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Abstract Solar Energetic Particles (SEPs) are an important component of Space Weather,
including radiation hazard to humans and electronic equipment, and the ionisation of the
Earth’s atmosphere. We review the key observations of SEPs, our current understanding
of their acceleration and transport, and discuss how this knowledge is incorporated within
Space Weather forecasting tools. Mechanisms for acceleration during solar flares and at
shocks driven by Coronal Mass Ejections (CMEs) are discussed, as well as the timing rela-
tionships between signatures of solar eruptive events and the detection of SEPs in interplan-
etary space. Evidence on how the parameters of SEP events are related to those of the parent
solar activity is reviewed and transport effects influencing SEP propagation to near-Earth
locations are examined. Finally, the approaches to forecasting Space Weather SEP effects
are discussed. We conclude that both flare and CME shock acceleration contribute to Space
Weather relevant SEP populations and need to be considered within forecasting tools.

Keywords Sun: particle emission · Solar-terrestrial relations · Space weather

1 Introduction

Solar energetic particle (SEP) events are distinct enhancements in space of particle fluxes
of electrons, protons and heavy ions at energies well above the average thermal energy in
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the corona, which is a few hundreds of eV. The energy of solar energetic protons can reach
GeV in some events. The events last from a few hours to several days. Space weather effects
of SEPs are due to the interaction of the particles with electronics, the Earth’s atmosphere
and living beings. Strong SEP events are a potential space weather hazard because they may
affect space borne electronics and generate substantial particle radiation. Energetic ions are
themselves primary radiation and they generate secondaries through nuclear reactions with
the Earth’s atmosphere and any exposed materials. This leads to enhanced ionisation and
sometimes to modifications of the local chemistry of the high polar atmosphere of the Earth.
SEP events are a major obstacle to human spaceflight outside the Earth’s magnetosphere.

In this paper we discuss the acceleration and propagation of SEPs from a space weather
perspective. Scientific understanding of these topics underpins many forecasting tools that
aim to predict the occurrence of SEP events and their impact.

Two key questions regarding SEPs within a Space Weather framework are: Which solar
events are responsible for the production of SEPs most dangerous for Space Weather? What
type of events can give rise to extreme SEP enhancements? In this chapter we review the
observational evidence and modelling efforts related to SEPs, with the aim of addressing the
above questions.

Since SEP events usually have well-defined onset time and intensity enhancements up to
several orders of magnitude, they can be related to individual events of solar activity. His-
torically flares and filament eruptions were the only known major transient features in the
solar atmosphere. SEP events were considered as a consequence of flares until the 1970s.
Since the discovery of CMEs in the 1970s a bimodal framework for the interpretation of SEP
events has emerged, based on their classification into impulsive and gradual (Reames 1999).
Impulsive SEP events are short (≤1 day), low intensity and numerous (estimated as about
1000/year in periods of high activity). Gradual events are long (several days at energies of
a few MeV/nuc), rather rare (a few tens per year), and orders of magnitude more intense in
protons than impulsive SEP events. Within this scenario, the latter type of events, charac-
terised by the largest proton fluences and therefore of most relevance to Space Weather, are
ascribed to acceleration by CME-driven shocks as they propagate through the heliosphere.
There is some debate as to the role played by “flare acceleration” in these events. The ques-
tion for space weather forecasting is whether it suffices to consider the parameters of CMEs
in order to provide an accurate SEP forecast, or whether flare information must also be taken
into account. One can immediately see that the science related to SEP acceleration should
inform Space Weather, for example through statistical studies of links between solar events
and SEP occurrence and parameters.

The propagation of energetic particles through interplanetary space is also key to de-
termining whether or not SEPs will be observed, for example, near Earth and potentially
produce Space Weather effects. The classic description of SEP transport, embedded within
the two-class paradigm, is spatially one-dimensional, in the sense that particles are assumed
to remain tied to the magnetic field line on which they were initially injected. The detection
of particle flux at one location therefore requires direct magnetic connection to the accelera-
tion region. At the same time, measurements from a number of spacecraft have shown that in
many events particles have easy access to wide regions in longitude and latitude. Is this ob-
servation the result of wide CME driven accelerating fronts in the heliosphere, as postulated
within the two-class paradigm, or could other physical processes be at play? Again scientific
understanding is required to assess and forecast the Space Weather effects of SEPs.

We begin in Sect. 2 by reviewing key SEP observations, on which our current under-
standing is based and which need to be explained by any overarching SEP theory. In Sect. 3
we briefly touch upon mechanisms for particle acceleration that are thought to operate at the
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Fig. 1 Heliolongitude distribution of the flares associated with SEP events in different energy ranges: grad-
ual events at energies >1 MeV (black line and grey background shading; numbers rebinned into 30◦-wide
intervals, after Fig. 2.3 of Reames 1999); 20–80 MeV (red solid line) from Van Hollebeke et al. (1975);
>450 MeV (blue dashed–dotted line) from the list of ground level enhancements (GLEs) at www.nmdb.eu.
Panel (a) gives the actual event numbers, (b) the numbers scaled to the maximum of the distribution of
>1 MeV events

Sun, and in Sect. 4 we discuss the links and timings between remote sensing signatures of
acceleration and SEP detection in interplanetary space. Section 5 summarises studies of sta-
tistical relationships between solar activity and SEP occurrence and parameters. In Sect. 6
the particle transport through the corona and interplanetary space is discussed. Approaches
to forecasting SEPs within a Space Weather perspective are reviewed in Sect. 7 and finally
Sect. 8 presents our conclusions and discusses future perspectives.

2 Key Observations

A large amount of observations have been gathered on SEPs over the past decades. It is
beyond the scope of this article to review all available experimental information, but in
this Section we will focus on the main features of SEP observations. The reader is referred
to reviews by Reames (1999), Klecker et al. (2006) and Desai and Giacalone (2016) for
additional information.

2.1 Location of Parent Active Region

SEP enhancements associated with solar flares and Coronal Mass Ejections (CMEs) can
last from just a few hours to several days. Whether or not an SEP event will be detected, for
example near Earth, depends on the location at the Sun of the parent event: eruptions at West-
ern locations on the solar disk have a much higher likelihood of resulting in an SEP event
at Earth, due to the curvature of the Parker spiral interplanetary magnetic field. However,
in many events particles can be detected at locations widely separated, either in longitude
(e.g., Richardson et al. 2014) or in latitude (e.g., Dalla et al. 2003), from the parent region.
While this was thought initially to apply only to gradual events, it has been shown that im-
pulsive events can also be detected over wide longitudinal ranges (Wiedenbeck et al. 2013).
In some cases particles can spread over 360◦ in longitude (Gómez-Herrero et al. 2015).

Observed longitude distributions of the flares associated with major SEP events are dis-
played in Fig. 1, for three separate SEP energy ranges. The black histogram and grey shading

http://www.nmdb.eu
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show gradual SEP proton events at ∼1 MeV (Reames 1999) (where numbers have been re-
binned into 30◦-wide intervals for the sake of comparison). The red line shows the histogram
for the proton energy range 20–80 MeV (Van Hollebeke et al. 1975) and the blue dashed–
dotted line that for protons above 450 MeV (the nominal atmospheric cutoff energy of neu-
tron monitors at sea level). All three distributions peak in the nominally well-connected lon-
gitude range W30◦–W60◦. But all have a significant width, showing that particles can reach
Earth-connected interplanetary field lines even when the associated flare is several tens of
degrees away from the footpoint of the nominal Parker spiral on the solar wind source sur-
face. The width of the distribution decreases with increasing particle energy: gradual SEP
events detected at MeV energies have a very weak longitude dependence of the associated
flare, while GLEs have a more pronounced concentration around the well-connected field
lines. An intermediate behaviour is displayed by SEP events in the 20–80 MeV range.

2.2 Particle Intensities and Anisotropies

Profiles of particle intensities versus time vary depending on the location of the parent event,
with SEPs from Western events displaying a fast rise and generally shorter duration, and
those from Eastern events having a much more gradual rise phase (Cane et al. 1988). Peak
intensities show a strong dependence on the longitudinal separation from the source active
region and tend to be largest at the spacecraft best connected to the region (e.g., Richardson
et al. 2014). In some events intensities show a large peak at energies up to ∼100 MeV at the
time when a CME-driven interplanetary shock passes the Earth. The phenomenon is termed
Energetic Storm Particle (ESP) event. ESP events are not addressed here in detail. Recent
reviews of observations and theory are given in Lee et al. (2012) and Desai and Giacalone
(2016).

Anisotropies, describing the degree to which particles are beamed when arriving at the
detecting spacecraft, are an important property of SEP events that can be obtained from
sectored particle instruments. Anisotropies tend to be larger at the beginning of an event,
and usually they quickly fall to zero, indicating isotropy of the particle distribution. In a
recent study of electron anisotropies detected by STEREO, it was shown that in many events
anisotropies are large at the spacecraft best connected to the flare region while they are
small at less well connected spacecraft, although other types of multi-spacecraft anisotropy
signatures are also possible (Dresing et al. 2014).

The energy range over which SEPs are observed at 1 AU varies considerably between
different events and is of course dependent on instrumentation and background fluxes. In
the largest events, the presence of protons of energies up to tens of GeVs can be detected
through neutron monitors at the Earth’s surface, in so-called Ground Level Enhancements
(GLEs). Measurements of solar γ -rays by the FERMI/LAT instrument have shown that the
acceleration of protons of energies above 300 MeV is a common occurrence in the solar
corona (see Sect. 4.3) and can even be observed in M-class flares

2.3 Elemental Abundances and Charge States

Measured properties of heavy ion SEP populations provide important information on their
acceleration and propagation. Both depend on the mass-to-charge ratio m/q . Heavy ion
SEPs detected at 1 AU are typically partially ionised.

Heavy ion properties provide some key criteria for separating events into gradual and im-
pulsive within the two-class scenario (Reames 1999). In the initial version of this scenario
impulsive events are characterised by values of the event-averaged Fe/O around 1 (about 10
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Fig. 2 (a) Energy dependence of Fe/O ratio for the event of 2013 April 11 (Cohen et al. 2014). ©AAS.
Reproduced with permission. (b) Compilation of energy dependence of Fe charge states for a number of SEP
events (Klecker et al. 2007). ©Springer. Reproduced with permission

times larger than typical coronal values), while gradual events are less rich in iron, with val-
ues around 0.1. Impulsive events show large enhancements in the event-averaged 3He/4He
ratio (about 1000 times larger than typical coronal values), while the ratio is typically orders
of magnitudes lower in gradual events. Charge states of Fe in impulsive events are typically
higher (QFe � 20) than in gradual events (QFe � 12) (Reames 1999).

The above criteria were established in the 1990s using SEP data for heavy ions in the
∼1 MeV/nuc energy range. It was realised later that charge states are in fact strongly de-
pendent on the energy of the ions. In the common impulsive SEP events, charge states at en-
ergies below 1 MeV/nuc were found to increase with increasing energy (Klecker et al. 2007;
DiFabio et al. 2008). In several large (‘gradual’) events the charge states were shown to in-
crease with energy above 1 MeV/nuc such as to approach values at several tens of MeV/nuc
that were considered as typical of ‘impulsive’ SEP events in the 1990s (Cohen et al. 1999;
Mazur et al. 1999; Möbius et al. 1999; Mewaldt et al. 2006; Klecker et al. 2007; Rouil-
lard et al. 2012). The left-hand panel in Fig. 2 shows the Fe/O ratio during an event as
a function of particle energy, observed by two spacecraft at different heliolongitudes. At
both spacecraft the Fe/O ratio increases with increasing energy above ∼0.7 MeV/nuc.
In addition, the ratio is different at different vantage points. The right-hand panel shows
event-integrated Fe charge states in two energy ranges (blue and red crosses, respectively)
as a function of charge states in the energy range 0.18–0.25 MeV/nuc for several grad-
ual SEP events. Each cross designates a different event. Events with energy-independent
charge states are on the inclined dashed line. The blue crosses are mostly close to this line,
showing that charge states in the ranges (0.36–0.43) MeV/nuc are the same as those in
the (0.18–0.25) MeV/nuc range. However, at energies above 20 MeV the average charge
of the Fe ions is significantly higher, with charge states typical of the classical value for
impulsive events on 1998 Sep. 30 and 1997 Nov. 06. Elemental abundances also display
a time variation in individual events. For example the Fe/O ratio often decays over time
from values considered typical of impulsive events, to much lower values (Tylka et al. 2013;
Mason et al. 2006). Other ionic ratios also display a time dependence and this is dependent
on their m/q values (Zelina et al. 2017).
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Fig. 3 (a) Fluence spectra of strong SEP events observed from spacecraft (reproduced from Mewaldt et al.
2007, with the permission of AIP Publishing). (b) Cumulative occurrence probability of yearly fluences at
energies above 200 MeV inferred from neutron monitor observations of relativistic SEP events and from
radionuclides in ice cores (Kovaltsov et al. 2014). ©Springer. Reproduced with permission

2.4 Extreme SEP Events

Studies of space weather effects from SEPs can look back to about 50 years of space ob-
servations at energies up to a few hundreds of MeV, and to 70 years of ground-based mea-
surements of relativistic SEP events, up to some GeV or even a few tens of GeV. Fluence
spectra of strong events are shown in Fig. 3(a). The spectra can be divided in two categories:
(1) events with high fluence at several tens of MeV, with steep spectra towards higher ener-
gies (typical examples: August 1972, October 1989, July 2000), and (2) relativistic particle
events, called ground-level enhancements (GLEs) that have spectra extending into the GeV
range, but are much weaker at energies of tens of MeV than the first category. The distinc-
tion is not bimodal, since the events of Aug. 1972, Oct. 1989 and Jul. 2000 also were GLEs.
But high particle intensities at tens of MeV and several GeV do not appear to be correlated,
and extreme event scenarios must be elaborated separately for the two categories. This is
important since the two relevant energy ranges define different potential space weather haz-
ards: impact on satellites in exposed orbits and on ionisation of the high polar atmosphere
at tens of MeV, and tropospheric effects through the formation of atmospheric cascades at
several GeV. The reason for the difference is that the extreme fluences at tens of MeV are
not dominated by acceleration at the Sun, but near Earth, when it encounters a CME-driven
interplanetary shock. The high particle fluxes come from the proximity of the accelerator,
rather than its intrinsic strength. GeV particles are accelerated closer to the Sun.

The probability of occurrence of SEP events at energies of tens of MeV has been studied,
e.g., by Xapsos et al. (1999). From an analysis of SEP events in cycles 20 to 22, considering
only events occurring in a time interval from 2.5 years before to 4.5 years after the sunspot
maximum, these authors inferred a power-law with a rollover at high fluences and a smooth
approach of zero at some maximum fluence. The extrapolated maximum fluence at energies
above 30 MeV is found to be near 1.3 · 1010 cm−2, about 1.6 times the highest fluence
observed. There are probably some differences in the calibration with Fig. 3(a), which shows
slightly lower fluences than Fig. 1 of Xapsos et al. (1999). But this does not affect the above
ratio. Worst case scenarios for prescribed mission durations are also presented by these
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authors. More recent analyses of extreme events relevant to space missions are, e.g., Jiggens
et al. (2014).

The data base for relativistic solar particle events goes beyond the space age. Direct mea-
surements date back to the 1940s, showing events that are much stronger than during the
space age (McCracken 2007). If transient enhancements in the traces of cosmogenic ra-
dionuclides in ice cores and tree rings, such as 10Be and 14C, can be related to past solar
events, the historic view covers the last 10,000 years. This has been exploited by Kovaltsov
et al. (2014) to establish the cumulative occurrence probability of yearly ion fluence at en-
ergies above 200 MeV (Fig. 3(b)). The result is that once every 100 years a yearly fluence
can be expected of about 5 times or more the strongest yearly fluence observed by a network
of neutron monitors so far, that is the fluence in 1956, with the strongest GLE ever seen—
GLE1956Feb23 (GLE 5). This estimate does not depend crucially on the interpretation of
signatures in ice cores or tree rings. Those suggest that the distribution function derived from
observed GLEs rolls over at a fluence near 2 · 109 cm−2, which is about 25 times the 1956
fluence. There is still some debate, however, if the high-fluence branch in the plot is really
related to solar events. Furthermore, the fluences are yearly values, not individual events.
No signature of the Carrington event in 1859 is identified in these terrestrial archives.

3 Acceleration Processes

The association of SEP events with flares and CMEs leads to the distinction of two groups
of acceleration mechanisms. One is related to magnetic reconnection and turbulence in ac-
tive regions, exemplified by solar flares and particularly the hard X-ray, gamma-ray and
microwave signatures during the impulsive flare phase. The other is particle acceleration
at large-scale shock waves, exemplified by interplanetary shocks. Energetic storm particle
events accelerated when such a shock passes near Earth are a prime example.

The neat distinction between the two types of processes may be difficult in practice. Mag-
netic reconnection, for instance, is not restricted to the impulsive flare phase, but may also
occur in the downstream region of CMEs, where current sheets are formed, and at the in-
terface between the outward propagating CME and the ambient corona. Shock acceleration
may also occur in reconnection regions, at the interface between the reconnection jet and its
coronal environment (see Warmuth et al. 2009, and references therein).

3.1 Particle Acceleration in Solar Flares

3.1.1 Observational Evidence on the Location of the Acceleration Region

Hard X-ray imaging with Yohkoh and RHESSI frequently shows configurations suggesting
magnetic loops with a particle acceleration region near or above the loop top. The RHESSI
image of the 2005 Jan 20 flare (Fig. 4(a)) is a prime example: the red contours outline a
thermal X-ray source, which traces the upper part of a coronal loop. The blue contours
are the sources of hard X-ray emission from the chromospheric footpoints. They project
onto flare ribbons seen in UV (the two elongated grey bands), which outline the part of
the chromosphere heated by energy deposition during the flare. This source morphology
is generally interpreted as a signature of energy release near or above the loop top, which
heats the plasma in the coronal loop and accelerates electrons that escape from the primary
acceleration site as beams. Because of their high energy they interact very little with the
dilute coronal plasma and precipitate into the dense chromospheric footpoints, where they
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Fig. 4 (a) Contours of hard X-ray emission in two spectral bands (RHESSI) superposed on a TRACE image
of chromospheric flare ribbons in UV (Krucker et al. 2008b). ©AAS. Reproduced with permission. (b) Car-
toon scenario of particle populations and related electromagnetic emissions during a flare

lose their energy instantaneously through collisions with the ambient medium, while simul-
taneously transforming a small amount of energy into hard X-ray emission. The RHESSI
image is a snapshot: during the impulsive phase of the event the X-ray sources occur in
an irregular temporal succession at neighbouring places, but the hard X-ray footpoints are
always located on the UV ribbons. A standard cartoon scenario is shown in Fig. 4(b). The
acceleration is ascribed to energy release above the loop top, probably related to magnetic
reconnection. The upward field lines may be part of a plasmoid that is ejected upward, or
they may be open to the high corona. The energy release may equally well be related to
magnetic reconnection with another closed magnetic structure, as in the classical scenario
in Heyvaerts et al. (1977). The observation (Sui et al. 2004) of pairs of hard X-ray sources
at flare loop tops with temperature gradients pointing to a region between them corroborates
the idea that the basic flare energy release occurs near or above loop tops in active regions.

From the energy-dependent timing of hard X-ray intensity peaks and from the obser-
vation that decimetric radio emission shows bidirectional electron beams, with downward-
directed beams at high frequency (high ambient electron density) and upward directed beams
at low frequency, Aschwanden and coworkers concluded that the typical acceleration region
is placed at an altitude of about 1.5 times the half-length of the magnetic loop above the
photosphere, with an ambient density of about (1–10) · 109 cm−3 (see Sects. 3.3 and 3.6
of Aschwanden 2002, and references therein). Recent analyses show that similar bidirec-
tional streams can also show up at higher frequencies, and hence higher ambient electron
densities: Tan et al. (2016) derive electron densities in the acceleration region in the range
(1–10) · 1010 cm−3.

An alternative estimate of the thermal electron density in the acceleration region can be
obtained from the Fe charge states measured in SEPs, QFe. High values of QFe � 20 (to
be compared with QFe � 12 in the quiet corona) are observed in impulsive SEP events and
at high energies in some gradual SEP events: if these charge states are to be explained by
collisional stripping in the acceleration region, the product of the election density ne and the
residence time in the acceleration region τ must be (1–10) · 1010 cm−3 s (Kocharov et al.
2000; Kartavykh et al. 2007). This is consistent with the high electron densities inferred
by Tan et al. (2016), given that the time scales of hard X-ray emission suggest acceleration
times τ < 1 s for the electrons. The acceleration time of interacting protons at energies of
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tens of MeV is unlikely to be significantly higher, since similar time scales of hard X-ray
emission and nuclear gamma-ray emission have been found in some flares where the gamma
rays were observed with high time resolution (Kane et al. 1986; Trottet et al. 1993).

3.1.2 Current Sheets, Magnetic Reconnection and Particle Acceleration

Magnetic reconnection is widely believed to be the fundamental process explaining both the
restructuring of coronal magnetic field configurations and the conversion of the magnetically
stored flare energy. Particle acceleration can be due to the direct electric field in the diffusion
region, turbulence created during the process, or the reconnection shock that may form as
the outflow jets from the diffusion region impinge onto underlying magnetic field structures.
These processes are not expected to be neatly separated in a realistic scenario. Current sheets
related to solar flares have spatial scales that are largely below the spatial resolution of any
imager. They are expected to be highly fragmented and highly dynamic, with the formation
and coalescence of magnetic islands, and the retraction of reconnected magnetic field lines
(Kliem et al. 2000). The interaction of particles wandering around within a sea of magnetic
islands can lead to more efficient particle acceleration than a single reconnection region
as considered in many earlier studies (e.g., Heerikhuisen et al. 2002). The fragmentation
of current sheets is also physically more realistic than reconnection in a single large-scale
structure. A detailed discussion is given in Cargill et al. (2012). Multiple current sheets can
also be formed throughout a magnetic loop that is twisted by motions of the photospheric
plasma at one of its footpoints (Gordovskyy et al. 2013). Such a scenario with distributed
sites throughout the volume of the loop may resolve problems with understanding the stable
transport of intense electron beams over macroscopic distances from the coronal accelera-
tion sites to the chromospheric footpoints where the hard X-rays are emitted. Recent reviews
of particle acceleration in solar flares can be found in Holman et al. (2011), Fletcher et al.
(2011) and Vilmer et al. (2011).

Scenarios of CME eruption include current sheets either as the fundamental driver of the
eruption or as a consequence. In coronographic observations bright ray-shaped features that
form in the aftermath of the ejected structure are often interpreted as current sheets. The
visible features are dense, and might better be called plasma sheets. But judging from their
geometry they must contain current sheets. UV coronographic spectroscopy shows they start
hot, at temperatures of several tens of MK, and cool down over time scales of several hours.
This is accompanied by the appearance of new loop structures over an extended range of
temperatures and wavelengths, and by signatures of sunward-retracting structures, which is
reminiscent of the depolarization observed in magnetic substorms. Reviews of recent work
are given in Raymond et al. (2012) and Lin et al. (2015). These post-eruptive current sheets
are likely regions of long-lasting electron acceleration seen in metric radio bursts (Aurass
et al. 2009; Benz et al. 2011; Démoulin et al. 2012a, 2012b), and were suggested to also be
a site of long-lasting acceleration of high-energy ions that escape to the interplanetary space
(Carmichael 1964; Akimov et al. 1996; Klein et al. 2014).

3.1.3 Stochastic Acceleration

Stochastic acceleration generalises Fermi’s idea that charged particles gain energy by en-
counters with randomly moving magnetic obstacles, because energy-increasing head-on
collisions occur more often than energy-reducing trailing collisions. Instead of macroscopic
magnetic obstacles, any fluctuating electric field in different types of plasma waves and in
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turbulence can provide the acceleration. A review of stochastic acceleration especially in
solar flares is given in Petrosian (2012).

Turbulence is expected to arise in many situations where plasma flows occur. In the solar
atmosphere such plasma flows occur in magnetic reconnection, but also at the interface
between jets or CMEs and the ambient corona. In a flare scenario as shown by the cartoon
in Fig. 4(b) magnetic energy released during magnetic reconnection or other processes is
expected to create high levels of turbulence on MHD scales, which will cascade to smaller
scales. Charged particles may be trapped in this turbulence around the loop top, and be
accelerated. This could explain why loop top sources are commonly seen in hard X-ray
images (Krucker et al. 2008). They are especially observed whenever the bright footpoints,
which dominate the hard X-ray morphology of flares on the disk, are occulted by the solar
disk.

The cyclotron frequency of particles with charge q = Qe and mass m = Amp , where
mp is the mass of the proton, is Ωc = Q

A
Ωcp. Q/A = 1 (protons), 2/3 (3He), 1/2 (4He and

heavier elements, if they are fully ionised). In the corona, H and He are expected to be fully
ionised, but the highest charge states of Fe observed in SEP events are Q � 20. This corre-
sponds to Q/A ≤ 0.4. As MHD waves cascade towards smaller spatial scales, i.e. increas-
ingly high frequencies, they are hence expected to first resonate with ion species having low
cyclotron frequencies, which may then be expected to be more efficiently accelerated than
species with higher Q/A ratio. This expected behaviour fits well the observed ordering of
enhanced abundances by the Q/A-ratio in small impulsive SEP events displayed in Fig. 4.4
of Reames (1999). For this reason stochastic acceleration is considered as the archetypal
“flare acceleration” process in the SEP literature.

However, the abundance enhancements due to the cascade of MHD waves cannot ac-
count for the highly efficient acceleration of 3He, which has a high cyclotron frequency.
Interpretations of 3He enrichments include the resonance with waves produced by electron
beams (Miller et al. 1997; Aschwanden 2002) or the presence of multiple resonances of 3He
with waves when the 4He population is accounted for in the dispersion relations of the waves
(Petrosian 2012).

3.2 Shock Acceleration

Shocks are ubiquitous in the corona, including CMEs and jets. Shock acceleration mech-
anisms are reviewed in Jones and Ellison (1991), Krauss-Varban (2010), Lee et al. (2012)
and Desai and Giacalone (2016). Below we briefly discuss shock drift acceleration, which
is mainly expected at quasi-perpendicular shocks (i.e. in regions of the shock where the nor-
mal on the shock front makes a large angle with the upstream magnetic field), and diffusive
shock acceleration.

3.2.1 Shock-Drift Acceleration

In the shock-drift acceleration process particles gain energy from the convective electric
field E = −V×B, where V is the inflow speed of the plasma, B the upstream magnetic field
in the rest frame of an oblique shock. In the upstream region, electrons and ions E × B-drift
towards the shock front. Because the magnetic field is compressed by the oblique shock,
they undergo a gradient drift along the shock front. This drift is directed along the electric
field for positively charged particles, and opposite to the electric field for negatively charged
particles. Hence electrons, protons and ions gain energy. Depending on the energy and pitch
angle before the first encounter with the shock, the energy gained from the drift along the
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convection electric field may be such that the particle is again injected into the upstream
medium and may escape. Besides a gradient drift, particles also undergo a curvature drift
while their guiding centre travels along the magnetic field, which is curved in the shock
transition. In a planar fast shock, the angle between a field line and the shock normal is
larger downstream than upstream, and the curvature drift is opposite to the gradient drift.
The curvature drift hence leads to energy losses. But the drift speed decreases as the shock
becomes more oblique, so that in quasi-perpendicular shocks the gradient drift, and hence
the energy gain, dominates. The acceleration process is widely advocated for electrons in
type II radio bursts (Holman and Pesses 1983; Mann and Klassen 2005). But it also applies
to SEP-acceleration, especially when particles encounter the shock repeatedly, for instance
when they are trapped in the upstream region of a shock that propagates into increasing
ambient magnetic field strengths or in a curved ambient magnetic field (Sandroos and Vainio
2006).

3.2.2 Diffusive Shock Acceleration

When ions are reflected at shock waves and stream into the upstream region, they have
a beam-like distribution and are therefore likely to generate waves, parallel-propagating
Alfvén waves as well as obliquely propagating fast magnetosonic waves. When these waves
grow to sufficient amplitudes, they can scatter subsequent ions back to the shock. Since
the shock propagates faster than these waves, ions find themselves confined between ap-
proaching scattering centers downstream and upstream, and gain energy by bouncing back
and forth through the shock font, until they eventually escape. The process requires that
particles be able to escape into the upstream medium after the initial reflection to interact
with the waves. This means that they must stream away from the shock front at a minimum
speed V/ cos θBn, where V is the speed of the shock, and θBn the angle between the shock
normal and the upstream magnetic field vector. The diffusive shock acceleration process
is therefore expected to work best at quasi-parallel shocks. Numerical simulations indicate
that it can accelerate protons to relativistic energies (Afanasiev et al. 2015). When the shock
becomes more oblique, an increasing fraction of the reflected particles will be unable to es-
cape, and will be convected into the downstream region and thermalised. This is the reason
why the injection energy into the diffusive acceleration process is expected to increase with
increasing shock angle.

On the other hand, quasi-perpendicular shocks accelerate particles faster and to higher
energies. There is hence a theoretical distinction between (1) fast acceleration to high en-
ergies at quasi-perpendicular shocks, out of a suprathermal seed population, and (2) slower
acceleration to lower energies at quasi-parallel shocks, which can accelerate ions out of the
thermal background. In simple scenarios predominantly perpendicular shocks are expected
to exist on the flanks of a CME, while shocks near the nose are expected to be quasi-parallel
when the surrounding magnetic field is more or less radial, i.e. almost everywhere in the
high corona and the interplanetary medium (see Fig. 4 of Rouillard et al. 2016). However,
realistic shocks are expected to have rippled surfaces so that local geometries may be quasi-
parallel or quasi-perpendicular irrespective of the location on the shock front.

3.2.3 Seed Particle Population

The idea that a CME-driven shock would accelerate particles out of the ambient coro-
nal and interplanetary plasma was a prominent justification for the bimodal impulsive-
gradual SEP scenario. It seems a natural explanation why the elemental abundances and Fe
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charge states in gradual SEP events were about coronal at energies up to about 1 MeV/nuc
(e.g., Reames 1999), which was the limit of the energy range accessible to in situ mea-
surements of abundances and charge states at that time. This line of reasoning was chal-
lenged subsequently by the observation that both charge states and abundances of grad-
ual SEP events depend on energy, and come closer to those observed in impulsive SEP
events at energies above 10 MeV (see Sect. 2). One way of addressing this problem
within a model of shock acceleration is to invoke seed populations that already con-
tain the overabundant elements and the high charge states. In a study of impulsive SEP
events from several active regions, Wang et al. (2006) noticed numerous releases of 3He-
rich particle populations related to coronal jets, and observed enhanced levels of 3He
throughout the two to three days during which the spacecraft was magnetically connected
with the parent active regions. This finding corroborates the idea (Mason et al. 1999;
Mewaldt et al. 2012) that coronal acceleration episodes during flares or minor activity popu-
late the high corona with enhanced levels of “flare suprathermals” out of which CME-shocks
accelerate particles on occasion to the high energies observed in gradual SEP events. The
observed abundances and charge states would then rather reflect the seed population than
the acceleration process.

The argument that quasi-perpendicular shocks need a seed population with higher en-
ergy than quasi-parallel shocks was used to explain energy-dependent differences in the
composition between large SEP events (Tylka and Lee 2006). In these authors’ view quasi-
perpendicular shocks accelerate suprathermal seed populations injected by previous flares,
while quasi-parallel shocks would rather accelerate particles out of the thermal background.
This clear distinction depends much on the pre-existing turbulence in the acceleration re-
gion. Giacalone (2005) argues that a sufficiently high level of turbulence allows particle
acceleration out of the thermal background both at quasi-parallel and quasi-perpendicular
shocks. The injection problem as a function of shock angle is discussed, e.g., in Caprioli
et al. (2015) and Desai and Giacalone (2016).

4 Timing Relationships Between Interacting Particles and SEPs

4.1 A Solar Energetic Particle Event Observed by HELIOS Near 0.4 AU

The most direct indication of a physical relationship between SEPs in space and non thermal
particles interacting with the solar atmosphere is the identification of common time struc-
tures. But SEP time profiles observed near 1 AU are usually smeared out by transport in
the turbulent interplanetary magnetic field (e.g., Dröge 2000—see Sect. 6). Helios observed
a few SEP events while within 0.4 AU from the Sun. One of the rare events with a well-
defined time structure is shown in Fig. 5(a) (from Kallenrode and Wibberenz 1991). It was
observed when the spacecraft was 0.38 AU from the Sun. The abscissa gives the time when
the particles were released at the Sun, computed by subtracting ∼500 s from the photon
arrival time at Earth and the travel time of the particles along the nominal Parker spiral to
Helios. The two curves in the bottom panel show that deka-MeV protons started to be re-
leased about 10 min after near relativistic electrons. The apparent new rise in the electron
profile at that time may be due to cross-talking protons. The important feature is that the
releases of the two particle populations are accompanied by distinct episodes of particle
acceleration in the corona, as shown by the double-peaked profile of the radio emission at
8.8 GHz, which is gyro-synchrotron emission of near-relativistic electrons (100 keV to a
few MeV) in flaring loops in the low corona. The hard X-ray time profile shows a similar
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Fig. 5 Time structure of SEP events: (a) Helios SEP measurements (electrons 300–800 keV, protons
27–37 MeV) and associated radio and X-ray emission (HXR: hard X-rays, SXR: soft X-rays) in the corona
on 1980 June 08. The abscissa (“solar release time”) gives the time when the particles (photons, electrons,
protons) were released at the Sun (adapted from Kallenrode and Wibberenz 1991; ©AAS, reproduced with
permission). (b) Neutron monitor profiles measured during he GLE on 2005 January 20 (Moraal and Mc-
Cracken 2012). ©Springer. Reproduced with permission

structure, but the SMM spacecraft was in the Earth’s shadow when the burst began. The
radio profile at 2 MHz (ISEE 3) has also two bursts (type III bursts). They are produced by
electron beams streaming along open magnetic field lines to the interplanetary space. The
simultaneous occurrence of microwave bursts from electrons accelerated in a flare and type
III bursts hence demonstrates that electrons accelerated during the two microwave bursts can
escape from the flaring active region. The succession of an initial electron-rich SEP phase
and a second proton-rich phase is in this case related to two distinct episodes of electron ac-
celeration in the corona. The first, electron-rich phase is connected to a burst during the rise
of the soft X-ray burst, shown in the top curve of Fig. 5, hence to the impulsive flare phase.
The proton-rich acceleration episode occurs after the soft X-ray peak, in the so-called grad-
ual flare phase. The pronounced difference in the e/p-ratio suggests that the two episodes of
particle acceleration did not occur in the same region or involved different mechanisms, or
both. The association of each of the two SEP releases with a microwave and a hard X-ray
burst argues for closely related particle acceleration processes occurring in the flaring active
region and its surroundings.

4.2 Time Structure of SEPs and Transport Modelling

When observed near 1 AU, particle events with little pitch angle scattering in the turbu-
lent interplanetary magnetic field are rare. But occasionally electrons or relativistic protons
may display long mean free paths (see Fig. 4 in Dröge 2000). Agueda et al. (2008) devel-
oped a model of interplanetary electron transport where the time profiles of the intensity
and anisotropy of electrons at energies of a few tens to a few hundreds of keV observed
in space are reproduced by a series of elementary releases in the corona, at a solar radius
above the photosphere. The 1D interplanetary transport model considers focussing along the
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magnetic field by the overall decrease of the magnetic field strength with increasing helio-
centric distance, and pitch angle scattering by the interplanetary magnetic field turbulence.
These authors showed that short, impulsive SEP events are well represented by short releases
of near-relativistic electrons at the Sun. The inferred releases are accompanied by type III
bursts at decametre-to-kilometre wavelengths, which reveal electron beams travelling from
the high corona to 1 AU. In electron events of long duration the situation is more complex,
with electron release near the Sun that can last several hours (Agueda et al. 2014). These
long-duration releases are not accompanied by type III bursts, but by long-duration broad-
band bursts at dm–m wavelengths (type IV), which are presumably related to reconnection
in current sheets behind the rising CME, and by type II bursts related to shock waves in the
corona (metre wavelengths) and interplanetary space (kilometre wavelengths).

Evidence of successive distinguishable SEP releases within a given event has been dis-
cussed in recent systematic analyses of ground-level events (GLEs), which are produced by
relativistic protons with typical energies in the few GeV range. These primary particles gen-
erate atmospheric nuclear cascades that can be detected in ground-based particle detectors,
neutron monitors, neutron telescopes or muon telescopes. GLEs often have a double-peaked
structure, with an initial fast rise and an anisotropic particle population—called the ‘prompt
component’—followed by a more gradual and less anisotropic ‘delayed component’ (see
Chap. 7.3 of Miroshnichenko 2001). McCracken et al. (2012) demonstrate that the sequence
of an anisotropic impulsive peak, and a less anisotropic gradual peak occurring 7–15 min
later is a common occurrence when the parent active region is magnetically connected to the
Earth, while the absence of the impulsive peak is typical of poorly connected activity near
to or east of the central solar meridian or well beyond the western limb.

A prominent case illustrating this double-peaked structure is the GLE of 2005 Jan. 20.
It displayed a well-defined, rapidly rising time profile at the beginning and a distinct sec-
ond peak a few minutes later. The difference is clearly seen in the neutron monitor time
profiles plotted in Fig. 5(b). In a detailed timing comparison, Klein et al. (2014) identified
microwave and type III counterparts to the two proton peaks similar to the case of 1980
June 08 in Fig. 5(a). The second GLE peak was in addition found to occur during a metre
wave type IV burst, which is generally ascribed to electron acceleration in the post-CME
current sheet. Using the time profile of the microwave burst as the injection profile of rel-
ativistic protons at the Sun and modelling the interplanetary transport of the protons in the
focussed transport model developed by Agueda et al. (2008), Klein et al. (2015) showed
that a consistent timing could be found with the neutron monitor profiles. This gives sup-
port to the idea that different acceleration processes in the low corona successively release
the relativistic protons that are observed at Earth. An alternative possibility, advocated by
Moraal and McCracken (2012) for the GLE and by Kallenrode and Wibberenz (1991) for
the Helios observations, is the successive acceleration of the first SEP population in the im-
pulsive flare phase and of the second SEP population at the CME shock. In this scenario it
is less clear why there is a timing relationship between SEP acceleration at the CME shock,
which at that time is at a heliocentric distance of a few solar radii (e.g., Klein et al. 2014),
and radiative signatures of renewed electron acceleration in the corona behind the CME.
More complex shock acceleration scenarios in the corona were devised that could account
for such a situation (Pomoell et al. 2008). But the direct contribution from acceleration pro-
cesses during magnetic restructuring of the low corona that are expected in the impulsive
flare phase, when the CME lifts off, and in the post-CME corona, is a plausible alternative in
the light of these observations. The escape of particles accelerated in a current sheet behind
the CME is not fully understood. Reconnection of the closed CME structures, supposedly
containing the accelerated particles, with neighbouring open field lines could be essential
here, as modelled by Masson et al. (2013).



Solar Energetic Particles 1121

4.3 Relativistic Nucleons in the Solar Atmosphere

The consistent timing between post-impulsive radio or hard X-ray emissions produced
by energetic electrons and SEPs suggests that protons are accelerated in the post-CME
corona, sometimes up to relativistic energies. Events where radiative diagnostics of ener-
getic ions were reported (Kanbach et al. 1993; Kocharov et al. 1994; Akimov et al. 1996;
Hudson and Ryan 1995) have long been considered as exceptional, because the detectors
of nuclear gamma-ray emission were not sensitive enough or were contaminated by pro-
tons after the impulsive flare phase. FERMI/LAT changed this situation in discovering that
high-energy gamma-ray emission, attributed to the decay of pions produced by protons with
energy above 300 MeV, is by no means an extreme phenomenon. Pion-decay gamma-rays
were detected in a number of GOES M class flares. On occasions this emission is observed
during several hours (Ackermann et al. 2014). The persistence of the gamma-ray source in
the vicinity of an active region shown by some imaging observations (Ajello et al. 2014)
during long-duration emission is consistent with acceleration in the low corona. Stochastic
acceleration was advocated by Hudson and Ryan (1995). However, pion-decay gamma-rays
were also observed from flares behind the limb (Pesce-Rollins et al. 2015). This shows that
relativistic protons can radiate far from the parent active region. This observation was as-
cribed to shock acceleration high in the corona. One then needs to understand how the shock
maintains a magnetic connection with a localised region in the low solar atmosphere while
travelling over many solar radii out into the heliosphere, and how the downward stream-
ing protons overcome magnetic mirroring. The origin of the high energy gamma-ray events,
especially those lasting several hours, and their relationship with SEPs is not yet understood.

5 Association Between SEP Events and Solar Activity

Another attempt to identify the solar origin of SEP events uses statistical relationships. SEP
events were only ascribed to flares at a time when CMEs had not been discovered as an
independent phenomenon. Since the 1980s CMEs took an increasing importance in the dis-
cussion about the origin of SEP events. The ability of CME-driven shocks to accelerate
particles all along their way from the Sun to the Earth and beyond is a natural explanation
of enhanced SEP intensities that persist over more than a day at energies up to a few tens
of MeV (see Kahler 1992; Reames 1999). In an attempt to identify candidate solar events
that might produce space-weather relevant SEP events, we discuss in the following whether
there are preferential associations or statistical correlations between SEP events and either
CMEs or flares.

5.1 Confined and Eruptive Solar Activity

Fast CMEs tend to be accompanied by intense flares and vice versa. However, about 10%
of the X class solar flares of cycle 23 were not accompanied by CMEs (Wang and Zhang
2007), they were so-called confined flares. It turned out that these X-ray bursts were not ac-
companied by SEP events either, even those which were located in the western solar hemi-
sphere, and which therefore were a priori magnetically connected with the Earth (Klein
et al. 2010, 2011). Besides CMEs, the confined flares also lacked radio counterparts at long
wavelengths (metre waves and longer), which indicates that flare-accelerated electrons did
not get access to extended magnetic structures in the corona and open field lines towards the
Heliosphere. Since the particles accelerated in and around the flare remained confined, and
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since no CME or CME shock was associated with these flares, no SEP event could be ex-
pected. This is confirmed by the impressive series of X-class flares without CMEs that was
observed from one active region during its disk passage in October 2014 (Thalmann et al.
2015). It produced six X-class flares (X1.0–X3.1), among them four while in the western
solar hemisphere (October 22–27), with no CME. The GOES particle intensity measure-
ments did not exceed background during this time (http://www.solarmonitor.org). As shown
in Thalmann et al. (2015), the flares occurred in an environment with strong surrounding
and overlying magnetic fields, like in the events analyzed in Wang and Zhang (2007). Elec-
tron acceleration accompanied the flares, as shown by the hard X-ray emission. But none of
the X-class flares was accompanied by conspicuous type III bursts at decameter and longer
waves (Wind/WAVES observations), and none of the three bursts that occurred during ob-
serving hours of the Nançay radio observatory was accompanied by a radio burst between
1 GHz and 30 MHz (see http://radio-monitoring.obspm.fr).

5.2 SEP Events Without Flares?

So while confined flares as defined above do not produce SEP events, one can ask the oppo-
site question: do CMEs that have no other particle acceleration signature in the corona, such
as hard X-rays or radio emission at cm-to-dm wavelengths, produce SEP events? Kahler
et al. (1986) studied a filament eruption and CME without an impulsive flare or radio emis-
sion from the low corona, but which was associated with a type II burst at hectometric
wavelengths, i.e. a shock wave at heliocentric distances beyond a few solar radii. The CME
was accompanied by an SEP event with a steep spectrum, seen up to about 80 MeV, and
also by near-relativistic electrons. This is widely considered as a prime example that a CME
shock is a sufficient condition to produce SEPs, although it was also pointed out (Cane et al.
2002) that besides the type II burst a type III burst, signalling electron acceleration in the
lower corona, was also observed in association with a weak SXR burst. Whatever the in-
terpretation of the filament-associated SEP events, there are at best very few SEP events
associated with a CME and no alternative signature of particle acceleration in the corona
(see also Marqué et al. 2006).

5.3 Statistical Relationships Between SEP Peak Intensities and Parameters
of Solar Activity

Besides considering the common occurrence of SEP events, flares and CMEs, one can search
for a preferential correlation between parameters describing the importance of the SEPs on
the one hand and of the eruptive solar activity on the other hand. Many years of work led
always to the same significant, but noisy type of correlation between the SEP peak intensity,
at energies of a few MeV to a few tens of MeV, and the peak flux of the SXR burst on
the one hand, the CME speed on the other (e.g., Kahler 2001; Gopalswamy et al. 2003;
Cane et al. 2010; Miteva et al. 2013; Richardson et al. 2014). Comparable correlations were
found with CME speed and with SXR peak flux. A correlation between the flux of protons
above 10 MeV in space and the gamma-ray fluence in the 4–7 MeV range, where nuclear
lines are superposed on the bremsstrahlung continuum, was found by Chertok (1990).

Kahler (2001) pointed out that the correlation between SEP intensity and CME speed
could be blurred by the contribution of other parameters. He found that higher peak SEP
intensities were observed when the pre-event background was higher. He argued that this
was evidence that high SEP intensities result when there is a suprathermal seed population
for shock acceleration in the high corona and the interplanetary space. CME speed by itself

http://www.solarmonitor.org
http://radio-monitoring.obspm.fr
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is also not as useful a parameter to characterise the strength of a shock as is the Mach num-
ber, which cannot be measured directly in the corona. In a systematic study of fast CMEs,
Gopalswamy et al. (2008) showed that those which lacked type II emission at decametric
and longer waves had no SEP event. The authors concluded that this pointed to a varying
Alfvén speed in the corona, and that even CMEs with speeds as high as 1000 km s−1 did
not necessarily drive a shock. The existence of a type II burst, however, proved the pres-
ence of the shock, and strengthened the idea that the shock revealed by the radio emission
also accelerated the SEPs. Clearly, the conventional correlation analysis oversimplifies the
problem.

Another reason to explain the failure of classical correlation studies in establishing pref-
erential associations of SEP importance with flare importance or CME speed is the fact that
the solar activity parameters are themselves correlated (Kahler 1982; Trottet et al. 2015).
More sophisticated statistical methods then suggest that SEP peak intensities are indeed
correlated significantly both with CME speed and with flare parameters, especially SXR
fluence (Trottet et al. 2015). This argues for a mixed scenario, where processes related with
both flares and CMEs contribute to SEP acceleration.

This conclusion is confirmed by a detailed study of the dependence on SEP energy.
Most statistical studies were limited to a single energy range. When considering SEP
peak intensities in different energy ranges between 1 MeV and 100 MeV, Dierckxsens
et al. (2015) discovered a systematic trend: at energies well below 20 MeV, the corre-
lation coefficient with the SEP peak intensity is higher for CME speed than for SXR
peak flux, but at energies above 20 MeV the inverse is true. This is new evidence for a
mixed acceleration scenario, where different acceleration processes dominate at different
SEP energies. This is consistent with the result discussed above that SEP events associ-
ated with the eruption of quiescent filaments have steep energy spectra (Kahler et al. 1986;
Gopalswamy et al. 2015).

5.4 Comparisons of the Numbers of Particles Interacting in the Solar
Atmosphere and Particles in SEP Events at 1 AU

Quantitative comparisons between the spectra and numbers of interacting particles in the
solar atmosphere and SEPs are important further clues, but depend strongly on the models
employed. Collisional bremsstrahlung at hard X-rays and nuclear gamma-ray emission are
in principle understood, and can be modelled. But simple models for the energy spectrum,
the angular distribution, and the nuclear abundances of the non-thermal and target particle
populations have to be assumed. In SEP events, single-point measurements often have to
be used to estimate SEP intensity over an extended range in heliocentric longitudes and
latitudes, and the total number is inferred using an assumption of the spatial extent. While
multi-spacecraft observations bring supplementary constraints (Lario et al. 2013; Dresing
et al. 2014), one still has to suppose a simple smooth variation of the particle intensity
with heliolongitude. This may be unrealistic, if particles are released into discrete channels
of the interplanetary space, implying an irregular variation of the intensity with spacecraft
position, as shown for protons by flux dropouts in impulsive SEP events (Mazur et al. 2000),
and for electrons of low energy emitting type III radio bursts (Buttighoffer 1998) as well as
for near-relativistic electrons (Klassen et al. 2016). So any quantitative comparison between
interacting protons and SEPs at 1 AU cannot be done to better accuracy than an order of
magnitude.

Such comparisons were conducted for interacting protons and protons in SEPs at energies
of a few tens of MeV. In a study of several events of the SMM era, Ramaty et al. (1993) found



1124 K.-L. Klein, S. Dalla

an event-to-event variation of the ratio of protons at energies above 30 MeV inferred from
gamma-ray modelling and from in situ measurements in a broad range between about 0.01
and 100 (see also Emslie et al. 2005). The number of protons above 30 MeV in the large SEP
event on 1990 May 24 was found to be smaller than the number of protons interacting in the
low solar atmosphere (Debrunner et al. 1997). For electrons in the energy range between a
few tens of keV and a few MeV the situation is different: the number of electrons detected in
space is always found to be orders of magnitude smaller than the number required for hard
X-ray emission by collisional bremsstrahlung, although a correlation seems to exist between
the energy spectra of the two populations (Ramaty et al. 1993; Dröge 1996; Krucker et al.
2007).

6 Particle Transport

Once acceleration has taken place, propagation from the source region distributes particles
within the heliosphere, and in some cases they can reach near-Earth space, where they may
produce Space Weather effects. The magnetic fields of the corona and interplanetary space
are key to transport. The coronal fields have a complex geometry including closed and open
magnetic field configurations. The average interplanetary magnetic field can be described as
a Parker spiral, superimposed on which are a variety of transient structures as well as turbu-
lence. The latter produces scattering of energetic particles and meandering of the magnetic
field lines.

6.1 Coronal Magnetic Field

The longitude distribution of parent flares of SEP events peaks at Western heliolongitudes
(Fig. 1), as one would expect considering that the footpoint of the Parker spiral for an Earth
observer is located in this region. However, the distributions are broad, and multi-spacecraft
observations discussed in Sect. 2 show that in individual cases the longitudinal injection
cones may exceed 180◦.

The width of the heliolongitude distribution tends to be larger than the range over which
the heliolongitude of the Earth-connected Parker spiral on the solar wind source surface
varies due to varying solar wind speed. One important contribution to broad particle injec-
tion cones is the geometry of the coronal magnetic field above active regions. While ac-
tive regions are largely composed of closed magnetic fields, there are also open field lines.
A well-known illustration of this fact are type III radio bursts, which are produced by elec-
tron beams travelling outward throughout the corona and the interplanetary space, and are
a very frequent form of radio emission related with solar flares (e.g., Saint-Hilaire et al.
2013). Other evidence comes from the extrapolation of photospheric magnetic field mea-
surements to the source surface using models such as the Potential–Field–Source–Surface
(PFSS) model of Schrijver and DeRosa (2003). The open field lines form very narrow bun-
dles at altitudes below, say, 0.5 R� above the photosphere, due to the pressure of neighbour-
ing closed magnetic field structures. But the closed magnetic flux diminishes with increasing
height, and the open field lines are bound to spread, connecting a tiny part of an active region
with a longitude range as large as 90◦ at the source surface (e.g., Liewer et al. 2004). This
spreading was conjectured in the interpretation of early SEP observations (Fan et al. 1968;
Reinhard and Wibberenz 1974). Using radio observations of electron beams in the corona,
Klein et al. (2008) showed that it explains the observation of simple electron events at Earth
related to parent activity as far as 50◦ away from the nominal Parker spiral longitude. It is,
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however, not sufficient to explain very broad injection cones observed in some simple im-
pulsive SEP events observed by STEREO (Wiedenbeck et al. 2013). But the spread of open
magnetic field lines cannot be ignored in the discussion of particle transport in the corona.

6.2 Classical 1D Models of Interplanetary Transport

The classical description of particle transport in the interplanetary medium relies on a 1D
focussed transport equation, describing the effects of focussing along the magnetic field
and scattering due to magnetic field fluctuations (Roelof 1969). The only spatial variable
retained in the model is the distance measured along a Parker spiral magnetic field line, so
that particles are assumed to remain bound to the field line on which they were injected,
for their entire propagation. A revised formalism that includes a description of adiabatic
deceleration was later developed (Ruffolo 1995) and this forms the basis of several current
SEP models.

Within a 1D formalism, the value of the scattering mean free path λ is a key parameter in
determining the overall shape of SEP intensity profiles at 1 AU. Many studies used the fo-
cussed transport equation to fit measured intensity profiles (and in some cases anisotropies)
and derive a value of λ (e.g., Kallenrode 1993). These types of studies generally found
regimes of strong scattering for protons, with typical parallel mean free paths of ∼0.1 AU,
with weak dependence on rigidity (Bieber et al. 1994). For electrons, the radial mean free
path is typically between 0.1 and 0.5 AU, showing a tendency to decrease with increasing
particle rigidity (Agueda et al. 2014).

The 1D assumption is embedded within the two-class paradigm, in which the wide extent
in longitude of many large events is explained as efficient acceleration over a wide portion
of a CME-driven interplanetary shock (Reames 1999). The role of scattering in shaping
intensity profiles of SEPs accelerated by interplanetary shocks is less clear than for the
case of a compact injection region at the Sun. For the former case, in fact, acceleration can
continue as the shock has left the corona, resulting in a time extended injection. Models
that aim to account for an extended injection from a shock as well as propagation, need to
consider that a given observer will be magnetically connected to different parts of the shock
over time (Lario et al. 1998; Bain et al. 2016).

6.3 3D Models of Interplanetary Transport

Interaction with turbulence in interplanetary space may produce particle diffusion across the
magnetic field, in addition to the effects on propagation along the field, already included in
classic 1D models.

For this reason, extensions of the focussed transport equation to include scattering across
the magnetic field have been developed (Zhang et al. 2009; Dröge et al. 2010). Here particles
may slowly diffuse away from the magnetic field line on which they were injected, requiring
a 3D description. Parallel and perpendicular mean free paths are an input to the models.

The need for 3D modelling was also emphasized by studies based on the test particle
approach, where the full equations of motion are integrated numerically for an energetic
particle population. When this methodology was applied to SEPs for the case of a Parker
spiral configuration, it was found that guiding centre drifts associated with the gradient
and curvature of the magnetic field produce transport in both longitude and latitude, in the
absence of perpendicular scattering (Marsh et al. 2013; Dalla et al. 2013). One important
consequence of drift is the associated deceleration (Dalla et al. 2015).
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Drifts are particularly strong for SEP heavy ions due to their large m/q , which results
from being partially ionised. When heavy ions are injected from a compact area at the Sun,
they are found to propagate efficiently to locations that are not magnetically well connected
to the injection region. This drift-dominated propagation produces a decrease over time of
the Fe/O ratio (Dalla et al. 2017) similar to that observed in SEP events (Mason et al.
2006), for not magnetically well connected observers. The reason for the observed decrease
in Fe/O is that Fe drifts more than O due to its larger mass-to-charge ratio, so that events
tend to be Fe rich early on.

In addition, a 3D model including drift naturally produces an energy dependence of the
1 AU charge states for an observer without direct connection to the injection region (Dalla
et al. 2017), qualitatively similar to SEP observations (Mazur et al. 1999). In fact, due to the
dependence of drift velocity on the product of m/q by energy per nucleon, for particles at
low energy a low charge state is the only way to ensure significant drift across the field. At
higher particle energies, higher charge states are also able to drift efficiently, resulting in a
larger measured event charge state. The timescales over which drift effects become impor-
tant depend on the specific particle species, energy and charge-to-mass ratio. For heavy ions
they are important over timescales of the order of an hour.

In addition to scattering of energetic particles, turbulence in the interplanetary magnetic
field produces meandering of the magnetic field lines, so that the magnetic connection be-
tween a given location in space and the source of an SEP event may differ considerably
from what is predicted by a simple Parker spiral model. Laitinen et al. (2016) incorporated
field line meandering into a model of SEP propagation in the heliosphere and showed that it
can explain the fast onset of SEP events over wide longitudinal ranges, as can be observed
experimentally. They also showed that the early SEP propagation across the magnetic field
cannot be described by a diffusive approach.

7 Approaches to SEP Forecasting

Forecasting SEP events has attracted a large amount of effort in recent years. Producing
forecasts with long lead times (of the order of days) relies on the analysis of solar active
regions and their magnetic configuration. Short lead time forecasts, on the other hand, are
issued when a solar eruptive event, typically including a solar flare and/or a CME, is de-
tected. Here we focus on the latter scenario, where the aim is to predict whether or not the
observed eruption will produce SEPs at Earth, and in the case of positive forecast to estimate
the impact the SEP event is likely to have. In the following some recent models are briefly
described. An earlier overview is given in Vainio et al. (2009).

7.1 Empirical Models

Empirical models are based on known statistical relationships between various types and
magnitudes of solar events and SEPs, as reviewed in Sect. 5. The PROTONS system, the
SEP prediction tool in use at the NOAA Space Weather Prediction Center (SWPC), makes
use of an algorithm that takes into account the GOES X-ray peak flux of the flare, as well as
information on the flare location (Balch 2008). Another empirical tool is the Proton Predic-
tion System (PPS), also based on flare parameters (Kahler et al. 2007). The SEP forecasting
tool developed within the COronal Mass Ejections and Solar Energetic Particles: forecast-
ing the space weather impact (COMESEP) alert system makes use of empirical statistical
relationships to forecast the occurrence of an event (Dierckxsens et al. 2015), while it uses
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a physics based model to forecast event parameters (Marsh et al. 2015). The SEP predic-
tion model of the University of Malaga (UMASEP model) tracks simultaneously the time
profiles of soft X-rays and protons observed by the GOES spacecraft (Núñez 2011). It pre-
dicts the occurrence, peak time and peak intensity of an SEP event. This model has been
incorporated within the SEPsFLAREs forecasting system (García-Rigo et al. 2016). Meth-
ods that forecast proton arrival based on the detection of relativistic electrons or relativis-
tic protons, which travel to 1 AU faster than ions, have also been proposed (Posner 2007;
Souvatzoglou et al. 2014).

Besides the above-mentioned models a number of empirical relationships have been dis-
covered that may be exploited in future operational models.

– The examination of hard X-ray bursts observed by the Solar Maximum Mission (SMM)
showed that those associated with SEP events exhibit a distinct spectral hardening (i.e.
flattening) throughout the event (Kiplinger 1995). This is a distinctive feature, since in
typical hard X-ray bursts the photon spectrum starts soft, hardens as the intensity rises,
and softens again in the decay phase (Grigis and Benz 2004). The SMM-finding was
confirmed by RHESSI observations (Grayson et al. 2009).

– Chertok et al. (2009) noticed that SEP events at energies above 100 MeV were accompa-
nied by microwave bursts with spectra that had peaks at or above about 15 GHz, whereas
on average microwave peak frequencies are around 10 GHz. A possible interpretation is
that SEP events are associated with particularly strong electron acceleration, leading to
high densities of radio-emitting electrons in the flaring active region.

– When examining the soft X-ray bursts associated with SEP events, it was noticed that
apparently cooler events, which means events that were relatively faint in the 0.05–0.4 nm
channel of the GOES monitoring instrument as compared to the 0.1–0.8 nm channel, are
more strongly associated with SEPs than the others (see Garcia 2004, and references
therein).

Both the continuous spectral hardening of hard X-ray bursts and the low temperature of
the SXR bursts associated with SEP events may translate the association of SEP events
with extended coronal structures that exist during CMEs. But it is not clear why continuous
hardening of the hard X-ray spectrum indicates escaping SEPs, especially since the effect is
usually ascribed to energy-dependent energy losses or energy-dependent precipitation of a
trapped electron population.

7.2 Physics Based Models

Physics based models aim to provide an SEP forecast by modelling the relevant accelera-
tion and transport processes. This is complicated by the fact that only limited information
about the acceleration is known within a real time forecasting context, so that a number of
assumptions are usually necessary to produce predicted SEP intensity profiles.

The Solar Particle Engineering Code (SOLPENCO) forecasting framework solves a 1D
focussed transport equation coupled with MHD modelling of the shock accelerating the
SEPs (Aran et al. 2006). Here the fact that over time an observer is connected to different
portions of the shock, having varying acceleration efficiencies is taken into account.

An alternative approach uses the output of ENLIL simulations to obtain information on
the location and properties of CME driven interplanetary shocks (Bain et al. 2016). Particles
injected from these shocks are propagated in 1D along the magnetic field within a scatter-
free assumption (Luhmann et al. 2010).
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The Energetic Particle Radiation Environment Module (EPREM) within the Earth–
Moon–Mars Radiation Environment Module (EMMREM) framework couples a 1D fo-
cussed transport equation with a convection-diffusion equation to describe transport in 3D
(Schwadron et al. 2010).

The SPARX model, based on the test particle approach, solves for SEP trajectories in 3D
to forecast time profiles of particle intensities at 1 AU (Marsh et al. 2015).

In recent years, new numerical models have also attempted to couple realistic simula-
tions of CME propagation in the corona with particle simulations to describe the associated
particle acceleration (Manchester et al. 2005; Kozarev et al. 2013).

8 Discussion

The manifestations of energetic particles of solar origin in the Earth’s plasma environment
are a complex interplay between acceleration at the Sun and in the interplanetary space, and
of transport in the turbulent interplanetary magnetic field. As of today it is impossible to
predict the occurrence and properties of SEP events from properties of an active region or
of the coronal magnetic field before a solar eruptive event occurs. The earliest observable
signature related to an upcoming particle event is electromagnetic emission. The earliest
electromagnetic emissions are related to the impulsive flare phase. Forecasting schemes of
SEP events that use electromagnetic emissions, mostly soft X-rays because of their contin-
uous availability from the GOES monitoring observations, therefore rely on the hypothesis
of at least a statistical, if not physical, connection between the energy release in a flare and
the importance of the associated SEP event.

Within the two-class scenario for SEP events, where impulsive and gradual events are
distinguished, events with the largest space-weather impact are of the gradual type, i.e. they
are associated with coronal and interplanetary shocks driven by fast CMEs. It is widely con-
sidered that it is these CME shocks that accelerate the SEPs. This conclusion appears to be
in conflict with the use of flare-related emission in SEP forecasting schemes. An important
question is therefore whether acceleration in flares, that in most cases happens in conjunction
with sufficiently fast CMEs, is also a source of space-weather relevant SEPs. Furthermore,
the liftoff of CMEs is also followed by the formation of current sheets and by signatures of
magnetic reconnection that persist well beyond the impulsive flare phase. So there is a num-
ber of possible processes that may contribute to the acceleration of particles released into
the interplanetary space. The term “flare acceleration” should not be restricted to magnetic
reconnection processes and turbulence in the impulsive flare phase, but considered in a more
general sense.

The energy range of SEPs spans many orders of magnitude, from hundreds of keV to pos-
sibly tens of GeV. Different space weather aspects refer to different particle energy ranges:
tens of MeV for the impact on space missions outside the Earth’s magnetosphere and in
polar orbits, on human spaceflight outside the magnetosphere, and on radio communica-
tions through the polar ionosphere of the Earth; >1 GeV for the production of atmospheric
particle cascades and their impact on aviation. Many observables of SEP events, including
the longitude distribution of the parent activity, the elemental abundances and the Fe charge
states, depend on the particle energy. As a result, it is not possible to define a sharp sep-
aration between ‘impulsive’ and ‘gradual’ SEP events that holds across the entire energy
spectrum. The relative contribution of acceleration at CME shocks on the one hand and in
small-scale plasma processes involving magnetic reconnection on the other is hence likely to
depend on the energy of the particles being considered. At which energies the distinction is
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made is presently an open question and needs more research. The work of Dierckxsens et al.
(2015) suggests a stronger dependence of SEP intensities on CME speed than on soft X-ray
flux at energies below 10 MeV, and the opposite at energies above 20 MeV. The transition
in the range 10–20 MeV is a statistical average, not a sharp physical limit.

The complexity of particle acceleration models has considerably increased in recent
years, in order to cope with the observations. The role of fragmentation of the accelera-
tion region in reconnecting current sheets has been emphasised by physical considerations
and numerical modelling. As far as shock acceleration is concerned, the importance of the
seed population has been highlighted by observations that show sometimes enhanced levels
of 3He and other elements in the interplanetary medium. Shock acceleration out of this seed
population would then create energetic particle populations with elemental abundances that
contain the peculiar enhancements of the seed population. This points to the importance of
particularly active regions in the production of major solar events, where numerous flares
and CMEs occur before the eruptive event at the origin of the SEPs, and which apparently
release the suprathermal seed particle populations over times that are much longer than the
electromagnetic emissions of the flares themselves.

But in addition to the question of particle acceleration, understanding the transport of
SEPs is the other key to successful forecasting. While classical models of SEP propagation
have made use of the 1D approximation, which assumes particles remain tied to the mag-
netic field line on which they are injected, the importance of using a 3D description has
recently been emphasised. Within the standard two-class scenario, properties such as ele-
mental abundances and charge states of heavy ions are ascribed purely to the acceleration
process. Describing particle motion in 3D and accounting for the effects of drifts opens up
the possibility that such properties may be partly the result of propagation, for the case of an
observer that is not well connected to the source. In addition to guiding centre drifts in the
spatially varying interplanetary magnetic field, 3D propagation may also be caused by pro-
cesses such as scattering by turbulence and field line meandering. An accurate description of
the complex magnetic fields of the solar corona is also of great importance to understanding
SEP escape and propagation.

A number of institutions and projects are attempting to make SEP forecasts and im-
prove their reliability. At present, a number of factors are limiting the efficacy of SEP
forecasts. On the observational side, although real time flare observations are well estab-
lished, little information is available on CME shocks, including their extent and Mach num-
bers. As a result it is difficult to obtain observational information on SEP injection in a
real time forecast scenario. On the physics modelling side, a balance needs to be struck
between correctly including the relevant physics of acceleration and transport and compu-
tational efficiency, so that useful information can be obtained over timescales relevant for
forecasts.

A major limitation on our understanding of SEP acceleration and propagation is the ex-
clusive availability of in situ measurements near 1 AU. Effects of particle acceleration and
particle transport are then mixed and difficult to disentangle. We expect that the upcom-
ing Solar Orbiter and Solar Probe Plus missions will provide invaluable new measurements
of SEPs. By going closer to the Sun, these missions will allow detection of SEP proper-
ties closer to the acceleration region, therefore minimising any modifications introduced by
transport effects. In addition they will be able to detect shocks and the associated popula-
tions of particles and plasma waves much closer to the Sun, where their particle acceleration
efficiencies are expected to be much higher. The new insight gained on particle accelera-
tion and transport by these missions will enable a major step foreward in our forecasting
abilities.
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