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Abstract: Due to its hybrid design, the Pierre Auger Observatory provides a variety of independent experimental observ-
ables that carry information on the characteristics of the longitudinal development of ultra-high energy air showers. These
include the direct measurement of the profile of the energy deposit of showers in the atmosphere through the detection of
fluorescence light but also observables derived from the shower signal measured with the surface detector array. In this
contribution we present a comparison of the results obtained with the fluorescence detector on the depth of shower max-
imum with complementary information derived from asymmetry properties of the particle signal in the surface detector
stations and the depth profile of muon production points, also derived from surface detector data. The measurements are
compared to predictions for proton- and iron-induced showers.
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1 Introduction

The properties of ultra-high energy cosmic rays (UHE-
CRs) can be studied by measuring the extensive air showers
(EAS) that they produce in the atmosphere. For example,
information on the mass of the primary particles can, in
principle, be derived from the longitudinal depth profiles
of these showers. However, the longitudinal development
of the showers are strongly affected by the mass compo-
sition of cosmic rays and by the features of the hadronic
interactions, both of which vary with energy in a manner
that is unknown. If one were confident about the behaviour
of one of these quantities then the behaviour of the other
could be deduced.
In this article we present the measurement of four inde-
pendent observables that are closely related to the longi-
tudinal depth profile of air showers. Given the uncertain-
ties in simulating extensive air showers at high energy [1]
and the indications of significant shortcomings of current
models [2], any interpretation of the results of these mea-
surements in terms of primary mass composition should be
considered with great care. Due to the different character
of the observables employed, a direct comparison of the
measurement results is not possible. Instead, the data are
compared to predictions from air shower simulations to re-
late the different results to each other. Modelling uncertain-
ties are considered by using the three different interaction
models EPOS, QGSJET II, and SIBYLL [3], but it is un-

derstood that the differences between these models might
not fully represent the theoretical uncertainties.

2 Measurements of the Longitudinal Shower
Development

With the Pierre Auger Observatory [4] information on the
shower development can be extracted using both the Sur-
face Detector (SD) and the Fluorescence Detector (FD).
The SD consists of more than 1660 detector stations cov-
ering an area of approximately 3000 km2. Each SD unit is
a water-Cherenkov detector with electronics that digitises
the signal at 40 MHz sampling rate. The FD has a total of
17 optical telescopes arranged in five sites overseeing the
SD.
The observation of showers with the FD allows us to di-
rectly measure the most important observable to charac-
terise the longitudinal profile of a shower, the depth of the
shower maximum, Xmax, i.e. the depth at which air show-
ers deposit the maximum energy per unit mass of atmo-
sphere traversed [5]. On the other hand, the SD provides
observables which are related to the longitudinal shower
profile as well. These observables are subject to indepen-
dent systematic uncertainties (both experimentally and the-
oretically). Moreover the higher statistics of showers mea-
sured with the SD allows us to reach higher energies than
with the FD.
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Figure 1: Typical longitudinal development of the energy deposit (left panel), of the average asymmetry in the risetime
(centre panel) and the muon production depth (right panel).

2.1 Depth of Shower Maximum

The measurement of the longitudinal profile of the energy
deposit in the atmosphere with the Pierre Auger Observa-
tory is described in [5]. In this analysis hybrid events, i.e.
showers observed simultaneously by the FD and at least
by one SD station, have been used. The longitudinal pro-
file of the energy deposit is reconstructed by the FD from
the recorded fluorescence and Cherenkov light signals. The
collected light is corrected for the attenuation between the
shower and the detector using data from atmospheric mon-
itoring devices. The longitudinal shower profile is recon-
structed as a function of the atmospheric depth and Xmax

is obtained by fitting the profile with a Gaisser-Hillas func-
tion. A typical longitudinal profile of the energy deposit of
one shower is shown in the left panel of Fig. 1.
The Xmax results presented here are an update of [5]. Hy-
brid events recorded between December 2004 and Septem-
ber 2010 with reconstructed energy above 1018 eV have
been used for the present analysis. To obtain a good res-
olution in the measurement of Xmax, several quality cuts
are applied. The cuts and their effects are described fully
in [6]. After all cuts, 6744 events are selected for the
Xmax analysis. The average values of the shower max-
imum, 〈Xmax〉, as a function of energy are displayed in
Fig. 2, alongside predictions from several models. Uncer-
tainties of the atmospheric conditions, calibration, event se-
lection and reconstruction give rise to a systematic uncer-
tainty of ≤ 13 g/cm2 [5] which corresponds to . 13 % of
the proton-iron separation predicted by the models. Since
the Xmax resolution of the FD is at the level of 20 g/cm2

above a few EeV, the intrinsic shower-to-shower fluctua-
tions, RMS(Xmax), can be measured as well, see lower
panel of Fig. 2.

2.2 Asymmetry of Signal Risetime

For each SD event, the water-Cherenkov detectors record
the signal as a function of time. The first part of the signal
is dominated by the muon component which arrives ear-
lier and over a period of time shorter than the electromag-

netic particles, since muons travel in almost straight lines
whereas the electromagnetic particles suffer more multi-
ple scattering on their way to ground. Due to the absorp-
tion of the electromagnetic (EM) component, the number
of these particles at the ground depends, for a given energy,
on the distance to the shower maximum and therefore on
the primary mass. In consequence, the time profile of par-
ticles reaching ground is sensitive to cascade development
as the higher is the production height the narrower is the
time pulse.
The time distribution of the SD signal is characterised by
means of the risetime (the time to go from 10% to 50% of
the total integrated signal), t1/2, which depends on the dis-
tance to the shower maximum, the zenith angle θ and the
distance to the core r. In previous studies [7] the risetime
was related to the shower maximum using a subset of hy-
brid events. Using this correlation it is possible to measure
the shower evolution using surface detector data.
The azimuthal asymmetry of t1/2 from water-Cherenkov
detector signals of non-vertical showers carries information
about the longitudinal development of the showers [8]. Un-
fortunately it is not possible to define the asymmetry on an
event-by-event basis, therefore the risetime asymmetry is
obtained by grouping events in bins of energy and sec θ. A
key parameter for the analysis is the angle ζ, the azimuth
angle in the shower plane (the plane perpendicular to the
shower axis). Detectors that are struck early in the devel-
opment of the shower across the array have values of this
angle in the range −π/2 < ζ < π/2 with ζ = 0◦ corre-
sponding to the vertical projection of the incoming direc-
tion onto the shower plane. For each (E, sec θ) bin a fit of
〈t1/2/r〉 = a+ b cos ζ provides the asymmetry amplitude,
b/a. For a given energy, the b/a value changes with the
zenith angle, i.e. distance to the shower maximum. The
evolution of b/a with zenith angle is thus reminiscent of
the longitudinal development of the shower and has a max-
imum which is different for different primaries [9]. For
each energy bin, the asymmetry amplitude is fitted using a
Gaussian function of ln(sec θ). This allows the determina-
tion of the position of the maximum, Θmax, defined as the
value of sec θ for which b/a is maximum. In Fig.1, centre
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Figure 2: Results on shower evolution sensitive observ-
ables compared with models prediction. The error bars cor-
respond to the statistical uncertainty. The systematic uncer-
tainty is represented by the shaded bands.

panel, an example of b/a as a function of ln(sec θ) and the
corresponding fit to obtain Θmax is shown for the energy
bin of log(E/eV) = 18.85− 19.00.
Data collected with the surface detector of the Pierre Auger
Observatory from January 2004 to December 2010 have
been used for the Θmax analysis, with a total of 18581
events surviving the following cuts. Events are required
to satisfy the trigger levels described in [12] and to be in
the regime of full array efficiency for all primary species:
E > 3.16 × 1018 eV and θ ≤ 60◦. For selected events,
detectors are used in the analysis if the signal size is above
10 VEM and not saturated and if they have core distances
between 500 m and 2000 m. The measured values of Θmax

obtained for 6 bins of energy above 3.16 × 1018 eV are
shown in Fig. 2. The systematic uncertainty in the mea-
sured values of Θmax has been evaluated taking into ac-
count its possible sources: reconstruction of the core of the
shower, event selection and risetime vs core distance pa-
rameterisation and amounts to . 10% of the proton-iron
separation predicted by the models.

2.3 Depth Profile of Muon Production Points

Using the time information of the signals recorded by the
SD it is also possible to obtain information about the longi-

tudinal development of the hadronic component of exten-
sive air showers in an indirect way. In [10] a method is pre-
sented to reconstruct the Muon Production Depth (MPD),
i.e. the depth at which a given muon is produced measured
parallel to the shower axis, using the FADC traces of de-
tectors far from the core. The MPD technique allows us to
convert the time distribution of the signal recorded by the
SD detectors into muon production distances using an ap-
proximate relation between production distance, transverse
distance and time delay with respect the shower front plane.
From the MPDs a new observable can be defined, Xµ

max, as
the depth along the shower axis where the number of pro-
duced muons reaches a maximum. This new observable is
a parameter sensitive to the longitudinal shower evolution
which, as in the case of Θmax, can be obtained with the in-
formation provided by the SD alone (see [11] for detailed
explanation of the analysis). The method is currently re-
stricted to inclined showers where muons dominate the sig-
nal at ground level (studies to extend the analysis to vertical
showers are ongoing). Once the MPD is obtained for each
event, the value of Xµ

max is found by fitting a Gaisser-Hillas
function to the depth profile. An example of the MPD pro-
file and the result of the Gaisser-Hillas fit of a particular
event with E ≈ 95 EeV and zenith angle θ ≈ 60◦ is shown
in the right panel of Fig. 1.
The results of 〈Xµ

max〉 presented here are based on data
collected between January 2004 and December 2010, with
zenith angles between 55◦ and 65◦. The angular window
was chosen as a trade-off between muon to EM ratio and
the reconstruction uncertainty. The finite time resolution
in the FADC traces produces an uncertainty on the recon-
struction that decreases with the core distance and increases
with the zenith angle. Thus, to keep these distortions re-
duced, only detectors far from the core can be used. This
distance restriction imposes a severe limitation in the en-
ergy range where the method can by applied. Therefore
only events with reconstructed energy larger than 20 EeV
are used. After applying a set of reconstruction and quality
cuts (see [11] for a complete description of the cuts), a total
of 244 events are selected. The measured values of 〈Xµ

max〉
are presented in the upper panel of Fig. 2. The systematic
uncertainty due to reconstruction bias, core position, re-
jection of the EM component and quality cuts amounts to
11 g/cm2, corresponding to about 14% of the proton-iron
separation predicted by the models [11].
A discussion of the implications of the results, taking into
account uncertainties in hadronic models, will be presented
at the conference and, an updated version of the paper.
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