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• All the characteristics are impacted by  
• Origin 
• Acceleration 
• Transport 

• We’ve learned a lot but there remains a lot to 
learn 
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Origin 
• Solar Wind & SEP have different composition 

• 3He/4He especially 

• SEPs systematically related 
to upstream material 

• Seed population is 
suprathermals 

• What are its characteristics? 
• How does it vary? 

Mewaldt	et	al.	2001		
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Acceleration 
• ‘Flare’ processes 

• Turbulence stochastic 

– 4 –

e.g. Steinacker et al. 1988). The energy loss rate at low energies (for both electrons and ions) is dominated
by Coulomb collisions with background particles (mainly electrons).2 At higher energies (not relevant for
the discussion here) inelastic interactions (synchrotron, inverse Compton and bremsstrahlung) for electrons
and (nuclear line excitation, neutron and pion productions) for ions become important.
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Fig. 1.— Left: A schematic representation of the reconnecting field (solid green) forming closed coronal loops
and open field lines presumably extending into higher corona and the solar wind. The red foam represents
turbulence. Acceleration probably takes place in the outflow regions above and below the X-point. Particles
(temporarily) trapped here produce the radiation seen above the closed loops and particle escaping these
regions up and down (blue arrows) are observed at one AU as SEPs and produce the nonthermal radiation
(mainly at the two foot points; blue ovals), respectively. (From Liu et al. 2013) Right: A similar schematic
joining the flare site field lines to the CME, the shock and beyond (from Lee, 2005). The rectangles define
the boundary of the acceleration sites and represent the leaky box.

The final coefficient in Equation (1), namely the energy dependence of the escape time, has a more
complicated relation to the transport coefficients and the crossing time τcross ≡ L/v, where L = V/Ā is the
average size of the acceleration site. If there is a weak or no trapping of the particles in the acceleration
site; i.e. when magnetic field lines are nearly uniform and we are dealing with the weak diffusion limit with
scattering time τsc ≫ τcross (or mean free path λsc ≫ L), then the particles free stream and escape within

2Coulomb collision also cause pitch angle scattering, and therefore spatial diffusion along the field lines, with a rate that is
comparable to energy loss rate at nonrelativistic energies but decreases as 1/(γ2 − 1). They also cause energy diffusion which
is negligible in the cold target case (E ≫ kT ), but can be comparable to the energy loss rate for a hot target as E approaches
kT (see Petrosian & Kang 2015), where T is the background plasma temperature.

Liu	et	al.	2013		



Acceleration 
• ‘Flare’ processes 

• Turbulence stochastic 
• Magnetic islands 
• Conditions in which this is occurring? 
• Heating of 3He? 
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Acceleration 
• CME-driven shocks 

• Orientation of the shock 

Hu	et	al.	2017	
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• CME-driven shocks 

• Orientation of the shock 
• Spectra 

Li	et	al.	2009		
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Acceleration 
• CME-driven shocks 

• Orientation of the shock 
• Spectra 
• Composition 

• Where exactly? 
• Nose? 
• Flanks? 

Rouillard	et	al.	2016		



A Twin-CME Scenario for Ground Level Enhancement Events 147

Fig. 1 The cartoons depicting our “twin-CME” scenario for the generation of an extreme SEP event. Two
CMEs erupt from the same or nearby source active regions. Interchange reconnection between open magnetic
field and that enclosing the first CME can release driver material of the first CME to the turbulence-enhanced
downstream of the first CME shock. This material can be subsequently accelerated by the second CME shock.
See text for details

lines separate the magnetic field to −, +, and − polarities. Far above the solar surface, the
magnetic field is unipolar (shown as inward polarity). Note, even though the interplanetary
current sheet (ICS) is much more convoluted during the maximum phase of the solar cycle
than during the minimum phase, it always divides the inner heliosphere (out to ∼0.3 AU)
into two tilted hemispheres with opposite polarity. Except during the passage of a CME, the
half sphere on one side of the ICS is full of open magnetic field of one polarity and the other
half full of open field of the opposite polarity.

(b) At a later time t1, the first CME erupts and expands and drives a shock (the top
orange curve in the second panel). Behind the shock is the turbulent downstream region.
The strongest turbulent region is right behind the shock and is shown by the blue shaded
area. Mostly likely this eruption occurs in one or the other of the two opposite-polarity
open-field domains of the inner heliosphere. Hence, for nearly every CME, interchange
reconnection can occur between the ambient open field and the opposite-polarity leg of the
CME, as depicted for the first CME in Fig. 1. This reconnection can open the driver of the
first CME and bring the “driver material” out of the closed plasmoid. The reconnection also
accelerates some of the driver-material particles, although not to very high energies. Now
if a second CME occurs on the side of the first CME where the interchange reconnection
(shown as the top yellow cross) occurs, then the reconnection opens the driver of the first
CME and releases the “driver material” into the turbulence-enhanced downstream of the
first shock and upstream of the second shock. Note there are also reconnections and particle
acceleration low down at the flare site (also marked by yellow crosses in Fig. 1). In our
“twin CME” scenario, the interchange reconnection can also leak these flare particles into
the turbulence enhanced upstream of the second shock.

(c) As the second shock plows through the turbulent plasma behind the first shock, it
accelerates the pre-accelerated “driver material” or “flare material” seed particles provided
by the interchange reconnection at the first CME. This acceleration is the most effective
when the second shock is still close to the Sun. This is because the wave power (turbulence
strength) downstream of the first shock decreases quickly with heliocentric distance (Zank
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Acceleration 
• CME-driven shocks 

• Orientation of the shock 
• Spectra 
• Composition 

• Where exactly? 
• Nose? 
• Flanks? 

• Conditions? 
• Seed population 
• Magnetic 

connection 
• IPM 

Mewaldt	et	al.	2017	

<B>	=	6.82	nT		
ST	Density	=	0.30		m-3!
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• Governed by rigidity 
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In mid 2010, when SEP activity began to pick up, 
STEREO-A and STEREO-B (hereinafter STA and 
STB) were separated by ~145°.  By the time of Solar 
Wind 13, the separation had grown to ~235°.  Thus, 
the STEREO, and near-Earth instruments have 
provided the opportunity to explore the longitudinal 
dependence of SEP intensities, fluences, onset times, 
composition, and energy spectra as cycle 24 builds to a 
maximum. In this paper we present examples of SEP 
time intensity profiles, fluences, and energy spectra as 
a function of longitude, including fits to the longitude 
dependence of several events. Also presented is a 3D 
MHD model of one event.  In related work, there have 
been other multi-spacecraft studies of cycle-24 SEP 
events [1,2,3] and studies of multi-spacecraft 
composition variations [4].  

OBSERVATIONS 

The STEREO SEP observations presented here are 
from the SIT [5], LET [6] and HET [7] sensors on 
STA and STB, which collectively measure protons 
from ~0.3 to 100 MeV. Near-Earth SEP measurements 
are from the ULEIS [8], EPAM [9], and SIS [10] 
instruments on ACE; the EPHIN [11] and ERNE [12] 
instruments on SOHO; and the EPI sensors [13] on the 
GOES satellites. CME data are from the SECCHI 
instruments [14] on STA and STB and SOHO/LASCO 
[15].  

Multi-Spacecraft SEP Observations 

We focus here on examples of large SEP events 
observed at 3 separated locations. An interesting 
example is the 3 November 2011 event that originated 
on the far side of the Sun at E155 [16]. Figure 3 (top) 
shows the spacecraft positions; note in the middle 
panel that the intensities rose very rapidly (within ~30 
min of each other) at all three spacecraft. STA 
recorded the highest intensities 103° east of the 
eruption. The next best connection was apparently to 
STB, 53° west of the eruption. Near-Earth sensors 
recorded lower intensities, except at ~100 MeV. The 
measured fluence spectra (bottom) are surprising in 
that the spectral slopes bear little apparent relation to 
each other.  

Spectral Variations 

Aside from Van Hollebeke et al. [17] there has not 
been much work on how SEP energy spectra observed 
at 1 AU depend on the longitude of the source region.  
In Figure 4 we show examples of SEP fluence spectra 
at three well-separated points. It is surprising that the 
spectra sometimes have similar shapes at all three 

points (e.g., 4 August 2011), while in other events 
there are major differences (e.g., 27 January 2012, 21 
March 2011, and 3 November 2011 in Figure 3).  Such 
spectral differences may reflect the effects of 
variations in shock geometry (quasi-perpendicular 

6/3/12 6:06 PMSTEREO - Science Center - Where is STEREO?

Page 1 of 2http://stereo-ssc.nascom.nasa.gov/where/make_where_gif.php

Positions of STEREO A and B for 2011-11-03 00:00 UT

                                STEREO-B           Earth        STEREO-A

Heliocentric distance (AU)      1.085968        0.992181        0.967045
Semidiameter (arcsec)            883.661         967.190         992.330

HCI longitude                    222.157         324.503          69.769
HCI latitude                       4.699           4.224          -6.926

Carrington longitude              72.894         175.240         280.506
Carrington rotation number      2116.798        2116.513        2116.221

Heliographic (HEEQ) longitude   -102.346          -0.000         105.266
Heliographic (HEEQ) latitude       4.699           4.224          -6.926

HAE longitude                    298.135          40.052         145.689

Earth Ecliptic (HEE) longitude  -101.916          -0.000         105.638
Earth Ecliptic (HEE) latitude     -0.183           0.000          -0.116

Roll from ecliptic north           0.039                          -0.034
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FIGURE 3: (top) Spacecraft and planet locations for the 3 
Nov 2011 SEP event originating at N15E155. (middle) 
Time-intensity distributions of ~26-40 MeV protons at 
STA, STB and SOHO. (bottom) Fluence spectra from 
STA, STB, and near-Earth spacecraft show a wide range 
of spectral indices. 
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FIGURE 3: (top) Spacecraft and planet locations for the 3 
Nov 2011 SEP event originating at N15E155. (middle) 
Time-intensity distributions of ~26-40 MeV protons at 
STA, STB and SOHO. (bottom) Fluence spectra from 
STA, STB, and near-Earth spacecraft show a wide range 
of spectral indices. 
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What We Know & Don’t 
• Origin is the suprathermals 

• Composition, spectrum, variability 

• Acceleration is mostly by CME-driven shocks 
• Location on the shock, orientation 
• Seed population 
• Magnetic connection, IPM conditions 

• Transport is governed by rigidity  complicated 
• Dependence on energy 
• Longitudinal distribution 

• Parker Solar Probe & Solar Orbiter will help 
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