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Nuclei

Important source of radiation
To assess radiation dose

Protons

Dominant in GCRs. Best data.
To probe GCR transport

Messengers for new physics
Precious source of information

Antiparticles

What to look at and why

EQ. DOSE

FLUX Antiproton/proton
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Solar modulation: what to look at and why
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PG+BO+RM2
Metodo 

stocastico/RW: 
simulazioni MC 

di pseudo-
particelle

PG - analisi 
multi-correlative

Some recent efforts & results

N. Tomassetti F. Barao, B. Bertucci, E. Fiandrini, M. Orcinha, “Numerical modeling of 
cosmic-ray transport in the heliopshere and interpretation of the proton-to-helium ratio in 
Solar Cycle 24”, Adv. Space Res. 64 (2019) 2477-2489 [arXiv:1906.11477] 

PG+Lisbon
integrazione 
numerica eq. 

trasporto 
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Flux Diffusion Convection Particle drift Energy losses
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Solar Modulation Calculations

Source

Stochastic method
CR transport parameters
Free parameters that regulate the processes of CR 
tranport in heliosphere, e.g. diffusion and drift.

Example: 1 GV 
proton trajectory

The solution is obtained by sampling of MC 
generated pseudo-particle trajectories.
(Fiandrini et al. 2021) 

Heliospheric input parameters
• IMF intensity
• IMF polarity
• IMF Tilt Angle

Parameters that capture the conditions of 
the heliospheric plasma (the medium where
CRs move throught) at a given epoch

connection
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Heliospheric input parameters

Intensity 𝐵!

Polarity "𝐴

Tilt angle 𝛼

5

{𝐵! 𝑡 , 𝛼 𝑡 , &𝐴(𝑡)}

Determined from observations of 
the solar or interplanetary B field

Fiandrini et al 2021
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Transport parameters
Time-dependent coefficients of the diffusion tensor:

𝐾% = 𝜉𝐾∥

Slope @ R> Rb

𝐾∥ =
𝛽𝑐
3
×𝐾'

⁄𝑅 𝑅' (

( ⁄𝐵 𝐵')
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1 + ⁄𝑅* 𝑅' )

*+(
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Slope @ R< Rb
Normalization

Break rigidity

Mean free path 𝜆(𝑡, 𝑅), from 𝐾 = "#
$ 𝜆

Parallel:

Perpendicular:

𝐾 ∝ 𝑅%
𝐾 ∝

𝑅&

𝑅& 𝑅

𝐾

Basic set: {𝐾! 𝑡 , 𝑎 𝑡 , 𝑏(𝑡)}
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Misure di AMS-02 e PAMELA modello numerico

Valutazione delle incertezze
PA
ME
LAAMS-02

Temporal dependence of 𝐾!, as part of 𝑞⃗ = {𝐾!(𝑡), 𝑎(𝑡), 𝑏(𝑡)}. 

Chi square as function of K0

Data-model comparisons

Data driven calculation of  CR transport
𝑞⃗(𝑡) = {𝐾!, 𝑎, 𝑏, 𝐵!, 𝛼, .𝐴} 𝜒" = 𝜒"(𝑞⃗)

CR transport IMF conditions
Fiandrini et al 2021
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Data driven calculation of  CR transport

𝐾 𝑡, 𝑅 =
𝛽𝑐
3
𝜆 𝑡, 𝑅

𝜆 ∝
𝑅.

𝜆 ∝ 𝑅
/

𝑅/
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Correlation analyses

Correlations between solar/diffusion 
parameters show hystheresis and loops 
revealing various physics phenomena:

(a) Charge-sign dependence

(c) Variability of the IMF turbulence

(b) Time lag of CRs in response to 
changing conditions of the IMF (c)

(a) (b)
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ü Evolution of B, C, O vs Time and Rigidity
ü Parameter determined from from C data: ACE/CRIS & AMS-02  
ü Testable predictions for B, B/C or other species and ratios

Results with CR nuclei
A. Reina Conde et al.
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Evolution of  the CR propagation times

B. Khiali+ ECRS-2022

Data-driven calculation of the CR 
propagation times and energy 
losses and how they evolve over 
the solar cycle.

Example: 1 GeV CR protons
spend 40 to 100 days in the 
heliosphere, on average
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Accordo ASI-UniPG – RT316 Giugno 2022

Protoni

Antiprotoni

Protoni

Antiprotoni

Propagation time: time spent by CR protons in the 
heliosphere if they are detected near-Earth with 𝑬𝒇 = 𝟏 𝑮𝒆𝑽.

Probability density functions 𝑷(𝒕|𝑬) & 𝑷(𝜼|𝑬)

Energy loss fraction: loss of initial energy 𝑬𝒊 by CRs
due to adiabatic cooling 𝜼 = ⁄(𝑬𝒊 − 𝑬) 𝑬𝒊.

Protoni

A+ A- A+

Calculations of  times and energies

Simulation of 1 GeV protons (arrival energy).
Model calibrated over an entire 22yr polarity cycle
(Data from AMS, PAMELA, EPHIN/SOHO, BESS)

B. Khiali et al.

𝑷(𝒕|𝑬)
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Calculations of  times and energies
B. Khiali et al.

Propagation times of 1 GeV protons and antiprotons
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Accordo ASI-UniPG – RT3Calculations of  times and energies
B. Khiali et al.

Energy loss fraction of 1 GeV protons and antiprotons
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Investigation of  the time lag 

R ~120 AU

V~450 km/s

𝐒𝐒𝐍

𝝓

Example: lag between 𝝓 and SSN (magnified)

The best correlation is between 𝝓(𝒕) and 𝑺𝑺𝑵(𝒕 − 𝚫𝑻)

NT+ 2017, ApJ 849 L32: lag incorporated
in CR transport model. Using CR data 
from space: 𝚫𝐓 ≈ 𝟖𝒎𝒐𝒏𝒕𝒉𝒔

𝚫𝐓

NT et al. 2022
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Time Lag between Solar Activity and Modulation
NT et al. 2022
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No time lag
8 month lag𝝆 𝑽𝑺 𝚫𝑻

Time Lag between Solar Activity and Modulation

𝝓(𝒕) VS 𝑺𝑺𝑵(𝒕 − 𝚫𝑻)
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Time lag

Evolution of  the Lag over the Solar Cycle

𝜙(𝑡) and 𝑆𝑆𝑁(𝑡 − Δ𝑇)
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Evolution of  the Lag over the Solar Cycle

Main periodicity:
T ~ 22 yr !!!

Time lag
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Evolution of  the Lag over the Solar Cycle
Time lag

Sinusoidal fit
1970 1980 1990 2000 2010 2020
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Main periodicity:
T ~ 1 / 22 yr !!!
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A- A-A+ A+A+

The time-lag appear correlated with the 22-yr magnetic cycle of the Sun.

Time lag

Sinusoidal fit

Evolution of  the Lag over the Solar Cycle

21
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Evolution of  the Lag over the Solar Cycle

22
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Determine the free parameters for the many
time series (6 NM stations + space data)

All parameters except 𝝉𝑴 are independent
on 𝑹. Tm decreases with rigidity

Semi-empirical formula to describe lag evolution

Determine the mean GCR rigidity 𝑹 for data set

Rigidity dependence of  the Lag
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The heliosphere is a giant magnetic spectrometer. It acts at selecting/suppressing trajectories.
Ø During A+ polarity states, CR protons come to us through the polar regions. Fast wind, short lag.
Ø During A- polarity states, CR protons come to us through the equators. Slow wind, large lag.

The observed evolution of the lag is a signature of  charge-sign dependent drift. Its rigidity
dipendence may be related to the CR propagation times (and to spectrum of IMF turbulence)

particles

antiparticles

epoch

lag

𝜏D.E = 𝜏F ± 𝜏G×cos
HI
J!

𝑡 − 𝜏K

22 years

Predictions for antiparticles

24
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e+ e-

A<0

A<0

A>0
e+

/e
-

Cycle 24

Insights from antimatter/matter ratios: drift

e+

e-
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Cycle 24

Insights from antimatter/matter ratios: drift
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