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1. Introduction

When a high-energy cosmic ray enters the atmosphere, it creates a cascade of secondary
particles called an extensive air shower. The electrically charged particles in these air showers emit
radio waves, mainly caused by the deflection in Earth’s magnetic field (for topical reviews, see [1, 2]).
At the Pierre Auger Observatory [3], the Auger Engineering Radio Array (AERA) [4] was built to
detect this radio emission in the 30 - 80 MHz frequency range, allowing the reconstruction of various
air shower parameters, such as the energy of the cosmic ray, the depth of the shower maximum
(Xmax), and the arrival direction. With interferometry, the coherent properties of the radio signals
are used to obtain a 3D mapping of the emission from the air shower. In [5], it has been shown that
from simulations, it is possible to reconstruct the shower axis and Xp,«. In [6], the interferometric
technique was applied to a single event recorded by AERA, demonstrating the promising prospect
of this method. In this contribution, we will show the results of the interferometric reconstruction
on a large data set recorded by AERA of inclined air showers (zenith angles larger than 55°).

2. Interferometric air shower reconstruction

The algorithm used in this analysis gener-
ates a coherence mapping of the air shower by

summing radio waveforms at a location in time

and space that are corrected for the light travel
time from that location to the receiving anten-
nas. In Figure 1, a schematic overview of the re-

construction of the air shower axis is given, and

the details are described in the following. Using

the Auger Offline software framework [7, 8], we
obtain the time-dependent electric field vector,

which is projected on the polarization direction 10
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Figure 1: Reconstruction using interferometry (see

algorithm. Perpendicular to this axis, we gen- text for details)

erate grids at regular intervals of slant depth, on
which the intensity of the summed waveforms is evaluated. From each grid, we obtain the location
and intensity of the maxima, which are used in a least-squares minimisation to obtain the (new)
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shower axis. Along this reconstructed shower axis, we generate a large set of points and find the
location of the maximum intensity. When expressed in slant depth, we refer to this location as Xgyr.

2.1 Data set

The data set consists of inclined (zenith angle > 55 °) air showers that are measured with both
the 750 m spaced array of the surface detector (SD-750) and the AERA. The events are triggered
by the signals received by the surface detector, which initiates the read-out of waveforms of the
antennas. For the interferometric method to perform well, the acquisition of radio measurement
data must be synchronised with an accuracy of the order of a nanosecond, and the location of the
antennas must be known within 30cm. The clock synchronisation over the array is achieved for
AERA by a beacon transmitter that continuously emits sinusoidal waves that are recorded with each
waveform [9]. In addition, the (relative) location of the antennas was surveyed using a differential
GPS with an accuracy of ~10 cm.

2.2 Antenna Selection

For the standard air-shower reconstruction of radio observations with AERA antennas, there is
a signal threshold to identify whether a clear air-shower signal is present in the waveforms. How-
ever, with the interferometric approach, it is possible to use antennas in the reconstruction where
the air-shower signal is not identifiable on a single waveform, as presented in [5]. Antennas located
far from the shower axis measure a negligible shower signal compared to the background noise, so
to maximise the signal-to-noise ratio, an optimum was found for this analysis. At a reference depth
of X = 750 g/cm?, the Cherenkov angle was calculated and multiplied by 2.5, projecting an ellipse
on the ground around the shower core, which was reconstructed by the information of the surface
detector. All antennas within this area are used for the reconstruction. Additionally, to account for
a mismatch between the real shower axis and the one reconstructed with the surface detector, also
antennas with an identifiable signal close to 2.5 times the Cherenkov cone are included. The ellipse
is enlarged by 0.5 times the Cherenkov angle, and if an antenna with identifiable pulse is located in
the newly added area, the process continues. Otherwise, the antenna selection stops.
Within AERA, several station configurations [10] were operated simultaneously. Since the inter-
ferometric reconstruction is (very) sensitive to the pulse shape, we decided to use only antennas
that were equipped with so-called Butterfly antennas that were read out upon triggering from the
surface detectors to reduce potential systematics from combining different systems.

2.3 Event Selection

Not all events in the data set are suitable for reconstruction due to various reasons, €.g.,
thunderstorms, too few antennas, or noisy circumstances. Therefore, the total event set is reduced
based on several selection criteria to improve the quality of the data set:

1. To ensure that the shower axis is identifiable above the incoherent background signal in the
grids created in the reconstruction, a cut is placed on the mean slice intensity. The mean slice
intensity is defined as the mean of the normalised intensities of the grid points without taking
into account the 10 highest intensity points. This value is determined in each grid, and an
event should have at least one mean slice intensity below 0.2.
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Figure 2: Comparing geometry reconstruction based on the surface detector (SD), the radio lateral distri-
bution function (radio) and radio interferometry (RIT). S and ¢ represent fit functions based on respectively,
the signal strength and the timing of the signal for the corresponding detector. Left, the angular distance
between the reconstructions of the directions of the axis. Right, the distance between the core reconstruction
calculated in a plane perpendicular to the air shower axis.

2. To ensure that the air-shower axis fitted agrees with the points determined on the grids,
we cut on the intensity residual. The intensity residual is defined as the normalised mean
distance between the intensities of the points determined by the grids and the intensity on the
reconstructed shower axis. This value should be lower than 0.1.

3. The interferometric method works best if a large fraction of the radio footprint is sampled by
antennas. To achieve this, it is required that the projection of the Cherenkov cone is contained
in the area spanned by the antennas.

4. Thunderstorm conditions can affect the radio signal of air showers in unpredictable ways [11].
At the Pierre Auger Observatory, the local electric field strength is measured, and a thun-
derstorm flag is given when the electric field exceeds a certain threshold, which indicates
nearby thunderstorm cloud(s). To minimise this influence, events with thunderstorm flags
are discarded.

2.4 Results on shower axis reconstruction and bias corrections

In Figure 2, the results for the reconstruction of the shower axis using interferometry (RIT) are
compared to the standard reconstruction for radio measurements with AERA (Radio) and a custom
reconstruction' for inclined air showers with SD-750 detector (SD). For the standard Radio and SD
reconstructions, the direction of the shower axis is obtained by fitting an arrival time function, ¢,
to the signal timing, and the core is obtained by fitting a lateral density function S to the signal
strength [12].

By analysing the result of the interferometric reconstruction, several biases in the parameters
were identified when compared to the SD reconstruction. These biases arise from the asymmetric
distribution of the amplitude of the recorded radio signal with respect to the shower axis. The nature

1adapted from the standard inclined event reconstruction for the SD-1500 described in [12].
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Figure 3: Left, example of projected amplitude of the summed electric field vector as a function of angle
with respect to the —v x B direction. Right: distributions of angles at the which the maximum angle appears.
The mean and standard deviation of the distributions of All events and Fair weather flag are respectively
-2.8° £ 12.2° and -2.1° = 5.0°. The one outlier at —135°, was not flagged by the standard flag, however
close inspection of weather data revealed thunderstorm conditions at that time.

of this asymmetry is twofold; the radio signal is inherently asymmetric around the shower axis,
due to interference of different emission mechanisms [13] and early-late effects in very inclined air
showers [14]. However, in the case of observations with AERA, the asymmetry due to the recorded
radio signals is dominated by the inhomogeneous and incomplete sampling of the footprint of the
radio emission. To correct for these biases, we calculate for each recorded air shower the average
position (x,,, y,,) of the radio antennas in a plane perpendicular to the air shower axis weighted
with the radio signal (also sometimes called the barycentre or the centre-of-mass) and define a
correction based on the dependencies of (8, ¢, xg, yo) on (x,,, y). These corrections are obtained
from simulated radio emission from inclined air showers (CoREAS/CORSIKA [15, 16]) that are
randomly distributed over AERA. The distributions in Figure 2 have been corrected for these biases,
resulting in reconstructions closer to the other methods.

In the distribution from the difference in the shower core reconstruction (left panel Figure 2), we
observe that the radio interferometry method is closer to the SD reconstructed variables than to the
Radio reconstructed variables, this might be (partially) due to an uncorrected bias in the core position
for the Radio reconstruction which is expected in inclined air showers but has not been corrected
for [14]. For the direction reconstruction (right panel Figure 2), the Radio reconstruction and RIT
are closest to each other and have a very similar difference with respect to the SD reconstruction.
We note that for readability, we did not display opening angles larger than 2.5°, however about
15 events had significantly larger opening angles when comparing RIT-Radio and SD-Radio, an
indication of a poor Radio reconstruction. This can happen when a station is not well synchronised,
or a noise pulse is accidentally used in the reconstruction; the radio interferometric reconstruction
is (more) robust in these situations.
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Figure 4: Example of interferometric reconstruction of an air shower that did not pass the standard Radio
reconstruction. Left: the individual waveforms (coloured lines) and the summed waveform (black line) at
the location that resulted in maximum coherence. Right: axis reconstruction of this air shower using the
interferometric technique, the marker colours indicate the relative intensity at each slice (red -high, blue-low).

3. Polarization

Summing the waveforms of individual antennas provides a way to assess the polarisation of
the radio signal on an event level, reducing the influence of noise when considering the polarization
of the signal at each station. The radio emission mechanism arises mainly from the deflection of
electrons and positrons in the geomagnetic field, resulting in an electric field polarised in the —V X B
direction, which we have been using in the previous section. For the selected events, at the location
of Xrir, we project the summed waveform onto a vector that we rotate in the plane perpendicular to
the shower axis. An example of this amplitude as a function of the rotation angle is shown in Figure
3 (left). The distribution of angles corresponding to the maximum amplitude for our selected events,
including and excluding weather conditions for thunderstorms, is shown in Figure 3 (right). As we
can see, the preferred polarisation direction is centred around the expectations for the geomagnetic
emission. We note that, unlike earlier studies in this frequency band [17], the polarity of the signal
is also determined. We find that in all fair-weather events, the emission is indeed polarised in the
—¥x B direction (and not in the ¥ X B direction). These findings are particularly interesting from the
point of view of the anomalous ANITA events [18], where the observed polarity had an opposite
sign compared to the expectation of reflected radio emission from the air shower off the Antarctic
ice sheet.

4. Low-energy application

Since with interferometry, the signal-to-noise ratio (when defined linear) scales with the square
root of the number of antennas [5], it is possible to retrieve the air-shower signal even though it is not
clearly present in the waveforms measured by individual antennas. Therefore, the detection threshold
can be lowered, thereby lowering the energy threshold of the cosmic ray that can be detected. Based
solely on the SD-750 reconstruction, we selected a set of high-zenith angle (75° < 8 < 82°) air
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showers, which are expected to illuminate more than 60 AERA radio antennas. From the events,
we selected, based on the SD energy estimator (see [12]), air showers with an energy of ~1 EeV,
which is near the threshold where we start to get efficiency for the Radio reconstruction. This
selection resulted in 194 air showers, on which the Radio reconstruction was able to reconstruct 17
events close to the direction estimated with the SD-750 reconstruction, while the interferometric
reconstruction of these events resulted in 57 events. Since we used the SD-750 reconstruction
for starting values, we identified the reconstruction successful when a signal-to-noise ratio” larger
than 7 was obtained in the summed waveform. Of the 17 radio-reconstructed events, two did not
pass the interferometric reconstruction, manual inspection revealed that some high-noise stations
might cause this failure. Of the successful interferometric reconstructed events, 68% were within
0.63° (530m) from the SD-750 direction (core location) reconstruction. Here, we note that we
were unable to correct for the known bias and that the event quality selection was not as strict as
described in Section 2.3. An example of an event that did not have Radio reconstruction of the air
shower axis but was reconstructed with radio interferometry is shown in Figure 4.

5. Conclusion

For the first time, we presented the results
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of interferometric air-shower reconstruction on
hundreds of events. The proposed method pro-
vides a robust and improved (or at least compa-
rable) performance for geometry reconstruction
compared to traditional methods. In addition,
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conventional radio reconstruction. This result
is of particular interest for the application of the
interferometric method for air-shower observa-
tions with the Square Kilometre Array [19] and the Southern Wide-view Gamma-ray Observa-
tory [20]. These results were made possible with AERA due to its time synchronisation system and
accurately measured antenna locations. With the recent (November 2024) finished upgrade of the
Pierre Auger Observatory, AugerPrime, the surface detector units are extended with a Surface Scin-
tillator Detector (SSD) and a Radio Detector (RD). We also plan and have already secured funding
to expand the use of radio interferometry to the full array, enabling high-precision reconstruction of
the highest energetic cosmic-ray air showers and getting a measure of the depth of shower maximum

2Here SNR is defined as defined as the maximum amplitude divided by the standard deviation of noise window near
the location of the maximum
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for inclined air showers. For this, the clocks of the radio data acquisition need to be synchronised,
for which we plan to install a more powerful beacon system in the coming year. To validate its
performance, a dedicated test system based on White Rabbit technology has been developed to
assess the synchronisation accuracy of the beacon on the full array scale. A test measurement of a
prototype beacon, which transmits a 50.4 MHz line with a 50 W amplifier, is shown in Figure 5. In
addition, we will carry out a differential GPS survey of the full array to localise the antennas to the
required accuracy.
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