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Solar relativistic protons

• Ground Level Enhancements 
(GLEs): protons ~1-30 GeV

• g-ray flares: protons     
>300 MeV (Fermi/LAT)

Klein et al 2018Strauss et al 2017



Interplanetary propagation models

• 1D models, based 
on focussed 
transport equation

• single flux tube, i.e. 
no propagation 
across the field

• effects of magnetic 
field polarity and 
heliospheric current 
sheet not included
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3D test particle propagation

A+

Maps of crossings of 1 AU sphere

Battarbee et al 2018
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Dependence on particle energy



Number of crossings of 1 AU sphere

A- A+

l=0.1 AU 29 17

l=0.5 AU 11 7
de Nolfo
et al 2019



Intensity profiles at 1 AU

10-100 MeV/nuc

Observer at [Df, Dq]

• Power law population injected (g=2)



Intensity profiles at 1 AU

Dalla et al 2019 in prep



Spectra at 1 AU



Comparison with PAMELA for GLE 71

• Instantaneous power law (g=2.8) injection from a 40x40◦

region, HCS tilt angle=57 ◦

• l=0.3 gives better fit



Comparison with PAMELA for GLE 71

PoS(ICRC2019)1061
SEP Observations with the PAMELA Experiment A. Bruno
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Figure 2: 2012 January 27 (left) and 2012 May 17 (right) SEP event-integrated intensity spectra measured

by PAMELA [29]. The solid lines are the fits performed by using the E-R function (Equation 3.1); corre-

sponding parameters are also reported along with the integration intervals. The downward pointing arrows

mark the rollover energies. For comparison, the dashed lines denote the fits with a simple power-law model.

energy. The 2012 May 17 event was linked to an M5.1 flare (located at N11W76) and a 1596

km/s space speed CME. Despite the relatively less powerful parent eruption, it was both longitu-

dinally and latitudinally well-connected to Earth, resulting in the first GLE of solar cycle 24. In

this case, the event-integrated intensities are smaller at low energies and the spectrum is harder

(γ∼2.5±0.1), with a similar rollover energy (Er∼523±127 MeV). The same functional form was

found to successfully reproduce all the SEP event spectra measured by PAMELA with adequate

statistical precision [29]. In particular, the absence of qualitative differences between GLE and

non-GLE events suggests that GLEs are not a separate class of SEP events but they rather are the

extreme end of a continuous spectral distribution (see Figure 12 in [29]).

In the scenario of DSA, the spectral rollovers are attributed to particles escaping the shock

region during acceleration due to effects mostly related to the limited extension and lifetime of the

shock (see Section 1). It should be emphasized that the high-energy rollovers identified for the

first time by PAMELA represent a distinct spectral feature with respect to the breaks previously

reported at much lower energies (few/tens of MeV/n) in the spectra of H-Fe nuclei (e.g., [22]

and references therein). While such low-energy spectral breaks, that decrease in energy with the

ion charge-to-mass ratio, were predicted to originate from DSA at near-Sun [20, 21], there are

alternative interpretations based on interplanetary transport effects [23, 24]. The spectral shapes

below a few hundred MeV have been typically fitted with the double-power-law empirical function

introduced by Band et al. [34] (hereafter “Band” function):

ΦBand(E) =

!

A E−γa exp(−E/E0) for E < (γb − γa) E0,

A E−γb [(γb − γa) E0]
(γb−γa) exp(γa − γb) for E > (γb − γa) E0,

(3.2)

originally developed to fit gamma-ray burst spectra. It is defined by four free parameters (A, γa, γb,

E0), providing a smooth transition between two spectral regions characterized by different slopes

(γa and γb); the transition energy is given by (γb − γa) E0, where E0 is the break energy. We note

that the Band function reduces to a single power-law extending the spectrum to infinite energies,
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Conclusions

• 3D test particle simulations show that IMF 
polarity and HCS strongly influence propagation 
of relativistic solar protons

• Dependence of 1 AU crossings on A+ vs A-
(number and spatial patterns)

• In 3D, source properties are processed by  
transport, with features eg of spectra being 
observer-dependent


