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Solar activity variations strongly impact the modulation of the flux of low-energy Galactic Cosmic
Rays (GCRs) reaching the Earth. The secondary particles, which originate from the interaction
of GCRs with the atmosphere, can be revealed by an array of ground detectors. We show that the
low-threshold rate (scaler) time series recorded over 16 years of operation by the surface detectors
of the Pierre Auger Observatory in Malargiie (Argentina) strongly reflects solar activity and can be
considered as a new proxy of solar variability. To achieve this result, we apply advanced spectral
methods to this time series and to the classical solar sunspot number and sunspot area series. We
detect and compare highly significant variations with periods ranging from the decadal to the daily
scale and identify the origin of each variability mode. In conclusion, we show that the Auger
scaler data, thanks to the very low noise level and high statistical significance related to the very
high count rates (~ 10° counts per second), allow for a thorough and detailed investigation of the
GCR flux variations in the heliosphere.
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Scaler rates from the Pierre Auger Observatory: a new proxy of solar activity

1. Introduction

The propagation of Galactic Cosmic Rays (GCRs) through the heliosphere is influenced by
interactions with the solar wind and the heliospheric magnetic field (HMF), which modulate their
energy spectra. Variations in the solar activity and transient events, such as interplanetary coronal
mass ejections (ICMEs) and stream interaction regions (SIRs), modify the interplanetary medium,
leading to changes in the trajectories and flux of GCRs reaching Earth’s atmosphere. This modula-
tion occurs through a combination of diffusion, convection, and adiabatic energy losses, as described
by [1]. The intensity of GCRs reaching Earth is highest during solar minimum and lowest during
solar maximum, resulting in a periodic modulation that follows the solar cycle. The Pierre Auger
Observatory [2], located in Argentina, is the world’s largest facility for studying ultra-high-energy
cosmic rays above 3 x 10!7 eV. Since 2005, the water-Cherenkov detectors at the Pierre Auger
Observatory have also been operated in scaler mode, recording low-threshold count rates. This
additional mode enables the detection of both transient phenomena—such as gamma-ray bursts,
solar flares, and Forbush decreases—and long-term trends in GCRs modulation. The scaler data,
characterized by high count rates (~10° counts per second) and low noise, provide a detailed view
of GCR flux variations on timescales ranging from decadal to daily. In this study, we analyze a 16-
year-long scaler time series, applying an Auto-Regressive (AR) technique to fill data gaps. Through
advanced spectral analysis, we identify significant oscillatory components and investigate their
origins, particularly their relationship with solar modulation. The results reveal GCR variations on
multiple time scales, offering insights into the underlying physical processes and highlighting the
complementary role of Auger scaler data in understanding GCR dynamics in the heliosphere.

2. Scaler rate at the Pierre Auger Observatory

The Pierre Auger Observatory, located at 1400 meters above sea level near the town of Malargiie,
Argentina, combines surface detectors (SDs) with fluorescence telescopes (FDs). The SD array
consists of 1600 water-Cherenkov detectors spaced across 3000 km?, with 60 additional units in a
denser infill region to extend the energy range down to lower energies [3]. Each detector measures
Cherenkov radiation produced by cosmic-ray-induced air showers, using photomultiplier tubes
(PMTs) to measure the light signals. Since 2005, the Observatory has also been operated in scaler
mode, recording low energy signals (15 to 100 MeV) at a rate of ~ 3 10° counts per second, mainly
from cosmic rays between 10 GeV and a few TeV. These data, collected every second, are affected by
atmospheric conditions, instrumental instabilities, and natural fluctuations in the low-energy flux.
To ensure high-quality data, corrections are applied for atmospheric pressure, detector ageing, and
baseline drift [4, 5]. The corrected scaler rate is normalized to a reference value from 2013, which
is roughly in the middle of the dataset, ensuring consistency across detectors.

Figure 1 shows the time series resulting from the mean of the relative scaler rate r;(t) over
all stations and from the application of a gap-filling technique using an AR models to address data
gaps. It results in a uniformly 6-day-sampled time series from January 2006 to March 2022.

By visual inspection, this series reveals decadal and annual modulations in cosmic-ray flux,
providing insights into solar activity and heliospheric dynamics.
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Figure 1: Relative scaler rates series from 01 January 2006 to 19 March 2022. The scaler rate in this figure
was obtained by resampling the original series every 6 days after applying a gap-filling process relying on an
Auto-Regressive model to the series. The rate incorporates all the corrections detailed in [5] and the text.

3. Spectral analysis and results

To accurately identify significant periodic components in the relative scaler rate series, we
applied advanced spectral methods, particularly Singular Spectrum Analysis (SSA; [6-8]). Unlike
traditional Fourier methods, SSA uses data-adaptive basis functions, making it highly effective for
analyzing short and noisy time series. It decomposes a time series into statistically independent
components, distinguishing oscillatory patterns from noise, and can detect modulations in both
amplitude and phase. To extract significant components from the background noise, we used a Monte
Carlo-based SSA (MC-SSA) approach, which ensures robustness against statistical fluctuations
inherent to the signal or measurement process.

A window length of M = 150 samples (~ 2.5 years) was chosen and the results were vali-
dated across a range of M values. The MC-SSA spectrum (Figure 2) reveals significant periodic
components at a 99% confidence level (c.l.), including a decadal trend, an annual oscillation, and
shorter-term variations with periods of approximately 9 months, 6 months, 28 days, 20 days, and
14 days. Together, these components explain about 88% of the total variance, with the remaining
12% attributed to noise, highlighting the exceptionally low noise level in the scaler data. The gray
bars in Figure 2 represent the Monte Carlo confidence band. As one can see, no anomalous power
exceeds this band except those corresponding to the significant components mentioned above and
highlighted by the red squares. The black dots indicate the spectral components that can be param-
eterized as red noise or are not significant. The decadal trend and the annual oscillation are the
most prominent, with the latter showing clear seasonal patterns. Shorter periodicities, such as the
9- and 6-month oscillations, are associated to solar activity, particularly the Rieger-type periodicity
[9], which has been observed in various solar indices. The 28-day, 20-day, and 14-day periodicities
were associated with solar rotation and the distribution of active regions, with the 28-day compo-
nent showing higher variability during solar maximum and the declining phase of the solar cycle.
These results are compared with the sunspot number (SN) series [10], a well-known proxy of solar
activity, which exhibits similar periodicities. This consistency underscores the reliability of the
scaler data in capturing solar-induced modulations in cosmic-ray flux. The study demonstrates the
effectiveness of MC-SSA in extracting subtle periodic signals from complex time series, providing
valuable insights into the relationship between solar activity and cosmic ray modulation.
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Figure 2: MC-SSA spectrum of the relative scaler rate. The Monte Carlo ensemble size is 10000. The
gray bars, which bracket 99% of the power values obtained from the ensemble, represent the Monte Carlo
band. The significant spectral components are indicated by the red squares, while the black dots represent
the spectral components that can be parameterized as red noise. The significant components with the same
period specified in blue are grouped with blue boundaries.
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Figure 3: Comparison between the decadal trend revealed in the Auger scaler rate (black curve) and the SN
series sampled every 6 d (shaded red curve), superimposed by the decadal modulation revealed in the latter
by SSA (red curve). An anticorrelation among the decadal trends is visible. The shaded gray bar represents
the total time interval required for the polar field reversal in both hemispheres from June 2012 to November
2014.

The Sun’s magnetic activity, driven by a dynamo process in the convective zone, manifests
cyclically through sunspots and active regions. The primary 11-year cycle involves the reversal of the
Sun’s global magnetic field polarity. The decadal modulation observed in the scalar data accounts
for about 68% of the signal variance and is anticorrelated with the solar decadal cycle. In Figure 3,
this component is directly compared to the decadal one (red curve) extracted by SSA from the SN
series (light red curve) using the same window length M adopted for the scaler analysis. However,
a time lag between the decadal components of GCR intensity and solar activity is observed, with
a duration varying over time. This lag is linked to the solar magnetic polarity reversal, affecting
the drift patterns of charged particles in the heliosphere. During positive polarity cycles (A > 0),
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SSA significant components (99% c.1.)
Scalers Sunspot area | Sunspot area | Sunspot area
(total) (north) (south)
Period | Variance [%] | Variance [%] | Variance [%] | Variance [%]
11y 68.2 53.7 37.8 40.7
ly 14.8 - - -
9 months 1.0 4.0 - 6.2
6 months 1.6 24 3.4 (90% c.l.) -
28d 2.1 7.0 8.1 12.0
20d 0.4 3.0 3.5 -
14d 0.2 - - -
Signal 88% 70% 53% 59%
Noise 12% 30% 47% 41%

Table 1: The percentage of the total variance associated with the SSA significant components of the three
sunspot area series and the scalers series. The last two rows show the total variance related to signal and
noise for each series.

protons drift inward through the polar regions, while during negative cycles (A < 0), they drift
through the equatorial regions and encounter the wavy heliospheric current sheet. This results
in broader cosmic-ray intensity maxima during A > 0 cycles. The observed phase displacement
suggests a possible signature of the 22-year Hale cycle in the scaler data, although its detection is
limited by the time length of the dataset. The annual modulation in cosmic ray flux, with minima
in December-January and maxima in June-July, results from both terrestrial and extraterrestrial
factors: seasonal temperature variations affect atmospheric muon flux, with higher temperatures
in December-January increasing muon decay rates and reducing the muon flux at ground-level;
moreover, the Earth-Sun distance variation due to orbital eccentricity and the asymmetry of the
heliospheric magnetic field contribute to this cycle. Further studies are needed to fully understand
the muonic signal fraction and other atmospheric effects.

Strong periodicities of approximately 6 and 9 months were identified in the scaler data. These
components are linked to solar activity, specifically the Rieger-type periodicity, which has been
observed in various solar indicators such as sunspot areas, X-ray flares, and radio flux. These peri-
odicities are thought to arise from magneto-Rossby waves in the solar tachocline, which modulate
the emergence of magnetic flux and, consequently, the GCR flux [11]. A 28-day periodicity, related
to solar rotation and the distribution of long-lived active regions, was detected. This component
peaks during solar maximum and remains variable during the declining phase of the solar cycle.
This periodicity is attributed to the quasi-rigid rotation of coronal magnetic structures [12] and
corotating interaction regions (CIRs) in the solar cycle’s declining phase. This periodicity has
also been observed in neutron monitor data and solar indices [13, 14]. A 14-day oscillation was
identified, showing stronger variability during the declining phases of solar cycles. This periodicity
is associated with the occurrence of two high-speed solar wind streams approximately 180° apart
in solar longitude, resulting from the tilt of the solar dipole magnetic field.
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Figure 4: Continuous Wavelet power spectrum (panel b) of the Auger scaler rate sampled every 48 hours
(panel a) and Global Wavelet Spectrum (panel c). The black curves in panel b enclose regions with a
confidence level greater than 90% against a red-noise process null hypothesis, while the COI, indicating
regions influenced by edge effects, is represented by the white curve.

The spectral results obtained from the scaler series were also compared with the total sunspot
area (SA). In Table 1, we show the percentage of total variance associated with the SSA significant
components of the SA series and the scalers series. The total SA series shows the same spectral
content as the scalers series, except for the 14-day and the annual components. The absence of the
annual component in the SA series is expected, due to its terrestrial origin.

Furthermore, we performed the analysis of the two hemispheric SA series, which reveals that
the 6-month periodicity is associated with the Northern Hemisphere, while the 9-month periodicity
is linked to the Southern Hemisphere.

All the significant SSA-detected components were also identified by the continuous wavelet
transform (CWT) method. Figure 4b shows the continuous wavelet spectrum of the scaler series
(panel a), where areas with a high (low) power are represented by the color red (blue). The black
contours enclose regions with a c.l. greater than 90% against the null hypothesis of a red-noise
process. The cone of influence (COI), delimiting regions influenced by edge effects, is represented
by the white curve. Figure 4c shows the Global Wavelet Spectrum (GWS) (black curve), obtained
by averaging the CWT spectrum over time, along with the corresponding significance levels (red
curve). The decadal modulation shows the strongest power, although it lies outside the COI due
to the limited length of the series. The annual periodicity is also detected, with increased and
statistically significant power during intervals when its amplitude is higher. The monthly oscillation
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is highly significant between 2012 and 2017, while it shows a lower power elsewhere. This result is
in agreement with that found by the SSA. Furthermore, a peak in the GWS between 8 and 16 days
of period is observed, corresponding to the 14-day significant component previously discussed. A
peak at a period of 186 days is observed in the GWS (Figure 4c), although it is not significant due to
the limitations of the method in detecting peaks showing a large difference in amplitude and close
to each other.

4. Discussion and Conclusions

This study demonstrates the significant impact of solar activity on the modulation of low-
energy GCR fluxes reaching Earth, as inferred from the analysis of a 16-year time series of scaler
rates measured by the Pierre Auger Observatory. Through advanced spectral analysis, we identified
several periodic components with high confidence (99% c.l.) against red noise. The dominant
decadal modulation is anticorrelated with the 11-year solar cycle. An annual oscillation, peaking
during austral winters and dipping in summers, is attributed to factors like temperature effects on
muon flux, Earth-Sun distance variations, and heliospheric magnetic field asymmetry. Shorter-term
oscillations with periods of about 9 and 6 months, 28, 20, and 14 days were also detected. The
28-day periodicity, linked to solar rotation and active regions, shows higher variability during Solar
Cycle 24’s maximum and declining phases. The 14-day component, associated with solar active
longitudes and tilted dipole structures, becomes more pronounced during solar cycle declines. The
study underscores the low noise and high statistical significance of Auger scaler data, which enable a
detailed analysis of GCR flux variations across timescales. With the implementation of AugerPrime
[15] SD electronics, extending data availability beyond 2022, these investigations can be further
extended. Overall, the results position Auger scaler data as a powerful tool for probing heliospheric
influences on GCR modulation.

References

[1] E. N. Parker, The passage of energetic charged particles through interplanetary space, Planetary &
Space Science 13 (1965) 9.

[2] Pierre Auger Collaboration, The Pierre Auger cosmic ray observatory, Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment 798 (2015) 172.

[3] Allekotte et al., The surface detector system of the pierre auger observatory, Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment 586 (2008) 409.

[4] Pierre Auger Collaboration, The Pierre Auger Observatory scaler mode for the study of solar activity
modulation of galactic cosmic rays, JINST 6 (2011) 1003.

[5] PiErrE AUGER collaboration, M. Schimassek, Analysis of Data from the Low-Energy Modes of the
Surface Detector of the Pierre Auger Observatory, in Proceedings of the 32nd International Cosmic
Ray Conference (ICRC 2019), 1147, 2020.



Scaler rates from the Pierre Auger Observatory: a new proxy of solar activity

[6]

[7]

[10]

[11]

[12]

[13]

[14]

[15]

R. Vautard and M. Ghil, Singular spectrum analysis in nonlinear dynamics, with applications to
paleoclimatic time series, Physica D Nonlinear Phenomena 35 (1989) 395.

R. Vautard, P. Yiou and M. Ghil, Singular-spectrum analysis: A toolkit for short, noisy chaotic
signals, Physica D Nonlinear Phenomena 58 (1992) 95.

M. Ghil, M. R. Allen, M. D. Dettinger, K. Ide, D. Kondrashov, M. E. Mann et al., Advanced Spectral
Methods for Climatic Time Series, Rev. Geophys. 40 (2002) 1003.

E. Rieger, G. H. Share, D. J. Forrest, G. Kanbach, C. Reppin and E. L. Chupp, A 154-day periodicity
in the occurrence of hard solar flares?, Nature 312 (1984) 623.

SILSO World Data Center, International sunspot number monthly bulletin and online catalogue,
Royal Observatory of Belgium Brussels (2021) .

T. V. Zaqarashvili, M. Carbonell, R. Oliver and J. L. Ballester, Magnetic Rossby Waves in the Solar
Tachocline and Rieger-Type Periodicities, The Astrophysical Journal 709 (2010) 749.

S. Mancuso, S. Giordano, D. Barghini and D. Telloni, Differential rotation of the solar corona: A new
data-adaptive multiwavelength approach, Astronomy & Astrophysics 644 (2020) A18.

G. A. Bazilevskaya, Observations of Variability in Cosmic Rays, Space Science Reviews 94 (2000) 25.

A. Lépez-Comazzi and J. J. Blanco, Short-Term Periodicities Observed in Neutron Monitor Counting
Rates, Solar Physics 295 (2020) 81.

Pierre Auger Collaboration, The pierre auger observatory upgrade-preliminary design report, arXiv
preprint arXiv:1604.03637 (2016) .


https://doi.org/10.1016/0167-2789(89)90077-8
https://doi.org/10.1016/0167-2789(92)90103-T
https://doi.org/10.1029/2000RG000092
https://doi.org/10.1038/312623a0
https://doi.org/10.1088/0004-637X/709/2/749
https://doi.org/10.1051/0004-6361/202039094
https://doi.org/10.1023/A:1026721912992
https://doi.org/10.1007/s11207-020-01649-5

Scaler rates from the Pierre Auger Observatory: a new proxy of solar activity

The Pierre Auger Collaboration

A. Abdul Halim'3, P. Abreu”, M. Aglietta’>->!, 1. Allekotte', K. Almeida Cheminant’®77,
A. Almela’”12, R. Aloisio**, J. Alvarez-Muiiz’®, A. Ambrosone**, J. Ammerman
Yebra’®, G.A. Anastasi>’*6, L. Anchordoqui®}, B. Andrada’, L. Andrade Dourado**3,
S. Andringa’®, L. Apollonio®®*%, C. Aramo®, E. Arnone®?3!, J.C. Arteaga Velizquez®,
P. Assis’, G. Avila!', E. Avocone®®%> A. Bakalova®!, F. Barbato***°, A. Bartz Mocellin®?,
PIERRE ' Bellido'3, C. Berat®>, M.E. Bertaina62’51,‘ M. Bianciotto®>>!, P.L. Biermann®, V. Binet’,
AUGER K Bismark®®7, T. Bister’”-’8, J. Biteau’®’, J. Blazek’!, J. Blimer*’, M. Bohacova®!,
OBSERVATORY ~ D. Boncioli®®%’, C. Bonifazi®, L. Bonneau Arbeletche??, N. Borodai®®, J. Brack/,
P.G. Brichetto Orchera’#?, F.L. Briechle*!, A. Bueno”, S. Buitink!?, M. Buscemi**->’, M. Biisken3%7,
A.Bwembya’”-78, K.S. Caballero-Mora®, S. Cabana-Freire’®, L. Caccianiga’®*®, F. Campuzano®, J. Caraca-
Valente®?, R. Caruso®’#*®, A. Castellina®>>!, F. Catalani!®, G. Cataldi*’, L. Cazon’®, M. Cerdal®,
B. Cermdkova*®, A. Cermenati***>, J.A. Chinellato??, J. Chudoba’!, L. Chytka®?, R.W. Clay'?, A.C. Cobos
Cerutti®, R. Colalillo®>*?, R. Concei¢io’®, G. Consolati*®-3*, M. Conte®>*’, F. Convenga***3, D. Correia dos
Santos??, P.J. Costa’®, C.E. Covault®!, M. Cristinziani*®*, C.S. Cruz Sanchez>, S. Dasso*2, K. Daumiller*°,
B.R. Dawson'?, R M. de Almeida®’, E.-T. de Boone*’, B. de Errico?’, J. de Jesis’, S.J. de Jong’”78,
JR.T. de Mello Neto?’, I. De Mitri*»*3, J. de Oliveira'®, D. de Oliveira Franco*’, F. de Palma’*,
V. de Souza?®, E. De Vito>*7, A. Del P0p01057’46, 0. Deligny33, N. Denner?!, L. Deval®35! A. di
Matteo!, C. Dobrigkeit??, J.C. D’Olivo®’, L.M. Domingues Mendes'®"?, Q. Dorosti*}, J.C. dos Anjos'®,
R.C. dos Anjos?®, J. Ebr’!, F. Ellwanger*®’, R. Engel*®4°, 1. Epicoco®>*’, M. Erdmann*!, A. Etchegoyen’'?,
C. Evoli***, H. Falcke’”- 778 G. Farrar®, A.C. Fauth??, T. Fehler®, F. Feldbusch®®, A. Fernandes’®,
M. Fernandez'4, B. Fick®, J.M. Figueira’, P. Filip®7, A. Filip&i¢’+73, T. Fitoussi*’, B. Flaggs®’, T. Fodran””,
A. Franco*’, M. Freitas™, T. Fujii86’h, A. Fuster’"12, C. Galea”’, B. Garcia®, C. Gaudu’’, P.L. Ghia®3,
U. Giaccari*’, F. Gobbi'?, F. Gollan’, G. Golup', M. Gémez Berisso', PF. Gémez Vitale!', J.P. Gongora',
J.M. Gonzilez!, N. Gonzilez’, D. Géra®®, A. Gorgi>*>!, M. Gottowik*®, F. Guarino®>*’, G.P. Guedes??,
L. Giilzow*, S. Hahn3®, P. Hamal®', M.R. Hampel’, P. Hansen>, V.M. Harvey', A. Haungs*’, T. Hebbeker*!,
C. Hojvat‘l, J.R. Horandel””-"8, P. Horvath32, M. Hrabovsky32, T. Huege40’15, A. Insolia®”*®, P.G. Isar’?,
M. Ismaiel””-’8, P. Janecek?®!, V. Jilek3!, K.-H. Kampert”, B. Keilhauer*®, A. Khakurdikar’’, V.V. Kiza-
kke Covilakam’°, H.O. Klages*’, M. Kleifges*, J. Kohler*’, F. Krieger*!, M. Kubatova®', N. Kunka®,
B.L. Lago!”, N. Langner*!, N. Leal’, M.A. Leigui de Oliveira®, Y. Lema-Capeans’®, A. Letessier-
Selvon*, 1. Lhenry-YV0n33, L. L0pes70, J.P. Lundquist73 , M. Mallamaci®®*¢, D. Mandat’!, P. Mantsch?,
F.M. Mariani’®*8, A.G. Mariazzi®, 1.C. Mari§14, G. Marsella®4°, D. Martello®>*7, S. Martinelli*®-7,
M.A. Martins’®, H.-J. Mathes*°, J. Matthews®, G. Matthiae®!-?, E. Mayotteg2, S. Mayottegz, P.O. Mazur?,
G. Medina-Tanco®, J. Meinert’”, D. Melo’, A. Menshikov3?, C. Merx*?, S. Michal®!, M.I. Micheletti’,
L. Miramonti*®*8, M. Mogarkar®, S. Mollerach', F. Montanet®>, L. Morejon®’, K. Mulrey’’-’8, R. Mussa’!,
W.M. Namasaka®’, S. Negi31, L. Nellen®”, K. N guyen84, G. Nicora’, M. Niechciol*?, D. Nitz3*, D. Nosek>?,
A. Novikov¥”, V. Novotny®®, L. Nozka*?, A. Nucita®>*’, L.A. Nifez?’, J. Ochoa’*’, C. Oliveira®,
L. Ostman®', M. Palatka’!, J. Pallotta’, S. Panja’!, G. Parente’®, T. Paulsen®’, J. Pawlowsky>’, M. Pech®!,
J. Pekala®®, R. Pelayo®, V. Pelgrims'4, L.A.S. Pereira®*, E.E. Pereira Martins’®7, C. Pérez Bertolli’*°,
L. Perrone®*#7, S. Petrera***, C. Petrucci®®, T. Pierog*’, M. Pimenta’®, M. Platino’, B. Pont’’, M. Pour-
mohammad Shahvar®®*, P. Privitera®, C. Priyadarshi68, M. Prouza®!, K. Pytel69, S. Querchfe1d37,
J. Rautenberg37, D. Ravignani7, J.V. Reginatto Akim?2, A. Reuzki*!, J. Ridky31, F. Riehn’®%/, M. Risse*3,
V. Rizi*®*®, E. Rodriguez’-*°, G. Rodriguez Fernandez®®, J. Rodriguez Rojo!!, S. Rossoni*?, M. Roth*’,
E. Roulet!, A.C. Rovero*, A. Saftoiu’!, M. Saharan’’, F. Salamida’®*, H. Salazar®®, G. Salina®,
P. Sampathkumar®®, N. San Martin®?, J.D. Sanabria Gomez*’, F. Sanchez’, E.M. Santos’!, E. Santos?!,
F. Sarazin®2, R. Sarmento’, R. Sato!!, P. Savina***, V. Scherini®>*’, H. Schieler®®, M. Schimassek>?,
M. Schimp37, D. Schmidt*?, O. Scholten!>?, H. Schoorlemmer’”-’8, P. Schovinek3!, F.G. Schroder?”-40,




Scaler rates from the Pierre Auger Observatory: a new proxy of solar activity

J.

Schulte*!, T. Schulz’!, S.J. Sciutto’, M. Scornavacche’, A. Sedoski’, A. Segreto’>%, S. Sehgal®’,

S.U. Shivashankara’®, G. Sigl*?, K. Simkova'>!4, F. Simon®’, R. Smida®, P. Sommers¢, R. Squartini'®,
M. Stadelmaier*®*8-38 S Stani¢’?, J. Stasielak®®, P. Stassi®, S. Stridhnz®®, M. Straub*!, T. Suomijirvi®,
A.D. Supanitsky’, Z. Svozilikova’!, K. Syrokvas®’, Z. Szadkowski®®, F. Tairli'3, M. Tambone>**°, A. Tapia®®,

C.

Taricco®3!, C. Timmermans’®77, O. Tkachenko®!, P. Tobiska3!, C.J. Todero Peixoto!®, B. Tomé’®,

A. Travaini'®, P. Travnicek®', M. Tueros®, M. Unger®’, R. Uzeiroska®’, L. Vaclavek®?, M. Vacula®?,

I

Vaiman*%, J.F. Valdés Galicia®, L. Valore’**, P. van Dillen’”-’®, E. Varela®®, V. Vasi¢kovd’’,

A. Visquez-Ramirez?®, D. Veberi¢*”, 1D. Vergara Quispe’, S. Verpoest®”, V. Verzi*?, J. Vicha?!, J. Vink®?,

S.

Vorobiov’?, J.B. Vuta31, C. Watanabe?’, A.A. Watson®, A. Weindl*?, M. Weitz37, L. Wienckegz,

H. Wilczyﬁski68, B. Wundheiler’, B. Yue®?, A. Yushkov3!, E. Zas’®, D. Zavrtanik’>-74, M. Zavrtanik’*73

1

2

Centro Atémico Bariloche and Instituto Balseiro (CNEA-UNCuyo-CONICET), San Carlos de Bariloche,
Argentina
Departamento de Fisica and Departamento de Ciencias de la Atmdsfera y los Océanos, FCEyN, Universidad
de Buenos Aires and CONICET, Buenos Aires, Argentina
IFLP, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
Instituto de Astronomia y Fisica del Espacio (IAFE, CONICET-UBA), Buenos Aires, Argentina
Instituto de Fisica de Rosario (IFIR) — CONICET/U.N.R. and Facultad de Ciencias Bioquimicas y Farma-
céuticas U.N.R., Rosario, Argentina
Instituto de Tecnologias en Deteccién y Astroparticulas (CNEA, CONICET, UNSAM), and Universidad
Tecnoldgica Nacional — Facultad Regional Mendoza (CONICET/CNEA), Mendoza, Argentina
Instituto de Tecnologias en Deteccion y Astroparticulas (CNEA, CONICET, UNSAM), Buenos Aires,
Argentina
International Center of Advanced Studies and Instituto de Ciencias Fisicas, ECyT-UNSAM and CONICET,
Campus Miguelete — San Martin, Buenos Aires, Argentina
Laboratorio Atmoésfera — Departamento de Investigaciones en Ldseres y sus Aplicaciones — UNIDEF
(CITEDEF-CONICET), Argentina
Observatorio Pierre Auger, Malargiie, Argentina
Observatorio Pierre Auger and Comision Nacional de Energia Atémica, Malargiie, Argentina
Universidad Tecnoldgica Nacional — Facultad Regional Buenos Aires, Buenos Aires, Argentina
University of Adelaide, Adelaide, S.A., Australia
Université Libre de Bruxelles (ULB), Brussels, Belgium
Vrije Universiteit Brussels, Brussels, Belgium
Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, RJ, Brazil
Centro Federal de Educag@o Tecnoldgica Celso Suckow da Fonseca, Petropolis, Brazil
Instituto Federal de Educacdo, Ciéncia e Tecnologia do Rio de Janeiro (IFRJ), Brazil
Universidade de Sao Paulo, Escola de Engenharia de Lorena, Lorena, SP, Brazil
Universidade de Sdo Paulo, Instituto de Fisica de Sao Carlos, Sao Carlos, SP, Brazil
Universidade de Sdo Paulo, Instituto de Fisica, Sdo Paulo, SP, Brazil
Universidade Estadual de Campinas (UNICAMP), IFGW, Campinas, SP, Brazil
Universidade Estadual de Feira de Santana, Feira de Santana, Brazil
Universidade Federal de Campina Grande, Centro de Ciencias e Tecnologia, Campina Grande, Brazil
Universidade Federal do ABC, Santo André, SP, Brazil
Universidade Federal do Parand, Setor Palotina, Palotina, Brazil
Universidade Federal do Rio de Janeiro, Instituto de Fisica, Rio de Janeiro, RJ, Brazil
Universidad de Medellin, Medellin, Colombia
Universidad Industrial de Santander, Bucaramanga, Colombia
Charles University, Faculty of Mathematics and Physics, Institute of Particle and Nuclear Physics, Prague,
Czech Republic

10



Scaler rates from the Pierre Auger Observatory: a new proxy of solar activity

31
32
33
34

35

36
37
38
39

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

65
66
67
68
69
70

71
72
73

Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic

Palacky University, Olomouc, Czech Republic

CNRS/IN2P3, IJCLab, Université Paris-Saclay, Orsay, France

Laboratoire de Physique Nucléaire et de Hautes Energies (LPNHE), Sorbonne Université, Université de
Paris, CNRS-IN2P3, Paris, France

Univ. Grenoble Alpes, CNRS, Grenoble Institute of Engineering Univ. Grenoble Alpes, LPSC-IN2P3,
38000 Grenoble, France

Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France

Bergische Universitit Wuppertal, Department of Physics, Wuppertal, Germany

Karlsruhe Institute of Technology (KIT), Institute for Experimental Particle Physics, Karlsruhe, Germany

Karlsruhe Institute of Technology (KIT), Institut fiir Prozessdatenverarbeitung und Elektronik, Karlsruhe,
Germany

Karlsruhe Institute of Technology (KIT), Institute for Astroparticle Physics, Karlsruhe, Germany

RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany

Universitit Hamburg, II. Institut fiir Theoretische Physik, Hamburg, Germany

Universitit Siegen, Department Physik — Experimentelle Teilchenphysik, Siegen, Germany

Gran Sasso Science Institute, [’Aquila, Italy

INFN Laboratori Nazionali del Gran Sasso, Assergi (L’Aquila), Italy

INFN, Sezione di Catania, Catania, Italy

INFN, Sezione di Lecce, Lecce, Italy

INFN, Sezione di Milano, Milano, Italy

INFN, Sezione di Napoli, Napoli, Italy

INFN, Sezione di Roma “Tor Vergata”, Roma, Italy

INFN, Sezione di Torino, Torino, Italy

Istituto di Astrofisica Spaziale e Fisica Cosmica di Palermo (INAF), Palermo, Italy

Osservatorio Astrofisico di Torino (INAF), Torino, Italy

Politecnico di Milano, Dipartimento di Scienze e Tecnologie Aerospaziali , Milano, Italy

Universita del Salento, Dipartimento di Matematica e Fisica “E. De Giorgi”, Lecce, Italy

Universita dell’Aquila, Dipartimento di Scienze Fisiche e Chimiche, L’Aquila, Italy

Universita di Catania, Dipartimento di Fisica e Astronomia “Ettore Majorana“, Catania, Italy

Universita di Milano, Dipartimento di Fisica, Milano, Italy

Universita di Napoli “Federico II”’, Dipartimento di Fisica “Ettore Pancini”, Napoli, Italy

Universita di Palermo, Dipartimento di Fisica e Chimica ”E. Segre¢”, Palermo, Italy

Universita di Roma “Tor Vergata”, Dipartimento di Fisica, Roma, Italy

Universita Torino, Dipartimento di Fisica, Torino, Italy

Benemérita Universidad Autonoma de Puebla, Puebla, México

Unidad Profesional Interdisciplinaria en Ingenierfa y Tecnologias Avanzadas del Instituto Politécnico
Nacional (UPIITA-IPN), México, D.F., México

Universidad Auténoma de Chiapas, Tuxtla Gutiérrez, Chiapas, México

Universidad Michoacana de San Nicolas de Hidalgo, Morelia, Michoacdn, México

Universidad Nacional Auténoma de México, México, D.F., México

Institute of Nuclear Physics PAN, Krakow, Poland

University of £.6dZ, Faculty of High-Energy Astrophysics,L.6dZ, Poland

Laboratério de Instrumentag@o e Fisica Experimental de Particulas — LIP and Instituto Superior Técnico
— IST, Universidade de Lisboa — UL, Lisboa, Portugal

“Horia Hulubei” National Institute for Physics and Nuclear Engineering, Bucharest-Magurele, Romania

Institute of Space Science, Bucharest-Magurele, Romania

Center for Astrophysics and Cosmology (CAC), University of Nova Gorica, Nova Gorica, Slovenia

11



Scaler rates from the Pierre Auger Observatory: a new proxy of solar activity

74 Experimental Particle Physics Department, J. Stefan Institute, Ljubljana, Slovenia

75 Universidad de Granada and C.A.F.P.E., Granada, Spain

76 Instituto Galego de Fisica de Altas Enerxias (IGFAE), Universidade de Santiago de Compostela, Santiago
de Compostela, Spain

77 IMAPP, Radboud University Nijmegen, Nijmegen, The Netherlands

78 Nationaal Instituut voor Kernfysica en Hoge Energie Fysica (NIKHEF), Science Park, Amsterdam, The
Netherlands

I Stichting Astronomisch Onderzoek in Nederland (ASTRON), Dwingeloo, The Netherlands

80 Universiteit van Amsterdam, Faculty of Science, Amsterdam, The Netherlands

81 (Case Western Reserve University, Cleveland, OH, USA

82 Colorado School of Mines, Golden, CO, USA

83 Department of Physics and Astronomy, Lehman College, City University of New York, Bronx, NY, USA

84 Michigan Technological University, Houghton, MI, USA

85 New York University, New York, NY, USA

86 University of Chicago, Enrico Fermi Institute, Chicago, IL, USA

87 University of Delaware, Department of Physics and Astronomy, Bartol Research Institute, Newark, DE,

USA

Max-Planck-Institut fiir Radioastronomie, Bonn, Germany

also at Kapteyn Institute, University of Groningen, Groningen, The Netherlands

¢ School of Physics and Astronomy, University of Leeds, Leeds, United Kingdom

Fermi National Accelerator Laboratory, Fermilab, Batavia, IL, USA

Pennsylvania State University, University Park, PA, USA

Colorado State University, Fort Collins, CO, USA

& Louisiana State University, Baton Rouge, LA, USA

now at Graduate School of Science, Osaka Metropolitan University, Osaka, Japan

Institut universitaire de France (IUF), France

now at Technische Universitdt Dortmund and Ruhr-Universitit Bochum, Dortmund and Bochum, Germany

<

~.

Acknowledgments

The successful installation, commissioning, and operation of the Pierre Auger Observatory would not
have been possible without the strong commitment and effort from the technical and administrative staff in
Malargiie. We are very grateful to the following agencies and organizations for financial support:

Argentina — Comisién Nacional de Energia Atémica; Agencia Nacional de Promocién Cientifica y
Tecnoldgica (ANPCyT); Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET); Gob-
ierno de la Provincia de Mendoza; Municipalidad de Malargiie; NDM Holdings and Valle Las Lefias; in
gratitude for their continuing cooperation over land access; Australia — the Australian Research Council;
Belgium — Fonds de la Recherche Scientifique (FNRS); Research Foundation Flanders (FWO), Marie
Curie Action of the European Union Grant No. 101107047; Brazil — Conselho Nacional de Desen-
volvimento Cientifico e Tecnolégico (CNPq); Financiadora de Estudos e Projetos (FINEP); Fundacdo de
Amparo a Pesquisa do Estado de Rio de Janeiro (FAPERJ); Sdo Paulo Research Foundation (FAPESP)
Grants No. 2019/10151-2, No. 2010/07359-6 and No. 1999/05404-3; Ministério da Ciéncia, Tecnolo-
gia, Inovacdes e Comunicagdes (MCTIC); Czech Republic — GACR 24-13049S, CAS LQ100102401,
MEYS LM2023032, CZ.02.1.01/0.0/0.0/16_013/0001402, CZ.02.1.01/0.0/0.0/18_046/0016010 and
CZ.02.1.01/0.0/0.0/17_049/0008422 and CZ.02.01.01/00/22_008/0004632; France — Centre de Calcul
IN2P3/CNRS; Centre National de la Recherche Scientifique (CNRS); Conseil Régional Ile-de-France; Dé-
partement Physique Nucléaire et Corpusculaire (PNC-IN2P3/CNRS); Département Sciences de 1’Univers

12



Scaler rates from the Pierre Auger Observatory: a new proxy of solar activity

(SDU-INSU/CNRS); Institut Lagrange de Paris (ILP) Grant No. LABEX ANR-10-LABX-63 within the
Investissements d’Avenir Programme Grant No. ANR-11-IDEX-0004-02; Germany — Bundesministerium
fiir Bildung und Forschung (BMBF); Deutsche Forschungsgemeinschaft (DFG); Finanzministerium Baden-
Wiirttemberg; Helmholtz Alliance for Astroparticle Physics (HAP); Helmholtz-Gemeinschaft Deutscher
Forschungszentren (HGF); Ministerium fiir Kultur und Wissenschaft des Landes Nordrhein-Westfalen; Min-
isterium fiir Wissenschaft, Forschung und Kunst des Landes Baden-Wiirttemberg; Italy — Istituto Nazionale
di Fisica Nucleare (INFN); Istituto Nazionale di Astrofisica (INAF); Ministero dell’Universita e della Ricerca
(MUR); CETEMPS Center of Excellence; Ministero degli Affari Esteri (MAE), ICSC Centro Nazionale di
Ricerca in High Performance Computing, Big Data and Quantum Computing, funded by European Union
NextGenerationEU, reference code CN_00000013; México — Consejo Nacional de Ciencia y Tecnologia
(CONACYT) No. 167733; Universidad Nacional Auténoma de México (UNAM); PAPIIT DGAPA-UNAM;
The Netherlands — Ministry of Education, Culture and Science; Netherlands Organisation for Scientific Re-
search (NWO); Dutch national e-infrastructure with the support of SURF Cooperative; Poland — Ministry
of Education and Science, grants No. DIR/WK/2018/11 and 2022/WK/12; National Science Centre, grants
No. 2016/22/M/ST9/00198, 2016/23/B/ST9/01635, 2020/39/B/ST9/01398, and 2022/45/B/ST9/02163; Por-
tugal — Portuguese national funds and FEDER funds within Programa Operacional Factores de Competi-
tividade through Fundacdo para a Ciéncia e a Tecnologia (COMPETE); Romania — Ministry of Research,
Innovation and Digitization, CNCS-UEFISCDI, contract no. 30N/2023 under Romanian National Core Pro-
gram LAPLAS VII, grant no. PN 23 21 01 02 and project number PN-III-P1-1.1-TE-2021-0924/TE57/2022,
within PNCDI III; Slovenia — Slovenian Research Agency, grants P1-0031, P1-0385, 10-0033, N1-0111;
Spain — Ministerio de Ciencia e Innovacién/Agencia Estatal de Investigacién (PID2019-105544GB-100,
PID2022-140510NB-I00 and RYC2019-027017-I), Xunta de Galicia (CIGUS Network of Research Cen-
ters, Consolidacion 2021 GRC GI-2033, ED431C-2021/22 and ED431F-2022/15), Junta de Andalucia
(SOMM17/6104/UGR and P18-FR-4314), and the European Union (Marie Sklodowska-Curie 101065027
and ERDF); USA - Department of Energy, Contracts No. DE-AC02-07CH11359, No. DE-FR02-04ER41300,
No. DE-FG02-99ER41107 and No. DE-SC0011689; National Science Foundation, Grant No. 0450696, and
NSF-2013199; The Grainger Foundation; Marie Curie-IRSES/EPLANET; European Particle Physics Latin
American Network; and UNESCO.

The SSA analyses were performed using the SSA-MTM Toolkit.! Daily mean sunspot numbers come
from the source: WDC-SILSO, Royal Observatory of Belgium, Brussels, and these can be downloaded from
https://www.sidc.be/silso/.

IFreeware SSA-MTM Toolkit at https://research.aos.ucla.edu/dkondras/ssa/form. html.

13


https://www.sidc.be/silso/
https://research.aos.ucla.edu/dkondras/ssa/form.html

	Introduction
	Scaler rate at the Pierre Auger Observatory
	Spectral analysis and results
	Discussion and Conclusions

