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Abstract

The surface detector of the Pierre Auger Observatory has recently been upgraded with the addition
of radio antennas, forming the radio detector (RD). This contribution outlines the standard methods
for reconstructing extensive air showers using the RD, along with recent developments.
The reconstruction pipeline is based on a robust understanding of the detector itself. The entire
instrument, including the antenna pattern and analog chain, has been meticulously characterized
within the Offline software framework, based on measurements in the laboratory as well as in the
field. To ensure data integrity, stations identified as unreliable through monitoring are excluded
before event reconstruction. Absolute calibration is achieved at the 5% level by analyzing the
diffuse galactic radio emission. Next, the electric field that induced voltages in the antenna is
calculated by “unfolding” the antenna response pattern. Key observables, such as the energy
fluence (the energy deposited in the ground per unit area) and the arrival time of the pulse,
are then determined. With these quantities, shower parameters can be reconstructed with very
good accuracy in two �2-minimization fits: one to determine the shower’s arrival direction via a
spherical wavefront fit (predicted within 0.2°), and the other to estimate the distance to the shower
maximum and the electromagnetic cascade energy (predicted within 5%) using a lateral density
function.
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of radio antennas, forming the radio detector (RD). This contribution outlines the standardmethods
for reconstructing extensive air showers using the RD, along with recent developments.
The reconstruction pipeline is based on a robust understanding of the detector itself. The entire
instrument, including the antenna pattern and analog chain, has been meticulously characterized
within the Offline software framework, based on measurements in the laboratory as well as in the
field. To ensure data integrity, stations identified as unreliable through monitoring are excluded
before event reconstruction. Absolute calibration is achieved at the 5% level by analyzing the
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1. Introduction

The Pierre Auger Observatory is currently the largest observatory for cosmic rays in the world.
Situated in the province of Mendoza in Argentina, it covers an area of ∼ 3000 km2 with ∼ 1600
surface detector (SD) stations with water Cherenkov detectors (WCDs) in a triangular 1.5 km grid,
overlooked by 27 fluorescence telescopes in 4 sites. Recently, the SD stations have been upgraded
with the addition of scintillators and radio antennas. The latter measure extensive air showers by
detecting the coherent radio emission generated due to the acceleration of charged particles (mainly
electrons and positrons) during the shower development. For now, the readout of the antennas is
triggered by the WCDs, but further triggering possibilities are under investigation. Two emission
processes can be described macroscopically [1]: The dominant emission process is due to charged
particles being deflected in the geomagnetic field and is thusly called “geomagnetic emission”. The
other process is called “charge-excess” (CE) emission. It arises due to the separation of negative
charges in the shower front from positive charges in its wake.

The next sections will explain the steps necessary to reconstruct an event from the measured
data in the form of “time traces” (measured voltage over time). To perform a good reconstruction it is
necessary to prepare the measured traces by checking the calibration of the measurement equipment
and cleaning the traces from narrow-band radio frequency interference (RFI). The reconstruction
then starts with extracting the cosmic ray signal from the measured voltages. The timing of the
signal can then be fitted to the expected shape of the wavefront to reconstruct the arrival direction.
A second fit to the magnitudes of the signal can be used to find the energy in the electromagnetic
cascade and the distance to the shower maximum, albeit with limited resolution for the latter. All
necessary steps, as well as a full description of the RD hardware, have been implemented within
the Offline software framework, which is the standard for the observatory.

2. Preparation

2.1 Calibration

To verify the absolute calibration of the antennas in the field, the diffuse galactic radio emission
can be used [2]. For cosmic ray measurements, the galactic emission is just noise, but since it is
relatively well known [3] and present in all measurements, it can be used as a standard candle to
achieve absolute calibration.

There are two different ways to obtain datasets for this calibration, both of them have been used
to establish this method of calibration. The first is to extract traces from cosmic ray measurements,
as not all stations that are read out in an event will have a cosmic ray signal. To find those stations
without signal, cuts on the maximum value and the standard deviation of the recorded time trace
have been used. The advantage of this method is that it incorporates data from multiple positions
within the array. The second method is to go into the field and record time traces directly from
individual stations, which has the advantage of more control about the time of recording but less
overall coverage of the array.

To compare those measurements to the galactic emission on voltage level, the antenna response
to that emission must be calculated. The first complication to that end is that the exact emission
is not entirely known. There is a multitude of models for the galactic radio emission, each with
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Figure 1: Example of the calculation of the antenna response to a diffuse radio emission model in local
coordinates. Top left: The antenna gain pattern. Top right: The emission model. Bottom left: The
combination of the antenna response and the galactic emission. Bottom right: The integral of the sky as
function of local siderial time, which is used as calibration reference. Figure from [2]

their own advantages and disadvantages. Since it is not clear which model offers the best (or even
just better) description, calibration constants are calculated separately for each and averaged. These
calculations include the antenna response and the response of the analog chain, which must be
incorporated (figure 1, top left, to right, to bottom left). To find the total power as a function of local
siderial time, the emission must be integrated over the whole visible sky (figure 1, bottom right).
The average calibration constants agree with measurements of the RD signal chain and simulated
antenna gain patterns in the lab within 3%, well within the uncertainty introduced by the variation
between different sky models.

Efforts have also been made to verify the simulated antenna response pattern in situ with
drone-based measurements, which are still ongoing [4].

2.2 Cleaning

The measured signal will contain narrowband RFI for two main reasons: First, there are the
radio beacon transmitters deliberately installed by the observatory, which are used for the high
precision timing calibration necessary for interferometric studies. Second, there is a significant
number of unrelated transmitters, as the observatory was not built in a radio quiet zone. To remove
these noise sources a filter is implemented based on the discrete time Fourier transform (DTFT),
which is defined by

̃ (  ) =
∑
=0


−2   , (1)

where ̃ (  ) is the frequency-dependent transform of the discrete  at times . In contrast to
the discrete Fourier transform (DFT) often used in signal processing, the DTFT is continuous1 in

1For calculations, the frequency must of course also be discretised, but with a DTFT this frequency binning is not
tied to the time binning as it is in a DFT. In this case, a frequency binning 20 times finer than the resolution of the DFT
is used.
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Figure 2: Spectrum of a cosine wave analysed
with a DFT (blue dots) and DTFT (green line).
The frequency of the wave is shown by the orange
line.

Figure 3: Example spectrum of an extensive
air shower signal before (green) and after (blue)
being cleaned with the DTFT method

frequency space. Given a discretely sampled time series of measurements, the DTFT can determine
the amplitude and phase of anymonochromatic contribution to the measurement with high precision
and is not limited to the frequency-resolution of the DFT (see figure 2). This property can be used
to identify and remove single-frequency transmitters using the following steps:

1. Apply a DFT to the measured time series and identify the frequency bin with the highest
amplitude

2. Apply a DTFT within that bin and find the frequency, amplitude, and phase of the transmitter
3. Subtract the corresponding waveform from the time series

This is repeated up to 5 times while the relative power to be removed remains larger than 4%. An
example of the effect of this cleaning algorithm can be seen in figure 3.

3. Reconstruction

3.1 Signal

The radio signal, for the sake of this reconstructionmethod, is defined by the energy fluence (the
energy deposited per unit area) and the peak time of the radio pulse emitted during the development
of the air shower. Both are determined from the reconstructed electric field.

Electric Field
The electric field is calculated by “unfolding” the antenna and analogue response from the

measured voltages. The voltage  in channel , as measured by the analogue to digital converter
(ADC), is related to the electric field ( ) in the frequency domain by

 =   (, ) ·  , (2)

where  is the vector effective length (VEL) matrix describing the antenna response pattern and
 is the analogue response of channel . The response of the analogue chain was measured in the
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Figure 4: Example of a time trace measured with the RD. The area highlited in orange is the signal window,
the area in blue is the noise window.

laboratory. The VEL was determined by simulations made with 4NEC2 [5, 6] which are currently
being confirmed and possibly refined by drone-based measurements in the field [4].

Inverting equation (2) to calculate the electric field from the measured voltage is not entirely
straightforward. Since the RD only measures two polarisations, it is necessary to assume the far
field approximation for transverse waves, i.e. that the plane of polarisation is perpendicular to the
direction of propagation ( = 0). In a first step, to solve the resulting 2-dimensional linear system
of equations, the VEL matrix is checked for values close to zero, which simplify one equation, so
that it can be solved directly. Otherwise, the system is solved using Cramer’s rule. In the case
that the determinant of the VEL matrix is too close to zero for both permutations of the equations,
the system is deemed uninvertible, and it is assumed, that the corresponding electric field is zero.
Lastly, the electric field is upsampled by a factor of 4 to improve the resolution of the peak finding
and integration in the next step.

Arrival Time and Energy Fluence

To find the arrival time, first a Hilbert envelope is applied to the electric field. Then the
maximum bin within a predefined signal window is taken as the arrival time of the signal. For the
uncertainty of the arrival time, 3 contributions must be considered: The uncertainty due to finite
binning, the uncertainty introduced by noise, and the uncertainty of the GPS clock. The finite
binning introduces an uncertainty of /

√
12, where  is the bin width. A simulation study [7] has

shown that the uncertainty due to noise depends on the signal-to-noise ratio2 and can be described
by noise = 11.7 ns SNR−0.71. The GPS accuracy is taken from the detector description. For the
current generation of hardware it is 5 ns, although a future Auger-wide beacon system can reduce
this to 1 ns. These contributions are added in quadrature.

The energy fluence (ℱ) can be calculated by integrating the Poynting flux over time. For
transverse waves, this simplifies to ℱ = 0


|  |2d. To find the energy fluence corresponding to

the emission from the air shower, background noise must be taken into account. This is done using
the so called “noise subtraction” method: In this method, it is assumed, that the measured signal is
the superposition of the signal field () and a noise field (  () = () + ()), whereby the noise ()
is assumed to follow a normal distribution with  = 0 and  = . The time integral is calculated
separately in a narrow signal window (between 1 and 2, 220 ns), which is centred at the signal
time, and in a wider noise window (between 3 and 4, 2 µs) at the edge of the recorded time series
(see also figure 4). Assuming, that the noise power is constant over the length of the recorded time
series (∼8 µs), the integrated power in the noise window can be rescaled to the size of the signal

2The signal to noise ratio is defined as: SNR = ( | |max/| |RMS)2
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Figure 5: Example of the measured arrivals times in shower plane (i.e. with the time delay coresponding
to a plane wave removed). For a plane wave the arrival times would match the yellow line at zero. For
reconstruction, a spherical wave front (green line) is assumed.

window and then subtracted:

ℱ = 0

∫

|  |2d = 0

∫ 2

1

|  |2d − 2 − 1
4 − 3

∫ 4

3

|  |2d


(3)

From the assumption of superposition it follows that the uncertainty of the fluence is given by
2
+ = 20 (2ℱ2

 + 0(2 − 1)4
 ) [7] . The gain uncertainty of each individual antenna (G)

and between antennas (A-A) must be added in quadrature. Since this model does not produce
sufficiently large uncertainties for small signals, the energy Fluence of the noise window (ℱ ) is
added to the uncertainty. So the total uncertainty is3 2

ℱ
= 2

+ + (2ℱG)2 + (2ℱA-A)2 +ℱ2
 .

3.2 Direction

Directional reconstruction is achieved by fitting the arrival time of the radio emission at each
station to the expected shape of the wavefront using 2 minimisation. There have been extensive
studies of the shape of the wavefront based on measurements and simulations. Studies by LOFAR
and LOPES show that a hyperbolic wavefront offers the best fit to measurements of vertical air
showers [8, 9]. A study based on a library of CoREAS-simulated [10] air showers with 10 EeV
proton and iron nuclei as primary and zenith angles ranging from 60◦ to 85◦ has shown, that for the
situation at the Pierre Auger observatory, a spherical wavefront is sufficient to describe inclined air
showers [11]. This can also be seen in the example in figure 5.

3.3 Energy and Distance to Shower Maximum

Energy and an estimate of the distance to shower maximum can be reconstructed by fitting
the lateral distribution of the energy fluence. In general, this lateral distribution function (LDF)
is 2-dimensional, which can be understood by the superposition of the two macroscopic emission
processesmentioned above. These two processes emit radiationwith different planes of polarisation,
depending on the relative position of the observer to the shower axis. Another effect that is dependent

3The factors 2 are due to the quadratic relationship between fluence and amplitude
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Figure 6: Example of the LDF fit from an air shower. The solid line shows the fit function (eq. 4), the dashed
and dash-dotted line the Gaussian and the sigmoid respectively. The blue dots do not show the measured
 ×  fluence, which is used in the fit, but rather the geomagnetic fluence calculated from that. The  × 
fluence cannot be described by a one-dimensional function (see eq. 5).

on the observer position is the “geometric early-late” effect. For inclined showers, an observer placed
towards the arrival direction is significantly closer to the emission region than an observer placed in
the opposite direction. Combined, these effects produce a lateral distribution that is not rotationally
symmetric.

For this reconstruction a signal model has been developed [12] that makes use of the well
known dependencies of these effects to formulate a 1-dimensional LDF. The early-late effect can
be addressed by a correction factor el = 1 + 

max
(with  the distance between observer  and the

shower plane and max the distance to shower maximum) and the respective corrections on energy
fluence and axis distance ℱ = 2elℱraw,  = raw

el
. The fluence from geomagnetic emission alone,

if corrected in this way, is rotationally symmetric w.r.t. the corrected axis distance. The lateral
distribution of the geomagnetic emission can then be described by this function GS:

GS = 0


exp 


−

 − fit0


  ( )

+ rel

1 + exp([/fit0 − 02])


(4)

The first half of this function is a Gaussian, defined by its position fit0 , size  and exponent (),
the second half is a sigmoid with amplitude rel relative to the Gaussian, position 02 and size .
The overall normalisation is set by parameter 0. The shape parameters (0, (), , rel, 02 and )
have been parametrised by the shower observable max (the distance to the shower maximum) (see
Appendix C in [12]). The overall normalisation depends on the observable geo (the energy radiated
in the form of geomagnetic emission), the distance to the shower axis on the core position . These
observables are then used as parameters for the fit. An example of this can be seen in figure 6.

Up to this point the model only describes the energy fluence due to geomagnetic emissions,
which, although the dominant emission mechanism, cannot be directly measured. To model a
measureable quantity (usually the energy fluence in the  ×  direction, where  is the propagation
direction of the shower and  the geomagnetic field) it is necessary to also take the charge-excess
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(CE) emission into account. For this, the CE fraction ce ≡ sin2()ℱce/ℱgeo, where  is the
geomagnetic angle, has been parametrised in terms of  , max and the density at shower maximum.
Then the geomagnetic fluence relates to the  ×  fluence as

ℱgeo =
ℱ× 

1 + cos 
| sin  |

√
ce

2 , (5)

where sin  takes into account the azimuth dependence of the CE emission.
Finally, the measured energy fluence ℱ×  can be modelled as

ℱ×  = GS( |geo, max, )

1 + cos 

| sin  |
√
ce( |max)

2
, (6)

which is used to find the observables in a 2-minimisation fit. This fit has 4 degrees of freedom:
geo and max and the position  = (, ). The full fit is only attempted when there are 4 or more
stations with signal. If there are only 3 stations that have a signal, the position is not fitted.

4. Expected performance

To estimate the resolution and aperture of the RD achievable with this reconstruction method,
an extensive simulation study has been made on the basis of 7972 showers simulated with
CORSIKA/CoREAS [13]. The detector simulation for the RD is relatively straightforward. To
obtain the signal at the voltage level it suffices to apply the response equation for the electric field
(eq. 2). For a realistic simulation, the voltages are converted to ADC counts and measured noise is
added. The resulting time traces are then analysed with the methods described above. To find the
resolution the reconstructed quantities were compared to the ground truth of the simulations. From
this it was determined, that the fit does not have sufficient constraining power on the distance to
shower maximum (max). For direction and energy this method can achieve an angular resolution
of ∼ 0.2 deg and an energy resolution of ∼ 5%. This shows that the standard reconstruction method
for the RD is mature and ready for the operation of the detector. For a look at first data, see [14].

References
[1] T. Huege, Physics Reports 620 (2016) 1.
[2] T. Fodran, Ph.D. thesis, Radboud University Nijmegen, 2024. DOI: 10.54195/9789493296435.
[3] Büsken, M., Fodran, T. and Huege, T., Astronomy & Astrophysics 679 (2023) A50.
[4] A. Reuzki for the Pierre Auger collaboration PoS ARENA2024 (2024) 029.
[5] 4NEC2 software. https://www.qsl.net/4nec2/.
[6] U.G. Giaccari for the Pierre Auger collaboration PoS ARENA2022 (2023) 042.
[7] J.C. Glaser, dissertation, RWTH Aachen University, Aachen, 2017. DOI: 10.18154/RWTH-2017-02960.
[8] A. Corstanje, P. Schellart, A. Nelles, S. Buitink et al., Astroparticle Physics 61 (2015) 22.
[9] W. Apel, J. Arteaga-Velázquez, L. Bähren, K. Bekk et al., JCAP 2014 (2014) 025.

[10] T. Huege, M. Ludwig and C.W. James AIP Conference Proceedings 1535 (2013) 128.
[11] M. Gottowik, Ph.D. thesis, Bergische Universität Wuppertal, 2021. DOI: 10.25926/21hw-wq22.
[12] F. Schlüter and T. Huege, JCAP 2023 (2023) 008.
[13] F.A. Schlüter, Ph.D. thesis, Karlsruher Institut für Technologie (KIT), 2022. DOI: 10.5445/IR/1000149113.
[14] B. Pont for the Pierre Auger collaboration PoS ICRC2025 294.

8



P
o
S
(
I
C
R
C
2
0
2
5
)
4
0
1

Event reconstruction with the Radio detector of the Pierre Auger Observatory Simon Strähnz

The Pierre Auger Collaboration

A. Abdul Halim13, P. Abreu70, M. Aglietta53,51, I. Allekotte1, K. Almeida Cheminant78,77,
A. Almela7,12, R. Aloisio44,45, J. Alvarez-Muñiz76, A. Ambrosone44, J. Ammerman Yebra76,
G.A. Anastasi57,46, L. Anchordoqui83, B. Andrada7, L. Andrade Dourado44,45, S. Andringa70,
L. Apollonio58,48, C. Aramo49, E. Arnone62,51, J.C. Arteaga Velázquez66, P. Assis70, G. Avila11,
E. Avocone56,45, A. Bakalova31, F. Barbato44,45, A. Bartz Mocellin82, J.A. Bellido13, C. Berat35,
M.E. Bertaina62,51, M. Bianciotto62,51, P.L. Biermann , V. Binet5, K. Bismark38,7, T. Bister77,78,
J. Biteau36, , J. Blazek31, J. Blümer40, M. Boháčová31, D. Boncioli56,45, C. Bonifazi8, L. Bonneau
Arbeletche22, N. Borodai68, J. Brack  , P.G. Brichetto Orchera7,40, F.L. Briechle41, A. Bueno75,
S. Buitink15, M. Buscemi46,57, M. Büsken38,7, A. Bwembya77,78, K.S. Caballero-Mora65, S. Cabana-
Freire76, L. Caccianiga58,48, F. Campuzano6, J. Caraça-Valente82, R. Caruso57,46, A. Castellina53,51,

F. Catalani19, G. Cataldi47, L. Cazon76, M. Cerda10, B. Čermáková40, A. Cermenati44,45, J.A. Chinellato22,
J. Chudoba31, L. Chytka32, R.W. Clay13, A.C. Cobos Cerutti6, R. Colalillo59,49, R. Conceição70, G. Consolati48,54,
M. Conte55,47, F. Convenga44,45, D. Correia dos Santos27, P.J. Costa70, C.E. Covault81, M. Cristinziani43, C.S. Cruz
Sanchez3, S. Dasso4,2, K. Daumiller40, B.R. Dawson13, R.M. de Almeida27, E.-T. de Boone43, B. de Errico27, J. de
Jesús7, S.J. de Jong77,78, J.R.T. de Mello Neto27, I. De Mitri44,45, J. de Oliveira18, D. de Oliveira Franco42, F. de
Palma55,47, V. de Souza20, E. De Vito55,47, A. Del Popolo57,46, O. Deligny33, N. Denner31, L. Deval53,51, A. di
Matteo51, C. Dobrigkeit22, J.C. D’Olivo67, L.M. Domingues Mendes16,70, Q. Dorosti43, J.C. dos Anjos16, R.C. dos
Anjos26, J. Ebr31, F. Ellwanger40, R. Engel38,40, I. Epicoco55,47, M. Erdmann41, A. Etchegoyen7,12, C. Evoli44,45,
H. Falcke77,79,78, G. Farrar85, A.C. Fauth22, T. Fehler43, F. Feldbusch39, A. Fernandes70, M. Fernandez14, B. Fick84,
J.M. Figueira7, P. Filip38,7, A. Filipčič74,73, T. Fitoussi40, B. Flaggs87, T. Fodran77, A. Franco47, M. Freitas70,
T. Fujii86,ℎ, A. Fuster7,12, C. Galea77, B. García6, C. Gaudu37, P.L. Ghia33, U. Giaccari47, F. Gobbi10, F. Gollan7,
G. Golup1, M. Gómez Berisso1, P.F. Gómez Vitale11, J.P. Gongora11, J.M. González1, N. González7, D. Góra68,
A. Gorgi53,51, M. Gottowik40, F. Guarino59,49, G.P. Guedes23, L. Gülzow40, S. Hahn38, P. Hamal31, M.R. Hampel7,
P. Hansen3, V.M. Harvey13, A. Haungs40, T. Hebbeker41, C. Hojvat , J.R. Hörandel77,78, P. Horvath32, M. Hrabovský32,
T. Huege40,15, A. Insolia57,46, P.G. Isar72, M. Ismaiel77,78, P. Janecek31, V. Jilek31, K.-H. Kampert37, B. Keilhauer40,
A. Khakurdikar77, V.V. Kizakke Covilakam7,40, H.O. Klages40, M. Kleifges39, J. Köhler40, F. Krieger41, M. Kubatova31,
N. Kunka39, B.L. Lago17, N. Langner41, N. Leal7, M.A. Leigui deOliveira25, Y. Lema-Capeans76, A. Letessier-Selvon34,
I. Lhenry-Yvon33, L. Lopes70, J.P. Lundquist73, M. Mallamaci60,46, D. Mandat31, P. Mantsch , F.M. Mariani58,48,
A.G. Mariazzi3, I.C. Mariş14, G. Marsella60,46, D. Martello55,47, S. Martinelli40,7, M.A. Martins76, H.-J. Mathes40,
J. Matthews, G. Matthiae61,50, E. Mayotte82, S. Mayotte82, P.O. Mazur , G. Medina-Tanco67, J. Meinert37, D. Melo7,
A. Menshikov39, C. Merx40, S. Michal31, M.I. Micheletti5, L. Miramonti58,48, M. Mogarkar68, S. Mollerach1,
F. Montanet35, L. Morejon37, K. Mulrey77,78, R. Mussa51, W.M. Namasaka37, S. Negi31, L. Nellen67, K. Nguyen84,
G. Nicora9, M. Niechciol43, D. Nitz84, D. Nosek30, A. Novikov87, V. Novotny30, L. Nožka32, A. Nucita55,47,
L.A. Núñez29, J. Ochoa7,40, C. Oliveira20, L. Östman31, M. Palatka31, J. Pallotta9, S. Panja31, G. Parente76,
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