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The Auger Engineering Radio Array (AERA) is currently the largest array of radio antennas for
the detection of cosmic rays, spanning an area of 17 km? with 153 radio antennas, measuring in
the energy range from 10'70 to 10'°- eV. It detects the radio emission of extensive air showers
produced by cosmic rays in the 30 — 80 MHz band. The cosmic-ray mass composition is a crucial
piece of information in determining the sources of cosmic rays and their acceleration mechanisms.
The depth of the shower maximum, Xj.x, a probe for mass composition can be determined
with a likelihood analysis that compares the measured radio-emission footprint on the ground
to an ensemble of footprints from CORSIKA/CoREAS Monte-Carlo air shower simulations.
These simulations are also used to determine the resolution of the method and to validate the
reconstruction by identifying and correcting for systematic uncertainties. We will present the
method for the reconstruction of the depth of the shower maximum, achieving a resolution of
up to 15 g/em?, show compatibility with the independent fluorescence detector reconstruction
measured on an event-by-event basis, and show that the data taken over the past seven years with
AERA shows a light cosmic-ray mass composition reconstruction in the energy range from 10'7-3
to 10138 eV,
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1. Introduction

The types of particles cosmic rays consist of is key to understanding the sources, acceleration
mechanisms, and propagation. At energies above the knee, one has to rely on indirect detections
of cosmic rays and mass composition-sensitive parameters and on models to reconstruct the mass
composition. Of particular interest is the energy regime around 10'7 to 10'® eV, where it is suspected
that the origin of the cosmic-ray flux transitions from Galactic to extragalactic sources, leading to
a change of mass composition. AERA measures the radio emission of extensive air showers
in the energy of 10'7 to 10'° eV, probing a different aspect of the shower physics with respect to
fluorescence or Cherenkov-light measurements. It is thus a valuable tool to verify our understanding
of air shower physics. In recent years there have been many improvements to the understanding of
radio emission mechanisms and reconstruction of radio signals. Here, we discuss the improvements
to the reconstruction of X.x at AERA, our understanding of the systematic uncertainties, and
show the results of the mass composition study from seven years of AERA data, also including
an event-to-event comparison of showers measured with both the fluorescence detector (FD) and
AERA.

2. Radio Detection with AERA

The Auger Engineering Radio Array (AERA) was developed as an enhancement of the Pierre
Auger Observatory to measure radio emission of cosmic rays in the energy range of 10'7-10!° eV
[1]. With 153 antenna stations, spread over an area of about 17 km?, AERA is currently the largest
radio array in the world for the study of cosmic rays. In the electromagnetic part of an air shower,
radiation is produced from the movement of electric charges. This results in a thin radiation front
propagating towards the ground that is detected as a short sharp pulse of a few nanoseconds at
MHz to GHz frequencies that is strongest in the MHz regime. It has been shown that there is
relation between the emission of the radio signal and the energy of the primary cosmic ray [2], such
that the measured footprint can be used as a calorimetric estimation of the cosmic-ray energy, but
also that the information about the primary cosmic-ray particle type is captured in the footprint.
Heavier particles will interact earlier in the atmosphere and thus, for geometrical reasons, will give
a more extended footprint on the ground than light particles. The width of the footprint can thus be
considered a probe for the particle type [13].

3. Selection of Air Showers

To achieve a high-quality dataset of air shower reconstructions, first a new data-quality mon-
itoring tool was created that can automatically identify periods of radio antenna malfunction or
excessive RFI noise. This tool treats each type of hardware configuration separately to define a
nominal operating regime based on a set of quantities derived from the voltage time traces and
frequency spectra. If malfunctions in a station are persistent or reoccurring, then these are iden-
tified and logged as periods of bad operation and the station is automatically rejected during the
reconstruction of air showers in the Offline framework [9]. This step makes sure that the recon-
struction quality does not deteriorate, which could lead to failed or skewed reconstructed air shower
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properties. Then, a set of quality cuts was defined to reject low-quality shower reconstructions.
The resulting dataset consists of 2153 air showers measured with the surface detector (SD) and
AERA between roughly 10'7 and 10'° eV, with zenith angles below 55°, and with at least 5 radio
stations with signal to noise ratio > 10. A subset of 53 showers, that also have been reconstructed
with FD, have been selected by the criterion that it should have a good FD Xy, reconstruction on
an event-by-event level, such that these can be used as an independent check on the AERA Xpax
reconstruction.

4. Xmax Reconstruction Method

The reconstruction of the particle type (atomic mass, or simply mass) of ultra high energy
cosmic rays relies on mass-sensitive parameters of the created extensive air showers since the
primary particle, in its initial state, is lost in the first interaction. Measuring this with radio antennas
can be done because the radio emission is extended along the entire shower and thus contains
the information of the entire shower, that in turn is determined by the initial particle. This mass-
sensitivity has been investigated in the past, using several methods that relate some property of the
radio signal to the depth of the shower maximum (Xmax)[2]. The Xnax values can be related back to
the atomic masses of the particles using CORSIKA air shower simulations.

For our X, reconstruction method, we build upon the method developed for LOFAR by
Buitink (2014) [3]. We set up CORSIKA/CoREAS v7.7100 [10, 11] simulations using QGSJetlI-
04 [12] to match, as accurately as possible, the conditions of the measured air showers (thinning of
107 is used), accounting for the time-dependent GDAS atmospheric models using the gdastool [4],
a time-dependent geomagnetic field model, and an inclined AERA detector plane with additional
virtual radio antennas such that the radio footprint signal can be interpolated at any point.

For each of the 2153 high-quality AERA air showers we created 27 dedicated air shower
simulations, 12 induced by iron nuclei and 15 by protons. Our method uses the reconstructed
arrival direction, core position, and primary energy of high-quality AERA showers as input to
simulate this set of air showers simulations that spans the parameter space of the mass of the initial
particle. The radio signals in these simulated showers are then reconstructed within the Offline
framework to resemble air showers that would be measured by AERA, i.e. including detector effects.

By comparing the energy fluences u, the integrated signal of the cosmic-ray pulses, recon-
structed from AERA, to energy fluences reconstructed from air showers simulations, a likelihood
measure has been defined to quantify their similarity:

= 2
2 _ (umeasured -5 usimulated(r shift))
= . : (1)
stations Umeasured

where there are 3 free parameters: a scaling factor S for the energy fluence is introduced that
can account for the uncertainty in the SD energy estimate and any systematic uncertainties on the
energy scale, the absolute predictions of the simulation in CORSIKA, and the reconstruction of the
simulated radio signals. Also introduced is a core shift to account for the uncertainty in the AERA
core estimate.

A minimizing procedure has been developed to estimate Xyx from the minimum of a parabola
fit to the y?/ndf(Xmax) values of the simulations, while accounting for statistical and systematic



The depth of the shower maximum of air showers measured with AERA Bjarni Pont

50 -
—— X, =799+16
e — Mean

I StDev
950 4 e Simulations

—— xpaola =771 1000

40 1 — xKE =765

max, 1

X

— X[OE ,=761%24
—— Parabola fit X 900
Iron simulation

+ Proton simulation X

w
=}
s

850

800

N
o
L

Chi-squared/ndf

Xparabola [ g/ecm?]

750
10 4 700

650

. . " , . 600
600 700 800 900 1000 —60 —40 -20 0 20 40 60 80

Xmax [g/cm?] Xparabola _ xMC [g/cm?]

Figure 1: (Left): A parabola fit to the reduced chi-squared values between each of the simulated showers
and the measured shower (red and blue points). The Xnax value at the minimum of the parabola (cyan line) is

corrected for bias resulting in the intermediate-step KDEI estimate (gray line) and the final X KDE2 = XALRA
AERA max, max,
X

estimator (black line, with uncertainty o X ;). For comparison, the independent FD-reconstructed Xmax
is plotted (red line, with uncertainty). (Right): Modelling of the uncertainty and bias in Xy, as determined
from reconstructing Xnax for simulated showers for a particular shower measured with AERA.

uncertainties in the form of the three free parameters. The scipy basinhoppin algorithm is
used to iteratively minimize for chi-squared, at each step fitting the Xp,«-parabola, until a global
minimum is found. An example of the fit for the found global minimum for one air shower is shown
in Figure 1 (left).

The X.x values of the simulated showers themselves are also reconstructed to evaluate the
quality of the reconstruction. This provides an estimation on the uncertainty of each reconstructed
Xmax, but also allows for the identification and correction of systematic effects in the parabola
fit estimator of Xpax, Which was not accounted for in previous works. This might be of some
importance for other experiments, performing similar analyses, especially for those similarly limited
in the amount of antennas per measured air shower. This method can also account for limitations
specific to sparse radio arrays with multiple irregularly-spaced antenna grids and with multiple
antenna types (such as AERA). If not treated properly, this can bias the Xy« reconstruction and
affect the estimation of the uncertainty on Xp,x.

Figure 1 (right) shows the reconstruction of X, as function of the difference to the true Monte-
Carlo value for the simulations of one particular AERA shower. The spread of the points indicates the
resolution in Xmax. Any significant deviation from AXpay = 0 indicates that the XP™ ™! estimation
was not bias-free. A two-dimensional probability distribution is constructed from these points,
using a kernel density estimator (KDE) which is plotted in the figure as the colored background. At
each parabola Xp,,x value a slice of the KDE can be taken as one-dimensional probability density
function (PDF) for the spread and deviation from the true X;,x. At regular spacing in parabola
Xmax, the mean and the uncertainty values are plotted as gray bands. This KDE procedure is first
performed while keeping the free parameters at the Monte-Carlo-true values to only identify the

bias caused by the parabola fitting. This is corrected for w.r.t. to the parabola-Xp.x estimate to
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Figure 2: (Top): Overview of systematic uncertainties on the mean of the Xy, distribution ({(Xmax))-
(Bottom): Overview of systematic uncertainties on the natural spread of Xyax (0°(Xmax))- Dashed lines
are constant contributions inherent to the simulation of the air showers. The solid lines are systematic
uncertainties calculated for the AERA dataset.

construct an improved Xmay estimator XXPE

(see Figure 1 (left)). Next, this is repeated without

fixing the free parameters to account and correct for any remaining bias caused by this freedom,

XKDE - XAERA

providing then the final Xp,x estimator max2 = Xmax

Figure 1 (left)).

and the total uncertainty on this value (see

5. Systematic Uncertainties on Xy

Figure 2 shows an overview of systematic uncertainties on the mean and width of the X«
distribution as function of energy. It includes uncertainties from the choice of hadronic interaction
model [3], implementation of the GDAS atmosphere in CORSIKA [3, 4] and the energy scale from
SD [5]. Next also the effects of the event selection are accounted for. The X;,.x reconstruction of
simulated air showers is used to cut on the acceptance, requiring that at least 90% of an iron or a
proton Gumbel X« distribution at the energy of the particular shower would have been detected by
AERA. The acceptance to showers from iron nuclei is 100%; the radio footprints of those showers
are wider and easier to detect than for lighter particles. For protons the acceptance is 100% up
to roughly 800 to 850 g/cm? for energies between 10! to 10'8- eV, respectively, and decreases
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Figure 3: (Left): Resolution of the X/AERA reconstruction method as a function of energy in units of column
density. Plotted are the uncertainties on Xnax for all showers after quality cuts (circles), the median values
after binning (squares), and a generic function scaling with E~9- fitted to parametrize the average resolution
(solid line with 1o-confidence bands). The fitted function is quoted in the figure. (Right): Results of the
comparison of Xp,x for showers measured with both FD and AERA.

slowly at higher Xyax. Any residual bias on the mean and width of the Xp,.x distribution from this
is calculated to be less than 3 g/cm? and 4 g/cm?, respectively when assuming the least favourable
case of a pure proton composition. The possible bias is taken as systematic uncertainty. Next, the
systematic bias from our Xy« reconstruction method is evaluated using the CORSIKA simulations,
calculating the effect of the method on the mean and width of a pure proton and pure iron Gumbel
Xmax distribution versus the simulation-reconstructed Xp.x distributions. Two additional minor
contributions to the systematic uncertainty are shown that arise from the calculation of (X, ) and
0 (Xmax). The first originates from setting a minimum uncertainty on each reconstructed Xpax
value. This is 15 g/cm? by default, then varied between 10 g/cm? and 20 g/cm?, and the change in
the results is taken as a contribution to the systematic uncertainty. The second minor contribution
stems from setting a limit on the maximum uncertainty on any reconstructed Xpax. Such a cut can
affect the natural spread in Xp,y, so it is varied and the range of results are taken as systematic
uncertainty. This uncertainty then accounts for the effects of low-number statistics. Finally, the
presence of a possible residual bias is investigated by evaluating the mean Xy, (taking into account
the expected increase of Xy, With energy) as function of geometry parameters such as the arrival
direction and core position on which it should not depend if AERA were 100% sensitive. An upper
limit on residual bias has been determined from this and is shown in Figure 2.

6. Resolution on Xpax

Figure 3 (left) shows the uncertainties on XAERA for all reconstructed XAERA values (circles)
for showers after quality and acceptance cuts. Plotted with green squares is the median resolution
in XAERA A generic function scaling with E0-3 has been fitted (solid line with 1o--confidence

bands). The improvement of the resolution with energy is mainly driven by the increase of the radio
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Figure 4: Mean (left) and standard deviation (right) of the Xp,.x distribution as measured by AERA in this
work (green). The results are compared to predictions from CORSIKA air shower simulations for multiple
hadronic interaction models (lines) for proton (red) and iron (blue) mass compositions [6] and compared to
measurements by LOFAR [8] and Auger FD [6]. The statistical uncertainties are plotted as error bars and
the systematic uncertainties as bands if available.

signals at higher energies. For comparison, the resolution for FD is 25 g/cm? at E = 10'7-® ¢V and
improves to 15 g/cm2 at higher energies [6]. The resolution of the radio-X,,x method presented in
this work is thus quite competitive. Compared to the radio template-fitting performed at LOFAR,
similar resolutions are achieved if one compares the resolution at the energies where both detectors
see showers with sufficient radio stations. LOFAR reported an average resolution of 19 g/cm? for
showers with energies between 1068 and 10'8-3 eV [8]. AERA reaches the same average resolution
at energies of 10'® eV, in spite of the much sparser antenna grid. If one compares the X, resolution
of this method to other methods or experiments it should be kept in mind that we find a clear relation
between the resolution in Xy« and the energy of the showers. A direct comparison of single quoted
values for average resolutions, as has been the norm in the past for the radio experiments with
typically small sets of air showers, should thus generally be avoided or at least this strong energy
dependence should be kept in mind.

7. Radio versus fluorescence Xpax

Figure 3 (right) shows the results of the comparison of 53 air showers with independent X,«
reconstructions by FD and AERA. It shows the distribution of the differences in Xp,« for the two

methods on an event-to-event basis. The X,,x for both have been independently reconstructed, so

XAERA

max | reconstruction. It shows that there

the FD values function as an independent validation of the
is no significant systematic bias between AERA and FD and sets an upper limit on the systematic

uncertainty on Xpax, for showers with energies around 10'7 — 10'8 eV, of XAERA _ xFD = —
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—5.29 + 10.79 g/cm?. The combined mean resolution (56.78 + 5.91 g/cm?) matches the individual
mean uncertainties of FD and AERA for these showers (18.5 + 1.4 g/cm? and 50.8 + 6.0 g/cm?,
respectively).

8. The Xax distribution from AERA

In Figure 4 we calculate the mean and width of the AERA X,.x distribution using a bias free
sample of 594 showers above E = 1073 eV. The AERA Xpax results are interpreted in terms
of the types of the cosmic-ray particles, using three different hadronic interaction models. Our
results provide new independent evidence for a light-mixed composition at E = 10!7 eV, that
becomes even lighter towards energies of 10'8 eV. We show good agreement with the FD results,
both in the mean and the width of the Xp,x distribution. Comparing our results to the LOFAR
radio experiment, we note that the discrepancy between FD and LOFAR previously left open
the possibility of a systematic shift in Xj,x due to the difference between radio and fluorescence
methods. The AERA X.x composition now shows a lighter composition, in agreement with FD,
suggesting the radio technique is not generally biased w.r.t. fluorescence. Our investigation of the
systematic effects for AERA include the systematic contributions reported by LOFAR [8] and while
the Xnax results of the two experiments are compatible within the quoted uncertainty bands, some
of the contributions are likely to be correlated such that further investigation is still required.

9. Conclusions

We have presented an improved reconstruction method for AERA and made an extensive
investigation of the systematic uncertainties, highlighting the latter is key to understand and compare
Xmax measurements. We have shown the X;,,x resolution as a function of energy where a precision
of up to 15 g/cm? is achieved. Comparison of a subset of showers measured simultaneously with
AREA and FD shows no significant bias in the former AERA X,x reconstruction method, providing
support for both Xy« reconstructions. Analysis of the full seven years of AREA measurements
show a light composition between 10'7-3 and 10'8-% eV fully compatible with FD measurements.
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