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The Auger Engineering Radio Array (AERA), part of the Pierre Auger Observatory, is currently
the largest facility to measure radio emissions from ultra-high energy extensive air showers. It
comprises 153 autonomous radio-detector stations, covering an area of 17 km?, and measures
radio waves in the frequency range from 30 to 80 MHz. An accurate description of the detector
response is necessary to interpret the data collected by the stations correctly. Previously, this
was achieved by measuring the analog chain in the laboratory and simulating and measuring the
directional response of the antenna. In this work, we perform an absolute calibration using the
continuously monitored sidereal modulation of the diffuse Galactic radio emission. The calibration
is performed by comparing the average spectra recorded by the stations with a model of the full
radio sky propagated through the system response, including the antenna, filters, and amplifiers.
We describe the method to determine the calibration constants for each antenna and present the
corresponding results. Furthermore, the behavior of the calibration constants is studied as a
function of time. There is no relevant aging effect over a timescale of a decade, which shows
that radio detectors could help monitor possible aging effects of other detector systems during
long-term operations, stressing their importance in determining an absolute energy scale.
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1. Introduction

The Auger Engineering Radio Array (AERA)[1] is currently the largest system designed to
measure radio emissions from ultra-high energy extensive air showers. It operates within the
frequency range of 30 — 80 MHz and utilizes two channels, each one measuring in a different
polarization: East-West and North-South relative to magnetic North. A precise characterization
of the detector’s response is crucial for the accurate interpretation of the data collected by the
stations. In the past, this was accomplished by conducting measurements on the analog chain in
the laboratory, as well as simulating and measuring the directional response of the antennas. In
this study, we adopt a different approach by performing an absolute Galactic calibration of the
AERA antennas. Calibration constants are obtained by comparing the average spectra recorded
by the stations with a comprehensive model of the entire radio sky propagated through the system
response taking into account the antenna, filters, and amplifiers. Additionally, we study the behavior
of the calibration constants over time from 2014 until 2020.

The proceeding is structured as follows: Section 2 presents the data set utilized for the cali-
bration process. Section 3 describes the radio sky model employed in this study, while Section 4
presents a comprehensive explanation of the methodology adopted for the absolute Galactic cali-
bration as well as the results. The investigation of calibration constants over time is discussed in
Section 5. Finally, Section 6 summarizes the conclusions drawn from the study.

2. Data set

Since AERA is an engineering array, various antenna types, electronics, and trigger systems
have been developed, deployed, and tested in the field over time. The deployment was done in three
phases, and the distribution of the electronics over the antenna stations changed multiple times. In
this study, we use data measured by Butterfly antennas and Logarithmic-Periodic Dipole Antennas
(LPDA)[1] that can handle external triggers provided by the baseline Auger detectors. The absolute
Galactic calibration is performed by using periodically triggered traces measured with 52 Butterfly
antennas from 2014 until 2020, 23 Butterfly antennas with data collected from January 2016 until
2020, and 14 LPDA antennas with available data from 2017 to 2020.

Periodically triggered traces refer to the read-out requests made by each data acquisition system
for all active stations every 100 seconds. The traces are corrected for an observed anti-correlation
between peak amplitude and temperature caused by temperature-dependent gain variations of
amplifiers in the signal chain, which had been characterized previously in lab measurements. The
time series of each trace is clipped to 1024 samples (5.7us), which corresponds to 285 frequency
bins, with a width of Av = 0.175 MHz, within the range of 30 — 80 MHz. For Galactic calibration
purposes, we compute the power within each frequency band v, which has a width of v = 1 MHz,
by using

v+6v/2 2
V(k
b2 VR, 0
T Zr
k=v—6v/2

where T is the length of the trace, V(k) is the measured spectral voltage at frequency k and
Z; = 50 Q is the antenna impedance. The factor of 2 arises from utilizing only half of the FFT
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spectra. Since all stations are located in approximately the same geographic region, the variation of
the Galactic signal is the same for all antennas. Nevertheless, the background signal measurement
encompasses a combination of the Galactic component and various other types of noise. The
intensity of these noise components can vary depending on the source of the signal. Therefore, it
is essential to preprocess the data by reducing these noise components before proceeding with the
Galactic calibration.

2.1 Data cleaning

A Galactic modulation of the radio intensity as a function of Local Sidereal Time (LST) results
from the passage of the Galaxy across the Auger site and can be observed by using periodic data.
However, the periodic traces also contain cosmic ray signals, radio frequency interference (RFI) from
external sources, and internal electronic noise. RFIs can be classified into two categories: broadband
and narrowband. Narrowband noise is characterized by continuous emissions throughout the entire
LST range caused by sources that emit persistently radio signals at specific frequencies. The most
intense narrowband noises observed in the AERA periodically triggered traces are produced by the
beacons installed at the Auger site for time calibration purposes. The amplitude of these noises
makes it difficult to detect the passage of the Galaxy in the dynamic frequency spectrum. Thus,
these frequency bands are identified and removed from the data set with the corresponding gaps
linearly interpolated. As an illustration, Fig.1 presents the dynamic average frequency spectrum
obtained for a specific antenna. The left panel shows the spectrum before the RFI subtraction for
the East-West channel, while the right panel shows the spectrum after the RFI subtraction. It can
be observed that the Galactic modulation becomes evident once the noise is eliminated.
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Figure 1: Dynamic average frequency spectrum as a function of LST for the East-West channel of antenna Butterfly-
KIT/BUW ID:53 considering the period of February 2017. The left panel presents the results before removal of
narrowband RFI (horizontal lines) while the right one shows that the Galactic signal modulation becomes evident after

RFI removal.

On the other hand, broadband RFIs manifest as transient radio pulses and can also contaminate
the data. To mitigate the effects of broadband noise and cosmic ray signals, a threshold as a function
of LST to reject/accept traces is implemented for each station. First, we compute the average

spectral density of each trace according to
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2

where A(v;) is the signal amplitude in frequency bin i and N is the total number of frequency bins.
For each 20-minute bin in LST, a Gaussian fit is performed on the distribution of / values, and

th
a threshold Ier

and oy are the average and RMS of the Gaussian distribution, respectively. The threshold IEIST is

computed for each channel on a monthly basis. Traces with average spectral densities / greater than

th
ILST

th _ —
corresponding to 3¢ is obtained by solving /_ I;fT G(I;1,07) = 0.9973, where 1

are removed from the data.

3. Radio sky model

The background radio signal received at Earth varies in different directions across the sky
and can be conveniently specified by its equivalent brightness temperature. In this way, radio maps
of the sky are produced by using measured brightness temperature. For the frequency range of the
AERA stations (30 — 80 MHz), the background signal is dominated by Galactic emission, and the
total expected power to be received by the antenna is calculated as

Zy kB

Psky(ta V) = ZL C2

V: Ty (v, @, 6)|He (v, @, 6)|7dQ, 3)
Q
where kg is the Boltzmann constant, c is the speed of light, Z is the impedance of free space given
by 1207Q, and Z is the antenna impedance. H, (v, @, ¢) is the Vector Effective Length (VEL) that
is represented by a 2-dimensional vector with complex entries and gives the directional response
of the antenna at a given frequency v as a function of the right ascension @ and declination 6.
Ty (v, @, 0) is the temperature of the sky at a given frequency v and direction («,0) obtained from
radio sky models, described as a combination of the cosmic microwave background (CMB), an
isotropic emission due to extragalactic sources unresolved and an anisotropic Galactic emission.
There are different available models for the sky radio emission as LFmap[2], GSM 2008[3], GSM
2016[3], LESM[4], GMOSS[5], SSM[6] and ULSA[7]. In this work, the LFmap model is utilized as
it provides a close representation of the average model. An estimate of the systematic uncertainties
on the prediction of the Galactic emission from sky models was obtained in [8]. Figure 2 shows
the expected power Pgy (2, v) to be received from the sky as a function of LST and frequency by
considering the LFmap model and the directional response of Butterfly and LPDA antennas for the
East-West channel.

4. Calibration Method and Results

For a correct interpretation of AERA data, is necessary an accurate knowledge of the whole
signal chain (antenna, amplifiers, filters, and digitizer) in order to reduce measurement uncertainties.
Therefore, the antennas must be carefully calibrated. For this, an approach inspired by the calibration
technique used in the LOFAR experiment [9] was used. We consider the convolution of the power
received from the sky Py, with the gains and noises entering the antenna signal chain, but also take
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Figure 2: Expected power spectrum to be received from the sky for Butterfly (left) and LPDA (right) antennas in the
East-West channel.

into account a possible external environmental noise. This way, the model of the power received
from the sky and propagated by the antenna can be described by

Prodel (1, V) = Py (£, V) Gane (V) Greu (V) C3 (V) + Neot (v), 4

in which G (v) and Ggrey(v) are, respectively, the gains of the Low Noise Amplifier (LNA)
and of the Receiver Unit (RCU), where the signal is subjected to a bandpass filter, amplified and
digitized. Besides, Cy(v) is the calibration constant that needs to be determined and the total noise
Niot(v) is a sum of the intrinsic electronic thermal noise and the environmental one. To perform the
calibration, we compare the average of measured power at the antenna, described by Eq.1, in bins
of LST and frequency, with the expected power, described by Eq.4. Thus, for each frequency band,
we conduct a linear regression analysis by fitting the expected power Ppodel against the measured
power P,,. This regression allows us to determine the values of Cg( v) and Ny (v) associated with
each frequency band. As an example, the left panel of Fig.3 illustrates the graph depicting the
measured power versus the expected power, along with the resulting linear fits obtained for each
frequency band considering the North-South channel of antenna Id: 27. These fits were derived
using periodic traces collected during January 2021. The right panels of the same figure show the
values of the calibration constants Cy (top panel) and total noise (bottom panel) obtained from the
fit.

The calibration for each channel is performed on a monthly basis. Figure 4 displays the distri-
bution of the average calibration constants obtained for each antenna, denoted as (Cp) = (Co(v)).
The left and right panels represent the distribution obtained for the East-West (red histograms with
hatch patterns) and North-South (solid gray histograms) channels of all Butterfly and LPDA anten-
nas, respectively, throughout the entire analyzed time period. The calibration constants obtained
are close to 1 (differing less than 3% for Butterfly antennas and ~ 5% for LPDA stations), indicating
a good agreement with the original calibration, performed by measuring the analogue chain in the
laboratory and simulating the directional response of the antenna. The observed shift between the
North-South and East-West channels in Butterfly antennas is a consequence of imperfect modeling
of the electronics box, which has an impact on the directional response of the East-West channel.
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Figure 3: Left panel: graph of the measured power versus the expected power as well as the resulting linear fits obtained
for each frequency band with respect to the North-South channel of the Butterfly antenna Id: 27 by using periodic traces
collected during January of 2021. Right panels: calibration constants C (top panel) and total noise (bottom panel)
obtained from the fit.
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Figure 4: Distribution of the average calibration constants of all Butterfly (left panel) and LPDA (right panel) antennas
during the entire period considered. Red and gray histograms correspond to the East-West and North-South channels,
respectively.

5. Study of the calibration constants as a function of time

In this section, we study the time behavior of the calibration constants over the whole data-
taking period. For this, we consider the evolution of the average of the calibration constants obtained
for each frequency, (Cp). As an example, Fig.5 presents the behavior of the calibration constants for
both channels of antenna Id:33 from 2014 until the end of 2020. As one can see, even after correcting
for the temperature-dependent gain variations of amplifiers in the signal chain, a remaining seasonal
modulation with unknown origin is observed. Accounting for this modulation, the time behavior of
the calibration constant is parameterized by < Co(#') >= A cos (g1’ + ¢) +at’ + b. The parameters
A and ¢ represent the magnitude and phase of the observed seasonal modulation, respectively,
around the baseline value b (in the absence of aging). The variable ¢ denotes the time in months
since the start of data taking, and the slope parameter a is of special interest because it is interpreted
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in terms of aging of the station per month. The fit of the calibration constants over time shown in
Fig.5 is represented by the red curve.
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Figure 5: Calibration constants obtained for both channels of antenna Id:33 from 2014 to 2020. The corresponding
cosine+linear fit is represented by the red curve.

This fitis done for all channels considered in this study. The distribution of the aging coefficients
is shown in Fig.6. The estimation of aging, considering the different aging rates obtained for all
antennas, is calculated as a weighted average, taking into account the uncertainties associated with
each fit. Regarding the uncertainty estimation, it is worth mentioning that the fit does not describe
the seasonal modulation perfectly. For instance, there are upward/downward fluctuations of the
values of (Cy) observed for all antennas at the same time in some specific periods. This reflects
our lack of knowledge about the origin of the seasonal modulation and can potentially impact the
resulting fitted aging coefficient, particularly in cases where significant fluctuations occur at the
beginning or end of the data collection period. Therefore, we must be careful not to confuse actual
aging with some effect that just happened to be higher in later/earlier years. To address this issue, we
performed mock simulations of the calibration constants over time. In these mock simulations, for
each antenna and month, we generate random Gaussian distributed values of calibration constants
with mean and RMS equal to the measured (Cy) value and its corresponding uncertainty. Then, we
randomly shuffle the years for all antennas in a consistent manner and perform fits of the mocked
calibration constants over time. The average of the mock agings coeflicients should converge to
zero, and the RMS of the mock aging distribution is our final estimate for the uncertainty in the
aging parameter, taking into account strong fluctuations that occurred in specific periods unrelated
to antenna aging. Considering this, we obtain an aging factor of (0.3 + 1.4)% and (0.1 = 1.1)%
per decade for East-West and North-South, respectively, for Butterfly stations. For LPDA antennas,
which have a much smaller number of stations and a shorter period of data collection compared to
Butterfly stations, we found an aging factor of (1.4 + 3.5)% and (-1.9 + 1.8)% for the East-West
and North-South channels, respectively. Combining all antenna types and channels, we obtain an
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aging factor of (—0.4 + 0.8)% per decade. The results indicate that there is no significant or relevant
aging effect observed in the AERA antennas.
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Figure 6: Distribution of the aging factor obtained for East-West (red histograms with hatch patterns) and North-South
(solid gray histograms) channels. On the left, Butterfly stations. On the right, LPDA.

6. Conclusions

In this study, we conducted an absolute Galactic calibration of AERA stations, considering
Butterfly and LPDA antennas. The calibration constants obtained were found to be close to
unity, indicating a good agreement with the original calibration process, which involved laboratory
measurements of the analogue chain and simulations to determine the directional response of the
antenna. Additionally, we examined the behavior of the calibration constants over time for a period
of almost a decade. The aging coeflicients obtained from the fit of the evolution of the calibration
constants as a function of time are very small and consistent with zero within uncertainties, indicating
that there is no significant and no relevant aging effect observed in the AERA antennas.

This shows that radio detectors can effectively monitor aging effects in detectors operating
over extended time periods. The results are particularly valuable in the context of the Pierre Auger
Observatory upgrade [10] and the Radio Detector [11] and highlighting the importance of the radio
detection technique for determining an absolute energy scale for cosmic rays.
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