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Motivation

How do solar eruptions produce energetic particle 
radiation that fills the heliosphere?

Credit: Petrosian 2016

Particle 
acceleration

Particle 
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Motivation

Study the acceleration of solar energetic electrons 
sampling events closer to the acceleration site

Study the evolution of particle parameters with 
distance to the Sun

To study new parameters that could be related to 
particle acceleration processes

Motivation
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Acceleration of solar energetic  electrons 
sampling events closer to the acceleration site

Pictures and screenshots 
are welcome

Credit: https://ismaelcaracol.wordpress.com/

Rodríguez-García et al. (A&A, 2023b)
L. Rodríguez-García, L. A. Balmaceda, R. Gómez-Herrero, A. Kouloumvakos, 

N. Dresing, D. Lario, I. Zouganelis, A. Fedeli, F. Espinosa Lara, I. Cernuda, G. C. Ho, 
R. F. Wimmer–Schweingruber, and J.  Rodríguez-Pacheco

Solar activity relations in energetic electron 
events measured by the MESSENGER mission

Link to the article
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MESSENGER: solar energetic electrons observations

q Most of the rising, maximum, and early decay phase of solar cycle 24
q Heliocentric distance of MESSENGER: 0.31 to 0.47 au
q 61 solar energetic electron events (vertical spikes) 
q High background of MESSENGER/EPS instrument-> only strong events
q Anti-Sun pointing of MESSENGER/EPS-> lower limit of peak electron intensities
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In situ electron increases versus solar activity

Example: Solar energetic electron event on 2011 June 4

MESSENGER/EPS
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Parker spiral/3D CME & CME-driven shock

Nominal connection angle (CA) 
using 400 km/s solar wind speed

3D CME/CME-driven 
shock

 geometry and 
kinematics
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Relations: e- peak intensity vs solar source 
parameters

q Corrected for the 
lower limit of 
peak intensity 
values measured 
by MESSENGER 

q Spearman, 
Pearson, and 
Kelly 
correlation 
methods used

Similar correlations (within uncertainties) between the SEE peak intensities and 
the flare or shock parameters

Flare

Shock
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q Corrected for the 
lower limit of 
peak intensity 
values measured 
by MESSENGER 

q Spearman, 
Pearson, and 
Kelly 
correlation 
methods used

The correlation of the peak electron intensity with the maximum speed of the 3D CME-
driven shock at the apex is stronger than that with the 3D CME speed at the apex

The 3D CME geometry plays a moderate role in the acceleration of particles 

Relations: e- peak intensity vs solar source 
parameters

CME
speed

CME
width
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Evolution of particle parameters with distance to the Sun

Solar energetic electrons (SEE) measured by the 
MESSENGER and Solar Orbiter missions

Peak intensity and peak-intensity energy spectrum radial 
dependences: statistical analysis

Link to the article

Pictures and screenshots 
are welcome

Credit: https://ismaelcaracol.wordpress.com/

Rodríguez-García et al. (A&A 2023a)
L. Rodríguez-García, R. Gómez-Herrero, N. Dresing, D. Lario, I. 

Zouganelis, L. A. Balmaceda, A. Kouloumvakos, A. Fedeli, F. Espinosa 
Lara, I. Cernuda, G. C. Ho, R. F. Wimmer–Schweingruber, and J.  

Rodríguez-Pacheco
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Nominal Parker spiral alignment with near 1 au

2. Intercalibration factor between s/c to compare the peak intensities

We have corrected for:

1. Small longitudinal effect (not exactly the same connectivity to the 
source)

Similar connectivity is 
not always guaranteed

Large sample of events 
is instrumental to derive 

radial dependences

MESSENGER

STEREO-A
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Radial dependence of the e- peak intensities

SEE events where CA 
difference < |20|º

SEE events where CA 
difference < |30|º

R-3 R-3

~R𝞪 ~R𝞪

R-3
R-3

No intercalibration Intercalibration MESS ∼ 
ACE

MESSENGER: 71-112 keV
STEREO-A: 75-105 keV
STEREO-B: 75-105 keV
ACE: 53-103 keV
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On average and within the uncertainties, the dependence R-3 found in previous studies is 
confirmed 

(a) No 
longitudal effect 
correction
 No 
intercalibration

(b) Longitudal 
effect 
correction
No 
intercalibration

(c) No 
longitudinal effect 
correction
Intercalibration

(c) Longitudal 
effect 
correction &
Intercalibration

Radial dependence of the e- peak intensities
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e- peak-intensity energy spectrum near 0.4 au

Spectral 
indices

Near 0.4 au (this 
study) 
Backward spectra

Near 1 au 
Forward spectra

δ200 -1.9 ± 0.3 -3.55 ± 1.45
(Dresing et al., 
2020)

-2.56
(Dresing et al., 
2022)



15

Radial dependence of the e- energy spectrum

The electron spectral index found in the energy range around 200 keV (δ200) of the 
backward-scattered population near 0.3 au is harder when compared to the both 
anti-sunward and backward propagating beam near 1 au.
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Balmaceda et al. (ApJ, in prep.)
L. A. Balmaceda, L. Rodríguez-García, Angelos Vourlidas, 

David Lario, Raúl Gómez-Herrero, and Nina Dresing

What CME properties account for SEP events?

New parameters for particle acceleration processes

Particles near 1 
au (prompt 

component of the 
peak intensities from 

STEREO-A, STEREO-B, 
ACE, and SOHO)

Electrons: near-
relativistic (70-100 

keV) and 
relativistic (1 MeV)

Protons: 5 MeV, 25 
MeV, 50 MeV

Possible 
accelerators:

Flare peak, fluence CME 3D kinematics Wave 3D 
kinematics
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Example of remote-sensing coverage

Balmaceda et al, 
2022 ApJ

Link to the article
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Parameters of CME & wave included in the study

Balmaceda et al, 2022 ApJ
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Preliminary list of events under study

CME:
-LE (leading edge): radial expansion

-WEO (width edge-on): cross-section expansion

-WFO (width face-on): lateral expansion

CME-driven shock:
-Top: radial expansion

-b: lateral expansion
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SEP event number 1

Example of spacecraft constellation
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Near-relativistic electrons (70-100 keV)

CME Wave

radial

lateral

cross-section

lateral

radial

Best connected s/c

Lateral expansion of the CME more relevant 
than the cross-section expansion
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Relativistic electrons (1 MeV)

CME Wave

radial

lateral

cross-section

radial

lateral

Best connected s/c

Lateral expansion of the CME more 
relevant than the cross-section expansion
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5 MeV protons

CME Wave

radial

lateral

cross-section

radial

lateral

Best connected s/c

Lateral expansion of the CME more 
relevant than the cross-section expansion
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25 MeV protons

CME Wave

radial

lateral

cross-section

radial

lateral
Best connected s/c

Shock speed and CME speed have 
similar relevance
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50 MeV protons

CME Wave

radial

lateral

cross-section

radial

lateral

Best connected s/c

Shock speed and CME speed have 
similar relevance
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Conclusions

ü Both flare and shock-related processes may contribute to the acceleration of near 
relativistic electrons in large SEE events, in agreement with previous studies based on near 1 
au data

ü The maximum speed of the CME-driven shock is a better parameter to investigate 
particle-acceleration-related mechanisms than the average CME speed, as suggested by 
the stronger correlation with the SEE peak intensities

ü There is a wide variability in the radial dependence of the electron peak intensity between ∼0.3 
au and ∼1 au, but the peak intensities of the energetic electrons decrease with radial distance 
from the Sun in 27 out of 28 events.  On average and within the uncertainties, we find a radial 
dependence consistent with R-3

ü The electron spectral index found in the energy range around 200 keV (δ200) of the backward-
scattered population near 0.3 au is harder in 19 out of 20 (15 out of 18) events by a median 
factor of ∼20% (∼10%) when compared to the anti-sunward propagating beam (backward-
scattered population) near 1 au.
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Conclusions

Electrons and protons 5 MeV:
• Lateral expansion of the CME more relevant than the cross-section 

expansion

Protons 25 and 50 MeV:
• Shock speed and CME speed have similar relevance
• Similar relevance of CME and shock-lateral, cross-section- expansion 

speeds
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