DIPARTIMENTO DI ECCELLENZA
MUR 2023/2027

A.D. 1308 ==

unipg INEN

Istituto Nazionale di Fisica Nucleare
Sezione di Perugia

ASI-UniPG 2019-2-HH.0

DIPARTIMENTO
DI FISICA E GEOLOGIA

Solar Activity and Galactic Cosmic Rays:
A Comprehensive Model for Long-Term Forecasting

F. Bardo(), B. Bertucci?3, F. Faldi?3, E. Fiandrini?3, M. Orcinha®, D. Pelosi?3), N. Tomassetti(2:3)

1 Laboratério de Instrumentacao e Fisica Experimental de Particulas, LIP - Lisbon, Portugal
2 Universita degli Studi di Perugia, Department of Physics and Geology, Italy
3 INFN — Perugia, Italy

11/7/2025



GCR Propagation

Solar activity, varying in a periodic way, affects cosmic-ray
fluxes arriving at Earth, particularly up to a few tens of GV.

heliosphere

11/7/2025



Solar modulation

Differential intensity (particles/m? /sr/s/MeV)

Minimum modulation
Moderate modulation
Maximum modulation

Vos+2015 -------- Ls

PAMELA 09: Adriani et al. 2013 ®
STEREO 08: Zhao et al. 2014
BESS 97: Shikaze et al. 2007
IMP8 77: von Rosenvinge et al. 1979 &
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AMS-02 12: Aguilar et al. 2015 &

BESS 98: Shikaze et al. 2007
IMAX 92: Menn et al. 2000

IMP8 87: Zhao et al. 2014
BESS-TeV 02: Shikaze et al. 2007
BESS 00: Shikaze et al. 2007
MASS 89: Webber et al. 1991
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IMP5 69: Hsieh et al. 1971
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The Parker’s Transport Equation

Solar modulation is caused by the long-term variations in solar activity (cycle).
It relates to the physics of particle transport in the turbulent heliospheric plasma.
The basic phenomenology is captured by Parker’s transport equation.
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o Stochastic methods:
o 3D model of heliosphere (High computational cost)
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Pelosi D. et. al., A forecasting framework for galactic cosmic ray flux in
space weather applications, Adv. Space Res. 76(9), 5700-5713 (2025).

LIS
GCR Datasetatr=1 A.U.
Parker /N ’
i Time lag

solution

The LXPG model

SSN(t-17) —> —> J(t)

for any GCR species

Hilbert-Haung filter Spline fit &
Cross correlation

o ML (Du+2025, Long Short Term Memory strategy)
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https://www.sciencedirect.com/science/article/pii/S0273117725008981
https://www.sciencedirect.com/science/article/pii/S0273117725008981
https://www.sciencedirect.com/science/article/pii/S0273117725008981
https://www.sciencedirect.com/science/article/pii/S0273117725008981

The Numerical Solution

1D Parker transport equation solved numerically via Crank—Nicolson scheme, assuming LIS (Pelosi et al. 2025),
constant solar wind speed V, and effective diffusion coefficient K.
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Parameter Time-series

Combined monthly AMS-02 (protons), PAMELA, and ACE (carbon) data to improve statistics and extend energy
range for better parameter constraints.
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Hilbert-Haung filter Hilbert-Huang transform with EMD
N optimization (11-yr solar cycle reference)

Ko(t) = Z D+ Ks(t) = Z e (D) + () for robust long-term mode extraction,
— = minimizing short-term solar transient
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Spline fit and Cross correlation Tomassetti+Phys. Rev. D, 2022
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27
T(t) = TMm -+ TM + G TAcCoS f)(t —tp)

Heliospheric lag between smoothed SSN and GCR data
explicitly included S(t - 1).

B-spline fit across both polarity phases (A/ S(t - T)) ensures
smoothness and continuity and smooth transition through
reversal.

Fit minimizes loss-function £ optimizing knots (V') and biases(q)

LOH@), N) = X2 (f) / 1" (2)? da

Cross-correlation functions quantifies parameter—SSN
relationships.
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Spline fit and Cross correlation

Bootstrap technique used to evaluate uncertainties: Ko (t) model

o Resampling using fitted errors and correlations S(t _ T) é 500 ﬁ J(P t) +0
J

o Apply filter and spline fitting to each realization.

e . £ -
o Use the spread of the resulting distribution as the final for any GCR species
uncertainty.
oy . 6 5-.02 ! 1.4 1
Bl I:osmve polarity : ’;:\"MELA n
n 1.0 4 o 0‘&
2 15 o gdn_0 =
0.8 - gt
10 4 wﬂ’w
5 %oo%we <o 0.6
"1 Negative polarity 141
540 10?0- v i
0 0 20 40 6'0 8'0 100 120 14I10 0 20 40 60 80 100 120 140
S(t—1) S(t-1)
11/7/2025 The European Space Weather Week 2025 10




Paper in preparation

Performances

Robust performance across data from several experiments, species, and energy ranges; consistent reconstruction
through multiple solar cycles.
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Paper in preparation

Performances

LIS from Boschini+2017
AMS-02 Phys. Rev. Lett. 134, 051001 (2025)
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Space Weather Applications E .” MRADSIM®

Alpat+2024
o Framework can be extended for long-term GCR predictions,
integrating SSN forecast models (Penza+2021, Toy CubeSat geometry: PCB Board as target
Asikainen+2023). dose estimates (LXPG + MRADSIM)

0.040 ’ Proton GCR

o Space Weather applications: preliminary tests coupling LXPG
model with GEANT4 for dose simulations (MRADSIM,
BEAMDIE s.r.l.).
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Conclusion

o The model effectively reproduces multichannel cosmic-ray data across several energy ranges and
epochs.

o Demonstrates strong predictive capability through SSN-driven modulation and time-delay effects.

o Supports space weather forecasting and dose assessment for both humans and spacecraft
systems, enabling long-term predictive applications.

Next Steps

o Investigate radial dependence of flux modulation.

o Incorporate more suitable physical solar proxies (e.g. open solar flux)
o Refine time-lag studies as explored in Pelosi+PoS(ICRC2025)
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