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• Motivation and State-of-the-art 

What do we have? 

Björn Eichmann, UHECR2018, Paris

Cosmic Rays

2

~E-2.7

Galactic Extra-Gal 

Remarkable power-law (plus “leg” features) 

e20190118-10 Mecanismos de limitação da energia de raios cósmicos durante sua propagação
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A energia mínima que o próton incidente deverá ter
para que a reação ocorra será dada quando cos ◊ = ≠1,
quando a expressão (49) obterá o seu menor valor possível.
Neste caso, temos

(Epi)min = mfi(2mp + mfi)
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(50)

Substituindo os valores tabelados, E“ = 2, 34 ◊ 10≠4

eV, mp = 938, 26 MeV e mfi = 134, 96 MeV, obtemos que
este valor mínimo de energia para o próton incidente é

(Epi)min = 2, 925 ◊ 1020 eV (51)

Portanto, somente prótons com energia acima da or-
dem 1020eV irá interagir com os fótons da CMB a ponto
de produzir píons e como consequência diminuir a sua
energia, essa previsão é usada para explicar o motivo

de não detectar-se raios cósmicos com ordem de energia
maior do que 1020eV.

Quaisquer que sejam as fontes dos raios cósmicos extra-
galácticos, esta interação entre os mesmos e a radiação
cósmica de fundo irá produzir um fluxo de neutrinos.
Considerando que o ponto desta interação está locali-
zado em escala cosmológica da Terra, estes neutrinos
produzidos podem ser rastreados ao ponto com excelente
precisão [19]. Estes neutrinos GZK podem ter seu fluxo
calculado na sequência do cálculo acima, sendo que sua
magnitude é determinada por sua densidade total de
energia no Universo.

5. Raios cósmicos na Terra

Ao fim de todo seu trajeto no meio celeste, o raio cósmico
encontra em seu caminho um pequeno planeta com uma
atmosfera que propicia a vida em forma de carbono, a
qual consegue detectar estes raios cósmicos e formar um
espectro da chegada dos mesmos.

Quando a partícula altamente energética que compõem
o raio cósmico adentra a atmosfera é como se a mesma
estivesse em uma mesa de bilhar cheia de bolinhas, ela
irá colidir com os núcleos presentes em nossa atmosfera
e isso gerará certo decaimentos e ionizações e até mesmo
criação de certas partículas. A detecção dos raios cósmicos
pode ser feito de forma direta, assim como era feito nos
primórdios da física dos raios cósmicos com Hess, mas
para isso necessita-se que haja um grande fluxo de raios
cósmicos com uma determinada energia e temos que
desprezar que há interações ao longo do trajeto do topo
da atmosfera até o nível do mar.

O estudo de raios cósmicos com energia um pouco a
cima de 1015eV deve ser indireto devido ao baixo fluxo
envolvido. Os dados experimentais advêm a partir da
detecção e da amostragem de chuveiros atmosféricos
extensos (EAS - Extensive Air Shower) produzidos pelo
raio cósmico conforme o mesmo interage com a atmosfera,
os quais abordaremos em mais detalhes ao longo do
capítulo.

O chuveiro atmosférico extenso se divide em algumas
componentes e modelos, entre suas componentes, temos
a parte eletromagnética. A partir da medição dos raios
cósmicos, é possível montar um espectro da chega dos
mesmos, da pela Fig.3, o espectro obedece uma lei de
potência assim como foi visto no capítulo anterior, onde
os mecanismos de Fermi geram um espectro que obedece
uma lei de potência.

dN

dE
≥ E

≠– (52)

Como pode ser visto na Fig.3, o fluxo de raios cós-
micos tem uma grande variação entre 107eV(10 MeV) a
1021eV(10EeV), raios cósmicos com energia da ordem de
1017 tem um fluxo de 1

5 próton
m2sMeV

6
enquanto que os raios

Revista Brasileira de Ensino de Física, vol. 41, nº 4, e20190118, 2019 DOI: http://dx.doi.org/10.1590/1806-9126-RBEF-2019-0118
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3 29. Cosmic Rays

Figure 29.1: Fluxes of nuclei of the primary cosmic radiation in particles per energy-per-nucleus
are plotted vs energy-per-nucleus using data from Refs. [1–13] The inset shows the H/He ratio as
a function of rigidity [1, 3].
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Figure 3. Top to Bottom: Observed excess map - Model excess map - Residual map - Model flux map, for the best-fit parameters
obtained with SBGs above 39EeV (Left) and �AGNs above 60EeV (Right). The excess maps (best-fit isotropic component sub-
tracted) and residual maps (observed minus model) are smeared at the best-fit angular scale. The color scale indicates the number
of events per smearing beam (see inset). The model flux map corresponds to a uniform full-sky exposure. The supergalactic
plane is shown as a solid gray line. An orange dashed line delimits the field of view of the array.
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GALATIC 

mass	groups

elements

knee

2nd	knee

ankle

Figure 1: Cosmic-ray energy spectrum and mass composition. This plot reflects a recent attempt
for a combined fit of flux and composition measurements by different experiments, where the in-
dividual spectra [8, 15–20] have been multiplied by a constant (inset) to adjust them to a common
energy scale. The bands are one-sigma uncertainties derived from published experimental data
(see [7] for details). Features such as the Knee, Second Knee, and Ankle mark softenings or hard-
enings of the spectrum which can be approximated by a power law in between these features. For
future progress in GCR science, it is important to reduce the uncertainties by improving hadronic
interaction models and enhancing air-shower arrays to perform hybrid measurements.

2 State of the Art in High-Energy GCR Science
To understand how these science goals can be targeted by more accurate mass measurements of
GCRs and by multi-messenger astrophysics, let us first review the recent progress in CR science.

GCRs have a strongly mixed composition of elements from proton to iron at all energies (Fig. 1;
see [36–41] for reviews). The exact composition varies with kinetic energy. During their propa-
gation, GCRs diffuse in Galactic magnetic fields depending on their rigidity, which translates into
a mass-dependence, since GCRs are fully ionized nuclei. The magnetic deflection leads to an al-
most isotropic arrival direction at Earth (Fig. 2). Weak anisotropies have been measured for the
all-particle flux [21,42–44], but are difficult to interpret because the present accuracy of air-shower
arrays does not allow for efficient per-event classification of the mass of GCRs.

Features in the energy spectrum (Fig. 1) and large-scale anisotropy (Fig. 2) mark the 100 TeV to
1 EeV range of high-energy GCRs as distinct. Above 100 TeV, the phase of the first harmonic of the
large-scale anisotropy flips towards the direction of the Galactic Center. Structures in the heavier
components suggest that GCR at 100 TeV and at a few PeV might belong to different populations
of sources. However, we do not yet know why the Knee, as the most prominent feature in the
energy spectrum, does not coincide with a significant feature in the anisotropy measurements.
Current anisotropy searches are not yet sensitive enough in this energy range [45].

Around 100 PeV the heavy component in the energy spectrum becomes softer [46], and at about
the same energy the light component becomes harder [47]. The relation to the Second Knee in the
all-particle spectrum detected by several experiments at two to three times higher energy needs

3

EXTRA-GAL. 

What do we know ? 
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FIG. 2: Skymap in Galactic coordinates of the Li-Ma significances of overdensities in 20� radius windows for 840 events recorded
by Auger with E > EAuger and 130 events recorded by TA with E > ETA [30]. The color scale indicates the significance in units of
standard deviations; negative values follow the convention of indicating the (positive) significance of deficits.

FIG. 3: Comparison of UHECR event locations with starburst- (left) and radio-galaxies (right) in Galactic coordinates. The green
points indicate the arrival directions of 231 events with E > 52 EeV and zenith angle ✓ < 80� detected by the Pierre Auger
Observatory from 2004 January 1 up to 2014 March 31 [44]. The blue points indicate the arrival directions of 72 events with
E > 57 EeV and ✓ < 55� recorded from 2008 May 11 to 2013 May 4 with TA [22]. The stars indicate the location of nearby starburst-
(left) and radio-galaxies (right). The shaded regions delimit angular windows around the sources of angular radius of 15�.

entation, and we do not imply that the events from those
sources should be contained in those angular windows.
Nevertheless, the analysis presented in [44] results in
such angular size for one of the sources. We perform
a maximum likelihood estimation of the spectral index
around each of the sources, for each of the data sam-
ples (if there is more than one event), assuming a single
power law spectrum, dN/dE / E��. In Table I we show

the values of �maximizing the likelihood, as well as the
68% confidence level intervals [�l,�r]. All the individual
spectra are very steep, reflecting the suppression in the
nearly isotropic UHECR spectrum.
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Figure 1: Cosmic-ray energy spectrum and mass composition. This plot reflects a recent attempt
for a combined fit of flux and composition measurements by different experiments, where the in-
dividual spectra [8, 15–20] have been multiplied by a constant (inset) to adjust them to a common
energy scale. The bands are one-sigma uncertainties derived from published experimental data
(see [7] for details). Features such as the Knee, Second Knee, and Ankle mark softenings or hard-
enings of the spectrum which can be approximated by a power law in between these features. For
future progress in GCR science, it is important to reduce the uncertainties by improving hadronic
interaction models and enhancing air-shower arrays to perform hybrid measurements.

2 State of the Art in High-Energy GCR Science
To understand how these science goals can be targeted by more accurate mass measurements of
GCRs and by multi-messenger astrophysics, let us first review the recent progress in CR science.

GCRs have a strongly mixed composition of elements from proton to iron at all energies (Fig. 1;
see [36–41] for reviews). The exact composition varies with kinetic energy. During their propa-
gation, GCRs diffuse in Galactic magnetic fields depending on their rigidity, which translates into
a mass-dependence, since GCRs are fully ionized nuclei. The magnetic deflection leads to an al-
most isotropic arrival direction at Earth (Fig. 2). Weak anisotropies have been measured for the
all-particle flux [21,42–44], but are difficult to interpret because the present accuracy of air-shower
arrays does not allow for efficient per-event classification of the mass of GCRs.

Features in the energy spectrum (Fig. 1) and large-scale anisotropy (Fig. 2) mark the 100 TeV to
1 EeV range of high-energy GCRs as distinct. Above 100 TeV, the phase of the first harmonic of the
large-scale anisotropy flips towards the direction of the Galactic Center. Structures in the heavier
components suggest that GCR at 100 TeV and at a few PeV might belong to different populations
of sources. However, we do not yet know why the Knee, as the most prominent feature in the
energy spectrum, does not coincide with a significant feature in the anisotropy measurements.
Current anisotropy searches are not yet sensitive enough in this energy range [45].

Around 100 PeV the heavy component in the energy spectrum becomes softer [46], and at about
the same energy the light component becomes harder [47]. The relation to the Second Knee in the
all-particle spectrum detected by several experiments at two to three times higher energy needs
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FIG. 2: Skymap in Galactic coordinates of the Li-Ma significances of overdensities in 20� radius windows for 840 events recorded
by Auger with E > EAuger and 130 events recorded by TA with E > ETA [30]. The color scale indicates the significance in units of
standard deviations; negative values follow the convention of indicating the (positive) significance of deficits.

FIG. 3: Comparison of UHECR event locations with starburst- (left) and radio-galaxies (right) in Galactic coordinates. The green
points indicate the arrival directions of 231 events with E > 52 EeV and zenith angle ✓ < 80� detected by the Pierre Auger
Observatory from 2004 January 1 up to 2014 March 31 [44]. The blue points indicate the arrival directions of 72 events with
E > 57 EeV and ✓ < 55� recorded from 2008 May 11 to 2013 May 4 with TA [22]. The stars indicate the location of nearby starburst-
(left) and radio-galaxies (right). The shaded regions delimit angular windows around the sources of angular radius of 15�.
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Nevertheless, the analysis presented in [44] results in
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ples (if there is more than one event), assuming a single
power law spectrum, dN/dE / E��. In Table I we show
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most isotropic arrival direction at Earth (Fig. 2). Weak anisotropies have been measured for the
all-particle flux [21,42–44], but are difficult to interpret because the present accuracy of air-shower
arrays does not allow for efficient per-event classification of the mass of GCRs.

Features in the energy spectrum (Fig. 1) and large-scale anisotropy (Fig. 2) mark the 100 TeV to
1 EeV range of high-energy GCRs as distinct. Above 100 TeV, the phase of the first harmonic of the
large-scale anisotropy flips towards the direction of the Galactic Center. Structures in the heavier
components suggest that GCR at 100 TeV and at a few PeV might belong to different populations
of sources. However, we do not yet know why the Knee, as the most prominent feature in the
energy spectrum, does not coincide with a significant feature in the anisotropy measurements.
Current anisotropy searches are not yet sensitive enough in this energy range [45].
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the same energy the light component becomes harder [47]. The relation to the Second Knee in the
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What do we know? What do we have? 
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Figure 3. Top to Bottom: Observed excess map - Model excess map - Residual map - Model flux map, for the best-fit parameters
obtained with SBGs above 39EeV (Left) and �AGNs above 60EeV (Right). The excess maps (best-fit isotropic component sub-
tracted) and residual maps (observed minus model) are smeared at the best-fit angular scale. The color scale indicates the number
of events per smearing beam (see inset). The model flux map corresponds to a uniform full-sky exposure. The supergalactic
plane is shown as a solid gray line. An orange dashed line delimits the field of view of the array.

3 29. Cosmic Rays

Figure 29.1: Fluxes of nuclei of the primary cosmic radiation in particles per energy-per-nucleus
are plotted vs energy-per-nucleus using data from Refs. [1–13] The inset shows the H/He ratio as
a function of rigidity [1, 3].
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for a combined fit of flux and composition measurements by different experiments, where the in-
dividual spectra [8, 15–20] have been multiplied by a constant (inset) to adjust them to a common
energy scale. The bands are one-sigma uncertainties derived from published experimental data
(see [7] for details). Features such as the Knee, Second Knee, and Ankle mark softenings or hard-
enings of the spectrum which can be approximated by a power law in between these features. For
future progress in GCR science, it is important to reduce the uncertainties by improving hadronic
interaction models and enhancing air-shower arrays to perform hybrid measurements.
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To understand how these science goals can be targeted by more accurate mass measurements of
GCRs and by multi-messenger astrophysics, let us first review the recent progress in CR science.

GCRs have a strongly mixed composition of elements from proton to iron at all energies (Fig. 1;
see [36–41] for reviews). The exact composition varies with kinetic energy. During their propa-
gation, GCRs diffuse in Galactic magnetic fields depending on their rigidity, which translates into
a mass-dependence, since GCRs are fully ionized nuclei. The magnetic deflection leads to an al-
most isotropic arrival direction at Earth (Fig. 2). Weak anisotropies have been measured for the
all-particle flux [21,42–44], but are difficult to interpret because the present accuracy of air-shower
arrays does not allow for efficient per-event classification of the mass of GCRs.

Features in the energy spectrum (Fig. 1) and large-scale anisotropy (Fig. 2) mark the 100 TeV to
1 EeV range of high-energy GCRs as distinct. Above 100 TeV, the phase of the first harmonic of the
large-scale anisotropy flips towards the direction of the Galactic Center. Structures in the heavier
components suggest that GCR at 100 TeV and at a few PeV might belong to different populations
of sources. However, we do not yet know why the Knee, as the most prominent feature in the
energy spectrum, does not coincide with a significant feature in the anisotropy measurements.
Current anisotropy searches are not yet sensitive enough in this energy range [45].

Around 100 PeV the heavy component in the energy spectrum becomes softer [46], and at about
the same energy the light component becomes harder [47]. The relation to the Second Knee in the
all-particle spectrum detected by several experiments at two to three times higher energy needs
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FIG. 2: Skymap in Galactic coordinates of the Li-Ma significances of overdensities in 20� radius windows for 840 events recorded
by Auger with E > EAuger and 130 events recorded by TA with E > ETA [30]. The color scale indicates the significance in units of
standard deviations; negative values follow the convention of indicating the (positive) significance of deficits.

FIG. 3: Comparison of UHECR event locations with starburst- (left) and radio-galaxies (right) in Galactic coordinates. The green
points indicate the arrival directions of 231 events with E > 52 EeV and zenith angle ✓ < 80� detected by the Pierre Auger
Observatory from 2004 January 1 up to 2014 March 31 [44]. The blue points indicate the arrival directions of 72 events with
E > 57 EeV and ✓ < 55� recorded from 2008 May 11 to 2013 May 4 with TA [22]. The stars indicate the location of nearby starburst-
(left) and radio-galaxies (right). The shaded regions delimit angular windows around the sources of angular radius of 15�.

entation, and we do not imply that the events from those
sources should be contained in those angular windows.
Nevertheless, the analysis presented in [44] results in
such angular size for one of the sources. We perform
a maximum likelihood estimation of the spectral index
around each of the sources, for each of the data sam-
ples (if there is more than one event), assuming a single
power law spectrum, dN/dE / E��. In Table I we show

the values of �maximizing the likelihood, as well as the
68% confidence level intervals [�l,�r]. All the individual
spectra are very steep, reflecting the suppression in the
nearly isotropic UHECR spectrum.

• Some big questions and goals … 

1. What other sources might there 
be in the Galaxy? 

2. How do we describe the transition 
to the extra-galactic component? 

3. What are extra-galactic sources? 

4.  How do particles are accelerated?

• Motivation and State-of-the-art 

What do we want to answer? 
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• Pierre Auger Observatory 

● Cosmic ray observatory near Malargüe 
in the Mendoza province of Argentina

● The location was chosen for:
○ Clear weather and dark nights
○ A flat open Pampa able to 

accommodate the Observatory’s 
targeted aperture size

● The Observatory itself is 3000 km2 and has 
accumulated roughly 100,000 km2 sr yr of 
exposure

● The hearts of the Observatory are:
○ The SD: 1660 water Cherenkov 

detectors
○ The FD: 27 fluorescence telescopes 

The Pierre Auger Observatory

3

Figure by S. Mayotte3

The Pierre Auger Observatory at a glance
Southern hemisphere:  
Malargue, Province Mendoza, Argentina 

Surface detector (SD) 
• 1600 stations in 1.5 km grid, 3000 km2 E > 1018.5 eV 
• 61 stations in 750 m grid, 23.5 km2, E > 1017.5 eV 
• 19 stations in 433 m grid, E > 6 1016 eV 

Fluorescence detector (FD) 
• 24 telescopes in 4 sites, FoV: 0-30o, E>1018 eV 
• HEAT (3 telescopes), FoV: 30 - 60o, E>1017 eV 

Auger Engineering Radio Array (AERA) 
• 153 antennas in 17 km2 array, E> 4 1018eV  

Underground muon detector 
• 19(61) stations in 433(750)m array 1016.5<E< 1019 eV 

Auger Phase I data taking from 2004 on (from 2008 with 
the full array) to 2023 
Auger Phase II data taking from 2024 to 2035

Lidars and Laser facilities for 
calibration 

Slide by F. Salamida, Auger highlight @ICRC2023
Slide by F. Salamida
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• Pierre Auger Observatory 

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.192001
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• Pierre Auger Observatory 
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• Energy spectrum 
First Estimate of Auger Spectrum 3

Figure 3. Estimated spectrum. Plotted on the vertical
axis is the differential intensity dI

dlnE ⌘ E dI
dE . Error bars

on points indicate statistical uncertainty (or 95% CL upper
limit). Systematic uncertainty is indicated by double arrows
at two different energies.

Figure 4. Percentage deviation from the best-fit power law:
100 ⇥ ((dI/d(lnE) � F )/F . The fitted function is F =

30.9±1.7⇥(E/EeV )�1.84±0.03. The chisquare per degree
of freedom in the fit is 2.4

on S38 (in VEM):
E = 0.16⇥ S1.06

38 = 0.16⇥ [S(1000)/CIC(✓)]1.06. (1)

The uncertainty in this rule is discussed below. The hybrid events in figure 2 start at ⇠ 1 EeV. The acceptance
is not saturated below 3 EeV, but the events used in figure 2 are those with core locations and arrival directions
such that they have probability greater than 0.9 for satisfying the SD trigger and quality conditions. These
events increase the statistics and the “moment arm” of the correlation without introducing appreciable bias.

The distribution over ln(E) produced by this two-step procedure becomes the energy spectrum of figures 3
and 4 after dividing by the exposure: 1750 km2 sr yr. (See also http://www.auger.org/icrc2005/spectrum.html.)

Uncertainties and caveats

The Auger Observatory will measure the spectrum over the southern sky accurately in coming years. The spec-
trum in figure 3 is only a first estimate. It has significant systematic and statistical uncertainties. The indicated
statistical error for each point comes directly from the Poisson uncertainty in the number of measured showers
in that logarithmic energy bin. Systematic and statistical uncertainties in S(1000) are discussed elsewhere [8].
There is larger systematic uncertainty in the conversion of S38 to energy. Part of that comes from the FD en-
ergies themselves. Laboratory measurements of the fluorescence yield are uncertain by 15%, and the absolute
calibration of the FD telescopes is presently uncertain by 12%. Together with other smaller FD uncertainties,
the total systematic uncertainty in the FD energy measurements is estimated to be 25%. Another part of the
systematic energy uncertainty in this analysis comes from quantifying the correlation in figure 2. The accuracy
is limited by the available statistics, and the uncertainty grows with energy. Combining in quadrature the FD
systematic uncertainty and this correlation uncertainty, the total systematic energy uncertainty grows from 30%
at 3 EeV to 50% at 100 EeV. This uncertainty is indicated by horizontal double arrows in figure 3, and a 10%
systematic uncertainty in the exposure is indicated by vertical arrows.

E > 3 EeV
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Figure 2: Upper panel: Spectral index as a
function of minimum energy in the fit. Lower
panel: significance (in sigma) of the deviation
from power-law distribution with spectral in-
dex from upper panel based on the TP statis-
tics.

a statistical test proposed in [13], the so called
TP-test (see [14] for details). The TP statistic
allows us to test for a power-law distribution
on an unbinned data set without bias regarding
the value of the spectral index. Details of this
statistical test can be found in [14]. The upper
panel in Fig.2 shows the unbinned maximum-
likelihood estimation of the spectral index (γ)
and its standard deviation (shaded region) as a
function of minimum energy used in the fitting.
A clear change of slope at the highest energy
can be seen. The deviation from the power-law
distribution with γ shown in this figure is es-
timated based on the TP statistic. The lower
panel in Fig.2 shows the estimated deviation in
sigma. The hypothesis of the pure power-law
is then rejected with a significance better than
6 sigma and 4 sigma for minimum energies of
1018.6 eV and 1019 eV respectively.

Astrophysical interpretation

In the previous section, we have shown that
the rejection of the hypothesis of a continua-
tion of the spectrum in the form of a power-law
is statistically significant. Moreover, a spectral
break at ∼ 1018.5 eV, the so-called ankle, is ap-
parent in Fig. 1. Therefore we fitted the com-
bined Auger spectrum to the following equa-
tion:

J(E; E < Eankle) ∝ E−γ1

J(E; E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgEc

Wc

)

(1)

where γ1 and γ2 are the spectral index before
and after the break respectively, Eankle is the
position of the break, and the second term in
the second equation is a flux suppression term
where Ec is the energy at which the flux is sup-
pressed 50% compared to a pure power-law,
and Wc determines the sharpness of the cut-
off. Here using a binned likelihood method,
the values of the parameters obtained are
the following: γ1=3.30±0.06, γ2=2.56±0.06,
log10Eankle=18.65±0.04, log10Ec=19.74±0.06
and Wc=0.16±0.04. The χ2/dof for this fit is
16.7/16. The black line in Fig. 3 shows the
result of the fit.

Fig. 3 shows also a comparison of our data
with some astrophysical models [9]. The pre-
dicted total flux has been normalized to our
data at 1019 eV. These models show a flux
suppression at the highest energies (the GZK
steepening). The models all assume an injec-
tion spectral index, an exponential cutoff at an
energy of Emax times the charge of the nucleus,
and a mass composition at the acceleration site
as well as a distribution of sources. The blue
lines in the figure assume a mixed composition
at the sources, i.e. with nuclear abundances
similar to those of the low-energy galactic cos-
mic rays. A uniform distribution of sources
and an injection spectral index of 2.2 (close
to the shock acceleration predictions) are as-
sumed as indicated in the figure. Emax is taken
as 1020 eV (dashed line) and 1021 eV (solid
line). Good agreement is found down to ener-
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Figure 1: The energy spectrum multiplied by
E3 derived from SD using showers at zenith an-
gles above (filled triangles) and below (opened
triangles) 60◦ ([5, 7]), together with the spec-
trum derived from the hybrid data set (red
circles)[3]. Arrows indicate 84% CL upper-
limits [15].

Fig. 1 shows the energy spectrum multiplied
by E3 from SD data using showers at zenith an-
gles above and below 60◦ ([5, 7]), together with
the spectrum derived from the hybrid data set
(a fluorescence events in coincidence with at
least one SD station) [3]. The agreement be-
tween the spectra derived using three different
methods is good and is underpinned by the
common method of energy calibration based
on the FD measurements. Therefore all spec-
tra are affected by the 21% uncertainty in the
FD energy scale[1], in which the largest contri-
bution is the absolute fluorescence yield(14%).
In this work we have used the fluorescence
yield reported in [12]. This common uncer-
tainty does not affect the relative comparison
of our spectra. The systematic uncertainty in
the hybrid-only spectrum is dominated by un-
certainties in the calculation of the exposure
(16%). The systematic uncertainty in the SD
spectrum has two contributions: the calcula-
tion of the exposure (3%) and the statistical
uncertainty in the calibration of S(1000) and
N19 with the FD energy (<10%). We use
a maximum likelihood method, together with
our knowledge of the systematics, to calculate

the relative normalization factors necessary to
match the spectra with each other. We find
that the different spectra are in excellent agree-
ment with normalization factors smaller than
3%. We combine the three spectra weighting
each bin based on its statistical uncertainty.
The final combined spectrum is shown later in
Fig. 3. It should be noted that the first two
bins in the SD spectrum were excluded in this
procedure. We expect these first two bins are
biased by threshold effects of the order of 10%.
The deviations of those bins from the Hybrid
spectrum are in agreement within the system-
atic uncertainty.

The highest end of the spectrum

Since the 21% systematic uncertainty in the
energy scale does not modify the shape of the
spectrum, it is possible to check the continua-
tion of the spectrum at the highest energies. It
could be argued that our energy calibration has
low statistics at the highest energies (see Fig.
3 in [5]). However no indication of a change in
the calibration parameters with threshold en-
ergy used has been found. A dramatic change
in the hadronic interactions in the energy range
where no hybrid event is observed could also
induce false spectral features. However, there
is no theoretical basis for such a scenario, and
even if it was the case it will be checked in the
future with larger statistics in the hybrid data
set.

To check the continuation of the spectrum
at the highest energies we first fit the SD
spectrum between 1018.6 eV and 1019.6 eV
to a power-law function using a binned like-
lihood method. The spectral index obtained
is γ =2.62±0.03(stat)±0.02(sys). The system-
atic error is given by the error on the cali-
bration curve in [5]. The number of events
expected from such a single power-law flux
above 1019.6 eV and 1020 eV are 132±9 and
30±2.5 respectively whereas we observe only
51 events and 2 events. Also, the spectral in-
dex from 1019.6 eV up to the highest energy ob-
served (1.90±0.16(stat)±0.20(sys)×1020 eV) is
γ =4.14±0.42(stat) (Fig.2). A lack of events at
the highest energies is clear. We then applied
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gies close to Eankle, where another component
(possibly a Galactic one) emerges. Another set
of models which assume only proton primaries
and Emax = 1020 eV are shown by the red
lines. One model assumes uniform source dis-
tribution with the spectral index 2.2 and the
other assumes the source evolution has a red-
shift dependence proportional to the star for-
mation rate (SFR) with the spectral index 2.3.
It has been suggested that the spectral break
at Eankle can be explained as a feature of the
propagation of a pure proton flux in the ex-
tragalactic media including e± pair production
[11]. To reproduce our spectrum by this model,
we need a much stronger source evolution. The
distribution of the longitudinal profiles of the
showers observed by the FD also disfavors the
pure proton assumption [6].

Conclusions

Using data from the southern-hemisphere
Pierre Auger Observatory, we reject the hy-
pothesis that the cosmic ray spectrum contin-
ues in the form of a power-law above an en-
ergy of 1019.6 eV with 6 sigma significance.
This result is independent of the systematic
uncertainties in the energy scale. A precise
measurement of the energy spectrum, together
with anisotropy and mass composition studies
in this energy range, will shed light on the ori-
gin of the highest energy particles observed in
nature.
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First Estimate of Auger Spectrum 3

Figure 3. Estimated spectrum. Plotted on the vertical
axis is the differential intensity dI

dlnE ⌘ E dI
dE . Error bars

on points indicate statistical uncertainty (or 95% CL upper
limit). Systematic uncertainty is indicated by double arrows
at two different energies.

Figure 4. Percentage deviation from the best-fit power law:
100 ⇥ ((dI/d(lnE) � F )/F . The fitted function is F =

30.9±1.7⇥(E/EeV )�1.84±0.03. The chisquare per degree
of freedom in the fit is 2.4

on S38 (in VEM):
E = 0.16⇥ S1.06

38 = 0.16⇥ [S(1000)/CIC(✓)]1.06. (1)

The uncertainty in this rule is discussed below. The hybrid events in figure 2 start at ⇠ 1 EeV. The acceptance
is not saturated below 3 EeV, but the events used in figure 2 are those with core locations and arrival directions
such that they have probability greater than 0.9 for satisfying the SD trigger and quality conditions. These
events increase the statistics and the “moment arm” of the correlation without introducing appreciable bias.

The distribution over ln(E) produced by this two-step procedure becomes the energy spectrum of figures 3
and 4 after dividing by the exposure: 1750 km2 sr yr. (See also http://www.auger.org/icrc2005/spectrum.html.)

Uncertainties and caveats

The Auger Observatory will measure the spectrum over the southern sky accurately in coming years. The spec-
trum in figure 3 is only a first estimate. It has significant systematic and statistical uncertainties. The indicated
statistical error for each point comes directly from the Poisson uncertainty in the number of measured showers
in that logarithmic energy bin. Systematic and statistical uncertainties in S(1000) are discussed elsewhere [8].
There is larger systematic uncertainty in the conversion of S38 to energy. Part of that comes from the FD en-
ergies themselves. Laboratory measurements of the fluorescence yield are uncertain by 15%, and the absolute
calibration of the FD telescopes is presently uncertain by 12%. Together with other smaller FD uncertainties,
the total systematic uncertainty in the FD energy measurements is estimated to be 25%. Another part of the
systematic energy uncertainty in this analysis comes from quantifying the correlation in figure 2. The accuracy
is limited by the available statistics, and the uncertainty grows with energy. Combining in quadrature the FD
systematic uncertainty and this correlation uncertainty, the total systematic energy uncertainty grows from 30%
at 3 EeV to 50% at 100 EeV. This uncertainty is indicated by horizontal double arrows in figure 3, and a 10%
systematic uncertainty in the exposure is indicated by vertical arrows.
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Figure 2: Upper panel: Spectral index as a
function of minimum energy in the fit. Lower
panel: significance (in sigma) of the deviation
from power-law distribution with spectral in-
dex from upper panel based on the TP statis-
tics.

a statistical test proposed in [13], the so called
TP-test (see [14] for details). The TP statistic
allows us to test for a power-law distribution
on an unbinned data set without bias regarding
the value of the spectral index. Details of this
statistical test can be found in [14]. The upper
panel in Fig.2 shows the unbinned maximum-
likelihood estimation of the spectral index (γ)
and its standard deviation (shaded region) as a
function of minimum energy used in the fitting.
A clear change of slope at the highest energy
can be seen. The deviation from the power-law
distribution with γ shown in this figure is es-
timated based on the TP statistic. The lower
panel in Fig.2 shows the estimated deviation in
sigma. The hypothesis of the pure power-law
is then rejected with a significance better than
6 sigma and 4 sigma for minimum energies of
1018.6 eV and 1019 eV respectively.

Astrophysical interpretation

In the previous section, we have shown that
the rejection of the hypothesis of a continua-
tion of the spectrum in the form of a power-law
is statistically significant. Moreover, a spectral
break at ∼ 1018.5 eV, the so-called ankle, is ap-
parent in Fig. 1. Therefore we fitted the com-
bined Auger spectrum to the following equa-
tion:

J(E; E < Eankle) ∝ E−γ1

J(E; E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgEc

Wc

)

(1)

where γ1 and γ2 are the spectral index before
and after the break respectively, Eankle is the
position of the break, and the second term in
the second equation is a flux suppression term
where Ec is the energy at which the flux is sup-
pressed 50% compared to a pure power-law,
and Wc determines the sharpness of the cut-
off. Here using a binned likelihood method,
the values of the parameters obtained are
the following: γ1=3.30±0.06, γ2=2.56±0.06,
log10Eankle=18.65±0.04, log10Ec=19.74±0.06
and Wc=0.16±0.04. The χ2/dof for this fit is
16.7/16. The black line in Fig. 3 shows the
result of the fit.

Fig. 3 shows also a comparison of our data
with some astrophysical models [9]. The pre-
dicted total flux has been normalized to our
data at 1019 eV. These models show a flux
suppression at the highest energies (the GZK
steepening). The models all assume an injec-
tion spectral index, an exponential cutoff at an
energy of Emax times the charge of the nucleus,
and a mass composition at the acceleration site
as well as a distribution of sources. The blue
lines in the figure assume a mixed composition
at the sources, i.e. with nuclear abundances
similar to those of the low-energy galactic cos-
mic rays. A uniform distribution of sources
and an injection spectral index of 2.2 (close
to the shock acceleration predictions) are as-
sumed as indicated in the figure. Emax is taken
as 1020 eV (dashed line) and 1021 eV (solid
line). Good agreement is found down to ener-
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Fig. 5. The combined energy spectrum compared with several astrophysical models assuming a pure composition of protons (red lines) or
iron (blue line), a power-law injection spectrum following E−β and a maximum energy of Emax = 1020.5 eV. The cosmological evolution
of the source luminosity is given by (z + 1)m. The black line shows the fit used to determine the spectral features (see text). A table with the
flux values can be found at [22].

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 with m = 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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Figure 5: The combined energy spectrum is fitted with two functions (see text). Only statistical uncertainties are shown. The systematic
uncertainty in the energy scale is 22%.

sulted in some changes of the parameters of the spectrum
with respect to previous work [1], although only the val-
ues of γ2 are different by more than the quoted statistical
uncertainties (in Ref. [1] a value of γ2 = 2.59 ± 0.02 is
reported).

5 Summary

An update of the measurement of the cosmic ray flux with
the Pierre Auger Observatory has been presented. Two in-
dependent measurements of the cosmic ray energy spec-
trum with the Pierre Auger Observatory have been ex-
ploited. Both spectra share the same systematic uncertain-
ties in the energy scale. A combined spectrum has been
derived with high statistics covering the energy range from
1018 eV to above 1020 eV. The dominant systematic uncer-
tainty of the spectrum stems from that of the overall energy
scale, which is estimated to be 22%. The combination of
spectra enables the precise measurement of both the ankle
and the flux suppression at highest energies.
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Figure 4: Fractional difference between the combined energy
spectrum of the Pierre Auger Observatory and a spectrum with
an index of 2.6. Data from HiRes stereo measurements [20] are
shown for comparison.

Monte Carlo simulation. The changing configurations of
both fluorescence and surface detectors are taken into ac-
count for the determination of the on-time of the hybrid
system. Within a time interval of 10 min, the status
and efficiency of all detector components of the Obser-
vatory, down to the level of the single PMTs of the flu-
orescence detector, are determined. Moreover, all atmo-
spheric measurements [12] as well as monitoring informa-
tion are considered and used as input for the simulation.
A detailed description can be found in [10, 13]. The lon-
gitudinal profiles of the energy deposits have been simu-
lated with the CONEX [14] air shower simulation program
with Sibyll 2.1 [15] and QGSJet II-0.3 [16] as alternative
hadronic interaction models. The influence of the assump-
tions made in the hadronic interaction models on the expo-
sure calculation has been estimated to be lower than 2%. A
50% mixture of protons and iron nuclei has been assumed
for the primaries. The quality cuts used for the event se-
lection lead to only a small dependence of the exposure
on the mass composition. The systematic uncertainty aris-
ing from the lack of knowledge of the mass composition
is about 8% (1%) at 1018 eV (> 1019 eV). The full MC
simulation chain has been cross-checked with air shower
observations and the analysis of laser shots fired from the
Central Laser Facility [17]. The total systematic uncer-
tainty of the derived exposure is estimated as 10% (6%)
at 1018 eV (> 1019 eV).
The energy spectrum calculated using the hybrid events is
shown in Fig. 3. The main systematic uncertainty is due to
the energy assignment which relies on the knowledge of the
fluorescence yield, choice of models and mass composi-
tion [18], absolute detector calibration [19] and shower re-
construction. The total uncertainty is estimated to be about
22%. The details can be found in [1].

Table 1: Fitted parameters and their statistical uncertainties char-
acterizing the combined energy spectrum.

parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.27± 0.02 3.27± 0.01
lg(Eankle/eV) 18.61± 0.01 18.62± 0.01
γ2(E > Eankle) 2.68± 0.01 2.63± 0.02
lg(Ebreak/eV) 19.41± 0.02
γ3(E > Ebreak) 4.2± 0.1
lg(E1/2/eV) 19.63± 0.02
lg(Wc/eV) 0.15± 0.02
χ2/ndof 37.8/16 = 2.7 33.7/16 = 2.3

4 Combined energy spectrum

The energy spectrum derived from hybrid data has been
combined with the one obtained from surface detector data
using a maximum likelihood method. Since the surface de-
tector energy estimator is calibrated with hybrid events [9],
the two spectra have the same systematic uncertainty in
the energy scale (22%). On the other hand, the normali-
sation uncertainties are independent. They are taken as 6%
for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used
as additional constraints in the combination. This com-
bination procedure is used to derive the scale parameters
kSD=1.01 and kFD=0.99 which have to be applied to the
individual spectra in order to match them. The fractional
difference of the combined energy spectrum with respect
to an assumed flux ∝ E−2.6 is shown in Fig. 4. The mea-
surements in stereo mode from the HiRes experiment [20]
are also shown in Fig. 4 for comparison. The ankle feature
seems to be somewhat more sharply defined in the Auger
data. This is possibly due to the different energy resolution
of the two instruments. A comparison with the Auger flux
published in [1] is also shown in Fig. 4. The two spectra
are compatible within the systematic uncertainties. Fur-
thermore, it has to be noted that the updated spectrum in-
cludes the change in the calibration curve reported in [9].
The characteristic features of the combined spectrum have
been quantified in two ways. For the first method, shown
as a dotted line in Fig. 5, three power laws with free breaks
between them have been used. For the second approach,
two power laws in the ankle region and a smoothly chang-
ing function at higher energies have been adopted. The
function is given by

J(E;E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgE1/2

lgWc

) ,

where E1/2 is the energy at which the flux has fallen to one
half of the value of the power-law extrapolation and Wc pa-
rameterizes the width of the transition region. The result of
the fit is shown as black solid line in Fig. 5. The derived pa-
rameters quoting only the statistical uncertainties are given
in Table 1. Changes to the calibration curve [9] have re-
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Fig. 5. The combined energy spectrum compared with several astrophysical models assuming a pure composition of protons (red lines) or
iron (blue line), a power-law injection spectrum following E−β and a maximum energy of Emax = 1020.5 eV. The cosmological evolution
of the source luminosity is given by (z + 1)m. The black line shows the fit used to determine the spectral features (see text). A table with the
flux values can be found at [22].

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 with m = 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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Figure 4: Fractional difference between the combined energy
spectrum of the Pierre Auger Observatory and a spectrum with
an index of 2.6. Data from HiRes stereo measurements [20] are
shown for comparison.

Monte Carlo simulation. The changing configurations of
both fluorescence and surface detectors are taken into ac-
count for the determination of the on-time of the hybrid
system. Within a time interval of 10 min, the status
and efficiency of all detector components of the Obser-
vatory, down to the level of the single PMTs of the flu-
orescence detector, are determined. Moreover, all atmo-
spheric measurements [12] as well as monitoring informa-
tion are considered and used as input for the simulation.
A detailed description can be found in [10, 13]. The lon-
gitudinal profiles of the energy deposits have been simu-
lated with the CONEX [14] air shower simulation program
with Sibyll 2.1 [15] and QGSJet II-0.3 [16] as alternative
hadronic interaction models. The influence of the assump-
tions made in the hadronic interaction models on the expo-
sure calculation has been estimated to be lower than 2%. A
50% mixture of protons and iron nuclei has been assumed
for the primaries. The quality cuts used for the event se-
lection lead to only a small dependence of the exposure
on the mass composition. The systematic uncertainty aris-
ing from the lack of knowledge of the mass composition
is about 8% (1%) at 1018 eV (> 1019 eV). The full MC
simulation chain has been cross-checked with air shower
observations and the analysis of laser shots fired from the
Central Laser Facility [17]. The total systematic uncer-
tainty of the derived exposure is estimated as 10% (6%)
at 1018 eV (> 1019 eV).
The energy spectrum calculated using the hybrid events is
shown in Fig. 3. The main systematic uncertainty is due to
the energy assignment which relies on the knowledge of the
fluorescence yield, choice of models and mass composi-
tion [18], absolute detector calibration [19] and shower re-
construction. The total uncertainty is estimated to be about
22%. The details can be found in [1].

Table 1: Fitted parameters and their statistical uncertainties char-
acterizing the combined energy spectrum.

parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.27± 0.02 3.27± 0.01
lg(Eankle/eV) 18.61± 0.01 18.62± 0.01
γ2(E > Eankle) 2.68± 0.01 2.63± 0.02
lg(Ebreak/eV) 19.41± 0.02
γ3(E > Ebreak) 4.2± 0.1
lg(E1/2/eV) 19.63± 0.02
lg(Wc/eV) 0.15± 0.02
χ2/ndof 37.8/16 = 2.7 33.7/16 = 2.3

4 Combined energy spectrum

The energy spectrum derived from hybrid data has been
combined with the one obtained from surface detector data
using a maximum likelihood method. Since the surface de-
tector energy estimator is calibrated with hybrid events [9],
the two spectra have the same systematic uncertainty in
the energy scale (22%). On the other hand, the normali-
sation uncertainties are independent. They are taken as 6%
for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used
as additional constraints in the combination. This com-
bination procedure is used to derive the scale parameters
kSD=1.01 and kFD=0.99 which have to be applied to the
individual spectra in order to match them. The fractional
difference of the combined energy spectrum with respect
to an assumed flux ∝ E−2.6 is shown in Fig. 4. The mea-
surements in stereo mode from the HiRes experiment [20]
are also shown in Fig. 4 for comparison. The ankle feature
seems to be somewhat more sharply defined in the Auger
data. This is possibly due to the different energy resolution
of the two instruments. A comparison with the Auger flux
published in [1] is also shown in Fig. 4. The two spectra
are compatible within the systematic uncertainties. Fur-
thermore, it has to be noted that the updated spectrum in-
cludes the change in the calibration curve reported in [9].
The characteristic features of the combined spectrum have
been quantified in two ways. For the first method, shown
as a dotted line in Fig. 5, three power laws with free breaks
between them have been used. For the second approach,
two power laws in the ankle region and a smoothly chang-
ing function at higher energies have been adopted. The
function is given by

J(E;E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgE1/2

lgWc

) ,

where E1/2 is the energy at which the flux has fallen to one
half of the value of the power-law extrapolation and Wc pa-
rameterizes the width of the transition region. The result of
the fit is shown as black solid line in Fig. 5. The derived pa-
rameters quoting only the statistical uncertainties are given
in Table 1. Changes to the calibration curve [9] have re-
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Figure 4: Fractional difference between the combined energy
spectrum of the Pierre Auger Observatory and a spectrum with
an index of 2.6. Data from HiRes stereo measurements [20] are
shown for comparison.

Monte Carlo simulation. The changing configurations of
both fluorescence and surface detectors are taken into ac-
count for the determination of the on-time of the hybrid
system. Within a time interval of 10 min, the status
and efficiency of all detector components of the Obser-
vatory, down to the level of the single PMTs of the flu-
orescence detector, are determined. Moreover, all atmo-
spheric measurements [12] as well as monitoring informa-
tion are considered and used as input for the simulation.
A detailed description can be found in [10, 13]. The lon-
gitudinal profiles of the energy deposits have been simu-
lated with the CONEX [14] air shower simulation program
with Sibyll 2.1 [15] and QGSJet II-0.3 [16] as alternative
hadronic interaction models. The influence of the assump-
tions made in the hadronic interaction models on the expo-
sure calculation has been estimated to be lower than 2%. A
50% mixture of protons and iron nuclei has been assumed
for the primaries. The quality cuts used for the event se-
lection lead to only a small dependence of the exposure
on the mass composition. The systematic uncertainty aris-
ing from the lack of knowledge of the mass composition
is about 8% (1%) at 1018 eV (> 1019 eV). The full MC
simulation chain has been cross-checked with air shower
observations and the analysis of laser shots fired from the
Central Laser Facility [17]. The total systematic uncer-
tainty of the derived exposure is estimated as 10% (6%)
at 1018 eV (> 1019 eV).
The energy spectrum calculated using the hybrid events is
shown in Fig. 3. The main systematic uncertainty is due to
the energy assignment which relies on the knowledge of the
fluorescence yield, choice of models and mass composi-
tion [18], absolute detector calibration [19] and shower re-
construction. The total uncertainty is estimated to be about
22%. The details can be found in [1].

Table 1: Fitted parameters and their statistical uncertainties char-
acterizing the combined energy spectrum.

parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.27± 0.02 3.27± 0.01
lg(Eankle/eV) 18.61± 0.01 18.62± 0.01
γ2(E > Eankle) 2.68± 0.01 2.63± 0.02
lg(Ebreak/eV) 19.41± 0.02
γ3(E > Ebreak) 4.2± 0.1
lg(E1/2/eV) 19.63± 0.02
lg(Wc/eV) 0.15± 0.02
χ2/ndof 37.8/16 = 2.7 33.7/16 = 2.3

4 Combined energy spectrum

The energy spectrum derived from hybrid data has been
combined with the one obtained from surface detector data
using a maximum likelihood method. Since the surface de-
tector energy estimator is calibrated with hybrid events [9],
the two spectra have the same systematic uncertainty in
the energy scale (22%). On the other hand, the normali-
sation uncertainties are independent. They are taken as 6%
for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used
as additional constraints in the combination. This com-
bination procedure is used to derive the scale parameters
kSD=1.01 and kFD=0.99 which have to be applied to the
individual spectra in order to match them. The fractional
difference of the combined energy spectrum with respect
to an assumed flux ∝ E−2.6 is shown in Fig. 4. The mea-
surements in stereo mode from the HiRes experiment [20]
are also shown in Fig. 4 for comparison. The ankle feature
seems to be somewhat more sharply defined in the Auger
data. This is possibly due to the different energy resolution
of the two instruments. A comparison with the Auger flux
published in [1] is also shown in Fig. 4. The two spectra
are compatible within the systematic uncertainties. Fur-
thermore, it has to be noted that the updated spectrum in-
cludes the change in the calibration curve reported in [9].
The characteristic features of the combined spectrum have
been quantified in two ways. For the first method, shown
as a dotted line in Fig. 5, three power laws with free breaks
between them have been used. For the second approach,
two power laws in the ankle region and a smoothly chang-
ing function at higher energies have been adopted. The
function is given by

J(E;E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgE1/2

lgWc

) ,

where E1/2 is the energy at which the flux has fallen to one
half of the value of the power-law extrapolation and Wc pa-
rameterizes the width of the transition region. The result of
the fit is shown as black solid line in Fig. 5. The derived pa-
rameters quoting only the statistical uncertainties are given
in Table 1. Changes to the calibration curve [9] have re-
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Fig. 5. The combined energy spectrum compared with several astrophysical models assuming a pure composition of protons (red lines) or
iron (blue line), a power-law injection spectrum following E−β and a maximum energy of Emax = 1020.5 eV. The cosmological evolution
of the source luminosity is given by (z + 1)m. The black line shows the fit used to determine the spectral features (see text). A table with the
flux values can be found at [22].

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 with m = 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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Figure 5: The combined energy spectrum is fitted with two functions (see text). Only statistical uncertainties are shown. The systematic
uncertainty in the energy scale is 22%.

sulted in some changes of the parameters of the spectrum
with respect to previous work [1], although only the val-
ues of γ2 are different by more than the quoted statistical
uncertainties (in Ref. [1] a value of γ2 = 2.59 ± 0.02 is
reported).

5 Summary

An update of the measurement of the cosmic ray flux with
the Pierre Auger Observatory has been presented. Two in-
dependent measurements of the cosmic ray energy spec-
trum with the Pierre Auger Observatory have been ex-
ploited. Both spectra share the same systematic uncertain-
ties in the energy scale. A combined spectrum has been
derived with high statistics covering the energy range from
1018 eV to above 1020 eV. The dominant systematic uncer-
tainty of the spectrum stems from that of the overall energy
scale, which is estimated to be 22%. The combination of
spectra enables the precise measurement of both the ankle
and the flux suppression at highest energies.
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Figure 4: Fractional difference between the combined energy
spectrum of the Pierre Auger Observatory and a spectrum with
an index of 2.6. Data from HiRes stereo measurements [20] are
shown for comparison.

Monte Carlo simulation. The changing configurations of
both fluorescence and surface detectors are taken into ac-
count for the determination of the on-time of the hybrid
system. Within a time interval of 10 min, the status
and efficiency of all detector components of the Obser-
vatory, down to the level of the single PMTs of the flu-
orescence detector, are determined. Moreover, all atmo-
spheric measurements [12] as well as monitoring informa-
tion are considered and used as input for the simulation.
A detailed description can be found in [10, 13]. The lon-
gitudinal profiles of the energy deposits have been simu-
lated with the CONEX [14] air shower simulation program
with Sibyll 2.1 [15] and QGSJet II-0.3 [16] as alternative
hadronic interaction models. The influence of the assump-
tions made in the hadronic interaction models on the expo-
sure calculation has been estimated to be lower than 2%. A
50% mixture of protons and iron nuclei has been assumed
for the primaries. The quality cuts used for the event se-
lection lead to only a small dependence of the exposure
on the mass composition. The systematic uncertainty aris-
ing from the lack of knowledge of the mass composition
is about 8% (1%) at 1018 eV (> 1019 eV). The full MC
simulation chain has been cross-checked with air shower
observations and the analysis of laser shots fired from the
Central Laser Facility [17]. The total systematic uncer-
tainty of the derived exposure is estimated as 10% (6%)
at 1018 eV (> 1019 eV).
The energy spectrum calculated using the hybrid events is
shown in Fig. 3. The main systematic uncertainty is due to
the energy assignment which relies on the knowledge of the
fluorescence yield, choice of models and mass composi-
tion [18], absolute detector calibration [19] and shower re-
construction. The total uncertainty is estimated to be about
22%. The details can be found in [1].

Table 1: Fitted parameters and their statistical uncertainties char-
acterizing the combined energy spectrum.

parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.27± 0.02 3.27± 0.01
lg(Eankle/eV) 18.61± 0.01 18.62± 0.01
γ2(E > Eankle) 2.68± 0.01 2.63± 0.02
lg(Ebreak/eV) 19.41± 0.02
γ3(E > Ebreak) 4.2± 0.1
lg(E1/2/eV) 19.63± 0.02
lg(Wc/eV) 0.15± 0.02
χ2/ndof 37.8/16 = 2.7 33.7/16 = 2.3

4 Combined energy spectrum

The energy spectrum derived from hybrid data has been
combined with the one obtained from surface detector data
using a maximum likelihood method. Since the surface de-
tector energy estimator is calibrated with hybrid events [9],
the two spectra have the same systematic uncertainty in
the energy scale (22%). On the other hand, the normali-
sation uncertainties are independent. They are taken as 6%
for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used
as additional constraints in the combination. This com-
bination procedure is used to derive the scale parameters
kSD=1.01 and kFD=0.99 which have to be applied to the
individual spectra in order to match them. The fractional
difference of the combined energy spectrum with respect
to an assumed flux ∝ E−2.6 is shown in Fig. 4. The mea-
surements in stereo mode from the HiRes experiment [20]
are also shown in Fig. 4 for comparison. The ankle feature
seems to be somewhat more sharply defined in the Auger
data. This is possibly due to the different energy resolution
of the two instruments. A comparison with the Auger flux
published in [1] is also shown in Fig. 4. The two spectra
are compatible within the systematic uncertainties. Fur-
thermore, it has to be noted that the updated spectrum in-
cludes the change in the calibration curve reported in [9].
The characteristic features of the combined spectrum have
been quantified in two ways. For the first method, shown
as a dotted line in Fig. 5, three power laws with free breaks
between them have been used. For the second approach,
two power laws in the ankle region and a smoothly chang-
ing function at higher energies have been adopted. The
function is given by

J(E;E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgE1/2

lgWc

) ,

where E1/2 is the energy at which the flux has fallen to one
half of the value of the power-law extrapolation and Wc pa-
rameterizes the width of the transition region. The result of
the fit is shown as black solid line in Fig. 5. The derived pa-
rameters quoting only the statistical uncertainties are given
in Table 1. Changes to the calibration curve [9] have re-
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Fig. 5. The combined energy spectrum compared with several astrophysical models assuming a pure composition of protons (red lines) or
iron (blue line), a power-law injection spectrum following E−β and a maximum energy of Emax = 1020.5 eV. The cosmological evolution
of the source luminosity is given by (z + 1)m. The black line shows the fit used to determine the spectral features (see text). A table with the
flux values can be found at [22].

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 with m = 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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Figure 4: Fractional difference between the combined energy
spectrum of the Pierre Auger Observatory and a spectrum with
an index of 2.6. Data from HiRes stereo measurements [20] are
shown for comparison.

Monte Carlo simulation. The changing configurations of
both fluorescence and surface detectors are taken into ac-
count for the determination of the on-time of the hybrid
system. Within a time interval of 10 min, the status
and efficiency of all detector components of the Obser-
vatory, down to the level of the single PMTs of the flu-
orescence detector, are determined. Moreover, all atmo-
spheric measurements [12] as well as monitoring informa-
tion are considered and used as input for the simulation.
A detailed description can be found in [10, 13]. The lon-
gitudinal profiles of the energy deposits have been simu-
lated with the CONEX [14] air shower simulation program
with Sibyll 2.1 [15] and QGSJet II-0.3 [16] as alternative
hadronic interaction models. The influence of the assump-
tions made in the hadronic interaction models on the expo-
sure calculation has been estimated to be lower than 2%. A
50% mixture of protons and iron nuclei has been assumed
for the primaries. The quality cuts used for the event se-
lection lead to only a small dependence of the exposure
on the mass composition. The systematic uncertainty aris-
ing from the lack of knowledge of the mass composition
is about 8% (1%) at 1018 eV (> 1019 eV). The full MC
simulation chain has been cross-checked with air shower
observations and the analysis of laser shots fired from the
Central Laser Facility [17]. The total systematic uncer-
tainty of the derived exposure is estimated as 10% (6%)
at 1018 eV (> 1019 eV).
The energy spectrum calculated using the hybrid events is
shown in Fig. 3. The main systematic uncertainty is due to
the energy assignment which relies on the knowledge of the
fluorescence yield, choice of models and mass composi-
tion [18], absolute detector calibration [19] and shower re-
construction. The total uncertainty is estimated to be about
22%. The details can be found in [1].

Table 1: Fitted parameters and their statistical uncertainties char-
acterizing the combined energy spectrum.

parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.27± 0.02 3.27± 0.01
lg(Eankle/eV) 18.61± 0.01 18.62± 0.01
γ2(E > Eankle) 2.68± 0.01 2.63± 0.02
lg(Ebreak/eV) 19.41± 0.02
γ3(E > Ebreak) 4.2± 0.1
lg(E1/2/eV) 19.63± 0.02
lg(Wc/eV) 0.15± 0.02
χ2/ndof 37.8/16 = 2.7 33.7/16 = 2.3

4 Combined energy spectrum

The energy spectrum derived from hybrid data has been
combined with the one obtained from surface detector data
using a maximum likelihood method. Since the surface de-
tector energy estimator is calibrated with hybrid events [9],
the two spectra have the same systematic uncertainty in
the energy scale (22%). On the other hand, the normali-
sation uncertainties are independent. They are taken as 6%
for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used
as additional constraints in the combination. This com-
bination procedure is used to derive the scale parameters
kSD=1.01 and kFD=0.99 which have to be applied to the
individual spectra in order to match them. The fractional
difference of the combined energy spectrum with respect
to an assumed flux ∝ E−2.6 is shown in Fig. 4. The mea-
surements in stereo mode from the HiRes experiment [20]
are also shown in Fig. 4 for comparison. The ankle feature
seems to be somewhat more sharply defined in the Auger
data. This is possibly due to the different energy resolution
of the two instruments. A comparison with the Auger flux
published in [1] is also shown in Fig. 4. The two spectra
are compatible within the systematic uncertainties. Fur-
thermore, it has to be noted that the updated spectrum in-
cludes the change in the calibration curve reported in [9].
The characteristic features of the combined spectrum have
been quantified in two ways. For the first method, shown
as a dotted line in Fig. 5, three power laws with free breaks
between them have been used. For the second approach,
two power laws in the ankle region and a smoothly chang-
ing function at higher energies have been adopted. The
function is given by

J(E;E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgE1/2

lgWc

) ,

where E1/2 is the energy at which the flux has fallen to one
half of the value of the power-law extrapolation and Wc pa-
rameterizes the width of the transition region. The result of
the fit is shown as black solid line in Fig. 5. The derived pa-
rameters quoting only the statistical uncertainties are given
in Table 1. Changes to the calibration curve [9] have re-
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Figure 4: Fractional difference between the combined energy
spectrum of the Pierre Auger Observatory and a spectrum with
an index of 2.6. Data from HiRes stereo measurements [20] are
shown for comparison.

Monte Carlo simulation. The changing configurations of
both fluorescence and surface detectors are taken into ac-
count for the determination of the on-time of the hybrid
system. Within a time interval of 10 min, the status
and efficiency of all detector components of the Obser-
vatory, down to the level of the single PMTs of the flu-
orescence detector, are determined. Moreover, all atmo-
spheric measurements [12] as well as monitoring informa-
tion are considered and used as input for the simulation.
A detailed description can be found in [10, 13]. The lon-
gitudinal profiles of the energy deposits have been simu-
lated with the CONEX [14] air shower simulation program
with Sibyll 2.1 [15] and QGSJet II-0.3 [16] as alternative
hadronic interaction models. The influence of the assump-
tions made in the hadronic interaction models on the expo-
sure calculation has been estimated to be lower than 2%. A
50% mixture of protons and iron nuclei has been assumed
for the primaries. The quality cuts used for the event se-
lection lead to only a small dependence of the exposure
on the mass composition. The systematic uncertainty aris-
ing from the lack of knowledge of the mass composition
is about 8% (1%) at 1018 eV (> 1019 eV). The full MC
simulation chain has been cross-checked with air shower
observations and the analysis of laser shots fired from the
Central Laser Facility [17]. The total systematic uncer-
tainty of the derived exposure is estimated as 10% (6%)
at 1018 eV (> 1019 eV).
The energy spectrum calculated using the hybrid events is
shown in Fig. 3. The main systematic uncertainty is due to
the energy assignment which relies on the knowledge of the
fluorescence yield, choice of models and mass composi-
tion [18], absolute detector calibration [19] and shower re-
construction. The total uncertainty is estimated to be about
22%. The details can be found in [1].

Table 1: Fitted parameters and their statistical uncertainties char-
acterizing the combined energy spectrum.

parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.27± 0.02 3.27± 0.01
lg(Eankle/eV) 18.61± 0.01 18.62± 0.01
γ2(E > Eankle) 2.68± 0.01 2.63± 0.02
lg(Ebreak/eV) 19.41± 0.02
γ3(E > Ebreak) 4.2± 0.1
lg(E1/2/eV) 19.63± 0.02
lg(Wc/eV) 0.15± 0.02
χ2/ndof 37.8/16 = 2.7 33.7/16 = 2.3

4 Combined energy spectrum

The energy spectrum derived from hybrid data has been
combined with the one obtained from surface detector data
using a maximum likelihood method. Since the surface de-
tector energy estimator is calibrated with hybrid events [9],
the two spectra have the same systematic uncertainty in
the energy scale (22%). On the other hand, the normali-
sation uncertainties are independent. They are taken as 6%
for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used
as additional constraints in the combination. This com-
bination procedure is used to derive the scale parameters
kSD=1.01 and kFD=0.99 which have to be applied to the
individual spectra in order to match them. The fractional
difference of the combined energy spectrum with respect
to an assumed flux ∝ E−2.6 is shown in Fig. 4. The mea-
surements in stereo mode from the HiRes experiment [20]
are also shown in Fig. 4 for comparison. The ankle feature
seems to be somewhat more sharply defined in the Auger
data. This is possibly due to the different energy resolution
of the two instruments. A comparison with the Auger flux
published in [1] is also shown in Fig. 4. The two spectra
are compatible within the systematic uncertainties. Fur-
thermore, it has to be noted that the updated spectrum in-
cludes the change in the calibration curve reported in [9].
The characteristic features of the combined spectrum have
been quantified in two ways. For the first method, shown
as a dotted line in Fig. 5, three power laws with free breaks
between them have been used. For the second approach,
two power laws in the ankle region and a smoothly chang-
ing function at higher energies have been adopted. The
function is given by

J(E;E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgE1/2

lgWc

) ,

where E1/2 is the energy at which the flux has fallen to one
half of the value of the power-law extrapolation and Wc pa-
rameterizes the width of the transition region. The result of
the fit is shown as black solid line in Fig. 5. The derived pa-
rameters quoting only the statistical uncertainties are given
in Table 1. Changes to the calibration curve [9] have re-

• Cosmological evolution of the source luminosity 

• Only proton or iron composition at the source 
 



24

• Energy spectrum 
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Fig. 5. The combined energy spectrum compared with several astrophysical models assuming a pure composition of protons (red lines) or
iron (blue line), a power-law injection spectrum following E−β and a maximum energy of Emax = 1020.5 eV. The cosmological evolution
of the source luminosity is given by (z + 1)m. The black line shows the fit used to determine the spectral features (see text). A table with the
flux values can be found at [22].

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 with m = 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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Figure 5: The combined energy spectrum is fitted with two functions (see text). Only statistical uncertainties are shown. The systematic
uncertainty in the energy scale is 22%.

sulted in some changes of the parameters of the spectrum
with respect to previous work [1], although only the val-
ues of γ2 are different by more than the quoted statistical
uncertainties (in Ref. [1] a value of γ2 = 2.59 ± 0.02 is
reported).

5 Summary

An update of the measurement of the cosmic ray flux with
the Pierre Auger Observatory has been presented. Two in-
dependent measurements of the cosmic ray energy spec-
trum with the Pierre Auger Observatory have been ex-
ploited. Both spectra share the same systematic uncertain-
ties in the energy scale. A combined spectrum has been
derived with high statistics covering the energy range from
1018 eV to above 1020 eV. The dominant systematic uncer-
tainty of the spectrum stems from that of the overall energy
scale, which is estimated to be 22%. The combination of
spectra enables the precise measurement of both the ankle
and the flux suppression at highest energies.
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Figure 4: Fractional difference between the combined energy
spectrum of the Pierre Auger Observatory and a spectrum with
an index of 2.6. Data from HiRes stereo measurements [20] are
shown for comparison.

Monte Carlo simulation. The changing configurations of
both fluorescence and surface detectors are taken into ac-
count for the determination of the on-time of the hybrid
system. Within a time interval of 10 min, the status
and efficiency of all detector components of the Obser-
vatory, down to the level of the single PMTs of the flu-
orescence detector, are determined. Moreover, all atmo-
spheric measurements [12] as well as monitoring informa-
tion are considered and used as input for the simulation.
A detailed description can be found in [10, 13]. The lon-
gitudinal profiles of the energy deposits have been simu-
lated with the CONEX [14] air shower simulation program
with Sibyll 2.1 [15] and QGSJet II-0.3 [16] as alternative
hadronic interaction models. The influence of the assump-
tions made in the hadronic interaction models on the expo-
sure calculation has been estimated to be lower than 2%. A
50% mixture of protons and iron nuclei has been assumed
for the primaries. The quality cuts used for the event se-
lection lead to only a small dependence of the exposure
on the mass composition. The systematic uncertainty aris-
ing from the lack of knowledge of the mass composition
is about 8% (1%) at 1018 eV (> 1019 eV). The full MC
simulation chain has been cross-checked with air shower
observations and the analysis of laser shots fired from the
Central Laser Facility [17]. The total systematic uncer-
tainty of the derived exposure is estimated as 10% (6%)
at 1018 eV (> 1019 eV).
The energy spectrum calculated using the hybrid events is
shown in Fig. 3. The main systematic uncertainty is due to
the energy assignment which relies on the knowledge of the
fluorescence yield, choice of models and mass composi-
tion [18], absolute detector calibration [19] and shower re-
construction. The total uncertainty is estimated to be about
22%. The details can be found in [1].

Table 1: Fitted parameters and their statistical uncertainties char-
acterizing the combined energy spectrum.

parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.27± 0.02 3.27± 0.01
lg(Eankle/eV) 18.61± 0.01 18.62± 0.01
γ2(E > Eankle) 2.68± 0.01 2.63± 0.02
lg(Ebreak/eV) 19.41± 0.02
γ3(E > Ebreak) 4.2± 0.1
lg(E1/2/eV) 19.63± 0.02
lg(Wc/eV) 0.15± 0.02
χ2/ndof 37.8/16 = 2.7 33.7/16 = 2.3

4 Combined energy spectrum

The energy spectrum derived from hybrid data has been
combined with the one obtained from surface detector data
using a maximum likelihood method. Since the surface de-
tector energy estimator is calibrated with hybrid events [9],
the two spectra have the same systematic uncertainty in
the energy scale (22%). On the other hand, the normali-
sation uncertainties are independent. They are taken as 6%
for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used
as additional constraints in the combination. This com-
bination procedure is used to derive the scale parameters
kSD=1.01 and kFD=0.99 which have to be applied to the
individual spectra in order to match them. The fractional
difference of the combined energy spectrum with respect
to an assumed flux ∝ E−2.6 is shown in Fig. 4. The mea-
surements in stereo mode from the HiRes experiment [20]
are also shown in Fig. 4 for comparison. The ankle feature
seems to be somewhat more sharply defined in the Auger
data. This is possibly due to the different energy resolution
of the two instruments. A comparison with the Auger flux
published in [1] is also shown in Fig. 4. The two spectra
are compatible within the systematic uncertainties. Fur-
thermore, it has to be noted that the updated spectrum in-
cludes the change in the calibration curve reported in [9].
The characteristic features of the combined spectrum have
been quantified in two ways. For the first method, shown
as a dotted line in Fig. 5, three power laws with free breaks
between them have been used. For the second approach,
two power laws in the ankle region and a smoothly chang-
ing function at higher energies have been adopted. The
function is given by

J(E;E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgE1/2

lgWc

) ,

where E1/2 is the energy at which the flux has fallen to one
half of the value of the power-law extrapolation and Wc pa-
rameterizes the width of the transition region. The result of
the fit is shown as black solid line in Fig. 5. The derived pa-
rameters quoting only the statistical uncertainties are given
in Table 1. Changes to the calibration curve [9] have re-
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Fig. 5. The combined energy spectrum compared with several astrophysical models assuming a pure composition of protons (red lines) or
iron (blue line), a power-law injection spectrum following E−β and a maximum energy of Emax = 1020.5 eV. The cosmological evolution
of the source luminosity is given by (z + 1)m. The black line shows the fit used to determine the spectral features (see text). A table with the
flux values can be found at [22].

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 with m = 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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Figure 4: Fractional difference between the combined energy
spectrum of the Pierre Auger Observatory and a spectrum with
an index of 2.6. Data from HiRes stereo measurements [20] are
shown for comparison.

Monte Carlo simulation. The changing configurations of
both fluorescence and surface detectors are taken into ac-
count for the determination of the on-time of the hybrid
system. Within a time interval of 10 min, the status
and efficiency of all detector components of the Obser-
vatory, down to the level of the single PMTs of the flu-
orescence detector, are determined. Moreover, all atmo-
spheric measurements [12] as well as monitoring informa-
tion are considered and used as input for the simulation.
A detailed description can be found in [10, 13]. The lon-
gitudinal profiles of the energy deposits have been simu-
lated with the CONEX [14] air shower simulation program
with Sibyll 2.1 [15] and QGSJet II-0.3 [16] as alternative
hadronic interaction models. The influence of the assump-
tions made in the hadronic interaction models on the expo-
sure calculation has been estimated to be lower than 2%. A
50% mixture of protons and iron nuclei has been assumed
for the primaries. The quality cuts used for the event se-
lection lead to only a small dependence of the exposure
on the mass composition. The systematic uncertainty aris-
ing from the lack of knowledge of the mass composition
is about 8% (1%) at 1018 eV (> 1019 eV). The full MC
simulation chain has been cross-checked with air shower
observations and the analysis of laser shots fired from the
Central Laser Facility [17]. The total systematic uncer-
tainty of the derived exposure is estimated as 10% (6%)
at 1018 eV (> 1019 eV).
The energy spectrum calculated using the hybrid events is
shown in Fig. 3. The main systematic uncertainty is due to
the energy assignment which relies on the knowledge of the
fluorescence yield, choice of models and mass composi-
tion [18], absolute detector calibration [19] and shower re-
construction. The total uncertainty is estimated to be about
22%. The details can be found in [1].

Table 1: Fitted parameters and their statistical uncertainties char-
acterizing the combined energy spectrum.

parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.27± 0.02 3.27± 0.01
lg(Eankle/eV) 18.61± 0.01 18.62± 0.01
γ2(E > Eankle) 2.68± 0.01 2.63± 0.02
lg(Ebreak/eV) 19.41± 0.02
γ3(E > Ebreak) 4.2± 0.1
lg(E1/2/eV) 19.63± 0.02
lg(Wc/eV) 0.15± 0.02
χ2/ndof 37.8/16 = 2.7 33.7/16 = 2.3

4 Combined energy spectrum

The energy spectrum derived from hybrid data has been
combined with the one obtained from surface detector data
using a maximum likelihood method. Since the surface de-
tector energy estimator is calibrated with hybrid events [9],
the two spectra have the same systematic uncertainty in
the energy scale (22%). On the other hand, the normali-
sation uncertainties are independent. They are taken as 6%
for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used
as additional constraints in the combination. This com-
bination procedure is used to derive the scale parameters
kSD=1.01 and kFD=0.99 which have to be applied to the
individual spectra in order to match them. The fractional
difference of the combined energy spectrum with respect
to an assumed flux ∝ E−2.6 is shown in Fig. 4. The mea-
surements in stereo mode from the HiRes experiment [20]
are also shown in Fig. 4 for comparison. The ankle feature
seems to be somewhat more sharply defined in the Auger
data. This is possibly due to the different energy resolution
of the two instruments. A comparison with the Auger flux
published in [1] is also shown in Fig. 4. The two spectra
are compatible within the systematic uncertainties. Fur-
thermore, it has to be noted that the updated spectrum in-
cludes the change in the calibration curve reported in [9].
The characteristic features of the combined spectrum have
been quantified in two ways. For the first method, shown
as a dotted line in Fig. 5, three power laws with free breaks
between them have been used. For the second approach,
two power laws in the ankle region and a smoothly chang-
ing function at higher energies have been adopted. The
function is given by

J(E;E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgE1/2

lgWc

) ,

where E1/2 is the energy at which the flux has fallen to one
half of the value of the power-law extrapolation and Wc pa-
rameterizes the width of the transition region. The result of
the fit is shown as black solid line in Fig. 5. The derived pa-
rameters quoting only the statistical uncertainties are given
in Table 1. Changes to the calibration curve [9] have re-
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Figure 4: Fractional difference between the combined energy
spectrum of the Pierre Auger Observatory and a spectrum with
an index of 2.6. Data from HiRes stereo measurements [20] are
shown for comparison.

Monte Carlo simulation. The changing configurations of
both fluorescence and surface detectors are taken into ac-
count for the determination of the on-time of the hybrid
system. Within a time interval of 10 min, the status
and efficiency of all detector components of the Obser-
vatory, down to the level of the single PMTs of the flu-
orescence detector, are determined. Moreover, all atmo-
spheric measurements [12] as well as monitoring informa-
tion are considered and used as input for the simulation.
A detailed description can be found in [10, 13]. The lon-
gitudinal profiles of the energy deposits have been simu-
lated with the CONEX [14] air shower simulation program
with Sibyll 2.1 [15] and QGSJet II-0.3 [16] as alternative
hadronic interaction models. The influence of the assump-
tions made in the hadronic interaction models on the expo-
sure calculation has been estimated to be lower than 2%. A
50% mixture of protons and iron nuclei has been assumed
for the primaries. The quality cuts used for the event se-
lection lead to only a small dependence of the exposure
on the mass composition. The systematic uncertainty aris-
ing from the lack of knowledge of the mass composition
is about 8% (1%) at 1018 eV (> 1019 eV). The full MC
simulation chain has been cross-checked with air shower
observations and the analysis of laser shots fired from the
Central Laser Facility [17]. The total systematic uncer-
tainty of the derived exposure is estimated as 10% (6%)
at 1018 eV (> 1019 eV).
The energy spectrum calculated using the hybrid events is
shown in Fig. 3. The main systematic uncertainty is due to
the energy assignment which relies on the knowledge of the
fluorescence yield, choice of models and mass composi-
tion [18], absolute detector calibration [19] and shower re-
construction. The total uncertainty is estimated to be about
22%. The details can be found in [1].

Table 1: Fitted parameters and their statistical uncertainties char-
acterizing the combined energy spectrum.

parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.27± 0.02 3.27± 0.01
lg(Eankle/eV) 18.61± 0.01 18.62± 0.01
γ2(E > Eankle) 2.68± 0.01 2.63± 0.02
lg(Ebreak/eV) 19.41± 0.02
γ3(E > Ebreak) 4.2± 0.1
lg(E1/2/eV) 19.63± 0.02
lg(Wc/eV) 0.15± 0.02
χ2/ndof 37.8/16 = 2.7 33.7/16 = 2.3

4 Combined energy spectrum

The energy spectrum derived from hybrid data has been
combined with the one obtained from surface detector data
using a maximum likelihood method. Since the surface de-
tector energy estimator is calibrated with hybrid events [9],
the two spectra have the same systematic uncertainty in
the energy scale (22%). On the other hand, the normali-
sation uncertainties are independent. They are taken as 6%
for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used
as additional constraints in the combination. This com-
bination procedure is used to derive the scale parameters
kSD=1.01 and kFD=0.99 which have to be applied to the
individual spectra in order to match them. The fractional
difference of the combined energy spectrum with respect
to an assumed flux ∝ E−2.6 is shown in Fig. 4. The mea-
surements in stereo mode from the HiRes experiment [20]
are also shown in Fig. 4 for comparison. The ankle feature
seems to be somewhat more sharply defined in the Auger
data. This is possibly due to the different energy resolution
of the two instruments. A comparison with the Auger flux
published in [1] is also shown in Fig. 4. The two spectra
are compatible within the systematic uncertainties. Fur-
thermore, it has to be noted that the updated spectrum in-
cludes the change in the calibration curve reported in [9].
The characteristic features of the combined spectrum have
been quantified in two ways. For the first method, shown
as a dotted line in Fig. 5, three power laws with free breaks
between them have been used. For the second approach,
two power laws in the ankle region and a smoothly chang-
ing function at higher energies have been adopted. The
function is given by

J(E;E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgE1/2

lgWc

) ,

where E1/2 is the energy at which the flux has fallen to one
half of the value of the power-law extrapolation and Wc pa-
rameterizes the width of the transition region. The result of
the fit is shown as black solid line in Fig. 5. The derived pa-
rameters quoting only the statistical uncertainties are given
in Table 1. Changes to the calibration curve [9] have re-
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Fig. 5. The combined energy spectrum compared with several astrophysical models assuming a pure composition of protons (red lines) or
iron (blue line), a power-law injection spectrum following E−β and a maximum energy of Emax = 1020.5 eV. The cosmological evolution
of the source luminosity is given by (z + 1)m. The black line shows the fit used to determine the spectral features (see text). A table with the
flux values can be found at [22].

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 with m = 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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Figure 5: The combined energy spectrum is fitted with two functions (see text). Only statistical uncertainties are shown. The systematic
uncertainty in the energy scale is 22%.

sulted in some changes of the parameters of the spectrum
with respect to previous work [1], although only the val-
ues of γ2 are different by more than the quoted statistical
uncertainties (in Ref. [1] a value of γ2 = 2.59 ± 0.02 is
reported).

5 Summary

An update of the measurement of the cosmic ray flux with
the Pierre Auger Observatory has been presented. Two in-
dependent measurements of the cosmic ray energy spec-
trum with the Pierre Auger Observatory have been ex-
ploited. Both spectra share the same systematic uncertain-
ties in the energy scale. A combined spectrum has been
derived with high statistics covering the energy range from
1018 eV to above 1020 eV. The dominant systematic uncer-
tainty of the spectrum stems from that of the overall energy
scale, which is estimated to be 22%. The combination of
spectra enables the precise measurement of both the ankle
and the flux suppression at highest energies.
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Figure 4: Fractional difference between the combined energy
spectrum of the Pierre Auger Observatory and a spectrum with
an index of 2.6. Data from HiRes stereo measurements [20] are
shown for comparison.

Monte Carlo simulation. The changing configurations of
both fluorescence and surface detectors are taken into ac-
count for the determination of the on-time of the hybrid
system. Within a time interval of 10 min, the status
and efficiency of all detector components of the Obser-
vatory, down to the level of the single PMTs of the flu-
orescence detector, are determined. Moreover, all atmo-
spheric measurements [12] as well as monitoring informa-
tion are considered and used as input for the simulation.
A detailed description can be found in [10, 13]. The lon-
gitudinal profiles of the energy deposits have been simu-
lated with the CONEX [14] air shower simulation program
with Sibyll 2.1 [15] and QGSJet II-0.3 [16] as alternative
hadronic interaction models. The influence of the assump-
tions made in the hadronic interaction models on the expo-
sure calculation has been estimated to be lower than 2%. A
50% mixture of protons and iron nuclei has been assumed
for the primaries. The quality cuts used for the event se-
lection lead to only a small dependence of the exposure
on the mass composition. The systematic uncertainty aris-
ing from the lack of knowledge of the mass composition
is about 8% (1%) at 1018 eV (> 1019 eV). The full MC
simulation chain has been cross-checked with air shower
observations and the analysis of laser shots fired from the
Central Laser Facility [17]. The total systematic uncer-
tainty of the derived exposure is estimated as 10% (6%)
at 1018 eV (> 1019 eV).
The energy spectrum calculated using the hybrid events is
shown in Fig. 3. The main systematic uncertainty is due to
the energy assignment which relies on the knowledge of the
fluorescence yield, choice of models and mass composi-
tion [18], absolute detector calibration [19] and shower re-
construction. The total uncertainty is estimated to be about
22%. The details can be found in [1].

Table 1: Fitted parameters and their statistical uncertainties char-
acterizing the combined energy spectrum.

parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.27± 0.02 3.27± 0.01
lg(Eankle/eV) 18.61± 0.01 18.62± 0.01
γ2(E > Eankle) 2.68± 0.01 2.63± 0.02
lg(Ebreak/eV) 19.41± 0.02
γ3(E > Ebreak) 4.2± 0.1
lg(E1/2/eV) 19.63± 0.02
lg(Wc/eV) 0.15± 0.02
χ2/ndof 37.8/16 = 2.7 33.7/16 = 2.3

4 Combined energy spectrum

The energy spectrum derived from hybrid data has been
combined with the one obtained from surface detector data
using a maximum likelihood method. Since the surface de-
tector energy estimator is calibrated with hybrid events [9],
the two spectra have the same systematic uncertainty in
the energy scale (22%). On the other hand, the normali-
sation uncertainties are independent. They are taken as 6%
for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used
as additional constraints in the combination. This com-
bination procedure is used to derive the scale parameters
kSD=1.01 and kFD=0.99 which have to be applied to the
individual spectra in order to match them. The fractional
difference of the combined energy spectrum with respect
to an assumed flux ∝ E−2.6 is shown in Fig. 4. The mea-
surements in stereo mode from the HiRes experiment [20]
are also shown in Fig. 4 for comparison. The ankle feature
seems to be somewhat more sharply defined in the Auger
data. This is possibly due to the different energy resolution
of the two instruments. A comparison with the Auger flux
published in [1] is also shown in Fig. 4. The two spectra
are compatible within the systematic uncertainties. Fur-
thermore, it has to be noted that the updated spectrum in-
cludes the change in the calibration curve reported in [9].
The characteristic features of the combined spectrum have
been quantified in two ways. For the first method, shown
as a dotted line in Fig. 5, three power laws with free breaks
between them have been used. For the second approach,
two power laws in the ankle region and a smoothly chang-
ing function at higher energies have been adopted. The
function is given by

J(E;E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgE1/2

lgWc

) ,

where E1/2 is the energy at which the flux has fallen to one
half of the value of the power-law extrapolation and Wc pa-
rameterizes the width of the transition region. The result of
the fit is shown as black solid line in Fig. 5. The derived pa-
rameters quoting only the statistical uncertainties are given
in Table 1. Changes to the calibration curve [9] have re-
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Fig. 5. The combined energy spectrum compared with several astrophysical models assuming a pure composition of protons (red lines) or
iron (blue line), a power-law injection spectrum following E−β and a maximum energy of Emax = 1020.5 eV. The cosmological evolution
of the source luminosity is given by (z + 1)m. The black line shows the fit used to determine the spectral features (see text). A table with the
flux values can be found at [22].

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 with m = 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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Figure 4: Fractional difference between the combined energy
spectrum of the Pierre Auger Observatory and a spectrum with
an index of 2.6. Data from HiRes stereo measurements [20] are
shown for comparison.

Monte Carlo simulation. The changing configurations of
both fluorescence and surface detectors are taken into ac-
count for the determination of the on-time of the hybrid
system. Within a time interval of 10 min, the status
and efficiency of all detector components of the Obser-
vatory, down to the level of the single PMTs of the flu-
orescence detector, are determined. Moreover, all atmo-
spheric measurements [12] as well as monitoring informa-
tion are considered and used as input for the simulation.
A detailed description can be found in [10, 13]. The lon-
gitudinal profiles of the energy deposits have been simu-
lated with the CONEX [14] air shower simulation program
with Sibyll 2.1 [15] and QGSJet II-0.3 [16] as alternative
hadronic interaction models. The influence of the assump-
tions made in the hadronic interaction models on the expo-
sure calculation has been estimated to be lower than 2%. A
50% mixture of protons and iron nuclei has been assumed
for the primaries. The quality cuts used for the event se-
lection lead to only a small dependence of the exposure
on the mass composition. The systematic uncertainty aris-
ing from the lack of knowledge of the mass composition
is about 8% (1%) at 1018 eV (> 1019 eV). The full MC
simulation chain has been cross-checked with air shower
observations and the analysis of laser shots fired from the
Central Laser Facility [17]. The total systematic uncer-
tainty of the derived exposure is estimated as 10% (6%)
at 1018 eV (> 1019 eV).
The energy spectrum calculated using the hybrid events is
shown in Fig. 3. The main systematic uncertainty is due to
the energy assignment which relies on the knowledge of the
fluorescence yield, choice of models and mass composi-
tion [18], absolute detector calibration [19] and shower re-
construction. The total uncertainty is estimated to be about
22%. The details can be found in [1].

Table 1: Fitted parameters and their statistical uncertainties char-
acterizing the combined energy spectrum.

parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.27± 0.02 3.27± 0.01
lg(Eankle/eV) 18.61± 0.01 18.62± 0.01
γ2(E > Eankle) 2.68± 0.01 2.63± 0.02
lg(Ebreak/eV) 19.41± 0.02
γ3(E > Ebreak) 4.2± 0.1
lg(E1/2/eV) 19.63± 0.02
lg(Wc/eV) 0.15± 0.02
χ2/ndof 37.8/16 = 2.7 33.7/16 = 2.3

4 Combined energy spectrum

The energy spectrum derived from hybrid data has been
combined with the one obtained from surface detector data
using a maximum likelihood method. Since the surface de-
tector energy estimator is calibrated with hybrid events [9],
the two spectra have the same systematic uncertainty in
the energy scale (22%). On the other hand, the normali-
sation uncertainties are independent. They are taken as 6%
for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used
as additional constraints in the combination. This com-
bination procedure is used to derive the scale parameters
kSD=1.01 and kFD=0.99 which have to be applied to the
individual spectra in order to match them. The fractional
difference of the combined energy spectrum with respect
to an assumed flux ∝ E−2.6 is shown in Fig. 4. The mea-
surements in stereo mode from the HiRes experiment [20]
are also shown in Fig. 4 for comparison. The ankle feature
seems to be somewhat more sharply defined in the Auger
data. This is possibly due to the different energy resolution
of the two instruments. A comparison with the Auger flux
published in [1] is also shown in Fig. 4. The two spectra
are compatible within the systematic uncertainties. Fur-
thermore, it has to be noted that the updated spectrum in-
cludes the change in the calibration curve reported in [9].
The characteristic features of the combined spectrum have
been quantified in two ways. For the first method, shown
as a dotted line in Fig. 5, three power laws with free breaks
between them have been used. For the second approach,
two power laws in the ankle region and a smoothly chang-
ing function at higher energies have been adopted. The
function is given by

J(E;E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgE1/2

lgWc

) ,

where E1/2 is the energy at which the flux has fallen to one
half of the value of the power-law extrapolation and Wc pa-
rameterizes the width of the transition region. The result of
the fit is shown as black solid line in Fig. 5. The derived pa-
rameters quoting only the statistical uncertainties are given
in Table 1. Changes to the calibration curve [9] have re-

32ND INTERNATIONAL COSMIC RAY CONFERENCE, BEIJING 2011

(E/eV)
10

log
18 18.5 19 19.5 20 20.5

) -
1 

-2
.6

 E×
J/

(A
 

-1

-0.5

0

0.5

1

1.5

2 HiRes Stereo
Auger Combined PLB
Auger Combined (this work)

Figure 4: Fractional difference between the combined energy
spectrum of the Pierre Auger Observatory and a spectrum with
an index of 2.6. Data from HiRes stereo measurements [20] are
shown for comparison.

Monte Carlo simulation. The changing configurations of
both fluorescence and surface detectors are taken into ac-
count for the determination of the on-time of the hybrid
system. Within a time interval of 10 min, the status
and efficiency of all detector components of the Obser-
vatory, down to the level of the single PMTs of the flu-
orescence detector, are determined. Moreover, all atmo-
spheric measurements [12] as well as monitoring informa-
tion are considered and used as input for the simulation.
A detailed description can be found in [10, 13]. The lon-
gitudinal profiles of the energy deposits have been simu-
lated with the CONEX [14] air shower simulation program
with Sibyll 2.1 [15] and QGSJet II-0.3 [16] as alternative
hadronic interaction models. The influence of the assump-
tions made in the hadronic interaction models on the expo-
sure calculation has been estimated to be lower than 2%. A
50% mixture of protons and iron nuclei has been assumed
for the primaries. The quality cuts used for the event se-
lection lead to only a small dependence of the exposure
on the mass composition. The systematic uncertainty aris-
ing from the lack of knowledge of the mass composition
is about 8% (1%) at 1018 eV (> 1019 eV). The full MC
simulation chain has been cross-checked with air shower
observations and the analysis of laser shots fired from the
Central Laser Facility [17]. The total systematic uncer-
tainty of the derived exposure is estimated as 10% (6%)
at 1018 eV (> 1019 eV).
The energy spectrum calculated using the hybrid events is
shown in Fig. 3. The main systematic uncertainty is due to
the energy assignment which relies on the knowledge of the
fluorescence yield, choice of models and mass composi-
tion [18], absolute detector calibration [19] and shower re-
construction. The total uncertainty is estimated to be about
22%. The details can be found in [1].

Table 1: Fitted parameters and their statistical uncertainties char-
acterizing the combined energy spectrum.

parameter broken power laws power laws
+ smooth function

γ1(E < Eankle) 3.27± 0.02 3.27± 0.01
lg(Eankle/eV) 18.61± 0.01 18.62± 0.01
γ2(E > Eankle) 2.68± 0.01 2.63± 0.02
lg(Ebreak/eV) 19.41± 0.02
γ3(E > Ebreak) 4.2± 0.1
lg(E1/2/eV) 19.63± 0.02
lg(Wc/eV) 0.15± 0.02
χ2/ndof 37.8/16 = 2.7 33.7/16 = 2.3

4 Combined energy spectrum

The energy spectrum derived from hybrid data has been
combined with the one obtained from surface detector data
using a maximum likelihood method. Since the surface de-
tector energy estimator is calibrated with hybrid events [9],
the two spectra have the same systematic uncertainty in
the energy scale (22%). On the other hand, the normali-
sation uncertainties are independent. They are taken as 6%
for the SD and 10% (6%) for the hybrid flux at 1018 eV
(> 1019 eV). These normalisation uncertainties are used
as additional constraints in the combination. This com-
bination procedure is used to derive the scale parameters
kSD=1.01 and kFD=0.99 which have to be applied to the
individual spectra in order to match them. The fractional
difference of the combined energy spectrum with respect
to an assumed flux ∝ E−2.6 is shown in Fig. 4. The mea-
surements in stereo mode from the HiRes experiment [20]
are also shown in Fig. 4 for comparison. The ankle feature
seems to be somewhat more sharply defined in the Auger
data. This is possibly due to the different energy resolution
of the two instruments. A comparison with the Auger flux
published in [1] is also shown in Fig. 4. The two spectra
are compatible within the systematic uncertainties. Fur-
thermore, it has to be noted that the updated spectrum in-
cludes the change in the calibration curve reported in [9].
The characteristic features of the combined spectrum have
been quantified in two ways. For the first method, shown
as a dotted line in Fig. 5, three power laws with free breaks
between them have been used. For the second approach,
two power laws in the ankle region and a smoothly chang-
ing function at higher energies have been adopted. The
function is given by

J(E;E > Eankle) ∝ E−γ2
1

1 + exp
(

lgE−lgE1/2

lgWc

) ,

where E1/2 is the energy at which the flux has fallen to one
half of the value of the power-law extrapolation and Wc pa-
rameterizes the width of the transition region. The result of
the fit is shown as black solid line in Fig. 5. The derived pa-
rameters quoting only the statistical uncertainties are given
in Table 1. Changes to the calibration curve [9] have re-
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Figure 5: The combined energy spectrum of UHECRs as mea-
sured at the Pierre Auger Observatory. The numbers give the total
number of events inside each bin. The last three arrows represent
upper limits at 84% C.L.

Parameter Result (±sstat ±ssys)

log10(Ea/eV) 18.72±0.01±0.02
g1 3.23±0.01±0.07
g2 2.63±0.02±0.04
log10(E1/2/eV) 19.63±0.01±0.01
log10 Wc 0.15±0.01±0.02

Table 2: Parameters, with statistical and systematic uncertainties,
of the model describing the combined energy spectrum measured
at the Pierre Auger Observatory.
brid spectrum down by 6%. Compared to the previous pub-
lication, the precision in determining the spectral index be-
low the ankle has increased significantly, mainly due to the
addition of the 750 m array. We report a slightly flatter spec-
trum below the ankle (now: 3.23±0.01 (stat) ±0.07 (sys),
previous publication: 3.27 ± 0.02) and an increase of Ea
(now: 18.72 ± 0.01 (stat) ± 0.02 (sys), previous publica-
tion: 18.61±0.01) [22]. The large systematic uncertainties
in g1 are dominated by the uncertainty of the resolution
model used for correcting the measured flux. At the same
time, the uncertainty in the energy scale of 14% is propa-
gated into the final result.

The combined energy spectrum is compared to fluxes
from three astrophysical scenarios in Fig. 6. Shown are
models assuming pure proton or iron composition. The
fluxes result from different assumptions of the spectral index
b of the source injection spectrum and the source evolution
parameter m. The model lines have been calculated using
CRPropa [30] and validated with SimProp [31].

5 Summary
The flux of cosmic rays above 3⇥1017 eV has been mea-
sured at the Pierre Auger Observatory combining data from
surface and fluorescence detectors. The spectral features are
determined with unprecedented statistical precision. The
fitted parameters are compatible with previous results given
the change in the energy scale. There is an overall uncer-
tainty of the revised energy scale of 14% [23]. Current re-
sults from Xmax measurements and an interpretation of the
measurements concerning mass composition are presented
in [28, 29]. The spectrum as measured with the SD 750 m
array is presented in more detail at this conference in [9].
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Figure 6: The combined energy spectrum compared to energy
spectra from different astrophysical scenarios (see text).
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Figure 3: Distribution of the ratio between the reconstructed SD
and FD energy, ESD and EFD. Ratios are obtained from data and
QGSJet-II.03 simulations [26] (see text).

The energy spectra obtained from the three SD datasets
are shown in Fig. 4. Due to the calibration with events
observed by the FD, the SD energies share the uncertainty of
the FD energy scale of 14%, which will be further explained
in the next section.

3 Flux measurements with the hybrid
detector

The hybrid approach is based on the detection of showers
observed by the FD in coincidence with at least one station
of the SD array. Although a signal in a single station does
not allow an independent trigger and reconstruction in SD,
it is a sufficient condition for a very accurate determination
of the shower geometry using the hybrid reconstruction.

To ensure good energy reconstruction, only events that
satisfy strict quality criteria are accepted [13]. In particular,
to avoid a possible bias in event selection due to the
differences between shower profiles initiated by primaries
of different mass, a shower is retained only if its geometry
would allow a reliable measurement of any shower profile
that occurs in the full data set. A detailed simulation of
the detector response has shown that for zenith angles less
than 60�, every FD event above 1018 eV passing all the
selection criteria is triggered by at least one SD station,
independent of the mass or direction of the incoming
primary particle [13].

The measurement of the flux of cosmic rays using hybrid
events relies on the precise determination of the detector
exposure that is influenced by several factors. The response
of the hybrid detector strongly depends on energy and
distance from the relevant fluorescence telescope, as well
as atmospheric and data taking conditions. To properly
take into account all of these configurations and their time
variability, the exposure has been calculated using a sample
of simulated events that reproduce the exact conditions of
the experiment [13]. The total systematic uncertainty on the
calculation of the exposure ranges from 14% at 1018 eV to
below 6% above 1019 eV [13]. The current hybrid exposure
as a function of energy is shown in Fig. 1 compared with
the exposures of the surface detectors.

The energy spectrum reconstructed from hybrid events
will be presented at the conference and in the updated ver-

Figure 4: Energy spectra, corrected for energy resolution, derived
from SD and from hybrid data.

sion of this paper. Data taken in the time period given in Ta-
ble 1 are included. The main systematic uncertainty is due
to the energy assignment which relies on the knowledge of
the fluorescence yield (3.6%), atmospheric conditions (3%-
6%), absolute detector calibration (9%) and shower recon-
struction (6%) [23]. The invisible energy is calculated with
a new, simulation-driven but model-independent method
with an uncertainty of 1.5%-3% [27].

4 Combined energy spectrum
The hybrid spectrum extends the SD 1500 m spectrum
below the energy of full trigger efficiency of 3⇥1018 eV
and overlaps with the spectrum of the 750 m array above
1018 eV. The latter is fitted up to 3⇥1018 eV and extends
the measurement of the energy spectrum below 1018 eV.
The spectrum of inclined events contributes above its full
efficiency threshold of 4⇥1018 eV and provides an indepen-
dent measurement in this energy range. We combine these
measurements into a single energy spectrum.

The SD measurements are affected by uncertainties due
to the energy calibrations (see Table 1). These uncertain-
ties are taken into account by minimizing the energy cali-
bration likelihoods together with the smearing corrections
due to bin-to-bin migrations. In this combined maximum-
likelihood fit, the normalizations of the different spectra are
allowed to vary within the exposure uncertainties as stated
in Table 1.

The combined energy spectrum is shown in Fig. 5 to-
gether with the number of observed events within each bin.
To characterize the spectral features we describe the data
with a power law below the ankle J(E) µ E�g1 and a power
law with smooth suppression above:

J(E;E > Ea) µ E�g2


1+ exp

✓ log10 E � log10 E1/2

log10 Wc

◆��1

.

g1, g2 are the spectral indices below/above the ankle at Ea.
E1/2 is the energy at which the flux has dropped to half
of its peak value before the suppression, the steepness of
which is described with log10 Wc.

The resulting spectral parameters are given in Table 2. To
match the energy spectra, the SD 750 m spectrum has to be
scaled up by 2%, the inclined spectrum up by 5% and the hy-
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Figure 5: The combined energy spectrum of UHECRs as mea-
sured at the Pierre Auger Observatory. The numbers give the total
number of events inside each bin. The last three arrows represent
upper limits at 84% C.L.

Parameter Result (±sstat ±ssys)

log10(Ea/eV) 18.72±0.01±0.02
g1 3.23±0.01±0.07
g2 2.63±0.02±0.04
log10(E1/2/eV) 19.63±0.01±0.01
log10 Wc 0.15±0.01±0.02

Table 2: Parameters, with statistical and systematic uncertainties,
of the model describing the combined energy spectrum measured
at the Pierre Auger Observatory.
brid spectrum down by 6%. Compared to the previous pub-
lication, the precision in determining the spectral index be-
low the ankle has increased significantly, mainly due to the
addition of the 750 m array. We report a slightly flatter spec-
trum below the ankle (now: 3.23±0.01 (stat) ±0.07 (sys),
previous publication: 3.27 ± 0.02) and an increase of Ea
(now: 18.72 ± 0.01 (stat) ± 0.02 (sys), previous publica-
tion: 18.61±0.01) [22]. The large systematic uncertainties
in g1 are dominated by the uncertainty of the resolution
model used for correcting the measured flux. At the same
time, the uncertainty in the energy scale of 14% is propa-
gated into the final result.

The combined energy spectrum is compared to fluxes
from three astrophysical scenarios in Fig. 6. Shown are
models assuming pure proton or iron composition. The
fluxes result from different assumptions of the spectral index
b of the source injection spectrum and the source evolution
parameter m. The model lines have been calculated using
CRPropa [30] and validated with SimProp [31].

5 Summary
The flux of cosmic rays above 3⇥1017 eV has been mea-
sured at the Pierre Auger Observatory combining data from
surface and fluorescence detectors. The spectral features are
determined with unprecedented statistical precision. The
fitted parameters are compatible with previous results given
the change in the energy scale. There is an overall uncer-
tainty of the revised energy scale of 14% [23]. Current re-
sults from Xmax measurements and an interpretation of the
measurements concerning mass composition are presented
in [28, 29]. The spectrum as measured with the SD 750 m
array is presented in more detail at this conference in [9].

Figure 6: The combined energy spectrum compared to energy
spectra from different astrophysical scenarios (see text).
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Figure 3: The combined energy spectrum of cosmic-rays as measured by the Auger Observatory, fitted with
a flux model (see text). Only statistical uncertainties are shown. The systematic uncertainty on the energy
scale is 14%. The number of events is given above the points, which are positioned at the mean value of
log10(E/eV). The upper limits correspond to the 84% C.L.

result of the best fit is shown in Fig. 3 and the corresponding parameters are presented in Table 2,
quoting both statistical and systematic uncertainties.

J0 [eV�1km�2sr�1yr�1] Eankle [EeV] Es [EeV] g1 g2 Dg

(3.30±0.15±0.20)⇥10�19 4.82±0.07±0.8 42.09±1.7±7.61 3.29±0.02±0.05 2.60±0.02±0.1 3.14±0.2±0.4

Table 2: Best-fit parameters, with statistical and systematic uncertainties, for the combined energy spectrum
measured at the Pierre Auger Observatory.

The combined spectrum shows a flattening above the ankle, Eankle = 4.8⇥1018 eV, up to the
onset of the flux suppression. This suppression is clearly established with a significance of more
than 20s (the null hypothesis that the power law above the ankle continues beyond the suppression
point can be rejected with such confidence). The spectral index in the region of the suppression is
less certain due the low number of events and large systematic uncertainties.

A spectral observable in the GZK [15, 16] region that can be used to discriminate between
different UHECR source-composition models is the energy E1/2 at which the integral spectrum
drops by a factor of two below what would be expected with no cutoff. The corresponding value
derived from the Auger data, computed as the integral of the parameterisation given by eq. (3.1)
with the parameters reported in Table 2, is E1/2 = (2.47±0.01+0.82

�0.34(sys))⇥1019 eV. This result, for
instance, differs at the level of 3.4s from the value of ⇡ 5.3⇥1019 eV predicted in [17] under the
assumption that the sources of UHECRs are uniformly distributed over the universe and that they
accelerate protons only. Note that, in reality, sources are discrete and in the GZK region the shape
of the spectrum will be dominated by the distribution of sources around us (see [18] for example).

4. Declination-dependence of the energy spectrum

Given the location of the Auger Observatory at a latitude �35.2�, events arriving with q<60�

cover a wide range of declinations from �90� to +25�, corresponding to a sky fraction of 71%,

14
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Figure 2: Left: energy spectra derived from SD and hybrid data recorded at the Pierre Auger Observa-
tory. The error bars represent statistical uncertainties. The upper limits correspond to the 84% C.L. Right:
fractional difference between the Auger spectra and a reference spectrum with an index of 3.26.

However, the number of hybrid events does not reflect the increase of exposure accumulated in
2013 due to the adoption of more stringent selection criteria from [8].

The four independent measurements of the energy spectrum of cosmic rays are shown in Fig. 2.
The differential fluxes are also displayed as fractional differences with respect to a reference spec-
trum with an index of 3.26 1. The comparison shows that all spectra are in agreement within
uncertainties. The four independent measurements of the energy spectrum of cosmic rays are then
combined using a method that takes into account the systematic uncertainties of the individual
measurements. The systematic uncertainties of the SD-1500 vertical and inclined fluxes are 5.8%
and 5%, respectively. The one of the SD-750 m flux decreases from 14% at 1017.5 eV to less
than 7% above 1018.5 eV. Similarly, the hybrid flux’s uncertainty decreases from 10% at 1018 eV
to less than 6% above 1019 eV. In this procedure, the flux normalisations are used as additional
constraints to derive the flux scaling factors needed to match them: (5.7± 0.2)% for the vertical
spectrum, (�0.1± 0.8)% for the inclined spectrum, (1.8± 4.3)% for the SD-750 m spectrum and
(�5.8±2.4)% for the hybrid spectrum.

The characteristic features of the combined energy spectrum, shown in Fig 3, have been
quantified by fitting a model that describes a spectrum by a power-law below the ankle J(E) =
J0 (E/Eankle)�g1 and a power-law with a smooth suppression at the highest energies:

J(E) = J0

✓
E

Eankle

◆�g2
"

1+
✓

Eankle

Es

◆Dg
# "

1+
✓

E
Es

◆Dg
#�1

. (3.1)

Here, g1 and g2 are the spectral indices below and above the ankle energy Eankle, respectively, Es is
the energy at which the differential flux falls to one-half of the value of the power-law extrapolation
from the intermediate region, Dg gives the increment of the spectral index beyond the suppression
region, and J0 is the normalisation of the flux, taken as the value of the flux at E = Eankle. The

1Reference spectrum: Jref = 2.51⇥1042 (E/eV)�3.26 eV�1 km�2 sr�1 yr�1, fitted to the SD-1500 m vertical differ-
ential flux in the energy bin corresponding to log10(E/eV) = 18.55 (bin width of 0.1), which contains 29371 events.
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Figure 5: The combined energy spectrum of UHECRs as mea-
sured at the Pierre Auger Observatory. The numbers give the total
number of events inside each bin. The last three arrows represent
upper limits at 84% C.L.

Parameter Result (±sstat ±ssys)

log10(Ea/eV) 18.72±0.01±0.02
g1 3.23±0.01±0.07
g2 2.63±0.02±0.04
log10(E1/2/eV) 19.63±0.01±0.01
log10 Wc 0.15±0.01±0.02

Table 2: Parameters, with statistical and systematic uncertainties,
of the model describing the combined energy spectrum measured
at the Pierre Auger Observatory.
brid spectrum down by 6%. Compared to the previous pub-
lication, the precision in determining the spectral index be-
low the ankle has increased significantly, mainly due to the
addition of the 750 m array. We report a slightly flatter spec-
trum below the ankle (now: 3.23±0.01 (stat) ±0.07 (sys),
previous publication: 3.27 ± 0.02) and an increase of Ea
(now: 18.72 ± 0.01 (stat) ± 0.02 (sys), previous publica-
tion: 18.61±0.01) [22]. The large systematic uncertainties
in g1 are dominated by the uncertainty of the resolution
model used for correcting the measured flux. At the same
time, the uncertainty in the energy scale of 14% is propa-
gated into the final result.

The combined energy spectrum is compared to fluxes
from three astrophysical scenarios in Fig. 6. Shown are
models assuming pure proton or iron composition. The
fluxes result from different assumptions of the spectral index
b of the source injection spectrum and the source evolution
parameter m. The model lines have been calculated using
CRPropa [30] and validated with SimProp [31].

5 Summary
The flux of cosmic rays above 3⇥1017 eV has been mea-
sured at the Pierre Auger Observatory combining data from
surface and fluorescence detectors. The spectral features are
determined with unprecedented statistical precision. The
fitted parameters are compatible with previous results given
the change in the energy scale. There is an overall uncer-
tainty of the revised energy scale of 14% [23]. Current re-
sults from Xmax measurements and an interpretation of the
measurements concerning mass composition are presented
in [28, 29]. The spectrum as measured with the SD 750 m
array is presented in more detail at this conference in [9].
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Figure 6: The combined energy spectrum compared to energy
spectra from different astrophysical scenarios (see text).
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Figure 3: Distribution of the ratio between the reconstructed SD
and FD energy, ESD and EFD. Ratios are obtained from data and
QGSJet-II.03 simulations [26] (see text).

The energy spectra obtained from the three SD datasets
are shown in Fig. 4. Due to the calibration with events
observed by the FD, the SD energies share the uncertainty of
the FD energy scale of 14%, which will be further explained
in the next section.

3 Flux measurements with the hybrid
detector

The hybrid approach is based on the detection of showers
observed by the FD in coincidence with at least one station
of the SD array. Although a signal in a single station does
not allow an independent trigger and reconstruction in SD,
it is a sufficient condition for a very accurate determination
of the shower geometry using the hybrid reconstruction.

To ensure good energy reconstruction, only events that
satisfy strict quality criteria are accepted [13]. In particular,
to avoid a possible bias in event selection due to the
differences between shower profiles initiated by primaries
of different mass, a shower is retained only if its geometry
would allow a reliable measurement of any shower profile
that occurs in the full data set. A detailed simulation of
the detector response has shown that for zenith angles less
than 60�, every FD event above 1018 eV passing all the
selection criteria is triggered by at least one SD station,
independent of the mass or direction of the incoming
primary particle [13].

The measurement of the flux of cosmic rays using hybrid
events relies on the precise determination of the detector
exposure that is influenced by several factors. The response
of the hybrid detector strongly depends on energy and
distance from the relevant fluorescence telescope, as well
as atmospheric and data taking conditions. To properly
take into account all of these configurations and their time
variability, the exposure has been calculated using a sample
of simulated events that reproduce the exact conditions of
the experiment [13]. The total systematic uncertainty on the
calculation of the exposure ranges from 14% at 1018 eV to
below 6% above 1019 eV [13]. The current hybrid exposure
as a function of energy is shown in Fig. 1 compared with
the exposures of the surface detectors.

The energy spectrum reconstructed from hybrid events
will be presented at the conference and in the updated ver-

Figure 4: Energy spectra, corrected for energy resolution, derived
from SD and from hybrid data.

sion of this paper. Data taken in the time period given in Ta-
ble 1 are included. The main systematic uncertainty is due
to the energy assignment which relies on the knowledge of
the fluorescence yield (3.6%), atmospheric conditions (3%-
6%), absolute detector calibration (9%) and shower recon-
struction (6%) [23]. The invisible energy is calculated with
a new, simulation-driven but model-independent method
with an uncertainty of 1.5%-3% [27].

4 Combined energy spectrum
The hybrid spectrum extends the SD 1500 m spectrum
below the energy of full trigger efficiency of 3⇥1018 eV
and overlaps with the spectrum of the 750 m array above
1018 eV. The latter is fitted up to 3⇥1018 eV and extends
the measurement of the energy spectrum below 1018 eV.
The spectrum of inclined events contributes above its full
efficiency threshold of 4⇥1018 eV and provides an indepen-
dent measurement in this energy range. We combine these
measurements into a single energy spectrum.

The SD measurements are affected by uncertainties due
to the energy calibrations (see Table 1). These uncertain-
ties are taken into account by minimizing the energy cali-
bration likelihoods together with the smearing corrections
due to bin-to-bin migrations. In this combined maximum-
likelihood fit, the normalizations of the different spectra are
allowed to vary within the exposure uncertainties as stated
in Table 1.

The combined energy spectrum is shown in Fig. 5 to-
gether with the number of observed events within each bin.
To characterize the spectral features we describe the data
with a power law below the ankle J(E) µ E�g1 and a power
law with smooth suppression above:

J(E;E > Ea) µ E�g2


1+ exp

✓ log10 E � log10 E1/2

log10 Wc

◆��1

.

g1, g2 are the spectral indices below/above the ankle at Ea.
E1/2 is the energy at which the flux has dropped to half
of its peak value before the suppression, the steepness of
which is described with log10 Wc.

The resulting spectral parameters are given in Table 2. To
match the energy spectra, the SD 750 m spectrum has to be
scaled up by 2%, the inclined spectrum up by 5% and the hy-
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Figure 5: The combined energy spectrum of UHECRs as mea-
sured at the Pierre Auger Observatory. The numbers give the total
number of events inside each bin. The last three arrows represent
upper limits at 84% C.L.

Parameter Result (±sstat ±ssys)

log10(Ea/eV) 18.72±0.01±0.02
g1 3.23±0.01±0.07
g2 2.63±0.02±0.04
log10(E1/2/eV) 19.63±0.01±0.01
log10 Wc 0.15±0.01±0.02

Table 2: Parameters, with statistical and systematic uncertainties,
of the model describing the combined energy spectrum measured
at the Pierre Auger Observatory.
brid spectrum down by 6%. Compared to the previous pub-
lication, the precision in determining the spectral index be-
low the ankle has increased significantly, mainly due to the
addition of the 750 m array. We report a slightly flatter spec-
trum below the ankle (now: 3.23±0.01 (stat) ±0.07 (sys),
previous publication: 3.27 ± 0.02) and an increase of Ea
(now: 18.72 ± 0.01 (stat) ± 0.02 (sys), previous publica-
tion: 18.61±0.01) [22]. The large systematic uncertainties
in g1 are dominated by the uncertainty of the resolution
model used for correcting the measured flux. At the same
time, the uncertainty in the energy scale of 14% is propa-
gated into the final result.

The combined energy spectrum is compared to fluxes
from three astrophysical scenarios in Fig. 6. Shown are
models assuming pure proton or iron composition. The
fluxes result from different assumptions of the spectral index
b of the source injection spectrum and the source evolution
parameter m. The model lines have been calculated using
CRPropa [30] and validated with SimProp [31].

5 Summary
The flux of cosmic rays above 3⇥1017 eV has been mea-
sured at the Pierre Auger Observatory combining data from
surface and fluorescence detectors. The spectral features are
determined with unprecedented statistical precision. The
fitted parameters are compatible with previous results given
the change in the energy scale. There is an overall uncer-
tainty of the revised energy scale of 14% [23]. Current re-
sults from Xmax measurements and an interpretation of the
measurements concerning mass composition are presented
in [28, 29]. The spectrum as measured with the SD 750 m
array is presented in more detail at this conference in [9].

Figure 6: The combined energy spectrum compared to energy
spectra from different astrophysical scenarios (see text).
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Figure 3: The combined energy spectrum of cosmic-rays as measured by the Auger Observatory, fitted with
a flux model (see text). Only statistical uncertainties are shown. The systematic uncertainty on the energy
scale is 14%. The number of events is given above the points, which are positioned at the mean value of
log10(E/eV). The upper limits correspond to the 84% C.L.

result of the best fit is shown in Fig. 3 and the corresponding parameters are presented in Table 2,
quoting both statistical and systematic uncertainties.

J0 [eV�1km�2sr�1yr�1] Eankle [EeV] Es [EeV] g1 g2 Dg

(3.30±0.15±0.20)⇥10�19 4.82±0.07±0.8 42.09±1.7±7.61 3.29±0.02±0.05 2.60±0.02±0.1 3.14±0.2±0.4

Table 2: Best-fit parameters, with statistical and systematic uncertainties, for the combined energy spectrum
measured at the Pierre Auger Observatory.

The combined spectrum shows a flattening above the ankle, Eankle = 4.8⇥1018 eV, up to the
onset of the flux suppression. This suppression is clearly established with a significance of more
than 20s (the null hypothesis that the power law above the ankle continues beyond the suppression
point can be rejected with such confidence). The spectral index in the region of the suppression is
less certain due the low number of events and large systematic uncertainties.

A spectral observable in the GZK [15, 16] region that can be used to discriminate between
different UHECR source-composition models is the energy E1/2 at which the integral spectrum
drops by a factor of two below what would be expected with no cutoff. The corresponding value
derived from the Auger data, computed as the integral of the parameterisation given by eq. (3.1)
with the parameters reported in Table 2, is E1/2 = (2.47±0.01+0.82

�0.34(sys))⇥1019 eV. This result, for
instance, differs at the level of 3.4s from the value of ⇡ 5.3⇥1019 eV predicted in [17] under the
assumption that the sources of UHECRs are uniformly distributed over the universe and that they
accelerate protons only. Note that, in reality, sources are discrete and in the GZK region the shape
of the spectrum will be dominated by the distribution of sources around us (see [18] for example).

4. Declination-dependence of the energy spectrum

Given the location of the Auger Observatory at a latitude �35.2�, events arriving with q<60�

cover a wide range of declinations from �90� to +25�, corresponding to a sky fraction of 71%,

14
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Figure 2: Left: energy spectra derived from SD and hybrid data recorded at the Pierre Auger Observa-
tory. The error bars represent statistical uncertainties. The upper limits correspond to the 84% C.L. Right:
fractional difference between the Auger spectra and a reference spectrum with an index of 3.26.

However, the number of hybrid events does not reflect the increase of exposure accumulated in
2013 due to the adoption of more stringent selection criteria from [8].

The four independent measurements of the energy spectrum of cosmic rays are shown in Fig. 2.
The differential fluxes are also displayed as fractional differences with respect to a reference spec-
trum with an index of 3.26 1. The comparison shows that all spectra are in agreement within
uncertainties. The four independent measurements of the energy spectrum of cosmic rays are then
combined using a method that takes into account the systematic uncertainties of the individual
measurements. The systematic uncertainties of the SD-1500 vertical and inclined fluxes are 5.8%
and 5%, respectively. The one of the SD-750 m flux decreases from 14% at 1017.5 eV to less
than 7% above 1018.5 eV. Similarly, the hybrid flux’s uncertainty decreases from 10% at 1018 eV
to less than 6% above 1019 eV. In this procedure, the flux normalisations are used as additional
constraints to derive the flux scaling factors needed to match them: (5.7± 0.2)% for the vertical
spectrum, (�0.1± 0.8)% for the inclined spectrum, (1.8± 4.3)% for the SD-750 m spectrum and
(�5.8±2.4)% for the hybrid spectrum.

The characteristic features of the combined energy spectrum, shown in Fig 3, have been
quantified by fitting a model that describes a spectrum by a power-law below the ankle J(E) =
J0 (E/Eankle)�g1 and a power-law with a smooth suppression at the highest energies:

J(E) = J0

✓
E

Eankle

◆�g2
"

1+
✓

Eankle

Es

◆Dg
# "

1+
✓

E
Es

◆Dg
#�1

. (3.1)

Here, g1 and g2 are the spectral indices below and above the ankle energy Eankle, respectively, Es is
the energy at which the differential flux falls to one-half of the value of the power-law extrapolation
from the intermediate region, Dg gives the increment of the spectral index beyond the suppression
region, and J0 is the normalisation of the flux, taken as the value of the flux at E = Eankle. The

1Reference spectrum: Jref = 2.51⇥1042 (E/eV)�3.26 eV�1 km�2 sr�1 yr�1, fitted to the SD-1500 m vertical differ-
ential flux in the energy bin corresponding to log10(E/eV) = 18.55 (bin width of 0.1), which contains 29371 events.
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SD 1500 <60� SD 1500 >60� SD 750 Hybrid
Data taking period Jan. 2004 – Dec. 2016 Jan. 2004 – Dec. 2016 Aug. 2008 – Dec. 2016 Jan. 2007 – Dec 2015

Exposure [km2 sr yr] 51,588 15,121 228 1946 at 1019 eV
Number of events 183,332 19,602 87,402 11,680

Zenith angle range [�] 0 to 60 60 to 80 0 to 55 0 to 60
Energy threshold [eV] 3⇥1018 4⇥1018 3⇥1017 1018

Calibration parameters
Number of events 2661 312 1276

A [eV] (1.78±0.03)⇥1017 (5.45±0.08)⇥1018 (1.4±0.04)⇥1016

B 1.042±0.005 1.030±0.018 1.000±0.008
Energy resolution [%] 15 17 13

Table 1: The parameters of the data samples presented here together with the calibration parameters.
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g1 = 3.293 ± 0.002 ± 0.05
g2 =

2.53±
0.02±

0.1

Eankle = (5.08 ± 0.06 ± 0.8) EeV

Es = (39 ± 2 ± 8) EeV

E1/2 = (23 ± 1 ± 4) EeV

Eankle = (5.08±0.06±0.8) EeV

g2 =
2.53±0.02±0.1

g1 = 3.293±0.002±0.05

Es = (39±2±8) EeV
E1/2 = (23±1±4) EeV

Figure 5: The combined spectrum and the fitting function with the fitting parameters.

To obtain the spectral parameters, the combined spectrum is fitted with the function

Junf(E) =

8
><

>:

J0

⇣
E

Eankle

⌘�g1
;E  Eankle

J0

⇣
E

Eankle

⌘�g2


1+
⇣

Eankle
Es

⌘Dg
�

1+
⇣

E
Es

⌘Dg
��1

;E > Eankle

(4.1)

The spectrum, the fit and the optimized parameters are plotted in Fig. 5. An ankle is found at
Eankle =(5.08±0.06(stat.)±0.8(syst.))⇥1018 eV, while the suppression is at Es =(3.9±0.2(stat.)±
0.8(syst.))⇥1019 eV. The energy E1/2 at which the integral spectrum drops by a factor of two below
what would be the expected with no steepening is E1/2 = (2.26±0.08(stat.)±0.4(syst.))⇥1019 eV.
The spectral indexes are: g1 = 3.293±0.002(stat.)±0.05(syst.), g2 = 2.53±0.02(stat.)±0.1(syst.)
while Dg = 2.5±0.1(stat.)±0.4(syst.).

5. Summary

We have presented an update of the energy spectrum above 3⇥1017 eV as obtained using the
Pierre Auger Observatory. An improved FD reconstruction caused an increase in the FD energy of
less than 4%, while the systematic uncertainties previously estimated by the Auger Collaboration
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Table 1: Relevant parameters of the data samples used to measure the energy spectrum.
1500 m � <60� 1500 m �>60� 750 m Hybrid Cherenkov

data taking period 01/2004-08/2018 01/2004-08/2018 01/2014-08/2018 01/2007-12/2017 06/2012-12/2015
exposure [km2 sr yr] 60426 17447 105.4 2248 at 1019 eV 2.86 at 1017 eV

number of events 215030 24209 569285 13655 69793
zenith angle range [�] 0 - 60 60 - 80 0 - 40 0 - 60 0 - 85
energy threshold [eV] 1018.4 1018.6 1017 1018 1016.5

energy resolution [%] 18 - 8 22 - 10 22 - 8 7.4 18
(from low to high E)

calibration parameters
number of events 3338 393 1179

A [EeV] 0.186±0.003 5.51±0.07 0.0132±0.0004
B 1.031±0.004 1.04±0.02 1.006±0.009
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Figure 5: Energy spectra measured using the Pierre Auger Observatory (left) and spectrum obtained com-
bining the different measurements (right).

� < 60� (see also [11]). Another measurement of the spectrum is obtained by analysing the hybrid
events detected by the FD simultaneously with at least one WCD. The measurement benefits from
the high precision in the FD energy estimation and is made selecting events with energy > 1018 eV.
The exposure is calculated using a full time-dependent simulation of the hybrid events and detector
response [12].

The spectrum measurements are extended to lower energies using the 750 m array. Thanks to
the implementation of a new trigger algorithm at the WCD level, in comparison to our previous
publication [2], we have been able to lower the energy threshold by half a decade down to 1017

eV [14]. This measurement is unique of its kind, similar to the one performed with the 1500 m
array, because it is done with an array in the regime of full trigger efficiency and using a fully data-
driven approach. Finally, as pioneered by the Telescope Array [15], for the first time we show the
spectrum derived using the events detected by HEAT in which the observed light is dominated by
Cherenkov radiation. This allows us to lower the energy threshold to 1016.5 eV [16] and, together
with the 750 m spectrum, to precisely study the spectral features around 1017 eV.

The parameters used to define the various spectra are detailed in table 1 and the measured
spectra multiplied by E3

i are shown in the left panel of figure 5. The spectrum obtained by com-
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bining the five measurements is shown in the right panel of figure 5. The combined spectrum is
obtained through shifting by +5% and �9% the normalisations of the 1500 m �>60� and the hy-
brid spectra, respectively, and by �1% those both the 750 m and Cherenkov spectra, while the shift
for the 1500 m �<60� spectrum is negligible. A fit to the data is performed using an extension of
the function (2.3) that includes the smooth change of the spectral index around 1017 eV

J01234 � E��0
1+(E/E01)

�0

1+(E/E01)
�1

1+(E/E12)
�1

1+(E/E12)
�2

1+(E/E23)
�2

1+(E/E23)
�3

1+(E/E34)
�3

1+(E/E34)
�4

. (3.1)

The fitted functional form is shown with a black line superimposed to the data. The fitted param-
eters are: E01 = (0.15±0.02)� 1018 eV, E12 = (6.2±0.9)� 1018 eV, E23 = (12±2)� 1018 eV,
E34 = (50±7)� 1018 eV, �0 = 2.92 ± 0.05, �1 = 3.27 ± 0.05, �2 = 2.2 ± 0.2, �3 = 3.2 ± 0.1 and
�4 = 5.4±0.6, where the errors include the statistical and systematic uncertainties. The data show
with high significance two inflection points commonly called the second-knee and the ankle, an in-
dication of a further point of inflection as already addressed in section 2, and the abrupt suppression
at the highest energies.
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SD 1500 <60� SD 1500 >60� SD 750 Hybrid
Data taking period Jan. 2004 – Dec. 2016 Jan. 2004 – Dec. 2016 Aug. 2008 – Dec. 2016 Jan. 2007 – Dec 2015

Exposure [km2 sr yr] 51,588 15,121 228 1946 at 1019 eV
Number of events 183,332 19,602 87,402 11,680

Zenith angle range [�] 0 to 60 60 to 80 0 to 55 0 to 60
Energy threshold [eV] 3⇥1018 4⇥1018 3⇥1017 1018

Calibration parameters
Number of events 2661 312 1276

A [eV] (1.78±0.03)⇥1017 (5.45±0.08)⇥1018 (1.4±0.04)⇥1016

B 1.042±0.005 1.030±0.018 1.000±0.008
Energy resolution [%] 15 17 13

Table 1: The parameters of the data samples presented here together with the calibration parameters.
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Figure 5: The combined spectrum and the fitting function with the fitting parameters.

To obtain the spectral parameters, the combined spectrum is fitted with the function
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8
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��1
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(4.1)

The spectrum, the fit and the optimized parameters are plotted in Fig. 5. An ankle is found at
Eankle =(5.08±0.06(stat.)±0.8(syst.))⇥1018 eV, while the suppression is at Es =(3.9±0.2(stat.)±
0.8(syst.))⇥1019 eV. The energy E1/2 at which the integral spectrum drops by a factor of two below
what would be the expected with no steepening is E1/2 = (2.26±0.08(stat.)±0.4(syst.))⇥1019 eV.
The spectral indexes are: g1 = 3.293±0.002(stat.)±0.05(syst.), g2 = 2.53±0.02(stat.)±0.1(syst.)
while Dg = 2.5±0.1(stat.)±0.4(syst.).

5. Summary

We have presented an update of the energy spectrum above 3⇥1017 eV as obtained using the
Pierre Auger Observatory. An improved FD reconstruction caused an increase in the FD energy of
less than 4%, while the systematic uncertainties previously estimated by the Auger Collaboration
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Table 1: Relevant parameters of the data samples used to measure the energy spectrum.
1500 m � <60� 1500 m �>60� 750 m Hybrid Cherenkov

data taking period 01/2004-08/2018 01/2004-08/2018 01/2014-08/2018 01/2007-12/2017 06/2012-12/2015
exposure [km2 sr yr] 60426 17447 105.4 2248 at 1019 eV 2.86 at 1017 eV

number of events 215030 24209 569285 13655 69793
zenith angle range [�] 0 - 60 60 - 80 0 - 40 0 - 60 0 - 85
energy threshold [eV] 1018.4 1018.6 1017 1018 1016.5

energy resolution [%] 18 - 8 22 - 10 22 - 8 7.4 18
(from low to high E)

calibration parameters
number of events 3338 393 1179

A [EeV] 0.186±0.003 5.51±0.07 0.0132±0.0004
B 1.031±0.004 1.04±0.02 1.006±0.009
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Figure 5: Energy spectra measured using the Pierre Auger Observatory (left) and spectrum obtained com-
bining the different measurements (right).

� < 60� (see also [11]). Another measurement of the spectrum is obtained by analysing the hybrid
events detected by the FD simultaneously with at least one WCD. The measurement benefits from
the high precision in the FD energy estimation and is made selecting events with energy > 1018 eV.
The exposure is calculated using a full time-dependent simulation of the hybrid events and detector
response [12].

The spectrum measurements are extended to lower energies using the 750 m array. Thanks to
the implementation of a new trigger algorithm at the WCD level, in comparison to our previous
publication [2], we have been able to lower the energy threshold by half a decade down to 1017

eV [14]. This measurement is unique of its kind, similar to the one performed with the 1500 m
array, because it is done with an array in the regime of full trigger efficiency and using a fully data-
driven approach. Finally, as pioneered by the Telescope Array [15], for the first time we show the
spectrum derived using the events detected by HEAT in which the observed light is dominated by
Cherenkov radiation. This allows us to lower the energy threshold to 1016.5 eV [16] and, together
with the 750 m spectrum, to precisely study the spectral features around 1017 eV.

The parameters used to define the various spectra are detailed in table 1 and the measured
spectra multiplied by E3

i are shown in the left panel of figure 5. The spectrum obtained by com-
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bining the five measurements is shown in the right panel of figure 5. The combined spectrum is
obtained through shifting by +5% and �9% the normalisations of the 1500 m �>60� and the hy-
brid spectra, respectively, and by �1% those both the 750 m and Cherenkov spectra, while the shift
for the 1500 m �<60� spectrum is negligible. A fit to the data is performed using an extension of
the function (2.3) that includes the smooth change of the spectral index around 1017 eV

J01234 � E��0
1+(E/E01)

�0

1+(E/E01)
�1

1+(E/E12)
�1

1+(E/E12)
�2

1+(E/E23)
�2

1+(E/E23)
�3

1+(E/E34)
�3

1+(E/E34)
�4

. (3.1)

The fitted functional form is shown with a black line superimposed to the data. The fitted param-
eters are: E01 = (0.15±0.02)� 1018 eV, E12 = (6.2±0.9)� 1018 eV, E23 = (12±2)� 1018 eV,
E34 = (50±7)� 1018 eV, �0 = 2.92 ± 0.05, �1 = 3.27 ± 0.05, �2 = 2.2 ± 0.2, �3 = 3.2 ± 0.1 and
�4 = 5.4±0.6, where the errors include the statistical and systematic uncertainties. The data show
with high significance two inflection points commonly called the second-knee and the ankle, an in-
dication of a further point of inflection as already addressed in section 2, and the abrupt suppression
at the highest energies.
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suppression, is a new observation. For all parameters and
observables presented in the text, the first error is statistical
and the second systematic.
From the measured energy spectrum one can infer the

differential energy density per dex (dex indicates decade in
log10 E, following the convention of [22]), obtained as
lnð10Þð4π=cÞE2JðEÞ. It provides a measurement of the
energy density of the local Universe attributable to cosmic
rays. Above the ankle, a range in which UHECRs are of
extragalactic origin [5], the integration over energy results
in ð5.66# 0.03# 1.40Þ × 1053 ergMpc−3. This translates
into constraints on the luminosity of the sources, as
discussed below.
A detailed examination of the systematic uncertainties of

the energy spectrum is reported in [8]. The uncertainty in
the flux amounts to 30%–40% near 2.5 × 1018 eV, 25% at
1019 eV, and 60% at the highest energies. The uncertainties
include contributions from the absolute energy scale (the
largest), the exposure, the unfolding procedure, and the
Sð1000Þ reconstruction. No indication of further systematic
uncertainties has been found from a comparison of the
spectra calculated over different time periods, seasons, and
ranges of zenith angle.

The wide declination range covered, from δ ¼ −90° to
δ ¼ þ24.8°, allows a search for dependencies of energy
spectra on declination. For this, we have divided the sky
into three declination bands of equal exposure. In each
band, the estimation of the spectrum is made as for the
whole field of view, but using unfolding-correction factors
relevant to the band in question. We report in Table I the
parameters characterizing the spectral features for each
declination range. They are seen to be in statistical agree-
ment. There is thus no obvious dependence with declina-
tion over the energy range covered. A trend for the intensity
to be slightly higher in the Southern Hemisphere is
observed [8], consistent with the anisotropy observations
[6]. We therefore claim a second new result, namely that the
energy spectrum does not vary as a function of declination
in the range accessible at the Auger Observatory other
than in the mild excess from the Southern Hemisphere
expected in line with the known energy-dependent anisot-
ropies above 8 × 1018 eV. A comparison of the spectrum
with that of Telescope Array measured in the Northern
Hemisphere is discussed in [8] and references therein.
Astrophysical implications of the features of the energy

spectrum.—We now examine the validity of models pro-
posed to explain features of UHECRs using the new
information given here and the data on mass composition
and arrival directions recently reported [5,6,23–28]. If
UHECRs are produced throughout the Universe, to reach
Earth they must cross the background photon fields
permeating the extragalactic space. In particular, the cosmic
microwave background photons induce pion production
with protons colliding at around 5 × 1019 eV and photo-
disintegration of heavier nuclei at a roughly similar thresh-
old, leading to the expectation of a spectral steepening (the
Greisen-Zatsepin-Kuzmin (GZK) effect [29]). Depending
on the energy and chemical composition of the UHECRs,
higher-energy background photons, such as infrared light,
may also be responsible of interactions producing the flux
steepening.
A popular framework has been that what is observed

comes from universal sources, uniformly distributed, that
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FIG. 1. Top: energy spectrum scaled by E2 with the number of
detected events in each energy bin. In this representation the data
provide an estimation of the differential energy density per
decade. Bottom: energy spectrum scaled by E3 fitted with a
sequence of four power laws (red line). The numbers
(i ¼ 1;…; 4) enclosed in the circles identify the energy intervals
where the spectrum is described by a power law with spectral
index γi. The shaded band indicates the statistical uncertainty of
the fit. Upper limits are at the 90% confidence level.

TABLE I. Spectral parameters in three different declination
ranges. The energies E12, E23, and E34 are given in units of
1018 eV and the normalization parameter J0 in units of
1018 km−2 sr−1 yr−1 eV−1. Uncertainties are statistical.

½−90.0°;−42.5°' ½−42.5°;−17.3°' ½−17.3°;þ24.8°'
J0 1.329# 0.007 1.306# 0.007 1.312# 0.006
γ1 3.26# 0.03 3.31# 0.03 3.30# 0.03
γ2 2.53# 0.04 2.54# 0.04 2.44# 0.05
γ3 3.1# 0.1 3.0# 0.1 3.0# 0.1
γ4 5.2# 0.4 4.4# 0.3 5.7# 0.6
E12 5.1# 0.2 4.9# 0.2 5.2# 0.2
E23 14# 2 14# 2 12# 1
E34 47# 4 37# 4 51# 4
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suppression, is a new observation. For all parameters and
observables presented in the text, the first error is statistical
and the second systematic.
From the measured energy spectrum one can infer the

differential energy density per dex (dex indicates decade in
log10 E, following the convention of [22]), obtained as
lnð10Þð4π=cÞE2JðEÞ. It provides a measurement of the
energy density of the local Universe attributable to cosmic
rays. Above the ankle, a range in which UHECRs are of
extragalactic origin [5], the integration over energy results
in ð5.66# 0.03# 1.40Þ × 1053 ergMpc−3. This translates
into constraints on the luminosity of the sources, as
discussed below.
A detailed examination of the systematic uncertainties of

the energy spectrum is reported in [8]. The uncertainty in
the flux amounts to 30%–40% near 2.5 × 1018 eV, 25% at
1019 eV, and 60% at the highest energies. The uncertainties
include contributions from the absolute energy scale (the
largest), the exposure, the unfolding procedure, and the
Sð1000Þ reconstruction. No indication of further systematic
uncertainties has been found from a comparison of the
spectra calculated over different time periods, seasons, and
ranges of zenith angle.

The wide declination range covered, from δ ¼ −90° to
δ ¼ þ24.8°, allows a search for dependencies of energy
spectra on declination. For this, we have divided the sky
into three declination bands of equal exposure. In each
band, the estimation of the spectrum is made as for the
whole field of view, but using unfolding-correction factors
relevant to the band in question. We report in Table I the
parameters characterizing the spectral features for each
declination range. They are seen to be in statistical agree-
ment. There is thus no obvious dependence with declina-
tion over the energy range covered. A trend for the intensity
to be slightly higher in the Southern Hemisphere is
observed [8], consistent with the anisotropy observations
[6]. We therefore claim a second new result, namely that the
energy spectrum does not vary as a function of declination
in the range accessible at the Auger Observatory other
than in the mild excess from the Southern Hemisphere
expected in line with the known energy-dependent anisot-
ropies above 8 × 1018 eV. A comparison of the spectrum
with that of Telescope Array measured in the Northern
Hemisphere is discussed in [8] and references therein.
Astrophysical implications of the features of the energy

spectrum.—We now examine the validity of models pro-
posed to explain features of UHECRs using the new
information given here and the data on mass composition
and arrival directions recently reported [5,6,23–28]. If
UHECRs are produced throughout the Universe, to reach
Earth they must cross the background photon fields
permeating the extragalactic space. In particular, the cosmic
microwave background photons induce pion production
with protons colliding at around 5 × 1019 eV and photo-
disintegration of heavier nuclei at a roughly similar thresh-
old, leading to the expectation of a spectral steepening (the
Greisen-Zatsepin-Kuzmin (GZK) effect [29]). Depending
on the energy and chemical composition of the UHECRs,
higher-energy background photons, such as infrared light,
may also be responsible of interactions producing the flux
steepening.
A popular framework has been that what is observed

comes from universal sources, uniformly distributed, that
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FIG. 1. Top: energy spectrum scaled by E2 with the number of
detected events in each energy bin. In this representation the data
provide an estimation of the differential energy density per
decade. Bottom: energy spectrum scaled by E3 fitted with a
sequence of four power laws (red line). The numbers
(i ¼ 1;…; 4) enclosed in the circles identify the energy intervals
where the spectrum is described by a power law with spectral
index γi. The shaded band indicates the statistical uncertainty of
the fit. Upper limits are at the 90% confidence level.

TABLE I. Spectral parameters in three different declination
ranges. The energies E12, E23, and E34 are given in units of
1018 eV and the normalization parameter J0 in units of
1018 km−2 sr−1 yr−1 eV−1. Uncertainties are statistical.

½−90.0°;−42.5°' ½−42.5°;−17.3°' ½−17.3°;þ24.8°'
J0 1.329# 0.007 1.306# 0.007 1.312# 0.006
γ1 3.26# 0.03 3.31# 0.03 3.30# 0.03
γ2 2.53# 0.04 2.54# 0.04 2.44# 0.05
γ3 3.1# 0.1 3.0# 0.1 3.0# 0.1
γ4 5.2# 0.4 4.4# 0.3 5.7# 0.6
E12 5.1# 0.2 4.9# 0.2 5.2# 0.2
E23 14# 2 14# 2 12# 1
E34 47# 4 37# 4 51# 4
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suppression, is a new observation. For all parameters and
observables presented in the text, the first error is statistical
and the second systematic.
From the measured energy spectrum one can infer the

differential energy density per dex (dex indicates decade in
log10 E, following the convention of [22]), obtained as
lnð10Þð4π=cÞE2JðEÞ. It provides a measurement of the
energy density of the local Universe attributable to cosmic
rays. Above the ankle, a range in which UHECRs are of
extragalactic origin [5], the integration over energy results
in ð5.66# 0.03# 1.40Þ × 1053 ergMpc−3. This translates
into constraints on the luminosity of the sources, as
discussed below.
A detailed examination of the systematic uncertainties of

the energy spectrum is reported in [8]. The uncertainty in
the flux amounts to 30%–40% near 2.5 × 1018 eV, 25% at
1019 eV, and 60% at the highest energies. The uncertainties
include contributions from the absolute energy scale (the
largest), the exposure, the unfolding procedure, and the
Sð1000Þ reconstruction. No indication of further systematic
uncertainties has been found from a comparison of the
spectra calculated over different time periods, seasons, and
ranges of zenith angle.

The wide declination range covered, from δ ¼ −90° to
δ ¼ þ24.8°, allows a search for dependencies of energy
spectra on declination. For this, we have divided the sky
into three declination bands of equal exposure. In each
band, the estimation of the spectrum is made as for the
whole field of view, but using unfolding-correction factors
relevant to the band in question. We report in Table I the
parameters characterizing the spectral features for each
declination range. They are seen to be in statistical agree-
ment. There is thus no obvious dependence with declina-
tion over the energy range covered. A trend for the intensity
to be slightly higher in the Southern Hemisphere is
observed [8], consistent with the anisotropy observations
[6]. We therefore claim a second new result, namely that the
energy spectrum does not vary as a function of declination
in the range accessible at the Auger Observatory other
than in the mild excess from the Southern Hemisphere
expected in line with the known energy-dependent anisot-
ropies above 8 × 1018 eV. A comparison of the spectrum
with that of Telescope Array measured in the Northern
Hemisphere is discussed in [8] and references therein.
Astrophysical implications of the features of the energy

spectrum.—We now examine the validity of models pro-
posed to explain features of UHECRs using the new
information given here and the data on mass composition
and arrival directions recently reported [5,6,23–28]. If
UHECRs are produced throughout the Universe, to reach
Earth they must cross the background photon fields
permeating the extragalactic space. In particular, the cosmic
microwave background photons induce pion production
with protons colliding at around 5 × 1019 eV and photo-
disintegration of heavier nuclei at a roughly similar thresh-
old, leading to the expectation of a spectral steepening (the
Greisen-Zatsepin-Kuzmin (GZK) effect [29]). Depending
on the energy and chemical composition of the UHECRs,
higher-energy background photons, such as infrared light,
may also be responsible of interactions producing the flux
steepening.
A popular framework has been that what is observed

comes from universal sources, uniformly distributed, that
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FIG. 1. Top: energy spectrum scaled by E2 with the number of
detected events in each energy bin. In this representation the data
provide an estimation of the differential energy density per
decade. Bottom: energy spectrum scaled by E3 fitted with a
sequence of four power laws (red line). The numbers
(i ¼ 1;…; 4) enclosed in the circles identify the energy intervals
where the spectrum is described by a power law with spectral
index γi. The shaded band indicates the statistical uncertainty of
the fit. Upper limits are at the 90% confidence level.

TABLE I. Spectral parameters in three different declination
ranges. The energies E12, E23, and E34 are given in units of
1018 eV and the normalization parameter J0 in units of
1018 km−2 sr−1 yr−1 eV−1. Uncertainties are statistical.

½−90.0°;−42.5°' ½−42.5°;−17.3°' ½−17.3°;þ24.8°'
J0 1.329# 0.007 1.306# 0.007 1.312# 0.006
γ1 3.26# 0.03 3.31# 0.03 3.30# 0.03
γ2 2.53# 0.04 2.54# 0.04 2.44# 0.05
γ3 3.1# 0.1 3.0# 0.1 3.0# 0.1
γ4 5.2# 0.4 4.4# 0.3 5.7# 0.6
E12 5.1# 0.2 4.9# 0.2 5.2# 0.2
E23 14# 2 14# 2 12# 1
E34 47# 4 37# 4 51# 4

PHYSICAL REVIEW LETTERS 125, 121106 (2020)

121106-6

The Cosmic Ray Spectrum

D. Nitz The Pierre Auger Observatory February 22, 2024 7/16

Aab et al. PRL 2020

Figure 1. Left: Energy calibration of the surface detector. The shower size measured for ‘vertical’ events with the SD-1500 (S 38) and
SD-750 (S 35) array and for inclined showers (N19) is shown as a function of the energy measured with the fluorescence telescopes (EFD).
Right: The energy spectra obtained with the four spectrum components. The systematic uncertainty on the energy scale, common to all
of them, is 14%

Figure 2. Combined energy spectrum. The line shows a fit to
the spectrum with a broken power law and a suppression at ul-
trahigh energies. The gray dashed line indicates the same broken
power law without suppression. The fitted spectral indices and
energies of the break and suppression are superimposed together
with their statistical and systematic uncertainties.

sizes are used as energy estimates after calibrating them
with the calorimetric energy available for hybrid events as
shown in the left panel of Fig. 1. Following this method all
the spectrum components have the same energy scale. The
overall systematic uncertainty of the energy scale remains
at 14% [3, 7, 8].

All the spectra agree within the systematic uncertain-
ties as shown in the right panel of Fig. 1, and are com-
bined through a maximum likelihood fit in order to ob-
tain the final spectrum. The combined energy spectrum
[3, 7] is shown in Fig. 2 as presented at ICRC 2017.
At the “ankle”, observed at Eankle = 5.08 ± 0.06(stat.) ±
0.8(syst.) EeV, the spectral index hardens by �� ⇠ �0.76.
A power law extension of the flux above the ankle is
clearly excluded by data and we find a suppression en-
ergy1 of Es = 39 ± 2(stat.) ± 8(syst.) EeV with a spec-

1 We fitted the flux with a power law allowing for a break in the spec-
tral index at Eankle and a suppression of the flux at ultrahigh energies
/ [1 + (E/Es)��s ]�1

tral index softening of ��s ⇠ 2.5. The energy at which
the integral flux drops by a factor two below what would
be expected without suppression is found to be E1/2 =
23±1(stat)±4(syst) EeV. This value is considerably lower
than E1/2 = 53 EeV as predicted for the classical GZK
scenario [9] where the suppression at ultrahigh energies is
caused by the propagation of extra-galactic protons. How-
ever the suppression of the spectrum can also be described
by assuming a mixed composition at the sources or by the
limiting acceleration energy at the sources rather than by
the GZK-e↵ect. Hence the energy spectrum alone remains
ambiguous concerning astrophysical scenarios, which are
better studied complementing the spectrum with other CR
observables like mass composition and anistropy.

Comparing this energy spectrum with the one by Tele-
scope Array one finds [10] that the ankle energies are con-
sistent within the systematic uncertainties in the energy
scale, but the discrepancy between the cut-o↵ energies is
not explained by systematics. An interesting question is
whether the cuto↵ energy di↵erence is due to a system-
atic bias or to astrophysics. A possible contribution to
this di↵erence in terms of declination dependence of the
flux, as suggested by TA [10], has been investigated by
Auger measuring the flux with the SD in di↵erent dec-
lination bands. No significant variation has been found
that could account for the discrepancy between spectra
measured from di↵erent hemispheres. The di↵erences
found between the flux measured in two separate dec-
lination bands, ‘southern’ (‘northern’), corresponding to
�d < 29.47� (�d > 29.47�), are instead compatible with the
variations expected from a dipolar modulation of the flux
[11].

3 Mass composition

Composition is addressed using the depth of the position
of the maximum in the energy deposit of shower particles,
Xmax, which is measured by the FD. In a simplistic pic-
ture, the sensitivity of Xmax to mass composition relies on
the fact that showers from heavier (lighter) nuclei develop
higher (deeper) in the atmosphere and their profiles fluctu-
ate less (more).
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where �0 is a normalization parameter and l8 9 determine the width of the transitions between the
power laws.

The best-fit parameters, with statistical and systematic uncertainties, are presented in Tab. 1.
Data show with high significance the inflection points commonly called the 2nd knee, the ankle
and the abrupt suppression at the highest energies. Just above 1019 eV, the spectrum manifests an
instep steepening point whose first observation was reported only recently [5, 16] and is now also
confirmed by the Telescope Array [17]. Finally, for the first time, we report the flattening called the
low energy ankle at 28 PeV whose origin, together with that of the 2nd knee, is probably connected
to changes in the mass composition of cosmic rays originating in our Galaxy [15, 18].

Table 1: Parameters of the best fit of Eq. (1) to the combined spectrum. The first uncertainty is statistical
and the second one systematic. The fit has been performed with a set of transition width parameters that well
describe the data: l01 = l12 = 0.25 and l23 = l34 = l45 = 0.05 [5].

�0 = (8.34 ± 0.04 ± 3.40) ⇥ 10�11 km�2sr�1yr�1eV�1

W0 = 3.09 ± 0.01 ± 0.10
low energy ankle ⇢01 = (2.8 ± 0.3 ± 0.4) ⇥ 1016 eV W1 = 2.85 ± 0.01 ± 0.05
2nd knee ⇢12 = (1.58 ± 0.05 ± 0.2) ⇥ 1017 eV W2 = 3.283 ± 0.002 ± 0.10
ankle ⇢23 = (5.0 ± 0.1 ± 0.8) ⇥ 1018 eV W3 = 2.54 ± 0.03 ± 0.05
instep ⇢34 = (1.4 ± 0.1 ± 0.2) ⇥ 1019 eV W4 = 3.03 ± 0.05 ± 0.10
suppression ⇢45 = (4.7 ± 0.3 ± 0.6) ⇥ 1019 eV W5 = 5.3 ± 0.3 ± 0.1
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Scenario 1 Scenario 2
Galactic contribution (at Earth) pure N —
J

Gal

0
/(eV≠1 km≠2 sr≠1 yr≠1) (1.06 ± 0.04)◊10≠13 —

log
10

(RGal

cut
/V) 17.48 ± 0.02 —

EG components (at the escape) LE HE LE HE
L0/(1044 erg Mpc≠3 yr≠1) * 6.54 ± 0.36 5.00 ± 0.35 11.35 ± 0.15 5.07 ± 0.06
“ 3.34 ± 0.07 ≠1.47 ± 0.13 3.52 ± 0.03 ≠1.99 ± 0.11
log

10
(Rcut/V) >19.3 18.19 ± 0.02 >19.4 18.15 ± 0.01

IH (%) 100 (fixed) 0.0 ± 0.0 48.7 ± 0.3 0.0 ± 0.0
IHe (%) — 24.5 ± 3.0 7.3 ± 0.4 23.6 ± 1.6
IN (%) — 68.1 ± 5.0 44.0 ± 0.4 72.1 ± 3.3
ISi (%) — 4.9 ± 3.9 0.0 ± 0.0 1.3 ± 1.3
IFe (%) — 2.5 ± 0.2 0.0 ± 0.0 3.1 ± 1.3
DJ (NJ) 48.6 (24) 56.6 (24)
DXmax (NXmax) 537.4 (329) 516.5 (329)
D (N) 586.0 (353) 573.1 (353)

* from Emin = 1017.8 eV.

Table 1. Best-fit parameters obtained in the two reference scenarios. Scenario 1 (section 3.1): a
Galactic contribution of pure nitrogen, a low-energy extragalactic component of pure protons (LE),
and a high-energy extragalactic component with a mixed mass composition (HE). Scenario 2 (sec-
tion 3.2): two mixed extragalactic components (LE and HE) overlapping in the ankle energy region.

the two approaches provide compatible results. For all the other results illustrated in this
work, we chose to only report the uncertainties on “ and Rcut from Minuit to make the
results display clearer. Note also that in the cases where the rigidity cuto� is unconstrained
we report only the lower bound above which the fit is not sensitive to the exact parameter
value.

3.1 Scenario 1: extragalactic and Galactic populations

In the first of the two scenarios we are considering, we assume an extragalactic population
with a mixed mass composition dominating at high energies (“HE”), plus an additional
extragalactic component dominating at low energies (“LE”) which in this scenario is of pure
protons, similar to [55]. The two extragalactic components are not necessarily produced in
two di�erent types of astrophysical environments. A LE population could e.g. arise from the
photodisintegration of HE cosmic rays by the photon fields in the environment of their sources,
and the subsequent escape and beta decay of the secondary neutrons thereby produced [29].
In this case, the LE proton component would not be independent of the HE one, because
the processes originating the LE component impose relations between the features of the two
components. The heavier nuclei at energies below the ankle are instead assumed to originate
from a Galactic population.

We found that a Galactic component at Earth of pure nitrogen, extending up to a
relatively high energy Z R

Gal
cut ¥ 2◊1018 eV, provides the best fit to the data. In fact, heavier
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Galactic contribution of pure nitrogen, a low-energy extragalactic component of pure protons (LE),
and a high-energy extragalactic component with a mixed mass composition (HE). Scenario 2 (sec-
tion 3.2): two mixed extragalactic components (LE and HE) overlapping in the ankle energy region.

the two approaches provide compatible results. For all the other results illustrated in this
work, we chose to only report the uncertainties on “ and Rcut from Minuit to make the
results display clearer. Note also that in the cases where the rigidity cuto� is unconstrained
we report only the lower bound above which the fit is not sensitive to the exact parameter
value.

3.1 Scenario 1: extragalactic and Galactic populations

In the first of the two scenarios we are considering, we assume an extragalactic population
with a mixed mass composition dominating at high energies (“HE”), plus an additional
extragalactic component dominating at low energies (“LE”) which in this scenario is of pure
protons, similar to [55]. The two extragalactic components are not necessarily produced in
two di�erent types of astrophysical environments. A LE population could e.g. arise from the
photodisintegration of HE cosmic rays by the photon fields in the environment of their sources,
and the subsequent escape and beta decay of the secondary neutrons thereby produced [29].
In this case, the LE proton component would not be independent of the HE one, because
the processes originating the LE component impose relations between the features of the two
components. The heavier nuclei at energies below the ankle are instead assumed to originate
from a Galactic population.

We found that a Galactic component at Earth of pure nitrogen, extending up to a
relatively high energy Z R
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cut ¥ 2◊1018 eV, provides the best fit to the data. In fact, heavier
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Figure 1. Scenario 1. Left: the generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: the
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components. For comparison, also the electron-poor spectrum measured by KASCADE-
Grande [59] is shown (see the text for details).

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.

compositions with no nitrogen result in deviances D & 1000, and in the (Si+N) and (N+He)
cases the best fits are obtained with fSi = 0 and fHe = 0, respectively. Hence, in the following
figures and tables we only show the results obtained in the case of pure nitrogen.5

The best-fit results are shown in the central column (“Scenario 1”) of table 1. The
HE component has a very hard energy spectrum (“ < 0), a rather low rigidity cuto� and a
mass composition dominated by medium-mass elements. The LE component exhibits a very
soft energy spectrum, requiring a larger estimated source emissivity than that of the HE one
and a rigidity cuto� which is much higher than that of the HE component. The estimated
generation rate at the sources and the corresponding best-fit energy spectra at Earth together
with the measured data are shown in figure 1. Figure 1 (right) also shows the end of the
electron-poor spectrum measured by KASCADE-Grande [59], as a blue band including all
the systematic uncertainties and the dependence on the HIMs. This shows that the Galactic

5
A discussion about the possible explanations for such a Galactic contribution can be found in section 3.3.
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Figure 1. Scenario 1. Left: the generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: the
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components. For comparison, also the electron-poor spectrum measured by KASCADE-
Grande [59] is shown (see the text for details).

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.

compositions with no nitrogen result in deviances D & 1000, and in the (Si+N) and (N+He)
cases the best fits are obtained with fSi = 0 and fHe = 0, respectively. Hence, in the following
figures and tables we only show the results obtained in the case of pure nitrogen.5

The best-fit results are shown in the central column (“Scenario 1”) of table 1. The
HE component has a very hard energy spectrum (“ < 0), a rather low rigidity cuto� and a
mass composition dominated by medium-mass elements. The LE component exhibits a very
soft energy spectrum, requiring a larger estimated source emissivity than that of the HE one
and a rigidity cuto� which is much higher than that of the HE component. The estimated
generation rate at the sources and the corresponding best-fit energy spectra at Earth together
with the measured data are shown in figure 1. Figure 1 (right) also shows the end of the
electron-poor spectrum measured by KASCADE-Grande [59], as a blue band including all
the systematic uncertainties and the dependence on the HIMs. This shows that the Galactic

5
A discussion about the possible explanations for such a Galactic contribution can be found in section 3.3.
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Figure 5: The combined energy spectrum of UHECRs as mea-
sured at the Pierre Auger Observatory. The numbers give the total
number of events inside each bin. The last three arrows represent
upper limits at 84% C.L.

Parameter Result (±sstat ±ssys)

log10(Ea/eV) 18.72±0.01±0.02
g1 3.23±0.01±0.07
g2 2.63±0.02±0.04
log10(E1/2/eV) 19.63±0.01±0.01
log10 Wc 0.15±0.01±0.02

Table 2: Parameters, with statistical and systematic uncertainties,
of the model describing the combined energy spectrum measured
at the Pierre Auger Observatory.
brid spectrum down by 6%. Compared to the previous pub-
lication, the precision in determining the spectral index be-
low the ankle has increased significantly, mainly due to the
addition of the 750 m array. We report a slightly flatter spec-
trum below the ankle (now: 3.23±0.01 (stat) ±0.07 (sys),
previous publication: 3.27 ± 0.02) and an increase of Ea
(now: 18.72 ± 0.01 (stat) ± 0.02 (sys), previous publica-
tion: 18.61±0.01) [22]. The large systematic uncertainties
in g1 are dominated by the uncertainty of the resolution
model used for correcting the measured flux. At the same
time, the uncertainty in the energy scale of 14% is propa-
gated into the final result.

The combined energy spectrum is compared to fluxes
from three astrophysical scenarios in Fig. 6. Shown are
models assuming pure proton or iron composition. The
fluxes result from different assumptions of the spectral index
b of the source injection spectrum and the source evolution
parameter m. The model lines have been calculated using
CRPropa [30] and validated with SimProp [31].

5 Summary
The flux of cosmic rays above 3⇥1017 eV has been mea-
sured at the Pierre Auger Observatory combining data from
surface and fluorescence detectors. The spectral features are
determined with unprecedented statistical precision. The
fitted parameters are compatible with previous results given
the change in the energy scale. There is an overall uncer-
tainty of the revised energy scale of 14% [23]. Current re-
sults from Xmax measurements and an interpretation of the
measurements concerning mass composition are presented
in [28, 29]. The spectrum as measured with the SD 750 m
array is presented in more detail at this conference in [9].
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Figure 6: The combined energy spectrum compared to energy
spectra from different astrophysical scenarios (see text).
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Figure 1. Scenario 1. Left: the generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: the
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components. For comparison, also the electron-poor spectrum measured by KASCADE-
Grande [59] is shown (see the text for details).

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.

compositions with no nitrogen result in deviances D & 1000, and in the (Si+N) and (N+He)
cases the best fits are obtained with fSi = 0 and fHe = 0, respectively. Hence, in the following
figures and tables we only show the results obtained in the case of pure nitrogen.5

The best-fit results are shown in the central column (“Scenario 1”) of table 1. The
HE component has a very hard energy spectrum (“ < 0), a rather low rigidity cuto� and a
mass composition dominated by medium-mass elements. The LE component exhibits a very
soft energy spectrum, requiring a larger estimated source emissivity than that of the HE one
and a rigidity cuto� which is much higher than that of the HE component. The estimated
generation rate at the sources and the corresponding best-fit energy spectra at Earth together
with the measured data are shown in figure 1. Figure 1 (right) also shows the end of the
electron-poor spectrum measured by KASCADE-Grande [59], as a blue band including all
the systematic uncertainties and the dependence on the HIMs. This shows that the Galactic

5
A discussion about the possible explanations for such a Galactic contribution can be found in section 3.3.
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Figure 5: The combined energy spectrum of UHECRs as mea-
sured at the Pierre Auger Observatory. The numbers give the total
number of events inside each bin. The last three arrows represent
upper limits at 84% C.L.

Parameter Result (±sstat ±ssys)

log10(Ea/eV) 18.72±0.01±0.02
g1 3.23±0.01±0.07
g2 2.63±0.02±0.04
log10(E1/2/eV) 19.63±0.01±0.01
log10 Wc 0.15±0.01±0.02

Table 2: Parameters, with statistical and systematic uncertainties,
of the model describing the combined energy spectrum measured
at the Pierre Auger Observatory.
brid spectrum down by 6%. Compared to the previous pub-
lication, the precision in determining the spectral index be-
low the ankle has increased significantly, mainly due to the
addition of the 750 m array. We report a slightly flatter spec-
trum below the ankle (now: 3.23±0.01 (stat) ±0.07 (sys),
previous publication: 3.27 ± 0.02) and an increase of Ea
(now: 18.72 ± 0.01 (stat) ± 0.02 (sys), previous publica-
tion: 18.61±0.01) [22]. The large systematic uncertainties
in g1 are dominated by the uncertainty of the resolution
model used for correcting the measured flux. At the same
time, the uncertainty in the energy scale of 14% is propa-
gated into the final result.

The combined energy spectrum is compared to fluxes
from three astrophysical scenarios in Fig. 6. Shown are
models assuming pure proton or iron composition. The
fluxes result from different assumptions of the spectral index
b of the source injection spectrum and the source evolution
parameter m. The model lines have been calculated using
CRPropa [30] and validated with SimProp [31].

5 Summary
The flux of cosmic rays above 3⇥1017 eV has been mea-
sured at the Pierre Auger Observatory combining data from
surface and fluorescence detectors. The spectral features are
determined with unprecedented statistical precision. The
fitted parameters are compatible with previous results given
the change in the energy scale. There is an overall uncer-
tainty of the revised energy scale of 14% [23]. Current re-
sults from Xmax measurements and an interpretation of the
measurements concerning mass composition are presented
in [28, 29]. The spectrum as measured with the SD 750 m
array is presented in more detail at this conference in [9].
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C. Starburst Energetics

It was recently pointed out that starburst superwinds
struggle to meet the power requirements to accelerate
cosmic rays to the maximum observed energies [45]. In
detail, the magnetic field B carries with it an energy den-
sity B2/(8⇡) and the flow carries with it an energy flux
> uB2/(8⇡), where u is the shock velocity. Thus, for an
accelerator of size R, this sets a lower limit on the rate at
which the energy is carried by the out-flowing plasma,

LB >
1
8

u R2 B2, (2)

and which must be provided by the source [46]. Inserting
typical parameters of SBGs (LB ⇠ 1042.5 erg/s, R ⇠ 8 kpc,
and u ⇠ 103.3 km/s [47]) into (2) leads to the constraint
B < 15µG, and consequently a Hillas maximum rigidity

R ' (u/c) B R < 108.9 GV. (3)

However, radio continuum and polarization observa-
tions of M82 provide an estimate of the magnetic field
strength in the core region of 98 µG and in the halo of
24 µG; see e.g. the equipartition B map in Fig. 16 of [48].
Averaging the magnetic field strength over the whole
galaxy results in a mean equipartition field strength of
35 µG. Independent magnetic field estimates from po-
larized intensities and rotation measures yield similar
strengths [49]. Comparable field strengths have been es-
timated for NGC 253 [50–53] and other starbursts [54].
Actually, the field strengths could be higher if the cos-
mic rays are not in equipartition with the magnetic
field [55, 56]. In particular, mG magnetic field strengths
have been predicted [57] and measured [58] in the star-
burst core of Arp 220. The cosmic ray population in
the starburst is dominated by the nearest accelerators in
time/space to the position of interest, thus breaking a di-
rect relation between average fields and mean cosmic ray
population [59]. Up to mG field strengths are consistent
with the gamma-ray and radio spectra in the gas-rich
starburst cores of NGC 253 and M82 [60]. Besides, the
field strength in the halo of M82 and NGC 253 could be
as high as 300 µG [61–63]. Herein we will remain agnos-
tic with regard to the process responsible for magnetic
field amplification, and we consider all the nearby AGN
and SBG sources which are consistent with Auger and
TA observations.

III. NUCLEUS PHOTODISINTEGRATION

The mean free path (mfp) for the di↵erent elements is
obtained from the photodisintegration cross section and
the background photon flux (of type k) as

1
�k
=

1
2�2

Z 1
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Z 2�"

"th

"0 �A("0) d"0 , (4)

He

N

Si

Fe

Total

CMB

EBL

FIG. 4: Photodisintegration mfp on the CMB and EBL. The hor-
izontal dashed lines indicate the distance to nearby starbursts
and radio galaxies.

where "th is the threshold energy for the reaction in the
nucleus rest frame, � is the relativistic factor for the nu-
cleus, and fk is the photon distribution function (num-
ber of photons per unit volume and energy) in the frame
where the cosmic microwave background (CMB) is at
2.7 K, in which it is assumed to be isotropic [64]. With a
change of variables "! "/2�we can rewrite (4) as

1
�k
=

1
�

Z 1

"th

1
"2 fk

 
"

2�

!
I(") d", (5)

where

I(") ⌘
Z "

"th

"0 �A("0) d"0. (6)

For nitrogen, silicon and iron, the cross section is taken
from TALYS 1.8 as done by CRPropa3 [65], where the pa-
rameters of the giant dipole resonance (GDR) are mod-
ified according to the IAEA atlas, which show a better
agreement with experimental data. For helium, the cross
section is taken from Eq. (3) in [66]. The relevant pho-
ton backgrounds are the extragalactic background light
(EBL) and the CMB. For the CMB, we take

fCMB =
1

(~c)3

✓ "
⇡

◆2 h
e"/T � 1

i�1
, (7)

corresponding to a Bose-Einstein distribution with tem-
perature T = 2.7255(6) K [67]. For the EBL, we take the
results from [68].

In Fig. 4 we show the photodisintegration mfp for var-
ious nuclei. It is evident that the mfp decreases rapidly
with increasing energy, and increases rapidly with in-
creasing nuclear composition. More precisely,
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Figure 1. Scenario 1. Left: the generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: the
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components. For comparison, also the electron-poor spectrum measured by KASCADE-
Grande [59] is shown (see the text for details).

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.

compositions with no nitrogen result in deviances D & 1000, and in the (Si+N) and (N+He)
cases the best fits are obtained with fSi = 0 and fHe = 0, respectively. Hence, in the following
figures and tables we only show the results obtained in the case of pure nitrogen.5

The best-fit results are shown in the central column (“Scenario 1”) of table 1. The
HE component has a very hard energy spectrum (“ < 0), a rather low rigidity cuto� and a
mass composition dominated by medium-mass elements. The LE component exhibits a very
soft energy spectrum, requiring a larger estimated source emissivity than that of the HE one
and a rigidity cuto� which is much higher than that of the HE component. The estimated
generation rate at the sources and the corresponding best-fit energy spectra at Earth together
with the measured data are shown in figure 1. Figure 1 (right) also shows the end of the
electron-poor spectrum measured by KASCADE-Grande [59], as a blue band including all
the systematic uncertainties and the dependence on the HIMs. This shows that the Galactic

5
A discussion about the possible explanations for such a Galactic contribution can be found in section 3.3.
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C. Starburst Energetics

It was recently pointed out that starburst superwinds
struggle to meet the power requirements to accelerate
cosmic rays to the maximum observed energies [45]. In
detail, the magnetic field B carries with it an energy den-
sity B2/(8⇡) and the flow carries with it an energy flux
> uB2/(8⇡), where u is the shock velocity. Thus, for an
accelerator of size R, this sets a lower limit on the rate at
which the energy is carried by the out-flowing plasma,

LB >
1
8

u R2 B2, (2)

and which must be provided by the source [46]. Inserting
typical parameters of SBGs (LB ⇠ 1042.5 erg/s, R ⇠ 8 kpc,
and u ⇠ 103.3 km/s [47]) into (2) leads to the constraint
B < 15µG, and consequently a Hillas maximum rigidity

R ' (u/c) B R < 108.9 GV. (3)

However, radio continuum and polarization observa-
tions of M82 provide an estimate of the magnetic field
strength in the core region of 98 µG and in the halo of
24 µG; see e.g. the equipartition B map in Fig. 16 of [48].
Averaging the magnetic field strength over the whole
galaxy results in a mean equipartition field strength of
35 µG. Independent magnetic field estimates from po-
larized intensities and rotation measures yield similar
strengths [49]. Comparable field strengths have been es-
timated for NGC 253 [50–53] and other starbursts [54].
Actually, the field strengths could be higher if the cos-
mic rays are not in equipartition with the magnetic
field [55, 56]. In particular, mG magnetic field strengths
have been predicted [57] and measured [58] in the star-
burst core of Arp 220. The cosmic ray population in
the starburst is dominated by the nearest accelerators in
time/space to the position of interest, thus breaking a di-
rect relation between average fields and mean cosmic ray
population [59]. Up to mG field strengths are consistent
with the gamma-ray and radio spectra in the gas-rich
starburst cores of NGC 253 and M82 [60]. Besides, the
field strength in the halo of M82 and NGC 253 could be
as high as 300 µG [61–63]. Herein we will remain agnos-
tic with regard to the process responsible for magnetic
field amplification, and we consider all the nearby AGN
and SBG sources which are consistent with Auger and
TA observations.

III. NUCLEUS PHOTODISINTEGRATION

The mean free path (mfp) for the di↵erent elements is
obtained from the photodisintegration cross section and
the background photon flux (of type k) as
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FIG. 4: Photodisintegration mfp on the CMB and EBL. The hor-
izontal dashed lines indicate the distance to nearby starbursts
and radio galaxies.

where "th is the threshold energy for the reaction in the
nucleus rest frame, � is the relativistic factor for the nu-
cleus, and fk is the photon distribution function (num-
ber of photons per unit volume and energy) in the frame
where the cosmic microwave background (CMB) is at
2.7 K, in which it is assumed to be isotropic [64]. With a
change of variables "! "/2�we can rewrite (4) as
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For nitrogen, silicon and iron, the cross section is taken
from TALYS 1.8 as done by CRPropa3 [65], where the pa-
rameters of the giant dipole resonance (GDR) are mod-
ified according to the IAEA atlas, which show a better
agreement with experimental data. For helium, the cross
section is taken from Eq. (3) in [66]. The relevant pho-
ton backgrounds are the extragalactic background light
(EBL) and the CMB. For the CMB, we take

fCMB =
1

(~c)3
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corresponding to a Bose-Einstein distribution with tem-
perature T = 2.7255(6) K [67]. For the EBL, we take the
results from [68].

In Fig. 4 we show the photodisintegration mfp for var-
ious nuclei. It is evident that the mfp decreases rapidly
with increasing energy, and increases rapidly with in-
creasing nuclear composition. More precisely,
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Figure 3. Scenario 1. First two moments of the Xmax distributions as predicted by the best-fit
results, along with the measured values and the predictions for pure compositions of various nuclear
species according to Epos-LHC (dashed lines).

spectrum resulting from our best fit is in reasonable agreement with these measurements.
Besides, one should consider that the electron-poor subsample given by KASCADE-Grande
is obtained by using a selection criterion which depends on the hadronic interaction model
and lies between the CNO group and silicon, hence in any case it provides only a lower bound
to a Galactic contribution like the one preferred by our data.

In figure 2, the Galactic contribution and the partial extragalactic ones are grouped
according to the mass number. In figure 3 the predicted first two moments of the Xmax

distributions are shown as a function of the energy and compared with the measured ones.
The shaded grey area indicates the energy region where energy-by-energy estimates of the
mass composition are not available (i.e. above the median of the highest energy bin used for
Xmax data) and mass predictions are mainly based on the shape of the all-particle spectrum.

We notice that in our Scenario 1 the proton component is included through a free
parameter in the HE mixed component, while in [55] protons, being supposed to be generated
from in-source interactions, are included only in the LE one; however, a much softer LE
spectrum with respect to the HE component is found in both analyses. In our Scenario 1,
the proton fraction of the HE component is found to be negligible and therefore the scenario
is consistent with [55].

The rigidity cuto�s of the two extragalactic populations were fitted independently of
each other; the best-fit value of the HE component is estimated to be much lower than that
of the LE one. Imposing a smaller rigidity cuto� for the LE component would worsen the fit.
For example, requiring the two components to have the same rigidity cuto�, as hypothesized
in [55], would increase the deviance by �D = +28 (from 586 to 614), mainly due to a
worsening of the energy spectrum fit. However, note that such a di�erence is smaller than
the one caused by the systematic uncertainties, which is illustrated in section 4, so neither
configuration can be strongly preferred over the other. Further details will be discussed in
section 3.3.

3.2 Scenario 2: two mixed extragalactic populations

An alternative way to describe the data in the energy region of interest is assuming that
the ankle around 1018.7 eV is due to the superposition of two extragalactic components, one
dominating at LE and the other at HE. We assume that the two components are both ejected
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Figure 1. Scenario 1. Left: the generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: the
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components. For comparison, also the electron-poor spectrum measured by KASCADE-
Grande [59] is shown (see the text for details).

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.

compositions with no nitrogen result in deviances D & 1000, and in the (Si+N) and (N+He)
cases the best fits are obtained with fSi = 0 and fHe = 0, respectively. Hence, in the following
figures and tables we only show the results obtained in the case of pure nitrogen.5

The best-fit results are shown in the central column (“Scenario 1”) of table 1. The
HE component has a very hard energy spectrum (“ < 0), a rather low rigidity cuto� and a
mass composition dominated by medium-mass elements. The LE component exhibits a very
soft energy spectrum, requiring a larger estimated source emissivity than that of the HE one
and a rigidity cuto� which is much higher than that of the HE component. The estimated
generation rate at the sources and the corresponding best-fit energy spectra at Earth together
with the measured data are shown in figure 1. Figure 1 (right) also shows the end of the
electron-poor spectrum measured by KASCADE-Grande [59], as a blue band including all
the systematic uncertainties and the dependence on the HIMs. This shows that the Galactic

5
A discussion about the possible explanations for such a Galactic contribution can be found in section 3.3.
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• Summary 

• Heavy nuclei are more common at higher energies before the suppression. 
• Improvement of acceleration mechanisms and propagation processes 

energy spectrum. 
• The improved precision of Auger Phase II might reveal details in future 

analyses with increased composition sensitivity.
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• Summary 

Thank you

• Heavy nuclei are more common at higher energies before the suppression. 
• Improvement of acceleration mechanisms and propagation processes 

energy spectrum. 
• The improved precision of Auger Phase II might reveal details in future 

analyses with increased composition sensitivity.


