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Fig. 5. The combined energy spectrum is fitted with two functions (see text) and
compared to data from the HiRes instrument [43]. The systematic uncertainty of
the flux scaled by E3 due to the uncertainty of the energy scale of 22% is indicated
by arrows. A table with the Auger flux values can be found at [44].

derlying raw distribution. Combining the systematic uncertainties
of the exposure (3%) and of the forward folding assumptions (5%),
the systematic uncertainty of the derived flux is 6%.

4. The combined Auger spectrum

The energy spectrum derived from hybrid data is combined
with the one obtained from surface detector data using a max-
imum likelihood method. Since the surface detector energy esti-
mator is calibrated with hybrid events, the two spectra have the
same systematic uncertainty in the energy scale. On the other
hand, the normalisation 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 addi-
tional constraints in the combination. This combination procedure
is used to derive the scale parameters, k, for the fluxes that are
to be applied to the individual spectra. These are kSD = 1.01 and
kFD = 0.99 for the surface detector data and hybrid data respec-
tively, showing that agreement between the measurements is at
the 1% level.

The combined energy spectrum scaled with E3 is shown in
Fig. 5 in comparison with the spectrum obtained with stereo mea-
surements of the HiRes instrument [43]. An energy shift within the
current systematic uncertainties of the energy scale applied to one
or both experiments could account for most of the difference be-
tween the spectra. The ankle feature seems to be somewhat more
sharply defined in the Auger data. This is possibly due to a sys-
tematic energy offset between the experiments. However, for a
complete comparison, care must also be taken to account for en-
ergy resolution and possible changes in aperture with energy.

The characteristic features of the combined spectrum are quan-
tified in two ways. For the first method, shown as a dotted red line
in Fig. 5, we have used three power laws with free breaks between
them. A continuation of the power law above the ankle to high-
est energies can be rejected with more than 20! . For the second
characterisation we have adopted two power laws in the ankle re-
gion and a smoothly changing function at higher energies which is
given by

J (E; E > Eankle) ! E""2

1+ exp(
log10 E"log10 E1/2

log10 Wc
)
, (3)

Table 1
Fitted parameters and their statistical uncertainties characterising the combined en-
ergy spectrum.

Parameter Power laws Power laws +
smooth function

"1(E < Eankle) 3.26± 0.04 3.26± 0.04
log10(Eankle/eV) 18.61± 0.01 18.60± 0.01
"2(E > Eankle) 2.59± 0.02 2.55± 0.04
log10(Ebreak/eV) 19.46± 0.03
"3(E > Ebreak) 4.3± 0.2
log10(E1/2/eV) 19.61± 0.03
log10(Wc/eV) 0.16± 0.03
#2/ndof 38.5/16 29.1/16

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 parametrizes the
width of the transition region. It is shown as a black solid line in
Fig. 5. The derived parameters (quoting only statistical uncertain-
ties) are given in Table 1.

At high energies the combined spectrum is statistically domi-
nated by the surface detector data. The agreement between the in-
dex of the power law above the ankle, "2, measured with the com-
bined spectrum (2.59 ± 0.02) and with hybrid data (2.65 ± 0.14),
also demonstrates the good agreement between the two measure-
ments.

5. Summary

We have measured the cosmic ray flux with the Pierre Auger
Observatory by applying two different techniques. The fluxes ob-
tained with hybrid events and from the surface detector array are
in good agreement in the overlapping energy range. A combined
spectrum has been derived with high statistics covering the energy
range from 1018 eV to above 1020 eV. The dominant systematic
uncertainty of the spectrum stems from that of the overall energy
scale, which is estimated to be 22%.

The position of the ankle at log10(Eankle/eV) = 18.61±0.01 has
been determined by fitting the flux with a broken power law E"" .
An index of " = 3.26 ± 0.04 is found below the ankle. Above the
ankle the spectrum follows a power law with index 2.55 ± 0.04.
In comparison to the power law extrapolation, the spectrum is
suppressed by a factor two at log10(E1/2/eV) = 19.61 ± 0.03. The
significance of the suppression is larger than 20! . The suppres-
sion is similar to what is expected from the GZK effect for protons
or nuclei as heavy as iron, but could in part also be related to
a change of the shape of the average injection spectrum at the
sources.
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Comparison of spectral features

Backup - Fitting the combined spectrum - power laws
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Depth of the shower maximum Xmax

Xmax

ankle, supporting the hypothesis of a transition from ga-
lactic to extragalactic cosmic rays in this region.

The hXmaxi result of this analysis is compared to the
HiRes data [10] in Fig. 2. Both data sets agree well within
the quoted systematic uncertainties. The !2=Ndf of the
HiRes data with respect to the broken-line fit described
above is 20:5=14. This value reduces to 16:8=14 if a
relative energy shift of 15% is applied, such as suggested
by a comparison of the Auger and HiRes energy spec-
tra [2].

The shower-to-shower fluctuations, rms!Xmax", are ob-
tained by subtracting the detector resolution in quadrature
from the width of the observed Xmax distributions resulting
in a correction of # 6 g=cm2. As can be seen in the right
panel of Fig. 3, we observe a decrease in the fluctuations
with energy from about 55 to 26 g=cm2 as the energy
increases. Assuming again that the hadronic interaction
properties do not change much within the observed energy
range, these decreasing fluctuations are an independent
signature of an increasing average mass of the primary
particles.

For the interpretation of the absolute values of hXmaxi
and rms!Xmax" a comparison to air shower simulations is
needed. As can be seen in Fig. 3, there are considerable
differences between the results of calculations using differ-
ent hadronic interaction models. These differences are not
necessarily exhaustive, since the hadronic interaction mod-
els do not cover the full range of possible extrapolations of
low energy accelerator data. If, however, these models
provide a realistic description of hadronic interactions at
ultrahigh energies, the comparison of the data and simula-
tions leads to the same conclusions as above, namely, a
gradual increase of the average mass of cosmic rays with
energy up to 59 EeV.
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FIG. 3. hXmaxi and rms!Xmax" compared with air shower simulations [20] using different hadronic interaction models [21].
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ankle, supporting the hypothesis of a transition from ga-
lactic to extragalactic cosmic rays in this region.

The hXmaxi result of this analysis is compared to the
HiRes data [10] in Fig. 2. Both data sets agree well within
the quoted systematic uncertainties. The !2=Ndf of the
HiRes data with respect to the broken-line fit described
above is 20:5=14. This value reduces to 16:8=14 if a
relative energy shift of 15% is applied, such as suggested
by a comparison of the Auger and HiRes energy spec-
tra [2].

The shower-to-shower fluctuations, rms!Xmax", are ob-
tained by subtracting the detector resolution in quadrature
from the width of the observed Xmax distributions resulting
in a correction of # 6 g=cm2. As can be seen in the right
panel of Fig. 3, we observe a decrease in the fluctuations
with energy from about 55 to 26 g=cm2 as the energy
increases. Assuming again that the hadronic interaction
properties do not change much within the observed energy
range, these decreasing fluctuations are an independent
signature of an increasing average mass of the primary
particles.

For the interpretation of the absolute values of hXmaxi
and rms!Xmax" a comparison to air shower simulations is
needed. As can be seen in Fig. 3, there are considerable
differences between the results of calculations using differ-
ent hadronic interaction models. These differences are not
necessarily exhaustive, since the hadronic interaction mod-
els do not cover the full range of possible extrapolations of
low energy accelerator data. If, however, these models
provide a realistic description of hadronic interactions at
ultrahigh energies, the comparison of the data and simula-
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(FAPESP), Ministério de Ciência e Tecnologia (MCT),
Brazil; AVCR AV0Z10100502 and AV0Z10100522,
GAAV KJB300100801 and KJB100100904, MSMT-CR
LA08016, LC527, 1M06002, and MSM0021620859,
Czech Republic; Centre de Calcul IN2P3/CNRS, Centre
National de la Recherche Scientifique (CNRS), Conseil
Régional Ile-de-France, Département Physique Nucléaire
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sterium Baden-Württemberg, Helmholtz-Gemeinschaft
Deutscher Forschungszentren (HGF), Ministerium für
Wissenschaft und Forschung, Nordrhein-Westfalen,
Ministerium für Wissenschaft, Forschung und Kunst,
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FIG. 3. hXmaxi and rms!Xmax" compared with air shower simulations [20] using different hadronic interaction models [21].
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ankle, supporting the hypothesis of a transition from ga-
lactic to extragalactic cosmic rays in this region.

The hXmaxi result of this analysis is compared to the
HiRes data [10] in Fig. 2. Both data sets agree well within
the quoted systematic uncertainties. The !2=Ndf of the
HiRes data with respect to the broken-line fit described
above is 20:5=14. This value reduces to 16:8=14 if a
relative energy shift of 15% is applied, such as suggested
by a comparison of the Auger and HiRes energy spec-
tra [2].

The shower-to-shower fluctuations, rms!Xmax", are ob-
tained by subtracting the detector resolution in quadrature
from the width of the observed Xmax distributions resulting
in a correction of # 6 g=cm2. As can be seen in the right
panel of Fig. 3, we observe a decrease in the fluctuations
with energy from about 55 to 26 g=cm2 as the energy
increases. Assuming again that the hadronic interaction
properties do not change much within the observed energy
range, these decreasing fluctuations are an independent
signature of an increasing average mass of the primary
particles.

For the interpretation of the absolute values of hXmaxi
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FIG. 3. hXmaxi and rms!Xmax" compared with air shower simulations [20] using different hadronic interaction models [21].
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Arrival directions of highest energy cosmic rays
Best correlation between arrival directions and positions of AGNs for
E>5.7 1019 eV - d<75 Mpc - Θ<3.1° 

closest AGN: Cen A

J. Abraham et al., Science 318 (2007) 938
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Fig. 1.— The 69 arrival directions of CRs with energy E ! 55 EeV detected by the Pierre Auger Observatory up

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

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

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

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

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

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

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

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

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

cumulative number of arrival directions).

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

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

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

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

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

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

total of 55 events in periods II and III.

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

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

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

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

the probability of isotropy given such a correlation.

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

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

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

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

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

8

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

position of AGNs from
VCV catalog (3.1°)

d < 75 Mpc

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

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

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

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

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

events that correlate with objects in the VCV catalog.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

the analysis of the 2MRS catalog in section 4.
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Fig. 21. Arrival directions (equatorial coordinates) of the highest energy cosmic rays observed with the Pierre Auger Observatory [410] (circles) and the
HiRes telescopes [278] (squares). The asterisks indicate the position of active galactic nuclei (AGN) from the Veron-Cetty Veron catalogue [407] up to a
distance of 75 Mpc. The shaded area indicates the relative exposure of the Auger data set. The dotted line marks the galactic disk and the dashed curve is
the super galactic plane.

total of 13 events two associations with AGNs were found, while 3.2 such correlations are expected for an isotropic arrival
direction distribution. No correlation signal is found. Also the autocorrelation function of the highest energy events from
HiRes is perfectly in agreement with the expectations for isotropy. The arrival directions of the selected 13 events are shown
in Fig. 21 as well. The exposure distribution of the HiRes data set is very similar to that of the Auger Observatory, but North
is exchanged with South.

The discrepancy between the Auger and HiRes results are currently not understood, but it is clear that a possible
difference of the energy scale of the two experiments could lead to such effects. In addition, the reconstruction resolution
has to be very good to reproduce the very sharp threshold of the correlation found in Auger data. An independent data set
of a similar size as the published one will allow us to test the anisotropy signal.

6. Astrophysical interpretation

6.1. Galactic cosmic rays and the knee

The measurements indicate that the knee in the all-particle energy spectrum is caused by a break in the spectra for the
light elements, yielding an increase of the mean mass of cosmic rays in this energy region. Several scenarios are discussed
in the literature as a possible origin for the knee, see e.g. [3]. In the following, a current astrophysical picture of the origin of
high-energy cosmic rays is sketched, based on recent observations.

One of the most popular explanations for the origin of the knee is that the spectra at the source exhibit a break. The
bulk of cosmic rays is assumed to be accelerated in strong shock fronts of SNRs [56]. The finite lifetime of a shock front
(∼105 a) limits the maximum energy attainable for particles with a charge of Z to Emax ∼ Z · (0.1 − 5) PeV. Many versions
of this scenario have been discussed [415,417,418,416,419]. Themodels differ in assumptions of properties of the SNRs; like
magnetic field strength, available energy, ambient medium, etc. The differences of the predicted �ln A� can be inferred from
Fig. 22a. While older models [417] limit themaximum energy to about 0.1 PeV, recent ideas [419], taking into account latest
observations of SNRs, predict maximum energies above 1 PeV. In such a model sufficient energy is released from SNRs to
explain the observed spectra. A special case of SNR acceleration is the single sourcemodel [423], which predicts pronounced
structures in the knee region in the all-particle energy spectrum, caused by a single SNR. Such structures can not be seen in
the compilation of Fig. 8.

Other accelerationmechanisms are also discussed in the literature, like the acceleration of particles in γ -ray bursts [420–
422]. They differ in their interpretation of the origin for the knee. The approach by Plaga, assuming Fermi acceleration in a
‘‘cannon ball’’ is not compatible with the measured �ln A� values, see Fig. 22b. A different interpretation of acceleration in
the cannon ball model yields – at the source – a cut-off for individual elements proportional to their mass due to effects
of relativistic beaming in jets. The predictions of the actual model are compatible with recent data [422,432]. However, it
remains to be clarified how a detailed consideration of the propagation processes, e.g., in a diffusion model, effects the cut-
off behavior observed at Earth. Gamma-ray bursts as a special case of supernova explosions are proposed [421] to accelerate
cosmic rays from 0.1 PeV up to the highest energies (>1020 eV). In this approach the propagation of cosmic rays is taken
into account and the knee is caused by leakage from the Galaxy, leading to rigidity dependent cut-off behavior.

Also, a frequently discussed idea is that of the knee as a propagation effect. The propagation is accompanied by the
leakage of particles from the Galaxy. With increasing energy, it becomesmore andmore difficult to confine the nuclei to the
Galaxy. As mentioned above, the path length decreases as Λ ∝ E−δ . Such a decrease will ultimately lead to a complete
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Fig. 5. The combined energy spectrum is fitted with two functions (see text) and
compared to data from the HiRes instrument [43]. The systematic uncertainty of
the flux scaled by E3 due to the uncertainty of the energy scale of 22% is indicated
by arrows. A table with the Auger flux values can be found at [44].

derlying raw distribution. Combining the systematic uncertainties
of the exposure (3%) and of the forward folding assumptions (5%),
the systematic uncertainty of the derived flux is 6%.

4. The combined Auger spectrum

The energy spectrum derived from hybrid data is combined
with the one obtained from surface detector data using a max-
imum likelihood method. Since the surface detector energy esti-
mator is calibrated with hybrid events, the two spectra have the
same systematic uncertainty in the energy scale. On the other
hand, the normalisation 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 addi-
tional constraints in the combination. This combination procedure
is used to derive the scale parameters, k, for the fluxes that are
to be applied to the individual spectra. These are kSD = 1.01 and
kFD = 0.99 for the surface detector data and hybrid data respec-
tively, showing that agreement between the measurements is at
the 1% level.

The combined energy spectrum scaled with E3 is shown in
Fig. 5 in comparison with the spectrum obtained with stereo mea-
surements of the HiRes instrument [43]. An energy shift within the
current systematic uncertainties of the energy scale applied to one
or both experiments could account for most of the difference be-
tween the spectra. The ankle feature seems to be somewhat more
sharply defined in the Auger data. This is possibly due to a sys-
tematic energy offset between the experiments. However, for a
complete comparison, care must also be taken to account for en-
ergy resolution and possible changes in aperture with energy.

The characteristic features of the combined spectrum are quan-
tified in two ways. For the first method, shown as a dotted red line
in Fig. 5, we have used three power laws with free breaks between
them. A continuation of the power law above the ankle to high-
est energies can be rejected with more than 20! . For the second
characterisation we have adopted two power laws in the ankle re-
gion and a smoothly changing function at higher energies which is
given by

J (E; E > Eankle) ! E""2

1+ exp(
log10 E"log10 E1/2

log10 Wc
)
, (3)

Table 1
Fitted parameters and their statistical uncertainties characterising the combined en-
ergy spectrum.

Parameter Power laws Power laws +
smooth function

"1(E < Eankle) 3.26± 0.04 3.26± 0.04
log10(Eankle/eV) 18.61± 0.01 18.60± 0.01
"2(E > Eankle) 2.59± 0.02 2.55± 0.04
log10(Ebreak/eV) 19.46± 0.03
"3(E > Ebreak) 4.3± 0.2
log10(E1/2/eV) 19.61± 0.03
log10(Wc/eV) 0.16± 0.03
#2/ndof 38.5/16 29.1/16

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 parametrizes the
width of the transition region. It is shown as a black solid line in
Fig. 5. The derived parameters (quoting only statistical uncertain-
ties) are given in Table 1.

At high energies the combined spectrum is statistically domi-
nated by the surface detector data. The agreement between the in-
dex of the power law above the ankle, "2, measured with the com-
bined spectrum (2.59 ± 0.02) and with hybrid data (2.65 ± 0.14),
also demonstrates the good agreement between the two measure-
ments.

5. Summary

We have measured the cosmic ray flux with the Pierre Auger
Observatory by applying two different techniques. The fluxes ob-
tained with hybrid events and from the surface detector array are
in good agreement in the overlapping energy range. A combined
spectrum has been derived with high statistics covering the energy
range from 1018 eV to above 1020 eV. The dominant systematic
uncertainty of the spectrum stems from that of the overall energy
scale, which is estimated to be 22%.

The position of the ankle at log10(Eankle/eV) = 18.61±0.01 has
been determined by fitting the flux with a broken power law E"" .
An index of " = 3.26 ± 0.04 is found below the ankle. Above the
ankle the spectrum follows a power law with index 2.55 ± 0.04.
In comparison to the power law extrapolation, the spectrum is
suppressed by a factor two at log10(E1/2/eV) = 19.61 ± 0.03. The
significance of the suppression is larger than 20! . The suppres-
sion is similar to what is expected from the GZK effect for protons
or nuclei as heavy as iron, but could in part also be related to
a change of the shape of the average injection spectrum at the
sources.
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Pesquisa do Estado de Rio de Janeiro (FAPERJ),
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Fig. 1.— The 69 arrival directions of CRs with energy E ! 55 EeV detected by the Pierre Auger Observatory up

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

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

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

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

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

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

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

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

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

cumulative number of arrival directions).

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

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

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

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

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

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

total of 55 events in periods II and III.

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

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

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

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

the probability of isotropy given such a correlation.

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

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

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

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

within 10! of the galactic plane is excluded the correlation is (46± 6)% (21 correlations out of 46 events), while
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Correlation between radio signal and 
air shower parameters

.. angle with respect to 
geomagnetic field

.. number of muons,
i.e. primary energy

.. distance to shower 
axis

E. Bettini, diploma thesis, U Karlsruhe, 2006

εest = (11± 1)((1.16± 0.025)− cos α) cos θ exp

�
−R

236± 81 m

� �
Ep

1017 eV

�0.95±0.04 �
µV

m MHz

�

A. Horneffer et al., 30th ICRC 4 (2008) 83

α   geomagnetic angle
θ    zenith angle
r    distance to shower axis
E0  energy of primary particle
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CODALEMA: Geomagnetic Origin v x B

D. Arduin et al., Astropart. Phys. 31 (2009) 192

A model to understand the asymmetry
Hypothesis:
- The electric field is proportional to the Lorentz force E ~ |v x B| 

- Charged particles in the shower are deflected by the geomagnetic field 
- Electric field polarization in the direction of the Lorentz force :

     a linear polarization is assumed E // to v x B
-The number of count (i.e. the efficiency) depends on the electric field magnitude:
! a simple linear dependence is assumed

α shower

NorthSouth

Geomagnetic field

East
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selection criteria. However, we limit the angular difference to 20!
in order to keep only well reconstructed events for the analysis
reported in the paper. About 25% of the events (217 among 891
events) are outside the coincidence window instead of 90% in the
previous analysis. We estimate that only few random events are
within the coincidence window. Second, with the upgraded parti-
cle detector array, 68% of the events have an angular difference be-
low 3.5! in the coincidence window, instead of 6! in the previous
analysis. Compared to the previous analysis, the quality of the
event reconstruction is improved.

As seen in Table 1, the number of detected events by the particle
and radio apparatus differ by almost two orders of magnitude. This
is due to a different energy threshold. The energy distribution mea-
sured by the ground particle array for internal events is displayed
in Fig. 3 and compared with the same energy distribution for
events measured in coincidence by the antenna array. While 1.8
events per day are recorded with the antenna array, the internal
events selection decreases this rate to 0.5 event per day.

The threshold behaviour of the radio detector is clearly visible
below 1017 eV. This behaviour has non-trivial consequences for
the observations described later. The energy threshold of the
ground particle array is far below the range shown in Fig. 3, around
1015 eV. Both distributions converge at the highest energies. This
reflects the increase of the radio detection efficiency (Fig. 4), de-
fined as the ratio of the number of radio detected events over the
total number of events. It regularly increases above 3 ! 1016 eV
and reaches roughly 50% at 2 ! 1017 eV. This efficiency will be dis-
cussed again in the Section 3.3.

3.2. Azimuthal asymmetry

Fig. 5 represents the arrival directions of the radio events
(known as sky maps) in local coordinates (zenith, azimuth). A
striking feature is the shape of the azimuthal distribution, and
more specifically the large asymmetry in the observed counting
rate between the North (top) and South (bottom) sectors.

The lack of events coming from the southern part of the (local)
hemisphere is expected only if the showers coming from North or
South generate different radio signals. Note that this South side
deficit is not observed on an antenna background (i.e. when the
antennas are running in a self trigger mode).

In order to characterize the North–South asymmetry, we con-
sider the ratio nSouth/nTot of the number of events coming from

Fig. 3. Energy distribution of ‘‘internal” events measured by the ground particle
detector array (squares) and seen in coincidence with the antenna array (triangles).

Fig. 4. Efficiency of the radio detection versus energy deduced from the scintillator
analysis.

Fig. 5. Sky maps of observed radio events. Raw event sky map (top) and 10!
Gaussian smoothed map (bottom) are shown. The zenith is at the center, the
azimuth is: North (top, 0!), West (left, 90!), South (bottom, 180!) and East (right,
270!); the direction of the geomagnetic field at Nançay is indicated by the dot.
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sky map of radio events (E-W component)

measured simulated

b = 0.57, h0 = 49.18 degrees and h1 = 5.14 degrees. The azimuthal
distribution is compatible with a uniform distribution (Fig. 8 bot-
tom). Because the particle trigger introduces no significant bias in
the azimuthal distribution, any feature observed in the azimuth
for radio events should be attributed to the radio signals them-
selves. An East and West attenuation is expected by construction
due to the East/West orientation of the dipole axis – the gain being
smaller in these directions – and this property breaks the azimuthal
symmetry. However, both North–South and East–West symmetries
are preserved with the dipolar antenna used.

One should note that such an azimuthal asymmetry has not
been observed with the previous CODALEMA setup [15]. As quoted
above, log-periodic (conical) antennas with axis tilted by 20! to the
South [14] were used in that setup. The directivity was maximum
in the cone axis direction and the radio detection of events coming
from the North was disfavored. The overall detector was not
North–South symmetric and as a consequence it was probably
not suited for a direct measurement of any North–South asymme-
try of physical origin. Unfortunately, due to a lack of statistics, a
closer inspection of the data of Ref. [15], especially searching for
differences in the azimuthal direction for bins with comparable
gain (e.g., comparing S, SE and SW sectors) does not allow us to
confirm or disprove the observation made in the present study. It
should be noted that this kind of spiral antenna has been designed
to measure circular polarization (left or right) of the electric field
that spreads almost vertically toward them [14]. The instrumental
response of these sensors to a linearly polarized field could possi-
bly mask some azimuthal anisotropies, which are precisely associ-
ated to linearly polarized radio signals.

3.3. Physical interpretation

The observed North–South asymmetry is clear and unambigu-
ous. It calls for an investigation of the electric field generation
mechanism when air showers develop in the atmosphere. With
the observed pattern, an obvious candidate for symmetry breaking
effect in the electric field generation is the geomagnetic field. Since
the Lorentz force acting on the charged particles is at the origin of
different emission mechanisms of the electric field, involving the
geomagnetic field (geosynchrotron and macroscopic approaches),
the electric field magnitude itself should depend on the values of
the vector cross product v ^ B. In addition to the electric field mag-
nitude, the output signal also depends on the polarization. We will
then make the assumption that this polarization is linear and ori-
ented along v ^ B. Not all geomagnetic induced fields have this
property, but this is true in the geosynchrotron approach at small
impact parameters [25] and in the transverse current approach
[10]. Overall we will consider that the signal amplitude given by
the EW dipole is proportional to j(v ^ B)EWj, which is the magni-
tude of the vector cross product projected on the East–West axis
(the orientation of the antennas).

In order to compute a density map giving the expected number
of radio events (the so-called coverage map), we need an extra
assumption about the relation between the signal magnitude and
the true detection of an event. Clearly a stronger signal is easier
to detect. We test the simple possibility that the radio efficiency
is proportional to the signal magnitude as defined above (later dis-
cussed on the Fig. 11). The predicted event sky map (Fig. 9) can fi-
nally be computed multiplying this efficiency by the trigger
coverage map. The trigger coverage map is obtained using the
parameterization of the zenithal distribution of the ground detec-
tor events above 1017 eV, presented in the previous subsection,
associated with a uniform azimuthal distribution.

Under these assumptions, Fig. 9 can be interpreted as a predic-
tion of the shower arrival direction sky map. This prediction ap-
pears to be very similar to the observed sky map (Fig. 5). It

reproduces the main features of the experimental distribution: a
maximum towards the North with bean-shaped contour lines, a lo-
cal maximum towards the South and minima in the East and West
directions. To check this similarity, a set of events with a size equal
to the data set is built by randomly generating arrival directions
following the predicted coverage map. Simulated zenith and azi-
muth angular distributions are then compared to the observed
ones in Fig. 10. The agreement is noticeable for both distributions;
especially the relative amplitudes of the two maxima in the azi-
muthal distribution are fairly well reproduced.

Fig. 11 exhibits the efficiency of the radio detection for internal
events, i.e. the number of radio detected events divided by the
number of triggered events, above 1017 eV plotted as a function
of j(v ^ B)EWj/(vB). The observed trend confirms the hypothesis
that the number of detected events is strongly linked to the electric
field. It is also seen that the efficiency seems to vary linearly with
the electric field. This can be highlighted only because the present
analysis is made around the energy threshold of the experiment.
Working at lower or higher energy changes the shape of the plot.
This is indirectly shown in Fig. 12 which now represents the mean
energy of radio detected events for each bin of the Lorentz force
EW component. To be detected, events with a low value of the Lor-
entz force EW component, for example coming from East or West,
must have a higher energy than events with high values, coming
from North. But higher energy events will be detected no matter
their arrival direction and the radio efficiency will become inde-
pendent of the vector cross product.

Finally, from these results, it is interesting to return to Fig. 4. In-
stead of drawing the radio detection efficiency as a function of the
energy, the efficiency is now plotted in Fig. 13 as a function of the
energy weighted by the EW component of the vector cross product
E0 = Energy ! j(v ^ B)EWj/(vB). The efficiency now increases with
increasing E0 values up to values close to unity at 1017.4 eV. The effi-
ciency of 0.5 at 2 ! 1017 eV seen in Fig. 4 is explained by events
with low values of the vector cross product EW component, i.e.
events coming from East and West, for which the electric field is
too weak to be detected by the CODALEMA setup.

The v ^ B dependence incorporates a linear polarization of the
electric field in the direction of the cross vector product. It means
that the CODALEMA array (using EW oriented dipoles) measures
mainly showers arriving in the orthogonal directions (i.e. North/
South). Consequently, an array of NS oriented dipoles should be

Fig. 9. Sky map calculated by considering the EW component of the Lorentz force
multiplied by the trigger coverage map. The color scale is normalized to 1 in the
direction of the maximum.

D. Ardouin et al. / Astroparticle Physics 31 (2009) 192–200 197

Lorentz force �v × �B

v direction of shower axis
B direction of Earth magnetic field

asymmetry of 
observed events

geomagnetic origin

The signals seen in the EW polarisation and coming from North
are mainly positive while signals coming from South are mainly
negative. The agreement with the field polarity distribution shown
in Fig. 14 approaches 86%. The 14% of events which do not match
with the sign of v ^ B could be due to an emission not always
purely polarized as v ^ B. However, one should stress that most
of the latter events correspond to a lower signal to noise ratio
and consequently a less confident sign determination.

The experimental sign of the signal is completely consistent
with an emission mechanism with an electric field proportional
to v ^ B. Preliminary analysis of the signal polarity deduced from
the new NS antenna also supports this conclusion.

4. Conclusions and outlook

The first results of the CODALEMA experiment with the new
setup (using only active dipoles) confirm the field characteristics

extracted from our previous measurement [15]. The addition of a
dense array of particle detectors makes the estimation of the
shower energy possible and allows CODALEMA to demonstrate
the correlation between the radio detection efficiency and the
shower energy. Using the detection of only one EW polarization
state, another new result is the apparent depletion of the number
of radio detected events from Southern directions. At this stage of
our understanding, two conclusions can be drawn: first, the
behavior of the measured electric field can be well reproduced
by simply considering the vector cross product v ^ B of the Lor-
entz force; second, the radio signal induced by the geomagnetic
field is dominant with the current CODALEMA observation
conditions.

These results are consistent with the Allan’s conclusion [7] sug-
gesting an electric field oriented along the v ^ B direction and pro-
portional to jsin aj=jv ^ Bj/(vB). The LOPES collaboration
parameterized the radio signals from the EW polarized antennas
in a different manner [26] namely by inserting a fitting factor
(1.16(±0.025)–cos a). In a geomagnetic type approach of the radio
emission of EAS, the vector cross product v ^ B here proposed has
the advantage of being simple and natural while already including
all three NS, EW and vertical components of the electric field. It
also explains the sign of the signals and the presence of a second-
ary maximum for southern events, which does not appear with the
LOPES parameterization.

In the near future, a deeper understanding of the polarization
effect is mandatory. This should help to distinguish between differ-
ent microscopic approaches such as geosynchrotron or transverse
current models. Because this requires a more comprehensive mea-
surement of all states of polarization, several directions will be
investigated within CODALEMA. The new NS oriented dipoles com-
pleted by autonomous antenna stations implemented by the end of
the year will be analyzed. Additional information will be provided
by the use of the Nançay Decametric Array. This apparatus has
been recently equipped with the electronics adapted to the tran-
sient waveforms characterization. Thanks to the detection of the
circular polarization, it will allow to measure at once the full hor-
izontal polarization. The exploitation of these data recorded in
coincidence with the particle and dipole arrays should allow a
new qualitative step in the interpretation of the radio emission
mechanisms.

Consequently, one of the remaining issues is to determine how
many and which polarization states have to be measured in order
to design an efficient detection method. Indeed, a pure dependence
of the radio signal to v ^ B implies proportionality between the NS
and the vertical components and thus redundant information. This
will impact the cost, the ease of use, and therefore the deployment
of the radio technique on a large scale.
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also explains the sign of the signals and the presence of a second-
ary maximum for southern events, which does not appear with the
LOPES parameterization.
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effect is mandatory. This should help to distinguish between differ-
ent microscopic approaches such as geosynchrotron or transverse
current models. Because this requires a more comprehensive mea-
surement of all states of polarization, several directions will be
investigated within CODALEMA. The new NS oriented dipoles com-
pleted by autonomous antenna stations implemented by the end of
the year will be analyzed. Additional information will be provided
by the use of the Nançay Decametric Array. This apparatus has
been recently equipped with the electronics adapted to the tran-
sient waveforms characterization. Thanks to the detection of the
circular polarization, it will allow to measure at once the full hor-
izontal polarization. The exploitation of these data recorded in
coincidence with the particle and dipole arrays should allow a
new qualitative step in the interpretation of the radio emission
mechanisms.

Consequently, one of the remaining issues is to determine how
many and which polarization states have to be measured in order
to design an efficient detection method. Indeed, a pure dependence
of the radio signal to v ^ B implies proportionality between the NS
and the vertical components and thus redundant information. This
will impact the cost, the ease of use, and therefore the deployment
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17 core stations
17 remote stations
+ international stations

Station Layout

each (dutch) station:
  96 low-band antennae                   30-  80 MHz
  high-band antennae (2x24 tiles) 120-240 MHz

low band high band

low band high ban
d

www.lofar.org

85 m

130 m
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Building a station
Digging cable trenches and laying cables

Construction of stationsBuilding a station

Building a station
And then the antennas are placed

Building a station

And then the antennas are placed
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Tautenburg (DE)

LOFAR stations across 
Europe

Chilbolton (UK) Potsdam 
(DE)

Unterweilenbach (DE)

Nançay (FR)

Jülich (DE)

Effelsberg (DE)

Onsala (SE)
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Dense core 
in NL

18 stations
~ 5 km2
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Developing	  the	  Core	  Area,	  Building	  Sta6ons

early July 2008

late July 2008

September 2008

October 2008

14 August 2009

24 August 2009

9 March 2010
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23 May 2010
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LOFAR Opening
12th June 2010
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Royal Festive Intermezzo (RFI)
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A measured air shower
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Auger Engineering Radio Array
AERA
Objective:
• measure radio emission from EAS in frequency range 30 MHz - 80 MHz
• ~20 km2 array with ~160 antennas
• operation together with infill/HEAT/AMIGA
• three antenna spacings to cover efficiently 17.2 < lg E/eV < 19.0
• measure composition of cosmic rays in energy region of   
 transition from galactic to extragalactic cosmic rays
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l Since April 15th:
l self-triggered cosmic ray 

events in coincidence with SD
l now: 24 events and counting
l about 0.5 events per day
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hPsi
Entries  12
Integral      12

 / ndf 2  3.138 / 3
p0        2.180± 2.906 
p1        0.61±  1.89 
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Arrival Directions

•Red: AERA
•Black: SD
•also AERA events with only 

2 stations: no direction
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