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Depth of Maximum of Extensive Air Showers at the Pierre Auger Observatory
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We show, for the first time, radio measurements of the depth of shower maximum (X, ) of air showers
induced by cosmic rays that are compared to measurements of the established fluorescence method at the
same location. Using measurements at the Pierre Auger Observatory we show full compatibility between
our radio and the previously published fluorescence dataset, and between a subset of air showers observed
simultaneously with both radio and fluorescence techniques, a measurement setup unique to the Pierre
Auger Observatory. Furthermore, we show radio X,,,, resolution as a function of energy and demonstrate
the ability to make competitive high-resolution X,,,, measurements with even a sparse radio array. With
this, we show that the radio technique is capable of cosmic-ray mass composition studies, both at Auger

and at other experiments.

DOI: 10.1103/PhysRevLett.132.021001

The origin and nature of cosmic rays has been one of the
driving questions in astroparticle physics in the past
century. Especially for ultrahigh energy cosmic rays, much
remains to be discovered about their sources, their accel-
eration mechanisms, and how they propagate. A particu-
larly important range of cosmic-ray energies to investigate
is the so-called transition region. There the sources of
cosmic rays are expected to transition from Galactic to
extragalactic origin, which is commonly expected to occur
in the energy range between 10'7 and 10" eV [1]. Current
efforts in this regime focus on measuring the cosmic-ray
flux, the arrival direction, and the composition of cosmic-
ray primaries. Of these, mass composition is particularly
important to distinguish between different possible source
models.

The Pierre Auger Observatory [2] in Argentina, covering
3000 km?, is the largest facility dedicated to detecting
ultrahigh-energy cosmic rays (UHECRs). The primary
components are an array of 1660 water-Cherenkov detec-
tors, also called the surface detector (SD) and 27 fluores-
cence telescopes, known as the fluorescence detector (FD),
that overlook the SD. The observatory also has an array of
radio detectors, the Auger Engineering Radio Array
(AERA) [3], located within the grid of the SD and close
to one of the FD sites. AERA was constructed to measure
the radio signals produced in extensive air showers at
energies between 10'7 and 10'° eV. It thus probes the
transition region with independent and complementary
measurements to those made with fluorescence light, air-
Cherenkov light, and secondary particles of air showers.
The technique of radio detection of cosmic rays has made
great steps in the past twenty years providing understand-
ing of the emission mechanisms, the implementation in
simulation codes, and the reconstruction of shower proper-
ties [4—10] (see also [11-13] for extensive reviews).

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

Radio emission in air showers is produced by time-
varying currents from the movement of electrons and
positrons. These arise from acceleration in the magnetic
field of the Earth and ionization of the atmosphere while the
shower develops. The currents give rise to electromagnetic
radiation at frequencies, predominantly, in the MHz to GHz
regime that arrives on the ground as a short pulse of a few
nanoseconds. The frequency spectrum and spatial distri-
bution are governed by the fact that the source moves
relativistically in a medium with a refractive index gradient,
which leads to a Cherenkov-like time compression. By
sampling the radio-emission footprint over an extended
area with an array of radio antennas, one can reconstruct the
properties of the air shower and derive information about
the primary cosmic ray. For example, the arrival direction
of the cosmic ray can be reconstructed based on the arrival
times of the signals in multiple antennas and the strength of
the radio emission footprint scales with the energy of the air
shower [10,13,14]. The general shape of the footprint also
changes with the particle type of the primary cosmic ray.
This is because a heavier primary particle (e.g., an iron
nucleus) essentially behaves like a superposition of lower-
energy protons that interact earlier in the atmosphere than a
single proton with all the energy. The heavier particle will
thus produce a wider radio emission footprint on the
ground. Therefore, the shape of the footprint is a mass-
sensitive probe for the primary particle type. We don’t
directly observe the particle type, but it is strongly related to
the atmospheric depth X where the shower is maximally
developed, the depth of the shower maximum X,,,,, which
we can observe. Hence, X, is used as the main probe in
this work to investigate the types of particles inducing the
air-shower signals measured by AERA.

In this work we present the results of a technique to
measure X .., developed for AERA, using data measured
over seven years. We compare this to measurements from
the FD to show compatibility and, in addition, perform a
direct comparison of X,,,, of showers measured simulta-
neously by both detectors. Next, we evaluate the resolution
of the method to demonstrate the competitiveness of the
radio method. Finally, we compare these results to other
experiments and discuss the implications.
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Mean (left) and standard deviation (right) of the X, distribution as measured by AERA in this work (black). The results are

compared to predictions from CORSIKA air-shower simulations for three hadronic interaction models (lines) for proton (red) and iron
(blue) mass compositions [15-18] and compared to measurements by the Auger FD [18]. The statistical uncertainties on the mean and
width of the measurements are plotted as error bars and the systematic uncertainties with capped markers.

The X . distribution.—In Fig. 1 we show the first two
central moments of the distributions of reconstructed X,
values (as a function of the SD energy [19]) resulting from
594 measured air showers. For this, we have used the state-
of-the-art air-shower simulation code ( CORSIKA v7.7100 [20]
with radio extension CoREAS [8]) to generate an ensemble
of 27 simulated air showers for each of our measured air
showers. To achieve the highest precision possible we
use a model of the atmosphere [21,22] and geomagnetic
field [23] at the time and location of each shower. These
simulations are generated such that they cover the X,
phase space. We then compare the measured radio signals to
the simulated signals to derive the X, value that best
represents the measurements. Details on the reconstruction
method, which builds upon [24,25], are presented in an
accompanying publication [26]. The 594 showers have been
selected to have energies above E = 10'7 eV, the threshold
for full efficiency of the SD particle trigger [27,28], and to be
detectable by AERA for any realistically occurring X ..
value (i.e., an acceptance cut for radio) [26]. With the results,
we demonstrate that the AERA measurements of the first
and second moment of the X, distribution (black markers)
are compatible with the measurements of the fluorescence
telescopes at the Pierre Auger Observatory (gray markers).
Note that while for (X, ) a mixed composition will result in
values in between the lines for a pure proton and a pure iron
composition, a mixed composition can result in (X )
values even larger than those of a pure proton composition.
The statistical agreement of the results of AERA and the FD
provides independent support for the validity of the FD

measurements [18] and shows that the radio method is able
to perform the same measurements. It also confirms the
validity of the microscopic radio-emission simulations of
CoREAS. The comparison of radio and fluorescence mea-
surements might also provide a way in the future to improve
constraints on the systematic uncertainties of the fluores-
cence method. For example, by lowering the uncertainties
on atmospheric corrections.

Direct comparison with hybrid radio-fluorescence mea-
surements.—We can also make a direct comparison between
the two X .« reconstruction techniques at Auger, using a
subset of 53 air showers (predominantly between 107 and
10'8 eV), that were measured simultaneously by both the
FD and AERA. When comparing the X,,,, values on an
event-by-event basis (Fig. 2) we find an average difference
of (XAERA _ xFD ) = -394 11.2 gcm™2, demonstrating
there to be no significant bias. The distribution of the
differences is compatible with a Gaussian distribution
with the combined X, resolution of our method and the
FD (53.3+£5.7 gcm™ versus the distribution width of
58.8 & 5.8 gcm™?). Additionally, the average difference
shows no significant change when applying, for example,
cuts on energy or X, resolution, indicating this set of
hybrid showers is well behaved. The average difference
further strengthens the agreement between the fluorescence
and radio methods as it shows agreement not just on the
mean X, versus energy between two datasets, but also on
an event-to-event level where the effects of event-selection
bias are absent.
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FIG. 2. Comparison of X, for showers measured simulta-
neously by both AERA and the FD. A diagonal line is shown to
guide the eye. Shown at the top is the Pearson correlation
coefficient » with corresponding p value (the probability to
obtain an r of at least that value from uncorrelated data). Shown at
the bottom is the distribution (kernel density estimation) of the
differences with mean u and spread o.

Furthermore, the agreement between the two methods
directly illustrates that both the FD and radio X,
reconstructions are well understood. The fluorescence
method involves imaging the trajectory of the air shower.
When one accounts for the attenuation of the light one can
extract the depth in the atmosphere where the fluorescence
emission is strongest, corresponding to X,,... The radio
technique in contrast is not affected by attenuation, yet
other effects play a role. The coherence of the radio signal
is a key factor as it strongly affects what we observe in our
antennas. Thus, the spatial distribution of particles in the
shower down to the scales set by our highest frequency
(80 MHz, corresponding to 3.75 m) is directly probed.
Furthermore, the radio emission is the result of two
emission mechanisms that interfere with each other (arising
from time-varying transverse and longitudinal currents) and
it is in addition affected by the refractive index gradient of
the atmosphere. Because of this complexity, we have used
air-shower simulations to obtain X,, by comparing the
measured and simulated radio signals in our antennas. So,
when we are comparing the X,,,, measurements of the two
techniques, we not only test that all of these effects are
accounted for correctly, but we inherently also test the
implementation of the radio-emission calculation in sim-
ulations (both the simulation of the electromagnetic cas-
cade as well as the radio emission in a discretized classical
electrodynamics calculation). The agreement on X, by
AERA and the FD thus strongly suggests that all of these
aspects are well under control.

=== Auger FD (HEAT)

----- Auger FD

—— Parameterized fit
4 Median of bins (+0op)

50 1

O [9/CM?]

Energy [eV]

FIG. 3. Resolution of the X, reconstruction method, 5y, ,asa
function of energy in units of column density. The median values
of the uncertainties on X, (circles with uncertainties ¢, from
bootstrap resampling) for our set of showers are shown per energy
bin along with the parametrized fit [Eq. (1)] of the resolution of
Xmax (solid line with 1o-confidence bands). Also shown are the
resolutions achieved by the Auger fluorescence telescopes [29].
The black hatched region at low energy indicates the cut on energy
for this AERA analysis. The size of the energy bins with the
number of showers per bin is inset at the bottom of the figure.

The X . resolution.—We determined an uncertainty for
each reconstructed X,,,, value based on the reconstruction
of simulated showers, allowing us to directly evaluate the
resolution of our method. In Fig. 3 we show the median
X max Tesolution versus cosmic-ray energy E (green points),
demonstrating that we are able to reach a resolution
of better than 15 gcm™ at the highest energies
(13.9 4+ 2.0 gcm™? for the last bin). Towards lower ener-
gies, the resolution becomes worse, mainly because of the
weaker radio signals at lower energies (leading to lower
signal-to-noise ratios in our antennas). For comparison we
also show the resolution obtained by the fluorescence
telescopes at the Pierre Auger Observatory [29], demon-
strating the competitiveness of the radio technique over a
wide energy range. Because of the large set of showers, we
are also able to evaluate the energy dependence of the X,
resolution. We parameterize our resolution 5y —as a
function of energy (green line) inspired by the energy
resolution of electromagnetic calorimeters [30] and similar
to the shapes used for the FD:

10'8 eV 10'8 eV
ox =a- b- , 1
Xmax a E @ E @ ¢ ( )

where a=140+68 gecm™2, b=1274+2.5 gcm™2,
and ¢=1124+47 gecm™ are free parameters, and
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FIG. 4. Mean of the X, distribution as measured by AERA
in this work (black). The results are compared to predictions
from air-shower simulations for multiple hadronic interaction
models (lines) for proton (red) and iron (blue) mass compositions
[15-18] and compared to measurements by LOFAR [31], Tunka-
Rex [33], Yakutsk-Radio [34], and Auger FD [18]. Note that the
Yakutsk-Radio results do not account for aperture effects on the
same level as the other experiments. Colors have been used to
highlight the measurements with the radio technique. The
statistical uncertainties on the measurements are shown as
vertical bars and for radio the systematic uncertainties, if
available, are shown with caps.

@ indicates the quadratic sum. The ¢ parameter provides a
prediction of the potential resolution that our method might
be able to reach for AERA data. For radio experiments
with a denser antenna spacing or experiments with lower
ambient noise conditions one might reasonably expect
this resolution to be even better. For example, LOFAR
reported an average resolution of 19 gcm™2 using a similar
method [31] and simulation studies for the upcoming
Square Kilometer Array suggest an average resolution of
6-8 gcm™2 could be reached [32]. In all likelihood their
respective resolutions will improve with energy similar to
the trend shown for AERA, making the radio technique
very competitive for precision X, measurements.
Comparison to other experiments.—In Fig. 4 we show
our (X,..) results together with various results from
previous works. Measurements by other experiments that
use the radio technique to measure X,,,, are highlighted in
color. In the past, Tunka-Rex [33], Yakutsk-Radio [34], and
LOFAR [31] (and its prototype LOPES [35]) have shown
X max Measurements, but it has been challenging to make
significant statements on the compatibility of the radio
technique with fluorescence and air-Cherenkov light mea-
surements. This is because these experiments either didn’t
have a second technique to directly compare to or due to a

combination of large statistical uncertainties and limited
investigation of detector-specific systematic uncertainties.
It is difficult to make statements on the compatibility of
AERA and Tunka-Rex or Yakutsk-Radio without a full
picture of those systematic uncertainties, but there do not
seem to be significant discrepancies within their statistical
uncertainties (note that the highest energy bin of Tunka-
Rex only contains ten showers, hence its deviation with
AERA is arguably not significant). However, the LOFAR
measurements include a detailed estimation of systematic
uncertainties, have much smaller statistical uncertainties
than Tunka-Rex or Yakutsk-Radio, and share many simi-
larities with AERA in the method to reconstruct X,,,,, SO
we can compare these results to the FD and AERA results.

We note that the difference between the Auger FD and
LOFAR measurements, as can be seen in Fig. 4, previously
left open the possibility of a systematic shift in X, due to
an inherent difference between radio and fluorescence
techniques. However, the AERA X, results now show
no significant bias with respect to the fluorescence results,
not when comparing their full datasets nor on an event-to-
event level. Additionally, a study of the compatibility of the
full shape of the X, distribution as measured by AERA
and the Auger FD, available in [26], also finds no
significant discrepancies within uncertainties. This strongly
suggests that the differences between Auger and LOFAR
must be either physical (e.g., due to differences in the
magnetic field or atmospheric conditions, their altitudes, or
their southern versus northern exposure) or systematic (e.g.,
due to the event selection or reconstruction), but not
inherent to either the radio or fluorescence techniques.

At higher energies, a seemingly similar difference in
(Xmax) (both in magnitude and direction) can be observed
between the fluorescence results of Auger (gray squares)
and TA (gray plus markers). However, a detailed compari-
son by an Auger-TA working group has found that, given
the known selection bias in the TA data, this difference is
compatible within uncertainties [36]. This comparison only
covers energies above 1082 eV, so does not overlap with
the LOFAR data. An AERA-LOFAR working group has
started looking into their apparent differences, investigat-
ing, for example, differences in event selection, X,
reconstruction method, and energy scale. Regardless, a
deeper comparison of AERA and LOFAR data opens a new
way to try to understand and reduce systematic uncertain-
ties on air-shower and cosmic-ray parameters. Furthermore,
the combination of fluorescence and radio measurements,
linked by hybrid detectors such as at Auger, might resolve
or constrain differences even more.

Conclusions.—In this work, we have used seven years of
AERA data to investigate the depth of maximum of
extensive air showers at energies where the cosmic-ray
origin is expected to transition from Galactic to extraga-
lactic sources. We show our X, results to be in agreement
with the results of the fluorescence telescopes at the Pierre

021001-7



PHYSICAL REVIEW LETTERS 132, 021001 (2024)

Auger Observatory. In addition, this compatibility is also
demonstrated on an event-by-event level with simultaneous
radio and fluorescence measurements of the same air
showers. With our method, we are able to achieve com-
petitive high-resolution X,,,, reconstructions, reaching
resolutions near 15 gcm™ at the highest energies. With
this, we have demonstrated that the reconstruction of X,
at AERA is both well understood and competitive with
established methods, and ready to be used in future
experiments.
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