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Measurement of the cosmic ray energy spectrum above10
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Abstract. The flux of cosmic rays above1018 eV
has been measured with unprecedented precision
using the Pierre Auger Observatory. Two analysis
techniques have been used to extend the spectrum
downwards from 3 × 1018 eV, with the lower en-
ergies being explored using a novel technique that
exploits the hybrid strengths of the instrument.
The systematic uncertainties, and in particular the
influence of the energy resolution on the spectral
shape, are addressed. The spectrum can be described
by a broken power-law of index 3.3 below the
ankle which is measured atlg(Eankle/eV) = 18.6.
Above the ankle the spectrum is described by a
power-law ∝ E−2.6 and a flux suppression with
lg(E1/2

/eV) = 19.6.
Keywords: Auger Energy Spectrum

I. I NTRODUCTION

Two independent techniques are used at the Pierre
Auger Observatory to study extensive air showers cre-
ated by ultra-high energy cosmic rays in the atmosphere,
a ground array of more than 1600 water-Cherenkov
detectors and a set of 24 fluorescence telescopes. Con-
struction of the baseline design was completed in June
2008. With stable data taking starting in January 2004,
the world’s largest dataset of cosmic ray observations
has been collected over the last 4 years during the
construction phase of the observatory. Here we report
on an update with a substantial increase relative to the
accumulated exposure of the energy spectrum measure-
ments reported in [1] and [2].

Due to its high duty cycle, the data of the surface
detector are sensitive to spectral features at the highest
energies. Its energy scale is derived from coincident
measurements with the fluorescence detector. A flux
suppression around1019.5 eV has been established based
on these measurements [1] in agreement with the HiRes
measurement [3].

An extension to energies below the threshold of
1018.5 eV is possible with the use of hybrid observations,
i.e. measurements with the fluorescence detectors in
coincidence with at least one surface detector. Although
statistically limited due to the duty-cycle of the fluo-
rescence detectors of about13%, these measurements
make it possible to extend the energy range down to
1018 eV and can therefore be used to determine the

position and shape of the ankle at which the power-
law index of the flux changes [4], [5], [6], [7]. A
precise measurement of this feature is crucial for an
understanding of the underlying phenomena. Several
phenomenological models with different predictions and
explanations of the shape of the energy spectrum and the
cosmic ray mass composition have been proposed [8],
[9], [10].

II. SURFACE DETECTOR DATA
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Fig. 1. Energy spectrum derived from surface detector data calibrated
with fluorescence measurements. Only statistical uncertainties are
shown.

The surface detector array of the Pierre Auger Obser-
vatory covers about3000 km2 of the Argentinian Pampa
Amarilla. Since its completion in June 2008 the expo-
sure is increased each month by about350 km2 sr yr
and amounts to12, 790 km2 sr yr for the time period
considered for this analysis (01/2004 - 12/2008). The
exposure is calculated by integrating the number of
active detector stations of the surface array over time.
Detailed monitoring information of the status of each
surface detector station is stored every second and the
exposure is determined with an uncertainty of3 % [1].

The energy of each shower is calibrated with a subset
of high quality events observed by both the surface
and the fluorescence detectors after removing attenuation
effects by means of a constant-intensity method. The
systematic uncertainty of the energy cross-calibration is
7% at1019 eV and increases to15% above1020 eV [11].

Due to the energy resolution of the surface detector
data of about20%, bin-to-bin migrations influence the
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Fig. 2. Comparison between hybrid data and the Monte Carlo
simulations used for the determination of the hybrid exposure.

reconstruction of the flux and spectral shape. To correct
for these effect, a simple forward- folding approach was
applied. It uses MC simulations to determine the energy
resolution of the surface detector and derive the bin-to-
bin migration matrix. The matrix is then used to derive
a flux parameterisation that matches the measured data
after forward-folding. The ratio of this parameterisation
to the folded flux gives a correction factor that is applied
to data. The correction is energy dependent and less than
20% over the full energy range.

The derived energy spectrum of the surface detector is
shown in Fig. 1 together with the event numbers of the
underlying raw distribution. Combining the systematic
uncertainties of the exposure (3%) and of the forward
folding assumptions (5%), the systematic uncertainties
of the derived flux is5.8%.

III. F LUORESCENCE DETECTOR DATA

The fluorescence detector of the Pierre Auger Obser-
vatory comprises 24 telescopes grouped in 4 buildings
on the periphery of the surface array. Air shower obser-
vations of the fluorescence detector in coincidence with
at least one surface detector permit an independent mea-
surement of the cosmic ray energy spectrum. Due to the
lower energy threshold of the fluorescence telescopes,
these ’hybrid’ events allow us to extend the range of
measurement down to1018 eV.

The exposure of the hybrid mode of the Pierre Auger
Observatory has been derived using a Monte Carlo
method which reproduces the actual data conditions of
the observatory including their time variability [12].
Based on the extensive monitoring of all detector com-
ponents [13] a detailed description of the efficiencies
of data-taking has been obtained. The time-dependent
detector simulation is based on these efficiencies and
makes use of the complete description of the atmo-
spheric conditions obtained within the atmospheric mon-
itoring program [14]. For example, we consider only
time intervals for which the light attenuation due to
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Fig. 3. Energy spectrum derived from hybrid data. Only statistical
error bars are shown.

aerosols has been measured and for which no clouds
have been detected above the observatory [15].

As input to the detector simulation, air showers are
simulated with CONEX [16] based on the Sibyll 2.1 [17]
and QGSJetII-0.3 [18] hadronic interaction models, as-
suming a 50% − 50% mixture of proton and iron
primaries. Whereas the derived exposure is independent
of the choice of the hadronic interaction model, a sys-
tematic uncertainty is induced by the unknown primary
mass composition. After applying restrictions to the
fiducial volume [19], the systematic uncertainty related
to the primary mass composition is8% at 1018 eV and
becomes negligible above1019 eV (see [12] for details).

Additional requirements limit the maximum distance
between air shower and the fluorescence detector. They
have been derived from comparisons between data and
simulated events and assure a saturated trigger efficiency
of the fluorescence detector and the independence of
the derived flux from the systematic uncertainty of
the energy reconstruction. In addition, events are only
selected for the determination of the spectrum if they
meet certain quality criteria [12], which assure an energy
resolution of better than6% over the full energy range.

Extensive comparisons between simulations and cos-
mic ray data are performed at all reconstruction levels.
An example is the agreement between data and MC
in the determination of the fiducial distance shown in
Fig. 2. Additional cross-checks involve laser shots fired
into the field of view of the fluorescence telescopes from
the Central Laser Facility [20]. They have been used to
verify the accuracy of the duty cycle.

The design of the Pierre Auger Observatory with
its two complementary air shower detection techniques
offers the chance to validate the full MC simulation
chain and the derived hybrid exposure using air shower
observations themselves. Based on this end-to-end ver-
ification, the calculated exposure has been corrected
by 4%. The total systematic uncertainty of the derived
hybrid spectrum is10% at 1018 eV and decreases to
about6% above1019 eV.
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Fig. 4. The fractional difference between the combined energy spectrum of the Pierre Auger Observatory and a spectrum with an index of
2.6. Data from the HiRes instrument [3], [21] are shown for comparison.

The energy spectrum derived from hybrid measure-
ments recorded during the time period 12/2005 - 05/2008
is shown in Fig. 3.

IV. T HE COMBINED ENERGY SPECTRUM

The Auger energy spectrum covering the full range
from 1018 eV to above1020 eV is derived by combining
the two measurements discussed above. The combina-
tion procedure utilises a maximum likelihood method
which takes into account the systematic and statistical
uncertainties of the two spectra. The procedure applied
is used to derive flux scale parameters to be applied
to the individual spectra. These arekSD = 1.01 and
kFD = 0.99 for the surface detector data and hybrid data
respectively, showing the good agreement between the
independent measurements. The systematic uncertainty
of the combined flux is less than4%.

As the surface detector data are calibrated with hy-
brid events, it should be noted that both spectra share
the same systematic uncertainty for the energy assign-
ment. The main contributions to this uncertainty are
the absolute fluorescence yield (14%) and the absolute
calibration of the fluorescence photodetectors (9.5%).
Including a reconstruction uncertainty of about10% and
uncertainties of the atmospheric parameters, an overall
systematic uncertainty of the energy scale of22% has
been estimated [11].

The fractional difference of the combined energy
spectrum with respect to an assumed flux∝ E−2.6 is
shown in Fig. 4. Two spectral features are evident: an
abrupt change in the spectral index near4 EeV (the

”ankle”) and a more gradual suppression of the flux
beyond about30 EeV.

Some earlier measurements from the HiRes experi-
ment [3], [21] are also shown in Fig. 4 for comparison.
A modest systematic energy shift applied to one or both
experiments could account for most of the difference
between the two. The spectral change at the ankle
appears more sharp in our data.

The energy spectrum is fitted with two functions.
Both are based on power-laws with the ankle being
characterised by a break in the spectral indexγ atEankle.
The first function is a pure power-law description of
the spectrum, i.e. the flux suppression is fitted with a
spectral break atEbreak. The second function uses a
smooth transition given by

J(E; E > Eankle) ∝ E−γ2
1

1 + exp
(

lg E−lg E1/2

lg Wc

)

in addition to the broken power-law to describe the
ankle. This fit is shown as black solid line in Fig. 5.
The derived parameters (quoting only statistical uncer-
tainties) are:
In Fig. 5 we show a comparison of the combined energy
spectrum with spectral shapes expected from different
astrophysical scenarios. Assuming for example a uni-
form distribution of sources, no cosmological evolution
of the source luminosity ((z + 1)m, i.e. m = 0) and a
source flux following∝ E−2.6 one obtains a spectrum
that is at variance with our data. Better agreement is
obtained for a scenario including a strong cosmological
evolution of the source luminosity (m = 5) in combi-
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parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.26 ± 0.04 3.26 ± 0.04
lg(Eankle/eV) 18.61 ± 0.01 18.60 ± 0.01
γ2(E > Eankle) 2.59 ± 0.02 2.55 ± 0.04
lg(Ebreak/eV) 19.46 ± 0.03
γ3(E > Ebreak) 4.3 ± 0.2
lg(E1/2/eV) 19.61 ± 0.03
lg(Wc/eV) 0.16 ± 0.03

nation with a harder injection spectrum (∝ E−2.3). A
hypothetical model of a pure iron composition injected
with a spectrum following∝ E−2.4 and uniformly
distributed sources withm = 0 is able to describe the
measured spectrum above the ankle, below which an
additional component is required.

V. SUMMARY

We presented two independent measurements of the
cosmic ray energy spectrum with the Pierre Auger
Observatory. Both spectra share the same systematic
uncertainties in the energy scale. The combination of the
high statistics obtained with the surface detector and the
extension to lower energies using hybrid observations
enables the precise measurement of both the ankle and
the flux suppression at highest energies with unprece-
dented statistics. First comparisons with astrophysical
models have been performed.
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