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Particles in the Heliosphere  

Differential Intensity energy 
spectra for Oxygen Ions (from 
Lee, Mewaldt and Giacalone, 
2012 (Shock acceleration of 
Ions in the Heliosphere, Space 
Science Reviews, 173, 
247-281) 



Solar Energetic Particle (SEP) Events  

Time profiles of protons for an impulsive (left) and a gradual (right) SEP event as measured  
by ACE/EPAM (two low energy channels) and IMP-8/CPME (two high energy channels).  

● Impulsive  Short duration + low intensities 
● Gradual     Duration of days and contribution from coronal and  
                             interplanetary shock-accelerated particles 



Shock 

Solar Energetic Particle Events  

Sources of particles –eruptive 
phenomena-  flares and shocks 
driven by coronal mass ejections 

(Credit: HELEX report NASA ) 



SEP Events – heavy ions  

2011 November 26 SEP event: Hourly averaged intensity-time profiles for 0.1-100 
MeV/nuc O from ACE/ULEIS and ACE/SIS (from Fig 1. in Desai et al. 2016) 

Desai et al. (2016) studied the 0.1-100 MeV/nuc of O and Fe fluence spectra for 
46 Large isolated SEP events and conclude:  
“SEP spectral properties result from many complex and competing effects, namely Q/ M-
dependent scattering, shock properties, and the origin of the seed populations, all of which 
must be taken into account to develop a comprehensive picture of CME-driven shock 
acceleration of large gradual SEP events.” 



STEREO-B COR1 2011/09/22: CME 
        10:51:11 UT                11:11:00 UT                              

•  Flare:	  Start	  at	  10:29	  UT	  and	  max.	  at	  
11:01	  UT	  of	  a	  X1.4	  solar	  flare	  @	  
N09E89	  as	  seen	  by	  SDO/GOES/RHESSI.	  

•  Angle	  STEREO-‐B	  -‐	  Earth:	  96.5º	  
•  SEP	  event	  as	  seen	  from	  STEREO-‐B:	  W07	  
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Waves (STEREO-B, Wind) 

2011 September 22 SEP event: Solar Origin 

12-25 keV 
10:53:48 UT 



Shock and Particle model (SaP) 

Interplanetary shock 
simulation (by J. Pomoell)  

Particle transport + mobile 
source COBPOINT 

STEREO-B 

22/09 25/09 

SEP events - propagation  
Simulation: 2011 September 22 SEP event at STEREO-B 

Shock 



Streaming + Convection 
 
 
Focusing 
 
 
 
Differential convection 
 
 
Scattering 
 
 

Adiabatic deceleration 
 
 

The particle transport equation (Ruffolo, 1995) with a mobile 
source of particles (Lario et al. 1998)  

Q(t) 
[G and Q, the injection rate of shock- accelerated particles  
in velocity space, are directly related: G(r) = A(r) Q(r)] 

Source term (mobile source!) 

With   Where q=1.6 



The 2011 September 22 SEP event for a 
virtual observer at 0.3 AU Mean free 

path as @ 
derived 
from 1AU 
fitting 

Mean free 
path as @ 
1AU + a 
foreshock 
region with 
enhanced 
turbulence 



•  As mentioned by Mason et al. (2012): “the dependence of the Dµµ 
on the turbulent magnetic field strength implies that Dµµ will vary 
with the heliocentric radial distance, r. How δB^2 varies with r is 
presently not known, although some earlier studies by Helios (Bruno 
and Carbone 2005) suggested that a WKB approximation, i.e. δB^2 
~ r^-3, is reasonable, but a slight underestimate.”  

•  Together with fitting carefully the proton/electron intensity time-
profiles and also the profiles or energy spectra of different heavy-ion 
species, the directional information that SO/EPD will provide may 
also contribute to disentangle the role of the diffusion coefficients in 
particle transport.  

ERNE/HED ERNE/HED 

Simulation of the particle transport for the 2012 May 17 event – preliminary results from 
the H2020 HESPERIA Project 



SEP events – propagation 
Anisotropy information  

For example, Dresing et al. 
(2016) analyse the event on 7 
November 2013 in which STA 
and STB where separated by 68º 
 
They use STEREO/SEPT 
observations, combined with 
plasma observations and Radio 
observations (Nançay) to 
determine with the help of MC 
modelling and SEPinversion 
modelling (Agueda et al. 2008, 
2012) and dertermine bi-
directional injections in both legs 
of the MC. 
 
They conclude that observations 
out-of-ecliptic are indispensable 
to understand this type of events. 



SEP events – propagation 
Perp. Transport  

Dröge et al. (2016) investigate the 
role of the parallel and 
perpendicular transport of SEPs for 
electron events during August 2010. 
 
They use STEREO/SEPT 
observations and MESSENGER 
data in this case shown.  
 
They find that // and perp. diffusion 
mean free paths of electrons can 
vary significantly both in radial 
distance and heliolongitude: λ//  in 
the range of 0.15– 0.6 au, and 
values of λ⊥  in the range of 0.005– 
0.01 au. They also discuss that 
there might be a functional 
relationship between the 
perpendicular and the parallel mean 
free path. 



Marsh et al. (2015) a previous work form co-workers (Dalla et al. (2013, 2015) 
have developed a test particle 3D transport model where they take into account 
the particle perpendicular propagation by modelling the particle drifts.  
 
In the model shown, they assume a fixed source of particles at 2 solar radii for 
10-400 MeV. Drifts are more important for heavy-ions and for the higher energy 
protons in their simulation (Marsh et al. 2013). 
 

SEP events – propagation 
Perp. Transport  

Forecasting for an X10 class flare - From Marsh et al. (2015) – SPARX model 
(EU/FP7 COMESEP Project) 

Protons > 10 MeV, > 60 MeV 

N20W60 N20W20 N20E20  
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Figure 1 3D frontal view of a
snapshot of the 3D simulation
after t = 4.95 hours (adapted
from Figure 2 of
Rodríguez-Gasén et al., 2011).
The dark-grey isosurface
indicates the location of the
shock front. The grey slice shows
the ecliptic plane, the yellow
circle marks the position of the
Sun, and the black line indicates
the CME-driven shock
propagation direction (towards
the reader visual, nearly hidden
by the green observer). The
colour code for the nine
observers, their corresponding
IMF lines, and the cobpoints are
as labelled.

Since the simulated shock travelled very fast, it was not geometrically deflected by the
background medium. Thus, the leading edge of the shock, the so-called shock nose, moved
along the same direction as the launch direction. In longitude we placed three observers 45◦

westward of the shock nose. That is, these observers would see the solar event as a W45
event. Three other observers were located 30◦ eastward of the shock nose, and three more
in the same longitude as the shock direction (central meridian observers). Hence, looking
towards the Sun, these observers were placed at W45, E30 and W00 with respect to the
CME-launch direction. In latitude, three observers were placed at the same latitude as the
shock leading direction, θ = 22◦, which are the N22 observers. Three other observers were
placed 15◦ northward of this direction, which are the N37 observers (θ = 37◦), and three
more were located 15◦ southward, these are the N07 observers (θ = 7◦).

In short, the observers were located at the angular positions N37W45, N22W45,
N07W45, N37W00, N22W00, N07W00, N37E30, N22E30, and N07E30, with the shock
launched in the N22W00 direction. Figure 1 shows a 3D frontal view of one snapshot of
the shock simulation 4.95 hours after the launch of the perturbation, as well as the loca-
tion of the nine 0.4 AU-observers; the angular positions for the 1.0 AU-observers are the
same. The dark-grey surface indicates the considered spatial boundary of the front of the
expanding IP shock (see Section 2.3). The black line indicates the CME propagation di-
rection. Coloured solid circles indicate the position of the observers, the colour lines their
interplanetary magnetic field (IMF) lines and the coloured open circles the location of their
corresponding cobpoints. The colour code for the nine observers is as labelled (see more
details in Rodríguez-Gasén et al., 2011).

2.3. Determination of the Shock Front and of the Cobpoint

To identify the location of the shock front along the magnetic-field line connecting the shock
itself with the observer, we applied the same procedure as in Rodríguez-Gasén et al. (2011).
We also used it to compute the plasma variables and magnetic-field values upstream and
downstream of the shock front.

Variation of Proton Flux Profiles with the Observer’s Latitude 1753

Figure 3 Comparison between
the location of the first cobpoint
for the 0.4 AU- and the
1.0 AU-observers. From top to
bottom: θ = 7◦ , θ = 22◦ , and
θ = 37◦ . Each panel displays the
position of the 0.4 AU- and
1.0 AU-observers and their
corresponding IMF lines (solid
and dashed lines, respectively).
Observers are colour-coded
according to their position in
space (see Section 2.3). The
arrow indicates the main
direction of the shock.

4. Flux Profiles and Radial Variation

To visualize and quantify the influence that the latitude of the observer has on SEP events, we
produced synthetic flux profiles as measured by the virtual observers described in Section 2
by using the Q(VR) relation of the SOLPENCO code (Aran, Sanahuja, and Lario, 2006).
Because we assumed a functional dependence logQ ∝ VR, the evolution of VR for different
observers directly translates into an evolution of the injection rate of shock-accelerated par-
ticles, and, therefore, into a variety of SEP flux profiles. The values adopted to describe the
IP particle transport and other features of the model can be found in Aran, Sanahuja, and
Lario (2006).
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4. Flux Profiles and Radial Variation

To visualize and quantify the influence that the latitude of the observer has on SEP events, we
produced synthetic flux profiles as measured by the virtual observers described in Section 2
by using the Q(VR) relation of the SOLPENCO code (Aran, Sanahuja, and Lario, 2006).
Because we assumed a functional dependence logQ ∝ VR, the evolution of VR for different
observers directly translates into an evolution of the injection rate of shock-accelerated par-
ticles, and, therefore, into a variety of SEP flux profiles. The values adopted to describe the
IP particle transport and other features of the model can be found in Aran, Sanahuja, and
Lario (2006).

Ø  An example SaP 
simulations with 
3D MHD models  
From R. 
Rodríguez-
Gasén, Aran, 
Sanahuja, C. 
Jacobs and S. 
Poedts  (2014) 

SEP events – propagation 
Extended sources – latitudinal variation 

Ø  CME launched at 
N20 and shock 
transit time to 1 AU 
~16 hours 
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Figure 5 Simulated flux profiles derived from the particle transport model for 1 MeV (blue lines) and
32 MeV (red lines) protons, for the nine 0.4 AU-observers (top) and 1.0 AU-observers (bottom). Each column
shows the observer’s longitude and each line style represents its latitude, as labelled.

Therefore, since the shock front arriving at these western and eastern observers is weak, we
only simulated a foreshock for the central meridian (W00) observers at low energy.

The derived synthetic proton flux profiles are a consequence of the continuous injection
of shock-accelerated particles, controlled by VR, plus the conditions of the particle transport
along the IMF lines. The highest intensity is measured by the N22W00 observer at the shock
passage in the two radial distances considered, both at 1 MeV and at 32 MeV. The shape
of the proton flux profiles for the corresponding observers at different radial distances can
differ considerably: for example, at 1 MeV, for the W00 0.4 AU-observers, there is a sudden
increase of the intensity at the prompt phase, followed by another significant increase at the

0.4 AU 

1.0 AU 

From R. 
Rodríguez-
Gasén, Aran, 
Sanhuja et al. 
(2014) 
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Figure 6 Radial variations of 1 MeV (blue) and 32 MeV (red) proton peak intensities for the 0.4 AU- and
the 1.0 AU-observers. The values of α are given in the inset for each latitude and energy.

1.0 AU); while the 0.4 AU-observers establish their magnetic connection in a region where
VR is lower than for the 1.0 AU-observers (see Figure 4), resulting in intensity–time profiles
peaking at the shock passage, where the shock is still efficient at accelerating particles. If the
0.4 AU-observers were placed in the same magnetic flux tube as the N22W45 and N37W45
1.0 AU-observers, that is, if they were sharing the same magnetic connection with the shock
front, peak intensities would decrease with radial distances as r−2.61 and r−2.00 for 1 MeV
and 32 MeV, respectively, for the N37W45 case and r−2.77 and r−2.02 for low and high
energy, respectively, for the N22W45 case. Therefore, radial variations of peak intensities
strongly depend on the way the observers are connected with the shock front and on the
efficiency of the shock in the regions scanned by their cobpoints, especially for a narrow
and rapid shock like the one simulated in this work.

For the W00 and E30 observers, the radial indices both at low and high energy follow the
same trend. For central meridian observers, the peak intensities softly decrease with radial
distance because the shock nose is still efficient at accelerating particles when it crosses
1.0 AU. In the case of the eastern observers, peak intensities decrease faster than for W00
observers owing to the lower values of VR scanned by the cobpoints of the 1.0 AU-observers
with respect to those of the 0.4 AU-observers (see Figure 4 and discussion in Section 3).
Note that the decrease of the peak intensity with radial distance is softer for the N37E30
case because the observer at 1.0 AU has a better connection than those at N22 and N07.

The wealth of observational data that allows us to compare with the radial dependences
that we find come from simultaneous observations of SEP events from the Helios-1 and
Helios-2 spacecraft (from 0.29 to 0.98 AU) and the near-Earth observatories IMP-8 and
ISEE-3. A number of multi-spacecraft studies have been performed using these data sets (see
a detailed summary in Lario et al., 2013, and references therein). We focus here in the studies
that provide radial dependences for the highest intensity of protons at the energies between
1 MeV and 32 MeV. In their Figure 4, McGuire, Lal, and Van Hollebeke (1983) showed
the radial dependences of six SEP events for 11 – 60 MeV protons. For these events, whose

If western observers 
were sharing the 
same IMF line 

From R. 
Rodríguez-
Gasén, Aran, 
Sanahuja et al. 
(2014) 



Ø  We have very few multi-spacecraft observations of SEP events aligned 
along the same IMF line , from Helios and near-Earth spacecraft. 

Ø  Looking for events with no data gaps at the shock arrival in both locations 
and a clear solar source association, we found these three events:  

From Aran, Laurenza et al., 1st SPP-SO 
workshop, 2015 



SEP events – propagation 
Intervening Structures 

The study of particle 
propagation in SEP 
events may be 
complicated by the 
presence of 
intervening 
structures in the 
solar wind.  
 
For instance, in the 
event of 17 
November 2011, 
Lario et al. (2013) 
found a radial 
decrease for the 
peak intensity larger 
than usual: R-4.44 due 
to a travelling shock 
between 
MESSENGER and 
STEREO-B 
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•  SO/EPD electron, proton and heavy-ions combined may help 
improve our understanding of the particle diffusion 
coefficients.  

•  The field of view of the EPT/HET will contribute to shed more 
light on the relative role of the parallel and perpendicular 
transport of particles. This will be helped by the out-of-
ecliptic observations, where lower anisotropies were 
observed by Ulysses. 

•  The fact of approaching toward the Sun, will also provide the 
opportunity to study the transport processes without 
intervening structure that complicate the scenario. 

•  Also, we will be able to study the particle acceleration at 
shocks closer to the Sun with more data products (heavy 
ions, particularly) than for the Helios spacecraft.  

Summary  
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THANK YOU FOR YOUR ATTENTION 


