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A new radio interferometric technique was recently developed that takes into account time lags
caused by the three-dimensional dependency of the refractive index in the atmosphere. It enables
us to track the extensive air shower while it propagates through the atmosphere. Using this
technique, properties of the air shower can be estimated, like the depth of maximum and the
axis of propagation. In order to apply this method, strict constraints on the time-synchronisation
between radio antennas in an array must be satisfied. In this contribution, we show that the Auger
Engineering Radio Array can meet these timing criteria by operating a time reference beacon. We
will show how this enables us to reconstruct air shower properties using the radio interferometric

technique.

The Astroparticle Physics Conference

38th International Cosmic Ray Conference (ICRC2023)
26 July — 3 August, 2023 /'/{ !SER,,CCm29:2k3

Nagoya, Japan ]

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


https://www.auger.org/archive/authors_icrc_2023.html
mailto:spokespersons@auger.org
https://pos.sissa.it/

Interferometry with AERA Harm Schoorlemmer

. (- .
1) Measure signals 3) Delay the signals and sum them
(only three shown in example)
> /‘s‘\/ o~ /\/\/\/\/\

f2) Calculate time delay for q) Scan through space to identify

each antenna to a location the air shower
in space ”

. ol /—Al{‘ shower
i axis

-

Location of

% £ ol coherent
o maximum

(note different scales
0

02 -61 00 01 02 on the x- and z-axis
K j L X (km) )/

Figure 1: Steps involved in scanning space for coherency by performing interferometry on radio signals
from extensive air showers. Panel 4) has been modified from [1].

1. Introduction

Cosmic-ray induced extensive air showers emit impulsive radio signals, which are observed by
the Auger Engineering Radio Array (AERA) [3] in the frequency range of 30 — 80 MHz. Following
the success of interferometry in radio astronomy, it is natural to wonder if interferometry can also
be used in the radio observations of air showers. There have been several attempts to use radio
interferometry for the observation and reconstruction of extensive air showers [4—-6]. Recently,
it was shown on simulations how interferometry can be used to reconstruct the air shower axis
and depth of shower maximum (Xnax)[1] and the applicability to the auger radio detectors was
investigated in [2]. In Figure 1, we summarise the steps involved in applying radio interferometry
to air showers following this approach. For this method to work, individual detector stations need
to be synchronised with an accuracy of the order of a nanosecond. At AERA there is dedicated
hardware installed to reach this kind of accuracy making it suitable to test extensive air shower
reconstruction using interferometry.

2. Setup

The Auger Engineering Radio Array is embedded in the Pierre Auger Observatory[7] in
Malargiie Argentina and it contains 153 radio detector stations distributed over an area of 17 km?.
During its lifetime, starting in 2010, it has been extended and modified in three phases, each phase
came with its own version of hardware and specific grid layout, as is shown in Figure 2.

Each radio detector station in AERA is equipped with a GPS receiver, providing information of
its location and time. Using this system, a synchronisation between all the stations in the array can
be achieved with an accuracy of roughly tens of nanoseconds. To obtain more accurate synchro-
nisation an external transmitter is used, which we call a beacon[8]. It is installed on the nearest
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Figure 2: Schematic of the Auger Engineering Radio Array and its beacon for time synchronisation.

communication tower, located next to the building that houses the nearest fluorescence telescopes.
The beacon emits continuously at four fixed frequencies a sinusoidal signal within the 30 — 80 MHz
band. Each time AERA is read out, the beacon signals are present in the measurement. The
locations of all stations and the beacon have been measured with differential GPS within 10 cm.
From these locations the exact time difference that arises from propagating! the beacon signal to
the detector stations can be estimated. By correcting the observed time differences to the expected
time differences, an accuracy of two nanoseconds (or better) [9] is achieved for the synchronisation.
The multiple beacon frequencies are needed to resolve periodic solutions for the timing correction
that could arise from using a single frequency, i.e. the periodicity of the four summed sinusoids is
much larger than the expected timing errors arising from the GPS time accuracy.

3. Data Analysis

The combination of the accurate synchronisation of AERA and an existing, well understood,
data set, gives us the possibility to validate the interferometric reconstruction against other methods.
In this contribution, we will be showing a single example of an interferometric reconstruction on an
extensive air shower and in an upcoming publication an analysis on a larger set will be presented.
We select the event that we will study to have signals observed in a large number (19) of radio
detector stations and an accurate depth of shower maximum X,,x reconstruction by another method.
As a verification method for the X« reconstruction we use a method that compares the observed
fluence in the radio signal to the fluence that is obtained from a set of simulated air showers [12, 13].
For this particular event the uncertainty on the Xn,x of the verification method is estimated to be
11gem™

In Figure 3 we show the steps that are involved in reconstructing the air shower properties. We
start the reconstruction with an initial shower axis obtained from the standard reconstruction of air

IThis assumes that we also know the speed of propagation, which is given by £, with ¢ the speed of light and n the
effective refractive index over the path propagation.
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Figure 3: Reconstruction of the air shower axis and Xp,ax (see text for detailed explanation).

showers with the surface detector of the observatory. We use this as an initial guess of the geometry
and to define a grid of points in a plane perpendicular to this axis at an atmospheric slant depth of
X =750 gcm™2. On this grid, we calculate the coherent intensity of the summed waveform (Figure
1) and the result is shown with and without beacon synchronisation in the top panel of Figure 3.
The linear colour-scale indicates the intensity and has been fixed to the same range in both cases,
a clear maximum is only found when the beacon synchronisation is applied, which illustrates the
importance of this timing correction. We show all the individual, time delayed, waveforms that
were summed at the location of the maximum intensity as insets in both panels. This visualises the
coherency of the waveforms after applying the beacon timing corrections.

We repeat the calculation of the intensity in other planes along the initial axis, each separated by
50 gcm™2, and obtain the location of the maximum in each of the planes. This results in a set
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of points in the atmosphere, their location and intensity (both indicated by size and colour of the
marker) are given in the middle panel of Figure 3 and are used to fit a straight line which is the
reconstructed shower axis. This reconstructed axis deviates 0.3 ° from the direction reconstructed
with the surface detector (SD), which is in the compatible with the estimated uncertainty of the
SD-reconstruction.

Along this axis, we evaluate the intensity of the summed waveform in small steps of slant depth
(2gcm™?) and obtain the slant depth of the maximum. We repeat the same procedure on a
set of simulated air showers, with fixed geometry but with varying depths of shower maximum.
We add measured background to the simulated signals from air showers and apply the detector
response and standard air shower reconstruction [10, 11]. From this set of simulations, the relation
between the maximum intensity and the depth of shower maximum is found. As expected, to first
order, this is given by a linear relationship [1], so a first order polynomial is fitted to obtain the
conversion. The result of this is shown in the bottom panel of Figure 3. Within uncertainties, the
interferometry reconstruction intercepts the conversion line at the same location as the verification
method, illustrating the agreement between both methods.

4. Conclusion

In this contribution we showed how interferometry can be used in the reconstruction of air
shower properties on an air shower observed by the Auger Engineering Radio Array. Agreement
is found with other reconstruction methods for both the direction of the shower axis and the
depth of shower maximum. Only one, particularly well-measured, event was analysed here, but
similar results were found on a larger events set. The study of these will be part of an upcoming
publication. The uncertainty obtained on Xy« for the example is estimated from the scatter around
the conversion line and is about 25 g cm?, which is larger than what is typically expected from [1].
It is not fully understood what drives this uncertainty, but one reason might be the rather irregular
structure of AERA; small changes in the footprint might result in different antennas present in
the event. Studying the performance of the method on different event geometries will be part of a
future analysis. The interferometry-based reconstruction is especially suitable for reconstructing the
properties of inclined air showers. The radio detector [14] of AugerPrime [15], which is currently
being deployed, and future observatories like GRAND[16] and GCOS[17] are designed to observe
inclined air showers. Other methods of obtaining X.x, based upon the fluorescence light or the
radio fluence, do not favour inclined geometries. However, it is of crucial importance to achieve
similar, or better, synchronisation as in AERA for these very large arrays, which still is an unsolved
challenge. If interferometry can be successfully implemented for AugerPrime, this will give us a
unique opportunity to measure the electromagnetic energy, number of muons reaching the ground,
and the depth of shower maximum of inclined air showers.
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