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ABsTRACT: The Auger Engineering Radio Array (AERA) measures radio emission from high-energy
extensive air showers. Consisting of 153 autonomous radio-detector stations spread over 17 km?,
it detects radio waves in the frequency range of 30 to 80 MHz. Accurate characterization of the
detector response is crucial for proper interpretation of the collected data. Previously, this was
achieved through laboratory measurements of the analog chain and simulations and measurements
of the antenna’s directional response. In this paper, we perform an absolute calibration using the
continuously monitored sidereal modulation of the diffuse Galactic radio emission. Calibration is
done by comparing the average frequency spectra recorded by the stations with predictions from seven
different models of the full radio sky, accounting for the system response, which includes the antenna,
filters, and amplifiers. The analysis of the calibration constants over a period of seven years shows no
relevant and no significant ageing effect in the AERA antennas. This result confirms the long-term
stability of the detector stations and demonstrates the possibility for a radio detector to effectively
monitor ageing effects of other detectors operating over extended periods.
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1 Introduction

Since the discovery of extensive air showers in the late 1930s, the origin of high-energy cosmic rays
has been a mystery [1-4]. In particular, for ultra-high-energy cosmic rays (UHECRS), there are
still significant gaps in our understanding regarding their sources, mass composition, acceleration
mechanisms, and propagation to Earth.

The Pierre Auger Observatory [5] is situated near Malargiie, in the province of Mendoza,
Argentina, and spans 3000 km?, the largest observatory dedicated to the study of UHECRSs. Its hybrid
design combines a surface detector (SD) array of 1660 water-Cherenkov stations with a fluorescence
detector (FD) comprising 27 telescopes at four sites that overlook the array [5, 6]. Within the SD
grid, the Auger Engineering Radio Array (AERA) [7] provides complementary radio measurements,
operating in the frequency range 30-80 MHz with two channels, each one measuring in a different
polarization: east-west and north-south relative to magnetic North. AERA is currently the second
largest system designed to measure radio emissions from ultra-high-energy extensive air showers, only
surpassed by the recently deployed 3000 km? Radio Detector [8], also at the Pierre Auger Observatory.
Mlustrative of the advancements made by radio detectors, particularly AERA, are their capabilities in
estimating the energy of cosmic rays [9, 10] and using radio measurements to determine the depth
of shower maximum (Xp,ax) in air showers induced by cosmic rays [11, 12].

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 using a drone [13]. This type of calibration, utilizing a reference antenna emitting a
predetermined signal, has the drawback of uncertainties regarding the emitted signal strength [14].
Moreover, conducting dedicated calibration campaigns requires significant effort and is nearly
impractical to execute regularly, which is especially crucial when evaluating the long-term performance
of the detector. These long-term effects, commonly referred to as detector ageing, arise from the natural



degradation of detector components over time and can gradually affect the quality and stability of the
recorded data. Monitoring and correcting for such effects are standard practices at the Pierre Auger
Observatory, particularly for the Surface Detector Array and the Fluorescence Telescopes [15, 16].

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. Despite the fact that we commonly
designate it as Galactic emission in this study, it implicitly considers minor extragalactic components.
Additionally, we study the behavior of the calibration constants over time from 2014 until 2020. The
results show that no significant ageing effect has been observed in the AERA antennas over almost a
decade, highlighting the potential of radio detectors not only for precise data interpretation but also
for monitoring ageing effects in other detectors during long-term operation.

The paper is structured as follows: section 2 describes the detector system and the data set used
for the calibration process. Section 3 describes the radio sky models employed in this study, while
section 4 presents a comprehensive explanation of the methodology adopted for the absolute Galactic
calibration, 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  Detector system and 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 occurred in three phases and the
distribution of the electronics across the antenna stations changed multiple times. In this study, we use
data measured by butterfly antennas and Logarithmic-Periodic Dipole Antennas (LPDA) [7] at detector
stations that can handle external triggers provided by the baseline Auger detectors. LPDAs use the
logarithmic periodic dipole principle, incorporating a series of half-wave dipoles with progressively
increasing lengths to ensure consistent radiation resistance across a broad frequency spectrum [7].
In contrast, butterfly antennas, commonly referred to as “bow-tie” models, have a much simpler
mechanical design, consisting of two triangular arms per polarization.

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 LPDAs with available data from 2017 to 2020. Periodically triggered
traces refer to the read-out requests made by the 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 the Low Noise Amplifier
(LNA) and Filter Amplifier (FA) in the signal chain, which had been characterized previously in
lab measurements [17]. Unlike for the FA, there is no temperature sensor located near the LNA.
Given that the LNA is placed on top of the antenna pole, its temperature is assumed to be the
local ambient temperature recorded at the Central Radio Station (CRS), which, among other AERA
services, hosts a meteorological station.

The time series of each trace is clipped to 1024 samples (5.7 ps), which corresponds to a frequency
spectrum of 285 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 6v = 1 MHz, by using
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where 7 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 Fast Fourier
Transform spectrum. Since all stations are located in approximately the same geographic region,
the Galactic signal can be assumed to be 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 type and distance of
the signal sources. Hence, it is crucial to preprocess the data by mitigating these noise components
before proceeding with the Galactic calibration.

2.1 Preprocessing of data

A Galactic modulation of the radio signal intensity as a function of Local Sidereal Time (LST)
results from the passage of the Galaxy above the Auger site. This modulation is observed by using
periodic data. However, the data 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 in the
entire local sidereal time range and is produced by sources that continuously emit radio signals at
specific frequencies. The most intense narrowband noise contributions are produced by the AERA
beacons transmitter (58.9 MHz, 61.5 MHz, 68.5 MHz, 71.2 MHz) installed at the Auger site for time
calibration purposes [18]. Other narrowband RFI is observed at 67 MHz, due to a TV line, and at
55 MHz, corresponding to an unverified source that coincides with known TV line frequencies. The
amplitude of these noise contributions makes it difficult to detect the passage of the Galaxy center
in the dynamic spectrum. To overcome these issues, these frequency bands are identified and then
replaced with values calculated by interpolating across the corresponding gaps. Figure 1 illustrates
the average frequency dynamic spectrum obtained from one of the antennas during February 2019
before and after RFI removal for the north-south channel. One can see that the Galactic modulation
is highlighted after the noise suppression.

On the other hand, broadband RFIs are transient radio pulses that are also sources of contamination
in the data. To mitigate the effects of broadband noise and cosmic ray signals, we implemented a
threshold to discard undesired traces as a function of LST. For this, we first compute the average
spectral density of each trace according to

n
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where A(v;) is the signal amplitude in frequency bin i and 7 is the total number of bins. The
time-dependent threshold is determined in the following way. For each 20-minute bin in LST, a

Gaussian fit is performed on the distribution of 7, and a threshold I'"

Lsr corresponding to 3o is obtained

th _ -
by solving f_ I;ST G(I;I,07) = 0.9973, where I and o7 are the average and standard deviation of
the Gaussian distribution, respectively. Traces with average spectral densities / greater than ItLhST
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Figure 1. Dynamic average frequency spectrum as a function of LST for the north-south channel of one of the
antennas during February 2019. The left panel presents the results before removal of narrowband RFI (horizontal
lines), while the right panel shows that the Galactic signal variation becomes evident after RFI removal.
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Figure 2. Average spectral density for one of the antennas during January 2019 as a function of LST for the
north-south channel, before the removal of broadband RFI (left) and after the removal (right).

are removed from the data to suppress these transient noise. Finally, a smoothing is applied to the

threshold IEIST

Figure 2 shows the distribution of the average spectral density for one of the stations during
January 2019 as a function of LST, both before and after the removal of RFI. For the north-south
channel of the Butterfly antennas, the typical Galactic signal is of the order of 0.0055 mV when the
Galactic plane is outside the field of view (around LST ~5 h) and about 0.0075 mV when it is within
the field of view (around LST ~18 h). The presence of highly intense broadband noise pulses is evident,
reaching average spectral densities of more than 0.012mV. After the RFI cleaning, significantly
cleaner data are obtained, with average spectral density values below approximately 0.009 mV.

in order to prevent large variations between time bins.

3 Radio sky models

The background radio signal received on 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 using measured brightness temperatures. Within the frequency range of the AERA
stations, the background signal is dominated by Galactic emission, and the total expected power



received by the antenna is calculated as

Zy kB

Psky(t, V) = ZL C2

VT (t,v,0,9)|H(v, 0, $)|*dQ, 3.1)
Q
where kg is the Boltzmann constant, ¢ is the speed of light, Zj is the impedance of free space and
7y is the antenna impedance. The integration is performed over the solid angle €, corresponding to
the region of the sky above the horizon that is visible at each local time . H(v, 0, ¢) is the Vector
Effective Length (VEL) of the antenna that is represented by a 2-dimensional vector with complex
entries and gives the directional response as a function of the frequency of a radio signal coming
from the direction (6, ¢) given by [7]:

|H(v,0,9))* = Ho(v,0,9)* + Hy(v,0, ). (3.2)

Hy is the complex response of the antenna towards signals being polarized in the 6 direction, and
H 4 the one in the ¢ direction. The VEL has been simulated for both the LPDA and butterfly antenna
types using a package specifically designed for simulating antenna characteristics [7, 19]. An in-situ
measurement campaign was conducted in 2015 to ascertain the VEL of LPDA and butterfly antennas.
Measurements were taken from various directions using a transmitting antenna and a signal generator
mounted on an octocopter drone. The overall uncertainty in the measured VEL of the LPDA is
7.4% for Hy and 10.3% for Hy components [13]. For the Butterfly antennas, however, a discrepancy
between the simulations and measurements was observed in the asymmetry of the response, which
is mostly attributed to the electronic box mounted below the antenna. The Galactic background
assessed using the periodically triggered traces from butterfly antennas is better described by the
simulated directional response than by the measurements from the octocopter campaign. Therefore,
the Galactic calibration reported in this work uses the simulated VEL for butterfly antennas and the
measured VEL for LPDAs, as defined in equation (3.2).

Ty (t, v, 0, ¢) represents the sky brightness temperature at frequency v, expressed in local
coordinates as a function of the zenith angle 6 and azimuth angle ¢, for each time #. There are different
available models for the sky radio emission such as the Low-Frequency Sky Map Generating Program
(LFmap) [20], Global Sky Model (GSM 2008) [21], (GSM 2016) [22], Low Frequency Sky Model
(LFSM) [23], Global MOdel for the radio Sky Spectrum (GMOSS) [24], Sky foreground Model
(SSM) [25], Ultra-Long-wavelength Sky Model with Absorption (ULSA) [26] and others that will not
be covered in this study. A detailed comparison and discussion of these models has been presented
in [27]. Here, we only give a concise summary of their main characteristics.

The LFmap, GSM 2008, GSM 2016, and LFSM models employ different interpolation techniques
based on reference sky maps to comprehensively characterize the radio-frequency sky within a specific
frequency range. LFmap is a program designed to produce sky maps from tens to hundreds of MHz
frequencies. This program scales the 408 MHz all sky map by Haslam [28] to lower frequencies based
on the simple power-law model for the sky brightness temperature. The GSM 2008 model employs
Principal Component Analysis (PCA) to generate all-sky maps at any intermediate frequency. The
GSM 2016 model is an updated version of the original GSM 2008. It considers further reference
maps, extends the frequency range, and enhances accuracy across all sub-GHz frequencies. As in [27],
we consider both versions of the GSM model in this study because the original one is still widely
used and most of the newly added reference maps of the updated version are at higher frequencies.
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Figure 3. The left (right) panel shows the expected power Pgy to be received from the sky considering the
LFmap model and the simulated VEL of butterfly antennas, in frequency bins of 1 MHz and LST bins of 1 hour,
as a function of LST and frequency for the north-south (east-west) channel.

The LFSM model, also PCA-based, utilizes sky surveys from the Long Wavelength Array Station 1
(LWA1) to generate radio maps in the frequency range of 10 to 408 MHz.

In contrast, GMOSS is a physical model incorporating various mechanisms of diffuse radio
emission, such as synchrotron radiation, thermal radiation, and free-free emission, to compose
frequency maps of the sky. The SSM model estimates diffuse emissions using a conventional
power-law spectrum and point sources using two different catalogs, extracting the spatial distribution
of sources and the spectral index behavior. Finally, the ULSA model excels at ultra-long-wavelength
radio emission and incorporates free-free absorption in the Galaxy below 10 MHz. In this model,
the sky temperature is considered as the sum of a Galactic component and an isotropic extragalactic
component, with a temperature reduction due to Galactic absorption. An estimate of the systematic
uncertainties in the prediction of the Galactic emission arising from the variations between these sky
models was obtained in [27]. As an illustration, the expected power Pgy(, v) to be received from
the sky by considering the LFmap model and the simulated VEL of butterfly antennas, in frequency
bins of 1 MHz and LST bins of 1 hour, is shown in figure 3 for both polarizations.

In figure 4, the expected average power, defined in equation (3.1), is shown as a function of time
and averaged over frequencies, for the seven sky temperature models. We observe significant variations
among different sky models, both in terms of expected power levels and their LST-dependent shapes.
The solid line and the gray band will be discussed in the next section.

4 Calibration method and results

For an accurate interpretation of AERA data, a complete understanding of the entire signal chain
(including the combined effects of antenna, amplifiers, filters, and digitizer) is required to minimize
measurement uncertainties. Therefore, the antennas and analogue signal chains must be carefully
calibrated. To achieve this, we adopted an approach inspired by the calibration technique employed in
the LOFAR cosmic ray key science project [14]. This method involves convolving the power emitted
by the sky with the gains and noise entering the antenna signal chain, as well as any potential external
environmental noise. The frequency-dependent calibration factor, denoted as Cy(v), establishes
the relationship between the measured signal and the expected output of the antenna, effectively



100, 80
g [ ---GMOSs  Butterfly stations E [ ---GMOSs Butterfly stations
Q. nF " SSM North-South I East-West
— 90F - - uLsA — JQL---ULsA
& [ — GSM(2008) ¢ O "F — Gsm(2008)
% 80F - - - GSM (2016) % [ GSM(2016)
8 [-- LFsM S GOL- - LFSM
@ 7of - LFMAP o [ ----- LFMAP
& F 8 r
S 60— o S0
< £ < r
50— 40—
30— ’
-El- 95% C.L. Average Model L -EI- 95% C.L. Average Model
E | | | | | | | | | | | L1 | I | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22 24 20O 2 4 6 8 10 12 14 16 18 20 22 24
Local Sidereal Time[h] Local Sidereal Time[h]
— 5.5 - — 6r -
<  [---GMOSS | PDA sations < [ ---GMOSS | PDA sations
5 oo North-South B g5 SSM East-West
[ - ULSA -OF ... ULSA
O [ — GSM(2008) & F— GsMm(2008)
S 450 - GSM(2016) g 5 csm(ow)
S C LFSM S E LFSM
) 45 --- LFMAP @ 4.5F---- LFMAP
S 35— >t
< ¢ L35
3\ =
N e
250 N
E\\\ -El-gs% C.L. Average Model 2.5 . -El-gs% C.L. Average Model
27 - C
£ | | | I | | | | | | | E | | | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22 24 2O 2 4 6 8 10 12 14 16 18 20 22 24
Local Sidereal Time[h] Local Sidereal Time [h]

Figure 4. Averaged power over frequencies for each radio sky temperature model propagated through the antenna
pattern as a function of time. Panels on the left and right represent the north-south and east-west polarizations,
respectively. Panels above (below) correspond to butterfly antennas (LPDAs). The solid black line represents
the average model, and the shaded areas indicate two standard deviations of the average power distribution
calculated for each antenna after correction with the calibration constants and average noise of all models.

acting as an absolute correction factor. In this way, the model of the power emitted by the sky and
propagated through the antenna can be described by

Punodel (£, V) = Py (£, V) Gant (V) G ac (V) C3(¥) + Ny (), (4.1)

in which G, (v) and G ac(v) are, respectively, the gains of the LNA and of the Analogue Chain (AC),
where the signal is subjected to a bandpass filter, amplified and, digitized. The free parameters of
the model are the calibration constant Co(v) and the total noise N (v), which consists of a sum of
the intrinsic electronic thermal noise and the environmental one.

To perform the calibration, we compare the measured signal at the antenna, described by
equation (2.1), with the expected signal given by the sky model Pgy. In practice, we use the unfolded
data, that is, corrected for detector effects. Therefore, the equation used for the fitting is given by

Prnodel (1, V)G (NG b (V) = Py (1, V)CE(¥) + Niot (v), (4.2)

where the gains of the analog chain and the LNA are applied inversely to the measured signal to
remove the effects of the detector. In other words, we compare each bin (in frequency and LST) of the



unfolded measured signal, illustrated in the right-hand side of figure 1 for the north-south channel,
with the corresponding bin of the expected power, shown in the right panel of figure 3. Note that
Niot(v) now represents the total noise convolved with the inverse gains. For each frequency bin, a
linear fit is performed to determine Cg( v) and Ny (v).
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Figure 5. Left panel: measured power versus the expected power, and the resulting linear fits obtained for each
frequency bin. Each fit is based on 24 points corresponding to hourly LST bins. The results correspond to the
north-south channel of one of the antennas, using periodic all-triggered traces collected during January 2019.
Right panel: calibration constants Cg (top panel) and total noise Ny (bottom panel) obtained from the fit.

The calibration for each channel is performed on a monthly basis. Figure 5 shows an example
of the fit for each frequency bin for the north-south channel of one of the antennas during January
2019, using the LFmap model. For each frequency bin, the fit is obtained from 24 data points
corresponding to the average power measured in hourly LST bins. For this case, the mean y? value
obtained from the fits over the different frequency bands is 1.09. Figure 6 presents the average
calibration constants as a function of frequency, considering all antennas and different sky models.
For LPDAs, the north-south and east-west channels exhibit similar behaviors. However, for butterfly
antennas, a difference between the north-south and east-west channels is observed around 65 MHz,
which can be attributed to the directional response asymmetry due to the presence of the electronics
box mounted on the antenna pole aligned with the east-west arm. Ideally, these curves would be
flat as a function of frequency, and the observed deviations reflect residual uncertainties in the gains
and in the modeling of the antenna directional response.

To estimate the impact of the calibration constants on the cosmic ray energy uncertainty, we
need to consider a single average calibration constant that takes into account the different radio sky
models. We approach the averaging of the calibration constants in two ways. The first approach
evaluates the effect for each sky model separately, to estimate the statistical uncertainties within
each model and to obtain the systematic spread between models. For this, we first average Cy over
frequency across the entire frequency band:

1
Co = N zv: Co(v), (4.3)

where N, is the number of frequency bins. For the computation of Cy, we excluded measurements
between 30 MHz and 40 MHz since we observed significant noise correlated with the solar activity
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Figure 6. Average of calibration constants as a function of frequency for all butterfly antennas (left panel) and
LPDAs (right panel) obtained for each sky temperature model and sampled monthly over the entire data-taking
period described in section 2. Different models are shown by colored lines, and the two polarization channels
are distinguished by dashed (north-south) and solid (east-west) lines. While both channels of the LPDAs exhibit
similar behavior, the butterfly antennas show frequency-dependent deviations at higher frequencies due to
asymmetries in their directional response.

modulation cycle in this frequency range [29]. These noise contributions consist of radio waves
emitted by distant terrestrial sources that are bounced off the atmosphere and arrive at AERA
when the Maximum Usable Frequency (MUF), which represents the highest frequency for radio
communication between two points on Earth considering ionospheric conditions, is high. In other
words, the atmosphere is not transparent to radio waves for frequencies below the MUF. This typically
occurs during periods near the peak of the solar cycle, as the MUF rises in correlation with increased
solar activity. The exclusion of this frequency band is important to avoid distortions in the average
constant Cy. Similarly, the average of the calibration constants Cy reported in figure 6 were computed
excluding periods of high solar activity.

The second way to approach the averaging of the calibration constants is to include the variation
across the radio sky models in order to obtain a single value that allows evaluation of the evolution over
time for each station. For this we follow a similar approach but first average each Cy(v) over the models:

(Co(¥)model = 1 ZCO,i(V)s (4.4)

N, model 7

where Npodel = 7 is the number of sky models used in this work and Cy ;(v) the calibration constant
obtained with each sky model i at frequency v.

The solid black line in figure 4 corresponds to the average power over all frequencies measured
by the AERA antennas corrected by the averaged calibration constant (Co(v))04e1- The grey band
represents the interval containing the 95% C.L. of the power measurements from the AERA stations.
However, it is important to note that models with expected power outside the 95% C.L. band (the
GMOSS model, for example) should not be interpreted as disfavored. This result only means that such
models predict powers with significant differences relative to the averaged model. In fact, if the power
measured by the AERA antennas were corrected by the calibration constants obtained by using the
GMOSS model, the grey band would be centered around the GMOSS model line in figure 4. Then we



also average over the frequency to obtain the average calibration constant for a station
1
(Codmodel = 77~ ), {C0(¥))mode - (4.5)
model N, Z‘,l model

Figure 7 displays the distribution of the averaged calibration constants Cy obtained for all periods
of data taking considering some sky temperature models. The results from the LFmap and ULSA
models are presented because they approximately represent the smallest and largest values for the
calibration constants, respectively. The SSM model is also included because its distribution lies in
an intermediate position among the seven all the considered sky models. In addition, the average
over the frequency of the calibration constants previously computed for the different sky models
(C0)model» 18 also shown. A small shift of 4% between the north-south and east-west channels in
butterfly antennas is observed as a consequence of the imperfect modeling of the electronics box,
which has an impact on the directional response of the east-west channel, as seen in figure 6. The
tails observed in the right and left part of the Cy distribution with respect to the east-west channel
of LPDAs arises from measurements related to three specific antennas, where large fluctuation of
Cyp values are observed. We reiterate that the number of LPDAs is significantly smaller than the
number of butterfly antennas, making their results more susceptible to outliers. The root mean square
O (Co)moae OF the averaged model calibration constant distribution is ~ 5%, primarily driven by gain
variations between antennas, event-to-event fluctuations in the background power of each station, and
presumably environmental factors. The final estimator, @0, is summarized in table 1 and is obtained
by averaging over all stations for each antenna type and polarization channel:

@0 = < <C0 > model > stations (4 6)

As aresult of the large number of measurements N, equivalent to the number of stations multiplied
by the number of months in each dataset, the corresponding statistical uncertainty ostat = 04(Cy), oo/ VN
is negligible for both butterfly antennas (< 0.06%) and LPDAs (< 0.3%). Conversely, the systematic
uncertainty oy primarily arises from discrepancies among sky models and is assessed at approximately
6% by computing the mean deviation between the averaged model and LFmap and ULSA models,
values that are in good agreement with those estimated in [27]. These two sky models, already
discussed above, were selected because they yield the most divergent calibration constant values
compared to the average model. Since the cosmic-ray energy is proportional to the square root
of the radiation energy [10] (which scales with @%), the cosmic-ray energy is proportional to @0-
Therefore, the impact of the systematic uncertainty of the absolute calibration on the radio cosmic-ray
energy scale remains at the 6% level.

Table 1. Calibration constant results obtained for both channels of butterfly and LPDA antennas.

Station (channel) Co 20yt

butterfly (east-west) 1.08 = 0.05
butterfly (north-south) 1.04 +0.06
LPDA (east-west) 1.01 £ 0.06
LPDA (north-south) 1.01 +£0.06
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Figure 7. Distribution of average calibration constants Cy, obtained from monthly analysis throughout the quality
selection period for butterfly antennas (left panels) and LPDAs (right panels). Top: distribution of calibration
constants obtained for the east-west channel considering three sky temperature models. Bottom: the same for
the north-south channel. The distributions of (Cy) 0401, denoted by ‘Average’, are also shown in all panels.

5 Study of the calibration constant as a function of time

In this section, we study the time evolution of the calibration constants over the entire data-taking
period. For this, we consider, for each antenna, the temporal evolution of the (Cg),,04.; Obtained
values. In figure 8 we show, as an example, the behavior of the (Co) .4 Values for both channels of
a specific butterfly antenna from 2014 until the end of 2020. Note that even after correcting for the
temperature-dependent gain variations of amplifiers in the signal chain, a residual seasonal modulation
is observed. This variation can be primarily attributed to the effect of changing noise conditions over
time. The method used to extract the Cy and noise term assumes the noise is constant over time,
however, this assumption is subtly broken when correcting for the temperature-dependent gain. In
this correction, the temperature dependence of the LNA is applied to the total measured signal, but
this affects not only the signal and noise before the LNA but also the system noise. As a result, the
temperature correction removes to a large extent the temperature dependence of the measured signal,
but a (smaller) noise dependence is introduced. This results in a small mixing between changes in the
noise and the Galactic signal, leading to slightly different slopes in the fit of measured versus expected
power. The seasonal modulation then arises because the galaxy drifts over the year with sidereal time,
while the noise changes on the day-night cycle. The effect has been verified by comparing Cy values
for day and night separately. This comparison shows a small difference in the slope on the order of the

—11 -



= A =0.030+0.001 b=1.121+0.002 EAST-WEST
= a=0.2 + 04 [% per decade] $=220.1+24 [deg]

(CO)model

Y S S T F S T S A ST AT T IFSTFFTIFSFSET A
2014 2015 2016 2017 2018 2019 2020
13
A=0.016=0.001 b=1.102 = 0.001 NORTH-SOUTH

= a=0.9=x0.2 [% per decade] $=223.0=2.4 [deg]

<C0>model

sf;s"#‘*ss a'“eﬁ‘sf;“.r“‘?d"@fﬁa’\s £ °_f”§'s’e”‘§§;§‘§§#§£‘f§§ d‘&‘;ﬁme'ﬁf@rfaﬁ

Figure 8. 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.

observed seasonal modulation over the year. Note that this effect averages out over a year hence it does
not affect the final absolute calibration of the detector. Besides, as discussed earlier, the approximation
of the LNA temperature by the ambient temperature recorded at the CRS (see section 2) could also
be one potential factor contributing to the observed modulation. Additionally, other factors such as
wet ground conditions or mismatches attributable to the sky models cannot be disregarded, but these
effects appear to be subdominant to the larger modulation introduced by the temperature compensation.

Accounting for this modulation, the time evolution of the calibration constant is parameterized as

(Co(1'))modet = A cOS (%z' + @) +at’ +b, (5.1)

where the parameters A and ¢ represent the magnitude and phase of the observed seasonal modulation,
respectively. b denotes the baseline value of the calibration constant. The variable ' denotes the
time in months since the start of data taking. The slope parameter a is particularly significant, as
it represents the monthly ageing rate of the AERA detector station. An illustration of the fit of the
calibration constants over time is depicted by the red curve in figure 8.

The fitting is done for all channels considered in this study. In figure 9 we present the distribution of
ageing factors a per decade for both channels, considering the butterfly antennas and LPDAs in the left
and right panels, respectively. Regarding the uncertainty estimation of the ageing factor, it is important
to note that the fit does not describe the seasonal modulation perfectly. There are upward/downward
fluctuations of the values of (Cp) 4.1 Observed for all antennas at the same time in some specific
periods that potentially impact the resulting fitted ageing coefficient. The impact is particularly
pronounced when significant fluctuations coincide with the beginning or end of the data collection
period. Therefore, it is crucial to not confuse genuine ageing effects with transient fluctuations that
happen to occur during later or earlier years. To address this challenge, we conducted mock simulations
of the calibration constants over time. In these simulations, for each antenna and month, we generated
random Gaussian-distributed values of calibration constants with mean and standard deviation equal
to the measured (Cp),,,q4c; Value and its corresponding uncertainty. Subsequently, we systematically
shuffie the years for all antennas and perform fits on the simulated calibration constants over time. The
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Figure 9. Distribution of the coefficients a (interpreted as the ageing factor) in percentage per decade, obtained
from each antenna and channel and averaged over frequency bins. Left: butterfly stations. Right: LPDAs.

average of the mock ageing coeflicients should converge to zero, and the standard deviation of the
mock ageing distribution serves as our final estimate for the uncertainty in the ageing parameter.

This approach accounts for significant fluctuations that occurred during specific periods, which
may be unrelated to detector ageing. The final results for the ageing coefficient per decade, separated
per antenna and channel, are summarized in table 2. Notice that the results from the LPDAs are
more prone to large fluctuations because the statistics are lower (only 14 antennas) and a shorter
data collection period (4 years) was used. Combining all antenna types and channels, we obtain an
ageing factor of a = (—0.27 + 0.53)% per decade, indicating that no significant or relevant ageing
effect is observed in the AERA detector stations.

Table 2. Ageing factor for each channel per decade.

Station (channel) Ageing per decade [0]
butterfly (east-west) 0.33+0.86
butterfly (north-south) —-0.12 £ 0.80
LPDA (east-west) -1.6+1.9
LPDA (north-south) -2.0=x1.6

6 Conclusions

In this study, we performed an absolute frequency-dependent Galactic calibration of AERA stations,
encompassing both LPDAs and butterfly antennas. By using seven different radio sky models, we
obtained the average calibration constant Cy for each channel and the corresponding statistical and
systematic uncertainties. The estimated calibration constants derived are consistent with Co=1
within uncertainties, indicating very good agreement with the original calibration process. This
process involved laboratory measurements of the analogue chain, as well as simulations and analysis to
ascertain the directional response of the antennas. Furthermore, we investigated the temporal behavior
of the calibration constants over a period of seven years. The ageing coefficients deduced from fitting
the evolution over time of the calibration constants were found to be negligible and consistent with zero
within the uncertainties. This indicates the absence of significant ageing effects in the AERA detector

— 13 -



stations and demonstrates the possibility for a radio detector to effectively monitor ageing effects in
other detectors operating over extended periods. These results are particularly valuable in the context
of the Pierre Auger Observatory upgrade [30] and the Auger Radio Detector [31], highlighting the
importance of the radio detection technique for determining an absolute energy scale for cosmic rays.
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