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29: Universidade Federal Fluminense, EEIMVR, Volta Redonda, RJ, Brazil
30: Universidad de Medelĺın, Medelĺın, Colombia
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We show, for the first time, radio measurements of the depth of shower maximum (Xmax) of
air showers induced by cosmic rays that are compared to measurements of the established fluo-
rescence method at the same location. Using measurements at the Pierre Auger Observatory we
show full compatibility between our radio and the previously published fluorescence data set, and
between a subset of air showers observed simultaneously with both radio and fluorescence tech-
niques, a measurement setup unique to the Pierre Auger Observatory. Furthermore, we show radio
Xmax resolution as a function of energy and demonstrate the ability to make competitive high-
resolution Xmax 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 experi-
ments.

The origin and nature of cosmic rays has been one
of the driving questions in astroparticle physics in the
past century. Especially for ultra-high energy cosmic rays
much remains to be discovered about their sources, their
acceleration mechanisms, and how they propagate. A
particularly 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 ex-
pected to occur in the energy range between 1017 and
1019 eV [1]. Current efforts in this regime focus on mea-
suring the cosmic-ray flux, the arrival direction, and the
composition of cosmic-ray primaries. Of these, mass
composition is particularly important to distinguish be-
tween different possible source models.

The Pierre Auger Observatory [2] in Argentina, cover-
ing 3000 km2, is the largest facility dedicated to detect-
ing ultra-high-energy cosmic rays (UHECRs). The pri-
mary components are an array of 1660 water-Cherenkov
detectors, also called the surface detector (SD) and 27
fluorescence telescopes, known as the fluorescence detec-
tor (FD) that overlook the SD. The observatory also has
an array of radio detectors, the Auger Engineering Ra-
dio 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 1017 and 1019 eV. It thus
probes the transition region with independent and com-
plementary measurements to those made with fluores-
cence light, air-Cherenkov light, and secondary particles
of air showers. The technique of radio detection of cos-
mic rays has made great steps in the past twenty years
providing understanding of the emission mechanisms, the
implementation in simulation codes, and the reconstruc-
tion of shower properties [4–10] (see also [11–13] for ex-
tensive reviews).

Radio emission in air showers is produced by time-
varying currents from the movement of electrons and
positrons. These arise from acceleration in the mag-
netic field of the Earth and ionization of the atmosphere
while the shower develops. The currents give rise to elec-
tromagnetic 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 spec-
trum and spatial distribution 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 ra-
dio 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 cos-
mic 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 at-
mosphere 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 foot-
print 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 Xmax, which we can observe. Hence, Xmax is
used as the main probe in this work to investigate the
types of particles inducing the air-shower signals mea-
sured by AERA.

In this work we present the results of a technique to
measure Xmax, developed for AERA, using data mea-
sured over 7 years. We compare this to measurements
from the FD to show compatibility and, in addition, per-
form a direct comparison of Xmax of showers measured
simultaneously by both detectors. Next, we evaluate the
resolution of the method to demonstrate the competi-
tiveness of the radio method. Finally, we compare these
results to other experiments and discuss the implications.

The Xmax Distribution.—In Fig. 1 we show the first
two central moments of the distributions of reconstructed
Xmax 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 simula-
tion 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]
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FIG. 1. Mean (left) and standard deviation (right) of the Xmax 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.

at the time and location of each shower. These simula-
tions are generated such that they cover the Xmax phase
space. We then compare the measured radio signals to
the simulated signals to derive the Xmax value that best
represents the measurements. Details on the reconstruc-
tion method, which builds upon [24, 25], are presented
in an accompanying publication [26]. The 594 showers
have been selected to have energies above E = 1017.5 eV,
the threshold for full efficiency of the SD particle trig-
ger [27, 28], and to be detectable by AERA for any re-
alistically occurring Xmax 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 Xmax distribution (black markers) are compati-
ble with the measurements of the fluorescence telescopes
at the Pierre Auger Observatory (gray markers). Note
that while for ⟨Xmax⟩ 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 σ(Xmax) values even larger than those of a pure pro-
ton 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 measure-
ments. It also confirms the validity of the microscopic
radio-emission simulations of CoREAS. The compari-
son of radio and fluorescence might also provide a way in
the future to improve constraints on the systematic un-
certainties of the fluorescence method. For example, by

lowering the uncertainties on atmospheric corrections.

Direct Comparison with Hybrid Radio-Fluorescence
Measurements.— We can also make a direct compar-
ison between the two Xmax reconstruction techniques
at Auger, using a subset of 53 air showers (predom-
inantly between 1017.5 and 1018 eV), that were mea-
sured simultaneously by both the FD and AERA. When
comparing the Xmax values on an event-by-event ba-
sis (Fig. 2) we find an average difference of ⟨XAERA

max −
XFD

max⟩ = −3.9 ± 11.2 g cm−2, demonstrating there to
be no significant bias. The distribution of the differ-
ences is compatible with a Gaussian distribution with
the combined Xmax resolution of our method and the
FD (53.3 ± 5.7 g cm−2 versus the distribution width of
58.8 ± 5.8 g cm−2). Additionally, the average difference
shows no significant change when applying, for example,
cuts on energy or Xmax resolution, indicating this set of
hybrid showers is well-behaved. The average difference
further strengthens the agreement between the fluores-
cence and radio methods as it shows agreement not just
on the mean Xmax versus energy between two data sets,
but also on an event-to-event level where the effects of
event-selection bias are absent.

Furthermore, the agreement between the two meth-
ods directly illustrates that both the FD and radio
Xmax reconstructions are well-understood. The fluores-
cence 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
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FIG. 2. Comparison of Xmax 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 r 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 esti-
mation) of the differences with mean µ and spread σ.

the fluorescence emission is strongest, corresponding to
Xmax. 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 distri-
bution of particles in the shower down to the scales set by
our highest frequency (80MHz, corresponding to 3.75m)
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 lon-
gitudinal 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 Xmax by comparing the measured and simulated
radio signals in our antennas. So, when we are compar-
ing the Xmax 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 simulations (both the
simulation of the electromagnetic cascade as well as the
radio emission in a discretized classical electrodynamics
calculation). The agreement on Xmax by AERA and the
FD thus strongly suggests that all of these aspects are
well under control.

The Xmax Resolution.—We determined an uncertainty
for each reconstructed Xmax value based on the recon-
struction of simulated showers, allowing us to directly
evaluate the resolution of our method. In Fig. 3 we show
the median Xmax resolution versus cosmic-ray energy E
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X m
ax
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m
2 ]

149 131 113 80 60 31 30

Auger FD (HEAT)
Auger FD
Parameterized fit
Median of bins (± b)

FIG. 3. Resolution of the Xmax reconstruction method,
δXmax , as a function of energy in units of column density. The
median values of the uncertainties on Xmax (circles with un-
certainties σb from bootstrap resampling) for our set of show-
ers are shown per energy bin along with the parametrized
fit [Eq. (1)] of the resolution of Xmax (solid line with 1σ-
confidence bands). Also shown are the resolutions achieved by
the Auger fluorescence telescopes [29]. The black hatched re-
gion at low energy indicates the cut on energy for this AERA
analysis. The size of the energy bins with the number of show-
ers per bin is inset at the bottom of the figure.

(green points), demonstrating that we are able to reach a
resolution of better than 15 g cm−2 at the highest energies
(13.9± 2.0 g cm−2 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
Xmax resolution. We parameterize our resolution δXmax

as a function of energy (green line) inspired by the en-
ergy resolution of electromagnetic calorimeters [30] and
similar to the shapes used for the FD:

δXmax
= a ·

√
1018eV

E
⊕ b · 10

18eV

E
⊕ c, (1)

where a = 14.0 ± 6.8 g cm−2, b = 12.7 ± 2.5 g cm−2, and
c = 11.2±4.7 g cm−2 are free parameters, and ⊕ indicates
the quadratic sum. The c parameter provides a predic-
tion 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
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this resolution to be even better. For example, LOFAR
reported an average resolution of 19 g cm−2 using a simi-
lar method [31] and simulation studies for the upcoming
Square Kilometer Array suggest an average resolution of
6− 8 g cm−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 Xmax measurements.

Comparison to other Experiments.—In Fig. 4 we show
our ⟨Xmax⟩ results together with various results from pre-
vious works. Measurements by other experiments that
use the radio technique to measure Xmax are highlighted
in color. In the past, Tunka-Rex [33], Yakutsk-Radio [34],
and LOFAR [31] (and its prototype LOPES [35]) have
shown Xmax measurements, but it has been challenging
to make significant statements on the compatibility of
the radio technique with fluorescence and air-Cherenkov
light measurements. This is because these experiments
either didn’t have a second technique to directly com-
pare to or due to a combination of large statistical un-
certainties and limited investigation of detector-specific
systematic uncertainties. It is difficult to make state-
ments on the compatibility of AERA and Tunka-Rex or
Yakutsk-Radio without a full picture of those system-
atic 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
10 showers, hence its deviation with AERA is arguably
not significant). However, the LOFAR measurements in-
clude a detailed estimation of systematic uncertainties,
have much smaller statistical uncertainties than Tunka-
Rex or Yakutsk-Radio, and share many similarities with
AERA in the method to reconstruct Xmax, 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, pre-
viously left open the possibility of a systematic shift in
Xmax due to an inherent difference between radio and flu-
orescence techniques. However, the AERA Xmax results
now show no significant bias w.r.t. the fluorescence re-
sults, not when comparing their full data sets nor on an
event-to-event level. Additionally, a study of the com-
patibility of the full shape of the Xmax distribution as
measured by AERA and the Auger FD, available in [26],
also finds no significant discrepancies within uncertain-
ties. 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 condi-
tions, 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 ob-
served between the fluorescence results of Auger (gray
squares) and TA (gray plus markers). However, a de-
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FIG. 4. Mean of the Xmax 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 composi-
tions [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 uncer-
tainties, if available, are shown with caps.

tailed comparison by an Auger-TA working group has
found that, given the known selection bias in the TA
data, this difference is compatible within uncertain-
ties [36]. This comparison only covers energies above
1018.2 eV, so does not overlap with the LOFAR data.
An AERA-LOFAR working group has started looking
into their apparent differences, investigating, for exam-
ple, differences in event selection, Xmax reconstruction
method, and energy scale. Regardless, a deeper com-
parison of AERA and LOFAR data opens a new way to
try to understand and reduce systematic uncertainties
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 7 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
extragalactic sources. We show our Xmax results to
be in agreement with the results of the fluorescence
telescopes at the Pierre Auger Observatory. In ad-
dition, this compatibility is also demonstrated on an
event-by-event level with simultaneous radio and fluo-
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rescence measurements of the same air showers. With
our method, we are able to achieve competitive high-
resolution Xmax reconstructions, reaching resolutions
near 15 g cm−2 at the highest energies. With this, we
have demonstrated that the reconstruction of Xmax at
AERA is both well-understood and competitive with es-
tablished methods and ready to be used in future exper-
iments.
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PAPIIT DGAPA-UNAM; The Netherlands – Ministry
of Education, Culture and Science; Netherlands Organ-
isation for Scientific Research (NWO); Dutch national
e-infrastructure with the support of SURF Cooperative;
Poland – Ministry of Education and Science, grants
No. DIR/WK/2018/11 and 2022/WK/12; National
Science Centre, grants No. 2016/22/M/ST9/00198,
2016/23/B/ST9/01635, 2020/39/B/ST9/01398, and
2022/45/B/ST9/02163; Portugal – Portuguese national
funds and FEDER funds within Programa Operacional
Factores de Competitividade through Fundação para
a Ciência e a Tecnologia (COMPETE); Romania –
Ministry of Research, Innovation and Digitization,
CNCS-UEFISCDI, contract no. 30N/2023 under Ro-
manian National Core Program LAPLAS VII, grant
no. PN 23 21 01 02 and project number PN-III-P1-1.1-
TE-2021-0924/TE57/2022, within PNCDI III; Slovenia
– Slovenian Research Agency, grants P1-0031, P1-0385,
I0-0033, N1-0111; Spain – Ministerio de Economı́a,
Industria y Competitividad (FPA2017-85114-P and
PID2019-104676GB-C32), Xunta de Galicia (ED431C
2017/07), Junta de Andalućıa (SOMM17/6104/UGR,
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and Maŕıa de Maeztu Unit of Excellence (MDM-
2016-0692); USA – Department of Energy, Contracts
No. DE-AC02-07CH11359, No. DE-FR02-04ER41300,
No. DE-FG02-99ER41107 and No. DE-SC0011689;
National Science Foundation, Grant No. 0450696; The
Grainger Foundation; Marie Curie-IRSES/EPLANET;
European Particle Physics Latin American Network;
and UNESCO.

[1] A. Coleman et al., arXiv:2205.05845, (2022).
[2] A. Aab et al. (Pierre Auger Collaboration), Nucl. In-

strum. Meth. A 798, 172–213 (2015)
[3] P. Abreu et al. (Pierre Auger Collaboration), J. Instrum.

7, P10011 (2012).
[4] H. Falcke et al. (LOPES Collaboration), Nature 435,

313–316 (2005).
[5] O. Scholten, K. Werner, F. Rusydi Astropart. Phys. 29,

94–103 (2008).
[6] D. Ardouin et al., Astropart. Phys. 31, 192–200 (2009).
[7] J. Alvarez-Muniz, W. R. Carvalho, Jr., E. Zas, Astropart.

Phys. 35, 325–341 (2012).
[8] T. Huege, M. Ludwig, C. W. James, AIP Conf. Proc.

1535, 128 (2013).
[9] A. Nelles et al., JCAP 05, 018 (2015).

https://arxiv.org/abs/2205.05845
https://doi.org/10.1016/j.nima.2015.06.058
https://doi.org/10.1016/j.nima.2015.06.058
http://dx.doi.org/10.1088/1748-0221/7/10/P10011
http://dx.doi.org/10.1088/1748-0221/7/10/P10011
https://doi.org/10.1038/nature03614
https://doi.org/10.1038/nature03614
https://doi.org/10.1016/j.astropartphys.2007.11.012
https://doi.org/10.1016/j.astropartphys.2007.11.012
https://doi.org/10.1016/j.astropartphys.2009.01.001
https://doi.org/10.1016/j.astropartphys.2011.10.005
https://doi.org/10.1016/j.astropartphys.2011.10.005
https://doi.org/10.1063/1.4807534
https://doi.org/10.1063/1.4807534
https://doi.org/10.1088/1475-7516/2015/05/018


9

[10] A. Aab et al., Phys. Rev. Lett. 116, 241101 (2016).
[11] Huege, T., Phys. Rept. 620, 1–52 (2016).
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