 1.0 1.0
Carbon 0.1 0.4
Oxygen 3.19! 10!2 7.18! 10!2

Neon 0.42! 10!2 1.03! 10!2

Magnesium 2.63! 10!4 6.54! 10!4

Silicon 2.34! 10!4 5.85! 10!4

Iron 0.68! 10!4 1.69! 10!4

where we have introduced an exponential cut-o! in the
spectrum at momentum Zpsh with psh representing the
maximum momentum for protons, and ! is the spectral
index. In our calculation, psh and ksh will be kept as model
parameters, and their values will be determined based on
the measured all-particle spectrum.

After re-acceleration, the transport of cosmic-rays from
the termination shock towards the Galactic disk also follows
Equation 7. In the absence of adiabatic losses, the density
of re-accelerated cosmic rays at the Earth (taken to be at
r = 0) is given by,

NGW!CRs(p) =
Qsh

4"DwRsh
exp

!

"
Ṽ R2

sh

2Dw

"

(12)

The di!usion in the wind region is assumed to be much
faster than near the Galactic disk as the level of mag-
netic turbulence responsible for particle scattering is ex-
pected to decrease with the distance away from the Galac-
tic disk. We assume Dw to follow the same rigidity de-
pendence as D, and take Dw = 10D. For the wind ve-
locity, we take the velocity gradient Ṽ = 15 km/s/kpc.
This value of Ṽ is within the range predicted in an ear-
lier study using an advection-di!usion propagation model
(Bloemen et al. 1993), but slightly larger than the con-
straint given in Strong & Moskalenko (1998). It may be
noted that as long as both Dw and Ṽ are within a reason-
able range, it is not their individual values that is important
in determining the flux of GW-CRs, but their ratio Ṽ /Dw,
as can be seen from Equation 12. The larger this ratio, the
more the flux will be suppressed, and vice-versa.

The distance to the termination shock can be estimated
by balancing the Galactic wind ram pressure, Pw = #V 2

t ,
against the intergalactic pressure, PIGM, at the position of
the termination shock, where # is the mass density of the
wind and Vt = Ṽ Rsh represents the terminal velocity of the
wind. The ram pressure is related to the total mechanical
luminosity of the wind at the termination shock as, Lw =
2"R2

shPwVt. Using this, we obtain,

Rsh =

#

Lw

2"PIGMṼ

$1/3

. (13)

For Galactic wind driven by cosmic rays (Zirakashvili et al.
1996), the total mechanical luminosity of the wind cannot
be larger than the total power of the cosmic rays. From Sec-
tion 2.2, the total power invested in SNR-CRs (which dom-
inates the overall cosmic-ray energy density in our model)
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Fig. 4. Contribution of WR-CRs to the all-particle spectrum.
Top: C/He = 0.1. Bottom: C/He = 0.4. The thin lines represent
spectra for the individual elements, and the thick dashed line
represents the total contribution. The calculation assumes an
exponential energy cut-o! for protons at Ec = 1.8!108 GeV for
C/He = 0.1, and Ec = 1.3 ! 108 GeV for C/He = 0.4. See text
for the other model parameters. Data: same as in Figure 2.

is # 8% of the mechanical power injected by supernova ex-
plosions in the Galaxy. This corresponds to a total power
of # 8 ! 1040 ergs s!1 injected into SNR-CRs. Using this,
and taking an intergalactic pressure of PIGM = 10!15 ergs
cm!3 (Breitschwerdt et al. 1991), we obtain Rsh = 96 kpc
from Equation 13. The spectral indices ! are taken to be
the same as the source indices of the SNR-CRs listed in
Table 1. Having fixed these parameter values, the spectra
of the GW-CRs calculated using Equation 12 are shown in
Figure 3. Spectra for the individual elements and also the
total contribution are shown. The same particle injection
fraction of ksh = 14.5% is applied to all the elements, and
the maximum proton energy corresponding to psh is taken
as Esh = 9.5 ! 107 GeV. These values are chosen so that
the total GW-CR spectrum reasonably agrees with the ob-
served all-particle spectrum between # 108 and 109 GeV.

The GW-CRs produce a negligible contribution at low
energies. This is due to the increasing e!ect of advection
over di!usion at these energies, preventing particles from
reaching the Galactic disk. Higher energy particles, which
di!use relatively faster, can overcome the advection and
reach the disk more e!ectively. The flux suppression at low
energies is more significant for heavier nuclei like iron which
is due to their slower di!usion relative to lighter nuclei at
the same total energy. Adding adiabatic losses to Equation
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Fig. 5. Model prediction for the all-particle spectrum using the Galactic wind re-acceleration model. The thick solid blue line
represents the total SNR-CRs, the thick dashed line represents GW-CRs, the thick dotted-dashed line represents EG-CRs, and the
thick solid red line represents the total all-particle spectrum. The thin lines represent total spectra for the individual elements. For
the SNR-CRs, an exponential energy cut-o! for protons at Ec = 3! 106 GeV is assumed. See text for the other model parameters.
Data are the same as in Figure 2.

Table 3. Injection energy of SNR-CRs used in the calculation
of all-particle spectrum in the WR-CR model (Figure 6).

Particle type C/He = 0.1 C/He = 0.4
f(!1049 ergs) f(!1049 ergs)

Proton 8.11 8.11
Helium 0.67 0.78
Carbon 2.11! 10!2 0.73! 10!2

Oxygen 2.94! 10!2 2.94! 10!2

Neon 4.41! 10!3 4.41! 10!3

Magnesium 6.03! 10!3 6.03! 10!3

Silicon 5.84! 10!3 5.84! 10!3

Iron 5.77! 10!3 5.77! 10!3

12 will lead to further suppression of the flux at low ener-
gies. But, at energies of our interest, i.e., above " 107 GeV,
the result will not be significantly a!ected as the particle
di!usion time, tdif = R2

sh/(6Dw), is significantly less than
the adiabatic energy loss time, tad = 1/Ṽ = 6.52! 107 yr.
The steep spectral cut-o!s at high energies are due to the
exponential cut-o!s introduced in the source spectra.

3.2. Cosmic rays from Wolf-Rayet star explosions (WR-CRs)

While the majority of the supernova explosions in the
Galaxy occur in the interstellar medium, a small fraction is
expected to occur in the winds of massive progenitors like
Wolf-Rayet stars (Gal-Yam et al. 2014). Magnetic fields in
the winds of Wolf-Rayet stars can reach of the order of
100 G, and it has been argued that a strong supernova
shock in such a field can lead to particle acceleration of en-

ergies up to " 3 ! 109 GeV (Biermann & Cassinelli 1993;
Stanev et al. 1993).

Since the distribution of Wolf-Rayet stars in the
Galaxy is concentrated close to the Galactic disk (see e.g.,
Rosslowe & Crowther (2015)), the propagation of WR-CRs
can also be described by Equation 1 with the source term
replaced by Q(r, p) = !̄0H[R # r]H[p # p0]Q(p), where !̄0
represents the frequency of Wolf-Rayet supernova explo-
sions per unit surface area in the Galactic disk, and the
source spectrum Q(p) follows Equation 2. We assume that
each Wolf-Rayet supernova explosion releases a kinetic en-
ergy of 1051 ergs, same as the normal supernova explosion in
the interstellar medium. From the estimated total number
of Wolf-Rayet stars of " 1200 in the Galaxy and an average
lifetime of " 0.25 Myr for these stars (Rosslowe & Crowther
2015), we estimate a frequency of " 1 Wolf-Rayet explosion
in every 210 years. This corresponds to " 1 Wolf-Rayet ex-
plosion in every 7 supernova explosions occurring in the
Galaxy. The propagation parameters for the WR-CRs in
the Galaxy are taken to be the same as for the SNR-CRs.

The contribution of the WR-CRs to the all-particle
spectrum is shown in Figure 4. The results are for two
di!erent compositions of the Wolf-Rayet winds available
in the literatures: Carbon-to-helium (C/He) ratio of 0.1
(top panel) and 0.4 (bottom panel), given in Pollock et al.
(2005). The abundance ratios of di!erent elements with re-
spect to helium for the two di!erent wind compositions
are listed in Table 2. In our calculation, these ratios are
assumed to be proportional to the relative amount of su-
pernova explosion energy injected into di!erent elements.
The overall normalisation of the total WR-CR spectrum
and the maximum energy of the proton source spectrum
are taken as free parameters. Their values are determined
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Fig. 6. Model prediction for the all-particle spectrum using the Wolf-Rayet stars model. Top: C/He = 0.1. Bottom: C/He = 0.4.
The thick solid blue line represents the total SNR-CRs, the thick dashed line represents WR-CRs, the thick dotted-dashed line
represents EG-CRs, and the thick solid red line represents the total all-particle spectrum. The thin lines represent total spectra
for the individual elements. For the SNR-CRs, an exponential energy cut-o! for protons at Ec = 4.1 ! 106 GeV is assumed. See
text for the other model parameters. Data are the same as in Figure 2.

based on the observed all-particle spectrum between ! 108

and 109 GeV. For C/He = 0.1, we obtain an injection en-
ergy of 1.3 " 1049 ergs into helium nuclei from a single
supernova explosion and a proton source spectrum cut-
o! of 1.8 " 108 GeV, while for C/He = 0.4, we obtain
9.4 " 1048 ergs and 1.3 " 108 GeV respectively. For both
the progenitor wind compositions, the total amount of en-
ergy injected into cosmic rays by a single supernova explo-
sion is approximately 5 times less than the total energy

injected into SNR-CRs by a supernova explosion in the
Galaxy. The total WR-CR spectrum for the C/He = 0.1
case is dominated by helium nuclei up to ! 109 GeV, while
for the C/He = 0.4 case, helium nuclei dominate up to
! 2" 108 GeV. At higher energies, carbon nuclei dominate.
One major di!erence of the WR-CR spectra from the GW-
CRs spectrum (Figure 3) is the absence of the proton com-
ponent, and a very small contribution of the heavy elements
like magnesium, silicon and iron. Another major di!erence
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Fig. 5. Model prediction for the all-particle spectrum using the Galactic wind re-acceleration model. The thick solid blue line
represents the total SNR-CRs, the thick dashed line represents GW-CRs, the thick dotted-dashed line represents EG-CRs, and the
thick solid red line represents the total all-particle spectrum. The thin lines represent total spectra for the individual elements. For
the SNR-CRs, an exponential energy cut-o! for protons at Ec = 3! 106 GeV is assumed. See text for the other model parameters.
Data are the same as in Figure 2.

Table 3. Injection energy of SNR-CRs used in the calculation
of all-particle spectrum in the WR-CR model (Figure 6).

Particle type C/He = 0.1 C/He = 0.4
f(!1049 ergs) f(!1049 ergs)

Proton 8.11 8.11
Helium 0.67 0.78
Carbon 2.11! 10!2 0.73! 10!2

Oxygen 2.94! 10!2 2.94! 10!2

Neon 4.41! 10!3 4.41! 10!3

Magnesium 6.03! 10!3 6.03! 10!3

Silicon 5.84! 10!3 5.84! 10!3

Iron 5.77! 10!3 5.77! 10!3

12 will lead to further suppression of the flux at low ener-
gies. But, at energies of our interest, i.e., above " 107 GeV,
the result will not be significantly a!ected as the particle
di!usion time, tdif = R2

sh/(6Dw), is significantly less than
the adiabatic energy loss time, tad = 1/Ṽ = 6.52! 107 yr.
The steep spectral cut-o!s at high energies are due to the
exponential cut-o!s introduced in the source spectra.

3.2. Cosmic rays from Wolf-Rayet star explosions (WR-CRs)

While the majority of the supernova explosions in the
Galaxy occur in the interstellar medium, a small fraction is
expected to occur in the winds of massive progenitors like
Wolf-Rayet stars (Gal-Yam et al. 2014). Magnetic fields in
the winds of Wolf-Rayet stars can reach of the order of
100 G, and it has been argued that a strong supernova
shock in such a field can lead to particle acceleration of en-

ergies up to " 3 ! 109 GeV (Biermann & Cassinelli 1993;
Stanev et al. 1993).

Since the distribution of Wolf-Rayet stars in the
Galaxy is concentrated close to the Galactic disk (see e.g.,
Rosslowe & Crowther (2015)), the propagation of WR-CRs
can also be described by Equation 1 with the source term
replaced by Q(r, p) = !̄0H[R # r]H[p # p0]Q(p), where !̄0
represents the frequency of Wolf-Rayet supernova explo-
sions per unit surface area in the Galactic disk, and the
source spectrum Q(p) follows Equation 2. We assume that
each Wolf-Rayet supernova explosion releases a kinetic en-
ergy of 1051 ergs, same as the normal supernova explosion in
the interstellar medium. From the estimated total number
of Wolf-Rayet stars of " 1200 in the Galaxy and an average
lifetime of " 0.25 Myr for these stars (Rosslowe & Crowther
2015), we estimate a frequency of " 1 Wolf-Rayet explosion
in every 210 years. This corresponds to " 1 Wolf-Rayet ex-
plosion in every 7 supernova explosions occurring in the
Galaxy. The propagation parameters for the WR-CRs in
the Galaxy are taken to be the same as for the SNR-CRs.

The contribution of the WR-CRs to the all-particle
spectrum is shown in Figure 4. The results are for two
di!erent compositions of the Wolf-Rayet winds available
in the literatures: Carbon-to-helium (C/He) ratio of 0.1
(top panel) and 0.4 (bottom panel), given in Pollock et al.
(2005). The abundance ratios of di!erent elements with re-
spect to helium for the two di!erent wind compositions
are listed in Table 2. In our calculation, these ratios are
assumed to be proportional to the relative amount of su-
pernova explosion energy injected into di!erent elements.
The overall normalisation of the total WR-CR spectrum
and the maximum energy of the proton source spectrum
are taken as free parameters. Their values are determined
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is the much larger flux of WR-CRs than the GW-CRs below
! 105 GeV. Below the knee, the total WR-CR spectrum is
an order of magnitude less than the total SNR-CRs spec-
trum (Figure 2).

4. All-particle spectrum and composition of cosmic
rays at high energies

The all-particle spectrum obtained by combining the con-
tributions of SNR-CRs, GW-CRs and EG-CRs is compared
with the measured data in Figure 5. For the SNR-CRs
shown in the figure, we have slightly reduced the value of Ec

from 4.5"106 GeV (as used in Figure 2) to 3"106 GeV in or-
der to reproduce the measurements better around the knee.
The extra-galactic contribution is taken from (Rachen et al.
1993), which represents a pure proton population for an in-
put source spectrum of E!2 with an exponential cut-o! at
1011 GeV. Also shown in the figure are the spectra of the
individual elements. The model prediction reproduces the
observed elemental spectra as well as the observed features
in the all-particle spectrum.

The total spectra for the two WR-CR scenarios are
shown in Figure 6. For the SNR-CRs, here we take Ec =
4.1 " 106 GeV, and a slightly lower value of ! which cor-
responds to 6 out of every 7 supernova explosions in the
Galaxy (assuming a fraction 1/7 going into Wolf-Rayet su-
pernova explosions as deduced in the previous section). The
injection energy f for the di!erent elements of the SNR-
CRs has been re-adjusted accordingly, so that the sum of
SNR-CRs and WR-CRs for the individual elements agree
with the measured elemental spectra at low energies. The
f values are listed in Table 3. The cosmic-ray propagation
parameters are the same as in Figure 2. The predicted all-
particle spectra are in good agreement with the measure-
ments. The WR-CR scenarios are found to reproduce the
second knee and the ankle better than the GW-CR model.

In Figure 7, we show the elemental fraction at high en-
ergies predicted by the GW-CR and WR-CR models. In all
the models, the composition consists of a large fraction of
helium nuclei over a wide energy range. The maximum he-
lium fraction is found in the case of WR-CR (C/He=0.1)
scenario, where the fraction reaches up to ! 63% at energy
! 2 " 108 GeV. In contrast to common perceptions, the
WR-CR scenarios predict a composition of Galactic cosmic
rays dominated mainly by helium (in the C/He = 0.1 case)
or carbon nuclei (in the C/He = 0.4) near the transition
energy region from Galactic to extra-galactic cosmic rays.
The GW-CR model predicts an almost equal contribution
of helium and iron nuclei at the transition region.

The cosmic-ray composition at energies above ! 3 "
105 GeV is not quite as well-measured as at lower ener-
gies. Above ! 106 GeV, KASCADE has provided spectral
measurements for groups of elements by measuring the elec-
tron and muon numbers of extensive air showers induced by
cosmic rays in the Earth’s atmosphere. Several other ex-
periments such as LOFAR, TUNKA, and the Pierre Auger
Observatory have also provide composition measurements
at high energies by measuring the depth of the shower max-
imum (Xmax). Heavier nuclei interact higher in the atmo-
sphere, resulting in smaller values of Xmax as compared to
lighter nuclei. For comparison with theoretical predictions,
we often use the mean logarithmic mass, #lnA$, of the mea-
sured cosmic rays which can be obtained from the measured
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Fig. 7. Elemental fraction predicted by the di!erent models
of the additional Galactic component. Top: GW-CRs, middle:
WR-CRs (C/He = 0.1), and bottom: WR-CRs (C/He = 0.4).

Xmax values using the relation (Hörandel 2003b),

#lnA$ =

!

Xmax %Xp
max

XFe
max %Xp

max

"

" lnAFe, (14)

where Xp
max and XFe

max represent the average depths of the
shower maximum for protons and iron nuclei respectively
given by Monte-Carlo simulations, and AFe is the mass
number of iron nuclei.

In Figure 8, the #lnA$ values predicted by the di!erent
models are compared with the measurements from di!er-
ent experiments. Although all our model predictions are
within the large systematic uncertainties of the measure-
ments, at energies above ! 107 GeV, the GW-CR model
deviates from the general trend of the observed composition
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component: WR-CRs (C/He = 0.1), WR-CRs (C/He = 0.4), and GW-CRs. Data: KASCADE (Antoni et al. 2005), TUNKA
(Berezhnev et al. 2013), LOFAR (Buitink et al. 2016), Yakutsk (Knurenko & Sabourov 2010), the Pierre Auger Observatory
(Porcelli et al. 2015), and the di!erent optical measurements compiled in Kampert & Unger (2012). The two sets of data points
correspond to two di!erent hadronic interaction models (EPOS-LHC and QGSJET-II-04) used to convert Xmax values to !lnA".

which reaches a maximum mean mass at ! 6 " 107 GeV,
and becomes gradually lighter up to the ankle. However,
in the narrow energy range of ! (1 # 4) " 108 GeV, the
behaviour of the GW-CR model seems to agree with the
measurements from TUNKA, LOFAR and Yakutsk exper-
iments which show a nearly constant composition that is
di!erent from the behaviour observed by the Pierre Auger
Observatory at these energies. Understanding the system-
atic di!erences between the di!erent measurements at these
energies will be important for further testing of the GW-CR
model. Up to around the ankle, the WR-CR models show
an overall better agreement with the measurements than
the GW-CR model. At around (3# 5)" 107 GeV, the WR-
CR models seem to slightly under predict the KASCADE
measurements, and they are more in agreement with the
TUNKA measurements. Cosmic-ray composition measured
by experiments like KASCADE, which measures the parti-
cle content of air showers on the ground, is known to have a
large systematic di!erence from the composition measured
with fluorescence and Cherenkov light detectors using Xmax

measurements (Hörandel 2003b). The large discrepancy be-
tween the model predictions and the data above the ankle is
due to the absence of heavy elements in the EG-CR model
considered in our calculation. The e!ect of choosing other
models of EG-CRs will be discussed in the next section.

5. Test with di!erent models of extra-galactic
cosmic rays

Despite of the dominance of the ankle-transition model
in the general discussion, it has often been pointed out
that the essential high-energy features of the cosmic ray
spectrum, i.e. the ankle and, in part, even the second
knee, can be explained by propagation e!ects of extra-

galactic protons in the cosmologically evolving microwave
background (Hillas 1967; Berezinsky & Grigorieva 1988;
Berezinsky et al. 2006; Hillas 2005; Aloisio et al. 2012,
2014). While the most elegant and also most radical formu-
lation of this hypothesis, the so-called “proton-dip model”,
is meanwhile considered disfavoured by the proton fraction
at the ankle measured by the Pierre Auger Observatory
(Aab et al. 2014), the light composition below the ankle re-
cently reported by the LOFAR measurement (Buitink et al.
2016) and a potential “light ankle” at about 108 GeV found
by the KASCADE-Grande experiment (Apel et al. 2013)
have reinstated the interest in such models, and led to a
number of ramifications, all predicting a more or less sig-
nificant contribution of extra-galactic cosmic rays below the
ankle. As such a component can greatly modify the model
parameters, in particular the maximum energy, for the ad-
ditional Galactic component – if not removing its necessity
altogether – we study this e!ect using the WR-CR models,
which show an overall best agreement with the data below
the ankle, as a Galactic paradigm.

Before, however, discussing a stronger extra-galactic
component below the ankle, we want to think about the
minimal extra-galactic contribution we can have, if we as-
sume the largely heavy spectrum above the ankle is all
extra-galactic and consider their propagation over extra-
galactic distances. To construct this “minimal model”, we
follow di Matteo et al. (2015) and use the Monte-Carlo sim-
ulation code CRPropa 3.0 (Batista et al. 2016), which takes
into account all important interaction processes undergone
by EG-CRs while propagating through the CMB and the
extra-galactic background light, and also the energy loss as-
sociated with the cosmological expansion. The e!ects of un-
certainties in the simulations are discussed in Batista et al.
(2015). We assume the sources to be uniformly distributed
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16 46. Plots of cross sections and related quantities
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Figure 46.15: Total and elastic cross sections for !p, total cross section for "!p, and total hadronic cross sections for !d, !p, and !!
collisions as a function of laboratory beam momentum and the total center-of-mass energy. Corresponding computer-readable data files may be
found at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS group, IHEP, Protvino, April 2012)

4



5



6



„Optical depth“ of the Universe – The GZK Effect

Stanev & de Marco, PRD 72 (2005) 081301

Energy loss length

at highest energies field of view 
is reduced to < 100 Mpc

p + γ3K ! Δ+ ! p + π0 ; n + π+

threshold: EGZK≈6·1019 eV
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Fig. 12. Flux of UHECRs as measured with the four detectors that have the largest exposures, namely Yakutsk [285] AGASA [165,283], Auger [169], and
HiRes [229]. Left panel: Cosmic-ray spectra as derived by the Collaborations using the calibration of the detectors. Right panel: Cosmic-ray spectra after
re-scaling of the energy scale of the experiments to obtain a common position of the dip, from [286,287]. The nominal energy scales of the experiments
have been multiplied by 1.2, 1.0, 0.75, 0.625 for Auger, HiRes, AGASA, and Yakutsk, respectively.

The energy reconstruction of showers detected with the AGASA array is based on the scintillator signal S(600) at 600m
from the shower core, where shower-to-shower fluctuations are the smallest and the relation between the signal and the
primary energy is almost composition independent [167,296]. The systematic error of energy assignment is analyzed in
[165] in detail, see also discussion [297]. AGASA finds a total systematic uncertainty of the energy assignment of about 18%.
The main sources of uncertainty are related to shower phenomenology and the simulation of the relation of S(600) to the
primary particle energy. In particular, the observed discrepancy between the surface detector signal at 1000 m from the
shower core and the fluorescence-based calorimetric energymeasurement reported by Auger [298] indicates that currently
available shower simulations do not allow us to obtain an absolute energy scale with a systematic uncertainty smaller than
20%. Therefore it is not surprising that discrepancies between the experimentally observed attenuation length for S(600)
and that expected from simulations hamper a re-analysis of the AGASA data [299].

The shower energy determination applied inHiRes is based on the track length integral Ecal = �eff
�
N(X)dX,whereN(X)

is a fit to the shower profile using the Gaisser–Hillas function (6) and �eff denotes the mean ionization energy deposit [300].
WithHiRes being a fluorescence detector, the energy reconstruction is closely related to properties of the atmosphere,which
is serving as a calorimeter. At the same time, atmospheric properties also determine the aperture of the detector. The HiRes
flux measurements (HiRes I and HiRes II mono) are found to have similar systematic uncertainties [301,302,229]. The main
contributions to the systematic uncertainty of the energy scale are the absolute calibration of the PMTs (10%), the limited
knowledge of the air fluorescence yield (6%), and atmospheric conditions (9%). About 10%uncertainty results from the rescal-
ing of the measured calorimetric energy to obtain the total shower energy [300], see also Section 2.1. Adding the individual
contributions in quadrature, the overall systematic uncertainty of the energy reconstruction amounts to 17% [302].

In contrast to surface arrays, the aperture of fluorescence detectors has to be determined by simulations. Sources of
uncertainty here are varying atmospheric conditions, simulation of shower profiles and detector trigger thresholds, and the
primary cosmic ray composition. The uncertainty due to varying atmospheric conditions, mainly that of the vertical aerosol
optical depth (VAOD), has been estimated to contribute to the aperture uncertainty 15% [301,302]. In a recent study, the
other simulation-related sources of uncertainty were found not to contribute significantly to the overall flux uncertainty of
30% [303].

The technique employed in the Auger measurement of the flux combines the advantages of surface detector arrays
with that of fluorescence detectors [169]. The surface array operates with almost 100% duty cycle and the aperture can be
calculated in a rather straight-forward way for energies well above the trigger threshold. Fluorescence telescopes allow
the direct measurement of the calorimetric shower energy, however, their duty cycle is only about 13%. Using a set of
well-reconstructed hybrid events,6 one can calibrate the energy estimator for surface detector data in an almost model-
independent way. This is done in a two-step process. First the shower signal at 1000m, S(1000), is corrected for attenuation
to that of an equivalent shower of 38� zenith angle, S38. To avoid any possible bias from simulations this is done with the

6 Events detected with both, the fluorescence telescopes and the surface detectors are called hybrid events.
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Possible sources of extragalactic cosmic rays 
Bottom up models

•Active galactic nuclei (AGN)
•Coalescence of neutron stars, 
! black holes
•Gamma ray bursts

p+p or p+γ !π+/- ! νμ + νe + ...

Top down models
Super heavy relicts of Big-Bang (topol. defects)

X-particle (m ≈ 1021-1025 eV)
W,Z bosons

γ, ν, p…Already severe constraints by Auger
!π0 ! γ + γ

! Multi Messenger Approach
Proton astronomy

Pierre Auger Observatory 
Neutrino astronomy

KM3NeT     Ice Cube
TeV γ-ray astronomy

HESS, MAGIC, CTA
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Limit on γ flux
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Fig. 3. Upper limits on the photon fraction in the integral cosmic-
ray flux from different experiments. The limits from the Auger surface
detector are labeled ’Auger SD’ and the limits from this work – ’Auger
Hybrid’. The thick red line indicates sensitivity of the southern site
of the Auger Observatory to the photon fractions after 20 years of
operation. The other lines indicate predictions from ’top-down’ models
and the shaded region shows the expected GZK photon fraction. The
labels shown here are explained in [5].

limit only marginally constrains the photon prediction at
lower energies: even for Ethr = 5 EeV as many as 75%
events have the energies in previously untested 5-10 EeV
range.

The new limits reduce uncertainties related to the con-
tamination of photons at EeV energies in other analyses
of shower data. For instance, the possible contamination
from photons was one of the dominant uncertainties for
deriving the proton-air cross-section (see e.g. [10]). This
uncertainty is now reduced to �50 mb for data at EeV
energies, which corresponds to a relative uncertainty of
�10%. Photon contamination is important also in the
reconstruction of the energy spectrum or determination
of the nuclear primary composition.

In future photon searches, the separation power be-
tween photons and nuclear primaries can be enhanced
by adding the detailed information measured with the
surface detectors in hybrid events.

V. PERSPECTIVES

The current exposure of the Pierre Auger Observatory
is already a factor �4 larger than the exposure used for
the 2% photon limit at 10 EeV. Hence, the Observatory
starts to be sensitive to photon fractions within the
predicted range of GZK photons and specific GZK
scenarios will be tested by UHE photon searches for
the first time. Within 20 years of operation the southern
part of the Observatory the detection of photon events at
fractions below �0.1% (above 10 EeV) will be at hand
(see Fig. 3). The sensitivity to UHE photons will be
significantly strengthened with the advent of the northern
site of the Observatory in Colorado (USA). This site is
planned to cover a surface a factor 7 larger than the one
in Argentina.

The northern site of the Observatory will bring an-
other opportunity related to the UHE photon search.
Thanks to the difference between the local geomag-
netic fields at the two sites a possible detection of
UHE photons at Auger South may be confirmed in
an unambiguous way at Auger North by observing the
well predictable change in the signal from geomagnetic
cascading of UHE photon showers [11].

The photon upper limits placed by the Auger Collab-
oration also address fundamental physics questions. The
GZK photons are expected to be absorbed on scales of
a few Mpc by pair production with background photons
if Lorentz symmetry holds. On the other hand, violation
of Lorentz invariance could lead to the observation of
an increased photon flux. The new constraints placed on
the violation of Lorentz invariance based on our photon
limits are substantially more stringent than previous
ones [12]. A future detection of UHE photons will
further impact fundamental physics and other branches
of physics (see e.g. [13]).
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2 JAVIER TIFFENBERG et al. LIMITS ON UHE! USING THE PIERRE AUGER OBSERVATORY

Fig. 1. Left panel: sketch of an inclined shower induced by a hadron interacting high in the atmosphere. The EM component is absorbed and
only the muons reach the detector. Right panel: deep inclined shower. Its early region has a significant EM component at the detector level.

Fig. 2. Neutrinos can initiate atmospheric showers through charged (CC) or neutral (NC) current interactions. In !e CC interactions all the
energy of the primary neutrino is transferred to the shower. This is not the case of the NC channel where the primary neutrino energy is only
partially transferred to the shower while a significant fraction is carried away by the scattered neutrino. Similar behaviour is seen in the !µ

CC induced showers where the emerging high energy muon usually decays under the ground and doesn’t produce a shower. Note that !! CC
initiated showers may have a “double bang” structure due to the fact that the out-coming high energy " may travel a long distance before decay
producing a second displaced shower vertex.

responding to ! 1.2 years of the full SD array - was
used as “training” data. From the showers that trigger
the SD array [3], those arriving during periods in which
instabilities in data acquisition occur are excluded. After
that the FADC traces are cleaned to remove segments
that are due to accidental muons not belonging to the
shower but arriving close in time with the shower front.
Moreover, if 2 or more segments of comparable area
appear in a trace the station is classified as ambiguous
and it is not used. Then a selection of the stations
actually belonging to the event is done based on space-
time compatibility among them. Events with less than
4 tanks passing the level 2 trigger algorithm [3] are
rejected. This sample is then searched for inclined events
requiring that the triggered tanks have elongated patterns
on the ground along the azimuthal arrival direction. A
length L and a width W are assigned to the pattern
[5], [8], and a cut on their ratio is applied (L/W >3).
Then we calculate the apparent speed of the signal in
the event moving across the ground along L, using the
arrival times of the signals at ground and the distances
between tanks projected onto L [13]. The average speed
"V # is measured between pairs of triggered stations, and
is required to be compatible with that expected in a
simple planar model of the shower front in an inclined
event with ! $ 75!, allowing for some spread due
to fluctuations ("V # % 0.313 m ns"1). Furthermore,
since in inclined events the speed measured between
pairs of tanks is concentrated around "V # [5] we require
that the r.m.s. scatter of V in an event to be smaller

than 0.08 · "V #. The zenith angle ! of the shower is
also reconstructed, and those events with ! $ 75! are
selected. Exactly the same set of conditions is applied
to the simulated neutrinos.

The sample of inclined events is searched for “young”
showers using observables characterising the time dura-
tion of the FADC traces in the early region of the event.
To optimize their discrimination power we applied the
Fisher discriminant method [7] to the training data –
overwhelmingly, if not totally constituted of nucleonic
showers – and to the Monte Carlo (MC) simulations
– exclusively composed of neutrino-induced showers.
Given two populations of events – nucleonic inclined
showers and "-induced showers in our case – char-
acterised by a set of observables, the Fisher method
produces a linear combination of the various observables
– f the Fisher discriminant – so that the separation be-
tween the means of f in the two samples is maximised,
while the quadratic sum of the r.m.s. of f in each of
them is minimised. Since events with a large number
of tanks N (large multiplicity) are different from events
with small multiplicity the sample of training data is
divided into 3 sub-samples corresponding to events with
number of tanks 4 % N % 6, 7 % N % 11 and N $ 12,
and a Fisher discriminant is obtained using each of the
sub-samples as training data. We use the Area-over-Peak
(AoP) [8] and its square of the first 4 tanks in each
event, their product, and a global early-late asymmetry
parameter of the event as the discriminant variables of
the Fisher estimator. Distributions of these observables

Neutrino Detection in Auger

J. Abraham et al., PRL 100 (2008) 211101D. Gora et al., ICRC 2009 J. Tiffenberg et al., ICRC 2009
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2 D. GÓRA et al. NEUTRINO SIGNATURES IN THE AUGER OBSERVATORY

Fig. 1. (Upper panel) The sketch of a shower induced by the decay
of a ! lepton emerging from the Earth after originating from an Earth-
skimming "! . The earliest stations are mostly triggered by electrons
and #s; (bottom panel) sketch of length (L) over width (W ) of a
footprint and determination of the apparent velocity (!V "). The !V "
is given by averaging the apparent velocity, vij = dij/!tij where dij

is the distance between couples of stations, projected onto the direction
defined by the length of the footprint, L, and !tij the difference in
their signal start times.

also a cut of the area of the signal over its peak (AoP)1

value is applied to reject ToT local triggers produced by

consecutive muons hitting a station. Then the elongation

of footprint, defined by the ratio of length (L) over width

(W) of the shower pattern on ground, and the mean

apparent velocity, are basic ingredients to identify very

inclined showers [7], see Fig. 1 (bottom panel) for the

explanation of these observables.

The mean apparent velocity, !V " is expected to be
compatible with the speed of light for quasi-horizontal

showers within its statistical uncertainty !!V " [8]. Fi-

nally compact configurations of selected ToTs complete

the expected picture of young "! -induced shower foot-

prints. These criteria were used to calculate an upper

limit on the diffuse flux UHE "! [8] with the Auger

Observatory and an update of this limit [9], [10].

III. ”DOWN-GOING” NEUTRINOS

The SD array is also sensitive to neutrinos interacting

in the atmosphere and inducing showers close to the

ground [11], [12]. Down-going neutrinos of any flavours

may interact through both charged (CC) and neutral

current (NC) interactions producing hadronic and/or

electromagnetic showers. In case of "e CC interactions,

1The peak corresponds to the maximum measured current of
recorded trace at a single water-Cherenkov detector.
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Fig. 2. (Upper panel) Sketch of a down-going shower initiated in
the interaction of a " in the atmosphere close to the ground; In the
“early” (“late”) region of the shower before (after) the shower axis
hits the ground we expect broad (narrow) signals in time due to
electromagnetic (muonic) component of the shower; (bottom panel)
the average signal duration of the station as a function of the distance
from the earliest triggering station.

the resulting electrons are expected to induce EM show-

ers at the same point where hadronic products induce

a hadronic shower. In this case the CC reaction are

simulated in detail using HERWIG Monte Carlo event

generator [13]. HERWIG is an event generator for high-

energy processes, including the simulation of hadronic

final states and the internal jet structure. The hadronic

showers induced by outgoing hadrons are practically in-

distinguishable in case of " NC interactions, so they are
simulated in the same way for three neutrino flavours.

In case of "µ CC interactions the produced muon is ex-

pected to induce shower which are generally weaker i.e.

with a smaller energy transfer to the EAS, and thus with

suppressed longitudinal profile and much fewer particles

on ground. As a consequence, the detection probability

of such shower is low and therefore the produced

muon is neglected and only the hadronic component is

simulated with the same procedure adopted for " NC

interactions. In case of down-going "! the produced #
lepton can travel some distance in the atmosphere, and

then decay into particle which can induce a detectable

shower. Thus, the outcoming hadronic showers initiated

by "! interactions are usually separated by a certain

distance from the shower initiated by the tau decay.

In this particular case, # decays were simulated using

TAUOLA [16]. The secondary particles produced by

HERWIG or TAUOLA are injected into the extensive air

shower generator AIRES [17] to produce lateral profiles

of the shower development. Shower simulations were

horizontal shower
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Fig. 1. (Upper panel) The sketch of a shower induced by the decay
of a ! lepton emerging from the Earth after originating from an Earth-
skimming "! . The earliest stations are mostly triggered by electrons
and #s; (bottom panel) sketch of length (L) over width (W ) of a
footprint and determination of the apparent velocity (!V "). The !V "
is given by averaging the apparent velocity, vij = dij/!tij where dij

is the distance between couples of stations, projected onto the direction
defined by the length of the footprint, L, and !tij the difference in
their signal start times.

also a cut of the area of the signal over its peak (AoP)1

value is applied to reject ToT local triggers produced by

consecutive muons hitting a station. Then the elongation

of footprint, defined by the ratio of length (L) over width

(W) of the shower pattern on ground, and the mean

apparent velocity, are basic ingredients to identify very

inclined showers [7], see Fig. 1 (bottom panel) for the

explanation of these observables.

The mean apparent velocity, !V " is expected to be
compatible with the speed of light for quasi-horizontal

showers within its statistical uncertainty !!V " [8]. Fi-

nally compact configurations of selected ToTs complete

the expected picture of young "! -induced shower foot-

prints. These criteria were used to calculate an upper

limit on the diffuse flux UHE "! [8] with the Auger

Observatory and an update of this limit [9], [10].

III. ”DOWN-GOING” NEUTRINOS

The SD array is also sensitive to neutrinos interacting

in the atmosphere and inducing showers close to the

ground [11], [12]. Down-going neutrinos of any flavours

may interact through both charged (CC) and neutral

current (NC) interactions producing hadronic and/or

electromagnetic showers. In case of "e CC interactions,

1The peak corresponds to the maximum measured current of
recorded trace at a single water-Cherenkov detector.
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Fig. 2. (Upper panel) Sketch of a down-going shower initiated in
the interaction of a " in the atmosphere close to the ground; In the
“early” (“late”) region of the shower before (after) the shower axis
hits the ground we expect broad (narrow) signals in time due to
electromagnetic (muonic) component of the shower; (bottom panel)
the average signal duration of the station as a function of the distance
from the earliest triggering station.

the resulting electrons are expected to induce EM show-

ers at the same point where hadronic products induce

a hadronic shower. In this case the CC reaction are

simulated in detail using HERWIG Monte Carlo event

generator [13]. HERWIG is an event generator for high-

energy processes, including the simulation of hadronic

final states and the internal jet structure. The hadronic

showers induced by outgoing hadrons are practically in-

distinguishable in case of " NC interactions, so they are
simulated in the same way for three neutrino flavours.

In case of "µ CC interactions the produced muon is ex-

pected to induce shower which are generally weaker i.e.

with a smaller energy transfer to the EAS, and thus with

suppressed longitudinal profile and much fewer particles

on ground. As a consequence, the detection probability

of such shower is low and therefore the produced

muon is neglected and only the hadronic component is

simulated with the same procedure adopted for " NC

interactions. In case of down-going "! the produced #
lepton can travel some distance in the atmosphere, and

then decay into particle which can induce a detectable

shower. Thus, the outcoming hadronic showers initiated

by "! interactions are usually separated by a certain

distance from the shower initiated by the tau decay.

In this particular case, # decays were simulated using

TAUOLA [16]. The secondary particles produced by

HERWIG or TAUOLA are injected into the extensive air

shower generator AIRES [17] to produce lateral profiles

of the shower development. Shower simulations were

time structure
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Fig. 1. (Upper panel) The sketch of a shower induced by the decay
of a ! lepton emerging from the Earth after originating from an Earth-
skimming "! . The earliest stations are mostly triggered by electrons
and #s; (bottom panel) sketch of length (L) over width (W ) of a
footprint and determination of the apparent velocity (!V "). The !V "
is given by averaging the apparent velocity, vij = dij/!tij where dij

is the distance between couples of stations, projected onto the direction
defined by the length of the footprint, L, and !tij the difference in
their signal start times.

also a cut of the area of the signal over its peak (AoP)1

value is applied to reject ToT local triggers produced by

consecutive muons hitting a station. Then the elongation

of footprint, defined by the ratio of length (L) over width

(W) of the shower pattern on ground, and the mean

apparent velocity, are basic ingredients to identify very

inclined showers [7], see Fig. 1 (bottom panel) for the

explanation of these observables.

The mean apparent velocity, !V " is expected to be
compatible with the speed of light for quasi-horizontal

showers within its statistical uncertainty !!V " [8]. Fi-

nally compact configurations of selected ToTs complete

the expected picture of young "! -induced shower foot-

prints. These criteria were used to calculate an upper

limit on the diffuse flux UHE "! [8] with the Auger

Observatory and an update of this limit [9], [10].

III. ”DOWN-GOING” NEUTRINOS

The SD array is also sensitive to neutrinos interacting

in the atmosphere and inducing showers close to the

ground [11], [12]. Down-going neutrinos of any flavours

may interact through both charged (CC) and neutral

current (NC) interactions producing hadronic and/or

electromagnetic showers. In case of "e CC interactions,

1The peak corresponds to the maximum measured current of
recorded trace at a single water-Cherenkov detector.
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Fig. 2. (Upper panel) Sketch of a down-going shower initiated in
the interaction of a " in the atmosphere close to the ground; In the
“early” (“late”) region of the shower before (after) the shower axis
hits the ground we expect broad (narrow) signals in time due to
electromagnetic (muonic) component of the shower; (bottom panel)
the average signal duration of the station as a function of the distance
from the earliest triggering station.

the resulting electrons are expected to induce EM show-

ers at the same point where hadronic products induce

a hadronic shower. In this case the CC reaction are

simulated in detail using HERWIG Monte Carlo event

generator [13]. HERWIG is an event generator for high-

energy processes, including the simulation of hadronic

final states and the internal jet structure. The hadronic

showers induced by outgoing hadrons are practically in-

distinguishable in case of " NC interactions, so they are
simulated in the same way for three neutrino flavours.

In case of "µ CC interactions the produced muon is ex-

pected to induce shower which are generally weaker i.e.

with a smaller energy transfer to the EAS, and thus with

suppressed longitudinal profile and much fewer particles

on ground. As a consequence, the detection probability

of such shower is low and therefore the produced

muon is neglected and only the hadronic component is

simulated with the same procedure adopted for " NC

interactions. In case of down-going "! the produced #
lepton can travel some distance in the atmosphere, and

then decay into particle which can induce a detectable

shower. Thus, the outcoming hadronic showers initiated

by "! interactions are usually separated by a certain

distance from the shower initiated by the tau decay.

In this particular case, # decays were simulated using

TAUOLA [16]. The secondary particles produced by

HERWIG or TAUOLA are injected into the extensive air

shower generator AIRES [17] to produce lateral profiles

of the shower development. Shower simulations were

12
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Fig. 5. Differential and integrated upper limits (90% C.L.) from the Pierre Auger Observatory for a diffuse flux of down-going ! in the period
1 Nov 07 - 28 Feb 09 and up-going !! (1 Jan 04 - 28 Feb 09). Limits from other experiments [14] are also plotted. A theoretical flux for
GZK neutrinos Ref. [2] is shown.

The exposure was calculated using purely MC tech-
niques and also integrating the neutrino identification
efficiencies ! over the whole parameter space [8]. All
the neutrino flavours and interactions are accounted for
in the simulations. In particular for "! we have taken into
account the possibility that it produces a double shower
in the atmosphere triggering the array – one in the "!

CC interaction itself and another in the decay of the #
lepton. The exposure for the period 1 Nov 07 up to 28
Feb 09 is shown in Fig. 4 for CC and NC channels.

Several sources of systematic uncertainties have been
taken into account and their effect on the exposure
evaluated. We tentatively assign a ! 20% systematic un-
certainty due to the neutrino-induced shower simulations
and the hadronic model (SIBYLL 2.1 vs QGSJETII.03).
Another source of uncertainty comes from the neutrino
cross section. Using [15] we estimate a systematic uncer-
tainty of ! 10%. The topography around the Southern
Site of the Pierre Auger Observatory enhances the flux
of secondary tau leptons. In this work we neglected this
effect. Our current simulations indicate that including it
will improve the limit by roughly ! 15 " 20%.

Finally assuming a f(E") = k · E!2
" differential

neutrino flux we have obtained a 90% C.L. limit on the
all-flavour neutrino flux using down-going showers:

k < 3.2 # 10!7 GeV cm!2 s!1 sr!1 (3)

shown in Fig. 5. We also present the updated limit based
on Earth-skimming up-going neutrinos:

k < 4.7!2.5
+2.2 # 10!8 GeV cm!2 s!1 sr!1 (4)

where the upper/lower values correspond to best/worse
scenario of systematics [13]. We have also included the
limit in differential format to show the range in energies

at which the sensitivity of the Pierre Auger Observatory
to down-going and Earth-skimming " peaks.

A preliminary limit on the flux of UHE neutrinos
from the position of Centaurus A (equatorial coords.
$ ! "43.0", l ! "35.2") – assuming a point source at
that position – was also obtained. For that purpose we
have integrated the identification efficiency ! over the
fraction of the time (! 15.6%) the source is seen in the
SD array with % between 75" and 90". The preliminary
limit is ! 3 # 10!6 neutrinos per GeV cm!2 s!1.
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20 May 2007    E ~ 1019 eV

A Hybrid Event - Pierre Auger Observatory
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Precise measurementof the all-particle energy spectrum over 3 
decades in energy

4 data sets combined: SD 750 m, FD (hybrid), SD 1500 m (0°-60°), 
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First measurement of the depth of shower maximum over 3 decades in energy
Depth of shower maximum premiere observable for mass composition studies

HEAT data extends the FOV of the fluorescence detector up to 60˚ 
Extension of the depth of shower maximum measurements down to 1017 eV

Compared to expectations from proton and iron
EPOS-LHC, QGSJETII-04, Sybill2.1 as hadronic interactions models
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Compared to prediction for protons and iron nuclei according to the hadronic interaction models EPOS-
LHC, QGSJETII-04, Sybill2.1

First measurement of the depth of shower maximum over 3 
decades in energy

Xmax

Depth of shower maximum is premiere observable for mass 
composition studies .
HEAT data extend the FOV of the fluorescence detector up to 60°.
Extension of the depth of shower maximum measurements down 
to 1017 eV.
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measure for ln A (particle type)
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2.2. OPEN QUESTIONS AND GOALS OF UPGRADING THE OBSERVATORY 11
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Figure 2.9: Estimate of the composition of ultra-high energy cosmic rays at the top of the atmo-
sphere [23]. The Xmax distributions measured with the Auger Observatory have been fitted by a
superposition of four mass groups accounting for detector resolution and acceptance effects. The
error bars show the combined statistical and systematic uncertainties of the mass estimates, except
those related to the choice of the hadronic interaction models.

The Xmax distributions measured with the fluorescence telescopes for different energy
intervals [22] can be used to estimate the UHECR composition at Earth. This composition
will depend on the number of mass groups considered and the hadronic interaction mod-
els employed in the simulations. The result of such analysis, fitting four mass groups to
the measured Xmax distributions [23], is shown in Fig. 2.9. The interaction models EPOS-
LHC [73, 74], QGSJet II.04 [75] and Sibyll 2.1 [76] have been used for data interpretation to
get some understanding of the systematic uncertainties related to the modeling of hadronic
interactions.

One striking result is the presence of a large fraction of protons in the energy range of
the ankle. At the same time, according to the Auger data, the anisotropy of the arrival
directions of these protons cannot be larger than a few percent. This is in contradiction to
the expectations for light particles produced in continuously distributed Galactic sources,
given the current knowledge of propagation in the Galactic magnetic field [110, 111]. Thus
the protons at energies as low as 1018 eV are most likely of extragalactic origin, or one has to
accept rather extreme assumptions about the Galactic magnetic field.

Another surprising observation is the disappearance of the proton component just below
1019 eV and, at the same time, the appearance of a helium component. There are indications
that a similar transition from helium to the nitrogen mass group could take place at higher
energy, but the statistics of the data of the fluorescence telescopes are not high enough to
be conclusive. Furthermore there is a large correlation between the fractions of the different
mass groups. We will not attempt here to speculate on the origin of these transitions and only
point out that we do not have enough composition-sensitive data to derive the composition
at energies higher than a few times 1019 eV, even if we understood hadronic interactions at
these energies perfectly.



What do spectrum and composition data tell 
us?
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Fit parameters: injection flux normalization and spectral index γ, cutoff rigidity Rcut, 
p, He, N, Fe, fractions.(Simple) Model of UHECR to reproduce the Auger spectrum and Xmax distributions at the same time

Homogeneous distribution of identical sources accelerating p, He, N and Fe nuclei.
Fit parameters: injection flux normalization and spectral index �, cutoff rigidity Rcut, p-He-N-Fe fractions

!
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

/V
)

cu
t

(R
1
0

lo
g

18

18.5

19

19.5

20

20.5

0

2

4

6

8

10

12

!

-1 0 1 2

200

250

300

350

!!"#"#$%"�

(E/eV)
10

log
18 18.5 19 19.5 20

]
-2

 [
g
 c

m
"

m
ax

X#

650

700

750

800

850
H
He
N
Fe

EPOS-LHC
 

(E/eV)
10

log
18 18.5 19 19.5 20

]
-2

) 
[g

 c
m

m
ax

(X
$

20

40

60 H

He

N
Fe

 

&$'()*"+,'-.(/0"#$%"'1'0'$.+"2(#-.34$+
560#78"#$%"�960#7:

What do spectrum and composition data tell us?

Best fit with very hard injection spectra (� � 1)
Flux limited by maximum energy at the sources (Rcut � 101..7 eV

!"#$%&&'(#)*+,

!"

(Simple) Model of UHECR to reproduce the Auger spectrum and Xmax distributions at the same time
Homogeneous distribution of identical sources accelerating p, He, N and Fe nuclei.

Fit parameters: injection flux normalization and spectral index �, cutoff rigidity Rcut, p-He-N-Fe fractions
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Best fit with very hard injection spectra (γ ~ 1) 
Flux limited by maximum energy at the sources (Rcut ~ Z * 
1018.6 eV

Rcut and γ Energy spectrum and element fractions <Xmax> and σ(Xmax)
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Fig. 1.— The 69 arrival directions of CRs with energy E ! 55 EeV detected by the Pierre Auger Observatory up

to 31 December 2009 are plotted as black dots in an Aito!-Hammer projection of the sky in galactic coordinates.

The solid line represents the field of view of the Southern Observatory for zenith angles smaller than 60!. Blue

circles of radius 3.1! are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc

and that are within the field of view of the Observatory. Darker blue indicates larger relative exposure. The

exposure-weighted fraction of the sky covered by the blue circles is 21%.

The updated estimate of the degree of correlation must include periods II and III only, because the parameters

were chosen to maximise the correlation in period I. In Fig. 2 we plot the degree of correlation (pdata) with

objects in the VCV catalog as a function of the total number of time-ordered events observed during periods

II and III. For each additional event the most likely value of pdata is k/N (number correlating divided by the

cumulative number of arrival directions).

The confidence level intervals in the plot contain 68.3%, 95.45% and 99.7% of the posterior probability for

pdata given the measured values of k and N . The posterior probability distribution is pkdata(1" pdata)N"k(N +

1)!/k!(N " k)!, corresponding to a binomial likelihood with a flat prior. The upper and lower limits in the

confidence intervals are chosen such that the posterior probability of every point inside the interval is higher

than that of any point outside. The amount of correlation observed has decreased from (69+11
"13)%, with 9 out

of 13 correlations measured in period II, to its current estimate of (38+7
"6)%, based on 21 correlations out of a

total of 55 events in periods II and III.

The cumulative binomial probability that an isotropic flux would yield 21 or more correlations is P = 0.003.

This updated measurement with 55 events after the initial scan is a posteriori, with no prescribed rule for

rejecting the hypothesis of isotropy as in (6, 7). No unambiguous confidence level for anisotropy can be derived

from the probability P = 0.003. P is the probability of finding such a correlation assuming isotropy. It is not

the probability of isotropy given such a correlation.

We note that 9 of the 55 events detected in periods II and III are within 10! of the galactic plane, and none

of them correlates within 3.1! with the astronomical objects under consideration. Incompleteness of the VCV

catalog due to obscuration by the Milky Way or larger magnetic bending of CR trajectories along the galactic

disk are potential causes for smaller correlation of arrival directions at small galactic latitudes. If the region

within 10! of the galactic plane is excluded the correlation is (46± 6)% (21 correlations out of 46 events), while

8

Arrival directions of highest-energy cosmic rays
data up to 31.12.2009
69 events E > 55 EeV
correlated: 29 (14.5 exp.) 

position of AGNs from
VCV catalog (3.1°)

d < 75 Mpc

24% is the chance expectation for an isotropic flux.3
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Fig. 2.— The most likely value of the degree of correlation pdata = k/N is plotted with black dots as a function

of the total number of time-ordered events (excluding those in period I). The 68%, 95% and 99.7% confidence

level intervals around the most likely value are shaded. The horizontal dashed line shows the isotropic value

piso = 0.21. The current estimate of the signal is (0.38+0.07
!0.06).

It has not escaped our notice that the directions of the 5 most energetic events are not part of the fraction of

events that correlate with objects in the VCV catalog.

Additional monitoring of the correlation signal with this set of astronomical objects can also be found in

(29). Further studies of the correlation exploring other parameters are currently in progress. One conjecture

often made in the literature (see e.g. (30, 31) and references therein) is that powerful radiogalaxies are the

most promising contenders for UHECR acceleration, along with gamma-ray bursts. The analysis of directional

correlations of UHECRs with positions of AGNs from the VCV catalog discussed here does not account for

any di!erences among those AGNs. Thus, a logical next step with respect to (6, 7) would consider the AGN

radio luminosity given in the VCV catalog as a fourth scan parameter to find a threshold in radio luminosity

above which the directional correlation starts to increase. Such a scan has been performed with a subset of the

data and the signal evolution with those parameters is being monitored since, similarly as presented here for

all AGNs of the VCV. These results will be reported elsewhere.

The HiRes collaboration has reported (32) an absence of a correlation with AGNs of the VCV catalog using the

parameters of the Auger prescribed test. They found two events correlating out of a set of 13 arrival directions

that have been measured stereoscopically above an energy which they estimated to be the same as the Auger

prescribed energy threshold. The 38% correlation measured by Auger suggests that approximately five arrival

directions out of 13 HiRes directions should correlate with an AGN position. The di!erence between 2 and 5

does not rule out a 38% correlation in the northern hemisphere that is observed by the HiRes detector. Also,

it is not necessarily expected that the correlating fraction should be the same in both hemispheres. The three-

3The choice of the size of the region excluded has some arbitrariness. We used 12! in (6, 7). We use 10! here for uniformity with

the analysis of the 2MRS catalog in section 4.

9

P. Abreu et al., Astropart. Phys. (2010)
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At small/intermediate scales: no evidence for anisotropy

At small/intermediate scales: no evidence of anisotropy

Data set: 602 events with E > 40 EeV, � < 80˚ (66450 km2 sr y) Covered FOV in declination: -90˚ - +45˚
Anisotropy tests over a wide range of angles: 1˚ - 30˚; at different energy thresholds: 40 - 80 EeV
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Most significant excess (18˚ from Cen A): 
Post-trial probability: 69%

“INTRINSIC” ANISOTROPY TESTS
Cross-correlation, blind search for excesses

ASTROPHYSICAL CATALOGS TESTS
2MRS galaxies, Swift-BAT AGNs, radio galaxies, Cen A
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NO STATISTICALLY SIGNIFICANT DEVIATION FROM ISOTROPY IN NONE OF THE TESTS
The most significant deviations from isotropy are at intermediate scales
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Data set: 602 showers with E > 40 EeV, θ < 80° (66450 km2 sr y).  Covered FOV in 
declination: -90°  -  +45° 
Anisotropy tests over a wide range of angles: 1° - 30°; at different energy thresholds: 
40 - 80 EeV

“INTRINSIC” ANISOTROPY TESTS 
Cross-correlation, blind search for 

excesses

ASTROPHYSICAL CATALOGS TESTS 
2MRS galaxies, Swift-BAT AGNs, radio 

galaxies, Cen A

Most significant excess (18° from Cen A): post-trial 
probability: 69%

NO STATISTICALLY SIGNIFICANT DEVIATION FROM ISOTROPY IN NONE OF THE TESTS.
The most significant deviations from isotropy are at intermediate scales.

minimum at 15° and Eth = 58 EeV
post-trial probability: 1.4%
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At large scales: indication of a dipole at E>8 EeV

AUGER: Harmonic analysis in right ascension 
and azimuth (declination-sensitive) 
≈ 70000 CRs with E>4 EeV and θ < 80 ̊ 85% 
sky coverage. Two energy bins: 4-8 EeV and > 
8 EeV

AUGER and TA: Spherical harmonic 
analysis 
≈ 17000 Auger CRs and 
≈ 2500 TA CRs with E>10 EeV Full sky 
coverage

Sky map of the CR flux (45° smoothing) Sky map of the CR flux (60° 
smoothing)

Dipole Amplitude: 7.3 ± 1.5% (p=6.4x10-5)
Pointing to (a, d) = (95°±13°, -39°±13°)

Dipole Amplitude: 6.5 ± 1.9% (p=5x10-3)
Pointing to (a, d) = (93°± 24°, -46°±18°)

Indications of large-scale anisotropies of CRs at E > 8-10 EeV challenging the original 
expectations of isotropy at these energies
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challenging the original expectations of isotropy at these energies
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8 CHAPTER 2. SCIENTIFIC ACHIEVEMENTS AND GOALS
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Figure 2.5: Large scale anisotropy search. Left: 99% limits on the dipole anisotropy in the equatorial
plane for the collected statistics until end of 2014 (dashed line) and values of the dipole amplitude
d?. Right: estimated phase angles. The red points of the equatorial phase are from the analysis of the
750 m array. The data shown is an update of the analyses [15, 88], to be published at ICRC 2015.
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Figure 2.6: Regions of over-density observed after ⇠20�-smearing of the arrival directions of particles
with E > 5.5⇥1019 eV. The results from the northern hemisphere are from the TA Collaboration [91].

want to mention the 15� region of over-density observed around the direction of Centau-
rus A [21]. Although not being a statistically significant excess beyond 3s, it is interesting
to note that the TA Collaboration has recently reported a “hot spot” of similar intermediate
angular scale [91], see Fig. 2.6.

2.1.5 Air shower and hadronic interaction physics

The depth of shower maximum is directly related to the depth of the first interaction of the
cosmic ray in the atmosphere [92]. Based on this correlation, the proton-air cross section has
been measured at 57 TeV c.m.s. energy using hybrid data of the Auger Observatory [24]. Ap-
plying the Glauber approximation [93] this cross section can be converted to an equivalent
(inelastic) proton-proton cross section, see Fig. 2.7. The cross section is found to be consis-
tent with model extrapolations that describe the LHC data, which were becoming available
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58 CHAPTER 4. THE SURFACE DETECTOR

Figure 4.1: 3D view of a water-Cherenkov detector with a scintillator unit on top.

The scintillator units have to be precisely calibrated with a technique similar to the cal-
ibration procedure of the WCD (cf. section 4.2.7). The size of the detector and its intrinsic
measurement accuracy should not be the dominant limitations for the measurement. The
dynamic range of the units has to be adequate to guarantee the physics goals of the pro-
posed upgrade.

The detector will be assembled and tested in parallel in multiple assembly facilities to
reduce the production time and, therefore, has to be easily transportable. The mechanical
robustness of the scintillator units must be ensured. The units will be shipped after assem-
bly, and validated at the Malargüe facilities of the Pierre Auger Observatory before being
transported to their final destination on top of a WCD in the Pampa. They will then have
to operate for 10 years in a hostile environment, with strong winds and daily temperature
variations of up to 30�C.

4.2.2 Detector design

The baseline design relies only on existing technology for which performance measurements
have been made. The Surface Scintillator Detectors (SSD) basic unit consists of two modules
of ⇡ 2 m2 extruded plastic scintillator which are read out by wavelength-shifting (WLS)
fibers coupled to a single photo-detector. Extruded scintillator bars read by wavelength-
shifting fibers have already been employed in the MINOS detector [142]. The active part of
each module is a scintillator plane made by 12 bars 1.6 m long of extruded polystyrene scin-
tillator. Each bar is 1 cm thick and 10 cm wide. The scintillator chosen for the baseline design
is produced by the extrusion line of the Fermi National Accelerator Laboratory (FNAL) [143].

The bars are co-extruded with a TiO2 outer layer for reflectivity and have four holes in
which the wavelength-shifting fibers can be inserted. The fibers are positioned following the
grooves of the routers at both ends, in a “U” configuration that maximizes light yield and
allows the use of a single photomultiplier (at the cost of a widening of the time response
of the detector by 5 ns, which has a totally negligible impact). The fibers are therefore read



82 CHAPTER 5. THE UNDERGROUND MUON DETECTOR

Figure 5.1: Left: An AMIGA 10 m2 module being manufactured. The black optical connector concen-
trates the 64 optical fibers coming from the 32 scintillator bars at each side. Right: Deployment of a
Unitary Cell AMIGA station with two 10 m2 and two 5 m2 modules at a depths of 2.3 m underground.
The big tubes are to provide access to the electronics for development and maintenance purposes, to
be replaced by tubes of 31 cm diameter for AMIGA production.

The fibers end at an optical connector matched and aligned to a 64 channel multi-anode
photomultiplier tube. Muon counters sample scintillator signals at a frequency of 320 MHz,
meaning that every 3.125 ns 64 bits are acquired. Each bit stores the digitized value (either
a “0” or “1” if the signal was below or above a predefined threshold) associated to one
scintillator bar of the counter.

Muon counting and the digitization of the integrated signal is implemented in the AMIGA
electronics, including an FPGA with three main functional blocks: counting, data codifica-
tion, and external communications. The data are sent to the CDAS using an independent,
commercial radio communications system. The power for the counters is provided by a so-
lar panel system similar to that used for the existing SD. The measured power consumption
of one detector station is currently about 37 W. For more details about the module design
and deployment see Sec. 9.5 and Appendix B.7.2.

5.3 Implementation

A unitary cell formed by 7 AMIGA muon stations and 7 associated surface detectors has been
successfully installed in the field, with elements of the cell taking data for up to two years.
The performance and physics results from the unitary cell are very encouraging and the pro-
cedure for deploying underground detectors in the infill area has been verified. Some R&D is
still in progress, mainly aimed at reducing costs and increasing the integration of muon de-
tectors with the SD. In particular, a common communications system is needed for the infill
area detectors, which will be adapted either from the AMIGA or the AERA communication
systems. Furthermore, some R&D is ongoing on the use of silicon photomultipliers (SiPM)
and electronics improvements. This would allow a reduction in the power consumption and
the cost of the detectors.


