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Abstract

Ground-level enhancements (GLEs) are events where relativistic protons and ions of solar origin trigger
a cascade of secondary nucleons in the Earth's atmosphere that can be detected on ground. The energy
spectrum of GLEs may extend to several tens of GeV. They are extremes of solar particle acceleration,
which pose challenging problems to candidate acceleration processes. The association with eruptive solar
flares suggests processes related to magnetic reconnection in the flaring corona and shock waves driven
by particularly fast coronal mass ejections. This work addresses two basic observational criteria that are
able to constrain the processes at work: the onset time of GLEs with respect to the parent solar activity and
the magnetic connection of the latter to the Earth. By combining radio and neutron monitor data of GLEs on
2005 Jan 20 and 2001 Apr 18 it is shown that GLEs may start in close conjunction with particle acceleration
at the Sun, and that eruptive solar activity may establish transient magnetic connections to the Earth that
deviate very strongly from the conventional Parker spiral geometry of the heliospheric magnetic field. In

both cases the observations point to particle acceleration in the flaring active region.

1. Introduction

The Sun accelerates charged particles in events where magnetic fields in the corona reconfigure through
magnetic reconnection or erupt into the heliosphere. The energy spectrum of protons and nuclei someti-
mes extends into the relativistic range. Nuclei with the highest energies, which may be a few tens of GeV,

penetrate into the Earth’s atmosphere, generating a cascade of secondary particles that can be detected
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on the ground. These specific solar energetic particle events are called >Ground-level events« or >Ground-
level enhancements«. They can be observed with neutron monitors (Biitikofer 2018), muon telescopes or
other instruments.

The solar atmosphere is a privileged site to observe astrophysical particle acceleration. One can probe
the particles that interact in the corona through their electromagnetic emissions, and measure those that
escape to the heliosphere with space-borne particle detectors or on the Earth. The plasma environment
where they are accelerated can be probed with a range of remote sensing devices, including imaging and
spectroscopy at optical, EUV and radio wavelengths. The achievable time resolution allows us to disen-
tangle processes of particle acceleration and particle transport. Two broad classes of acceleration pro-
cesses have been identified in coronal eruptive events. The term >flare acceleration« alludes to magnetic
reconnection with direct electric fields in current sheets. From simple current sheets and direct electric
fields models proceeded to more complex scenarios involving fragmenting current sheets, turbulence,
and reconnection shocks. Reviews of these processes can be found in Cargill et al. (2012), Petrosian
(2012) and Dahlin (2020). Magnetic reconnection is also involved in eruptive phenomena (e.g. Janvier et
al. 2015), but the most widely invoked idea localises acceleration at CMEs in the shock waves driven by
the fastest ones (Lee et al. 2012; Afanasiev et al. 2018). A general introduction to particle acceleration
processes in the solar corona is given by Vainio and Afanasiev (2018).

Shock acceleration of nucleons at energies up to tens of MeV is supported by many observations (e.g.,
Desai & Giacalone 2016). A generic argument for the acceleration of particles up to relativistic energies by
CME shocks is that GLEs are extreme solar energetic particle (SEP) events, associated with the most ener-
getic flares and the fastest coronal mass ejections, and that it is attractive to think of a common accelerator
from low to high energies (Gopalswamy et al. 2012). Increasingly sophisticated numerical models suggest
that CME shocks can accelerate particles to GeV energies on time scales of ten minutes (Ng & Reames
2008) or even within a few minutes (Afanasiev et al. 2018), if the magnetosonic Mach number is high,
greater than 6, say. This may be the case in the vicinity of current sheets, especially the heliospheric cur-
rent sheet (Rouillard et al. 2016; Kouloumvakos et al. 2019; Zhu et al. 2021). More specific observational
arguments emphasise (1) the occasional association of GLEs with rather weak flaring activity (Cliver et al.
1983; Cliver 2016), where the weakness of the flare signature is interpreted as inability of the reconnec-
tion process to accelerate particles to any significant amount, (2) the timing of the GLE with respect to the
parent activity, and (3) the location of its source region on the Sun. Observations show that the onset of a
GLE at Earth is most often delayed with respect to a simple expectation from a scenario where particles are
accelerated since the beginning of a flare and propagate through a plausible interplanetary path length.
The time required by a shock to develop ahead of a CME and the time needed to achieve high particle
energies are invoked to understand these onset delays. Moreover, GLEs are often observed to be associated
with solar activity far from the nominal Parker spiral connecting the Earth to the Sun, with extreme cases
from behind the solar limb or from east of the central solar meridian. The width of shock waves associated
with fast and broad coronal mass ejections appears as a natural explanation, because a broad accelerator
may act high in the corona and at a large angular distance from the parent active region.

In this manuscript I will use neutron monitor observations of GLEs and radio observations of non-thermal
electrons in the parent solar events to shed light on the location and the timing of the processes of par-
ticle acceleration at the Sun and the way in which they eventually reach the Earth. The radio emission is

produced by non-thermal electrons, often of relatively low energies (some tens of keV). The relationship
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to relativistic protons is therefore indirect, but both particle species are subject to the coronal magnetic
field, and the radio observations give us means to trace it. Section 2 of this manuscript addresses the
timing of GLEs with respect to radio bursts, and Section 3 the location and the question of how particles
can reach the Earth when their parent activity is apparently far from the magnetic connection described
by the Parker spiral geometry of the heliospheric magnetic field.

2. GLE onset timing and solar activity

The simple expectation that SEPs are detected in space shortly after their radiative signature started at
the Sun, taking account of their travel time along a typical Parker spiral, is rarely confirmed by observati-
ons. This is well known for GLEs (Carmichael 1962; Reames 2009; Gopalswamy et al. 2012). The reference
time for the solar activity is the emission of non-thermal particles, most often electrons (hard X-rays,
radio waves). Gopalswamy et al. (2012) report onset delays ranging from 2 to 44 minutes (median 16 min.)
with respect to type III bursts, which signal the escape to the heliosphere of electron beams at typical
energies of ten to a few tens of keV. Protons within GLEs have energies above 430 MeV, which is the atmo-
spheric cutoff (Mishev & Poluianov 2021), hence speeds above 0.75c. The supplementary travel time, with
respect to photons, along an interplanetary magnetic field line of length 1.1 AU is about 4 min. The majo-
rity of the observed onset delays are hence inconsistent with commonly invoked lengths of interplanetary
field lines or with the presumed solar release times of the particles. The scattering of the pitch angles of
the protons by the turbulent heliospheric magnetic field may introduce delays, but is expected to be less
efficient at the onset of GLEs, and cannot explain the long onset delays reported in the literature. Extreme
lengths of interplanetary connections from the Sun to the vicinity of the Earth have been found within
interplanetary CMEs (ICMEs), i.e. magnetic flux ropes that appear as CMEs in coronographic images. In
a recent observation with Solar Orbiter at heliocentric distance 0.43 AU Wimmer-Schweingruber et al.
(2023) reported a path length three times longer than the nominal Parker spiral.

The GLE on 2005 Jan 20 (GLE 69) offered optimal observational conditions to investigate the onset
timing. It was the strongest GLE of the space age, with a very steep rise, within a few minutes, to an excep-
tionally high excess above the galactic background. The onset can hence be determined with unusual
accuracy. Furthermore, pion-decay y-rays were observed with the CORONAS satellite (Grechnev et al.
2008; Kuznetsov et al. 2008), tracing relativistic protons in the solar atmosphere. Masson et al. (2009)
used complementary radio data to compare the gamma-ray and electron signatures in the corona.

Figure 1a shows the time histories of the flare in soft X-rays (GOES! satellite, bottom panel) and at three
microwave frequencies observed by the Learmonth station of the Radio Solar Telescope Network (RSTN?;
Giersch & Kennewell 2022) of the US Air Force (1.4, 8.8 and 15.4 GHz; second panel from bottom). The
microwaves are gyrosynchrotron emission from mildly-relativistic electrons (100 keV to several MeV -
see review by Nindos 2020) in the flaring active region. The second panel from top shows the dynamic

spectrum at decametric-to-hectometric wavelengths (1-14 MHz) observed by the WAVES spectrograph

1 Datafrom https://hesperia.gsfc.nasa.gov/goes/ (last accessed 2026 Jan 14).

2 Data from https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-features/solar-radio/rstn-1-second/
(last accessed 2026 Jan 14).
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Fig. 1: Time histories of relativistic proton fluxes, radio and X-ray emissions during the 2005 Jan 20 GLE (GLE 69). (a) Light
curves at soft X-rays (bottom) and microwaves (second from bottom), dynamic spectrum in the (14-1) MHz range (second
from top; dark shading shows bright emission), proton intensity at rigidities 2 and 5 GV derived from the spectral fit to the
count rates of the worldwide neutron monitor network (R. Biitikofer, Univ. Bern, Switzerland). (b) Hard X-ray, microwave
(black) and pion-decay y-ray emission (red curve, bottom). From Masson et al. (2009).

aboard the Wind satellite (Bougeret et al. 1995), which are emitted roughly between one and ten solar
radii above the photosphere. The brightest emission (dark shading) consists of a densely packed group of
type III bursts. The radio waves are converted from Langmuir waves that outward-propagating unstable
electron beams amplify on their way to the heliosphere along open magnetic field lines. The bursts show
that acceleration operating in the flare injects particles onto open field lines that allow them to escape
to the heliosphere. The top panel shows the time profiles at two particle rigidities, reconstructed by R.
Biitikofer (Univ. Bern, Switzerland) from the spectral analysis of observations with the worldwide neut-
ron monitor network (Masson et al. 2009). These profiles were shifted back in time by 216 s to make them
coincide with the start of the type III bursts.

The microwave emission starts a few minutes before the type Il bursts. This reveals that non-thermal
electrons do not escape from the beginning, but only in the course of the evolution of the eruptive event
(Klein et al. 2014). The magnetic configuration evolves as the eruption proceeds, and temporarily confi-
nes accelerated particles. The temporary trapping in evolving magnetic structures hence could explain
GLE onset delays of a few minutes. However, in the case of the 2005 Jan 20 GLE one can show that the
acceleration of relativistic protons starts after the first radiative signatures of relativistic electrons.

Figure 1b focusses on the phase of intense microwave (35 GHz) and hard X-ray emission, showing
that several distinct episodes of particle acceleration occur during the impulsive flare phase. They are
tentatively identified by the intervals numbered 1 to 4. The red curve at the bottom of the Figure shows
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y-rays at photon energies in the 60-200 MeV range, which are produced by the decay of neutral pions into
photons. The production of the pions requires nucleons with energies of at least 300 MeV/nuc, which
makes this emission a tracer of mildly-relativistic protons with similar, albeit slightly lower, energies than
the GLE (Vilmer et al. 2003). The y-rays are not emitted with the early hard X-ray (HXR) and microwave
signatures in interval 1, but rise steeply in interval 2, together with new rises in the HXR and microwave
light curves. This shows that the impulsive flare phase comprises several episodes of particle acceleration.
The relativistic proton acceleration is one of them, but not the earliest one. It happens to occur at a time
when the type III bursts show that electrons escape to the heliosphere, and it is therefore plausible that
the relativistic protons do so, too. The additional travel time of 216 s of protons with rigidity 5 GV compa-
red with the type III radio waves implies an interplanetary path length of 1.4 AU. While longer than the
nominal Parker spiral, this path length is plausible in a perturbed interplanetary magnetic field. This GLE
occurred indeed in a perturbed configuration between two ICMEs (Masson et al. 2012).

McCracken et al. (2008) conducted a similar analysis, comparing the timing of a neutron monitor
count rate with the pion-decay y-rays above 90 MeV (Grechnev et al. 2008). They conclude at a 15 min
travel time of the relativistic protons between release at the Sun and first detection of GLE at the SANAE
neutron monitor, which they argue is the representation of the highest-energy protons. The count rate
time profile has to be shifted back by 7 min, that is twice the delay of Masson et al. (2009). McCracken
and coworkers conclude on an interplanetary travel path of 1.8 AU, which they consider compatible with
the perturbed interplanetary magnetic field. They furthermore argue that a fraction of the relativistic pro-
tons accelerated at these early times of the GLE remains confined and only leaks out gradually, such as
to explain the slow decay of the y-ray emission. This decay phase may, however, be affected by energetic
particle contamination of the CORONAS/SONG observations.

The strongest relativistic solar particle event ever observed with neutron monitors occurred on 1956
Feb 23 (GLE 5). At that time the neutron monitor network was poorly developed, and most data had a ca-
dence of many minutes. McCracken et al. (2023) recently published ionisation-chamber measurements
with 16 s time resolution, digitised from paper records, and compared them with microwaves. Their ana-
lysis shows a remarkably similar time structure in the microwave time profiles tracing mildly relativistic
electrons in the low corona and the ionisation-chamber record, but with a delay of 12 minutes of the GLE
(their Figure 8). The similar time structure suggests again a closely related acceleration of these electrons
and the GeV protons required to produce the GLE, but the large onset delay is not explained.

In summary: the best observed GLE of the space age is an example that relativistic protons of a GLE
may come from acceleration sites in the low corona that also produce the radiative signatures of mildly
relativistic electrons and nucleons. If the CME shock existed at the time of the proton acceleration, as
argued by Reames (2009), it must be transparent to the relativistic protons. This means also that the
shock itself does not produce the turbulence able to scatter high-energy protons back to the shock, as
required by the models of diffusive shock acceleration (Lee 2005; Lee et al. 2012). The opposite conclu-
sion, namely that the CME shock accelerates the protons and for the same reason prevents protons from
the flare region to reach the Earth, is less plausible, given the consistent timing of the GLE and the y-rays
described above.
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Fig. 2: Longitude distribution of the parent activity of GLEs in solar cycle 23 with respect to the longitude of the nominal
Parker spiral on the solar wind source surface. The numbers are the conventional numbers of the GLEs (see the listin, e.g.,
https://www.nmdb.eu/nest/ or https://gle.oulu.fi for the dates). After Masson et al. (2012).

3. Magnetic connectivity of GLEs

The parent activity of GLEs on the Sun has a wide longitude distribution, as do SEP events in general
(see Figure 1 of Klein & Dalla 2017). Masson et al. (2012) found GLEs of solar cycle 23 most often in dis-
turbed solar wind conditions, namely in or near interplanetary coronal mass ejections. This is because
GLEs come from active regions that are highly productive in flares and CMEs, and are never related to the
early activity in these regions. Figure 2 displays the location of GLEs from Masson et al. with respect to
the longitude of the Parker spiral on the solar wind source surface, evaluated for the actually measured
solar wind speeds at the times of the GLEs. The characterisation of solar wind conditions relies on the
ICME catalogue (Richardson & Cane 2010) available online at https://izw1.caltech.edu/ACE/ASC/DATA/
level3/icmetable2.htm (last accessed 2026 Jan 14). >Disturbed solar wind« means that the GLE is observed
between two ICMEs. This distribution cannot be simply explained by particles escaping along open ma-
gnetic field lines rooted in the parent active region to a nominal Parker-like heliospheric magnetic field.
However, we have little knowledge of the actual interplanetary configuration during these events.

A standard interpretation of the poor nominal magnetic connection of many GLEs relies on the idea that
shock waves are broad accelerators that, while being launched from an active region, rapidly expand in the
corona and can intercept the nominal Parker spiral connected to the Earth after some time, which can then
also explain the onset delay of the GLE. The event on 2001 Apr 18 (GLE 61) is widely cited as a GLE that can
apparently only be explained by shock acceleration (Gopalswamy et al. 2012). It was associated with a flare
and filament eruption behind the western solar limb, which Gopalswamy et al. (2004) localised in an active
region at $23° W120°, the same active region that gave rise to the 2001 Apr 15 GLE (GLE 60) when it was
still on the earthward solar hemisphere. The Apr 18 GLE was observed when the Earth was within the sheath
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Fig. 3: Time history of the soft X-ray (bottom) and radio emissions (Learmonth station of the RSTN network, Hiraiso Solar
Radio Observatory?) during the 2001 Apr 18 GLE (GLE 61). The red vertical line marks the GLE onset reported by Reames
(2009), with 500 s added to account for the photon travel time to Earth.

of a fast CME launched on 2001 Apr 15 (Masson et al. 2012). The two CMEs on 2001 Apr 15 and 18 were
the major eruptive events, no comparable event was observed in between by the SOHO/LASCO coronagraph.

The time histories of the soft X-ray and radio emission during the parent solar event are displayed in
Figure 3. GOES observes an initial spike that is superposed on the usually seen gradual rise of the soft
X-ray emission. The spike is probably emitted by non-thermal electrons of low energy, which are usually
not seen when the flare occurs on the solar disk and the thermal emission dominates. Here, as in the still
more extreme GLE on 1984 Feb 16 (Bieber et al. 1986; Debrunner et al. 1988), the non-thermal electrons
emit high in the corona when the thermal emission is still occulted by the solar disk (Kriiger et al. 1991).

The X-ray spike is accompanied by an impulsive radio burst in the microwave range. The dynamic
spectrogram shows a smooth continuation of the microwave emission towards frequencies as low as
500 MHz, and becomes more structured at lower frequencies. The emission shifts to later times as the
frequency decreases, and its duration increases. These features are typical of type IV radio bursts, which
are emitted by electrons confined in expanding magnetic structures. On 2001 Apr 18 the type IV burst
extends into the spectral range covered by Wind/WAVES, down to about 9 MHz. The type III bursts below
14 MHz are initially related with bursts between 500 and 20 MHz that accompany the strongest phase
of the microwave emission, i.e. the impulsive flare phase. Since 02:21 UT the type III bursts appear as
the low-frequency extension of the type IV continuum. The GLE starts during the type IV continuum. The
Space Weather Prediction Center of NOAA reported a type II burst, indicative of a coronal shock wave,
to start 02:17 UT in the 18-180 MHz range. It is embedded within the type IV emission in the broad fre-

quency range of the Hiraiso spectrograph shown in Figure 3.

3 https://solarobs.nict.go.jp/ (last accessed 2026 Jan 14).
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Fig. 4: Frequency-differenced dynamic spectra of type Il bursts in the kilometre-wavelength range and the plasma line at
the Wind spacecraft from 2001 Apr 15 to 18.

A type IV burst with a similar dynamic spectrum as on 2001 Apr 18 was observed on 2021 Oct 28
(GLE73; Klein et al. 2022). The dynamic radio spectrum with sub-second time resolution shows bidirec-
tional electron beams in the corona that can be understood as a signature of reconnection between the
erupting magnetic flux rope and ambient open field lines. This suggests that energetic electrons emitting
type III bursts escaped from the corona through the interaction of the magnetic structures which confi-
ned them initially, revealed by the type IV burst, with ambient magnetic field lines that were open to the
heliosphere, and that relativistic protons might do so, too. The scenario of delayed particle escape from
a coronal trap was qualitatively envisaged long ago (e.g., Schatten & Mullan 1977; Gosling et al. 1995)
and investigated in detail by Masson et al. (2013), Masson et al. (2019) and Li et al. (2025) through nu-
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Fig. 5: Snapshot maps at two frequencies of the type Il burst near 12 UT on 2001 Apr 17. Dark shading shows high intensity.
The circle outlines the solar limb. Solar north is at the top of the figure, solar west on the right. The ellipse in the upper left
corner of each panel shows the half-power level of the interferometric beam.

merical simulations. The similar radio spectra of GLEs 73 and 61 suggest that on 2001 Apr 18 the same
mechanism injects relativistic protons accelerated in the active region onto open heliospheric magnetic
field lines. But one still has to understand how these field lines connect to the Earth, while the parent
active region is well behind the solar limb.

Here again type III bursts are a valuable tool. Besides showing open magnetic field lines that connect a
solar active region to the heliosphere, they can also be used to check whether the emitting electron beams
reach the vicinity of the spacecraft. When propagating through the interplanetary medium, the radio wa-
ves emitted near the electron plasma frequency are scattered and their flux density decreases rapidly with
increasing distance to the observer. Past analyses of proton events (Cane & Erickson 2003) and electron
events (Agueda et al. 2014) showed indeed that when the spacecraft detected the particles, the low-fre-
quency spectrum of the associated type III emission usually joined the local plasma line, which is produ-
ced by electrostatic waves generated by the ambient electrons near the spacecraft. A still more stringent
proof is the detection of the Langmuir waves, which occur in discrete packets that may be missed by the
spacecraft because of their local concentration. They hence may not be detected even though the space-
craft intercepts the electron beams. But when detected on the low-frequency side of a type III spectrum,
they prove the interception of electron beams and hence the magnetic connection to their source region.
Figure 4 shows the evolution of the low-frequency spectrum of type III bursts and the plasma line at the
Wind spacecraft from 2001 Apr 15 to Apr 18. For a better contrast of the key features and the suppression
of some observational artefacts the dynamic spectrograms were frequency-differenced. Each panel shows
24 hours of observation. In the top panel (Apr 15) one strong and several weaker type III bursts are seen.
The strong burst accompanies GLE 60. The fluctuating narrow-band emission between 10 and 20 kHz is
the plasma line at the spacecraft. The low-frequency spectrum of the type III burst associated with GLE
60 joins the plasma line, and strong Langmuir waves are observed between 19 and 21 UT: the Wind spa-
cecraft intercepted electron beams coming from the parent active region, although the associated flare
occurred 50° west of the nominal Parker spiral (see Fig. 2 and Masson et al 2012).
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The second and especially the third panel from the top in Figure 4 show that on April 16 and 17 type III
bursts fade at much higher frequencies than the plasma frequency. For the type Il burst on 2001 Apr 17 near
12 UT we can check the position of the radio source at metre wavelengths with the Nancay Radioheliograph
(Kerdraon & Delouis 1997), which is an interferometric array imaging the Sun in the range 150-450 MHz. In
Figure 5 snapshot images at 164 and 237 MHz are displayed at the time of the high-frequency counterpart of
the type III burst seen by Wind. At each frequency two sources are seen, one above the north-eastern (upper
left) quadrant of the solar disk, the other above the south-western quadrant. The latter is the source of the
type III burst, while the north-eastern source is of long duration (noise storm). The type III source is hence
located above the south-western solar limb, as expected for an origin in the active region of the Apr 15 GLE.
This active region was reported at W91° on Apr 16 (www.solarmonitor.org) and is hence behind the solar
limb on Apr 17. The kilometre-wave spectrum of the type III burst confirms that the magnetic connection
with the Earth is lost at this time. But on 2001 Apr 18 (bottom panel of Figure 4) the type III burst associated
with the GLE again reaches the plasma line. This occurs in a transient situation: the GLE is observed while
the Earth is in the sheath between the shock of the ICME launched at the Sun on 2001 Apr 15 and the ICME
itself. The arrival of the shock at Wind is seen as a sudden jump of the plasma frequency from a value below
30 kHz to 50 kHz at 00:46 UT on 2001 Apr 18 (bottom panel). This time is marked as a sudden storm com-
mencement in Cane and Richardson’s (Richardson & Cane 2010) ICME catalogue. The ICME itself, i.e. the
driver of the shock, is reported to start near 12 UT. This ICME is unambiguously related to the CME launched
on 2001 Apr 15, since no major other event was observed by the SoHO/LASCO coronagraph (Brueckner et
al. 1995) in the meantime. The observation implies that the ejected coronal magnetic structure pushes field
lines towards east while propagating outward such as to enable a magnetic connection between its footpoint
in the active region behind the limb and the Earth. The radio emission of non-thermal electrons on 2001 Apr
18 hence suggests that charged particles get access to field lines that are in the sheath, and the similarity of
dynamic radio spectra suggests a scenario proceeding through magnetic reconnection between the erupting
flux rope and ambient open magnetic field lines like in the 2021 Oct 28 GLE (see above).

4. Discussion

The purpose of this manuscript is to explore to which extent GLE observations, especially their onset ti-
ming and the magnetic connectivity to the Earth, constrain the acceleration regions of relativistic protons
and their propagation to the heliosphere:

(1) While onset delays of GLEs are frequent, they are not always observed. In the best observed GLE
(GLE 69, 2005 Jan 20) the onset is consistent with the start of relativistic proton acceleration at the Sun,
probed by pion-decay y-rays. The inferred interplanetary path length is longer than standard Parker spi-
ral lengths. This can be qualitatively explained, albeit not quantified, by the strongly disturbed helios-
pheric magnetic field due to a previous ICME.

(2) The poor connection of the parent active regions of GLEs with the Earth by the nominal Par-
ker spiral magnetic field can also be explained by the disturbance of the heliosphere by previous IC-
MEs. In the extreme case of such a poor connection, namely GLE 61 (2001 Apr 18) from behind the
western solar limb, radio observations show that a previous ICME established a transient magnetic

connection to the Earth, through magnetic field lines in the sheath between the ICME and its shock.
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Result (1) shows a close temporal correlation between radiative signatures of mildly relativistic electrons
and protons or nucleons in the flaring active region, and between the mildly relativistic protons at the
Sun and the early rise of the GLE at Earth. In the 2005 Jan 20 GLE this relationship is observed since the
impulsive flare phase.

But the frequently observed onset delays of GLEs show a more diverse reality. In several case studies
delayed GLE onsets could be related in time to post-impulsive episodes of particle acceleration (Akimov
et al. 1996; Klein et al. 1999, 2001, 2014). But the onset delay itself was not explained. The 2001 Apr
18 delay sheds light on the mechanism (result 2) thanks to the exceptionally large distance of its parent
active region from the nominal Parker spiral through the Earth. The observed evidence on a direct tran-
sient magnetic connection to the parent active region through an ICME gives weight to the idea that the
particles do not reach the Earth directly from the parent active region, but through the escape from a
magnetic structure that expands in the course of a CME, such as a flux rope. This mechanism has been
advocated earlier by Kocharov et al. (2017) based on a different observational approach. It may trans-
port particles over large distances in the corona, and the time needed before the expanding magnetic
structure reconnects with Earth-connected heliospheric magnetic field lines may contribute to explain
the onset delay of the GLE.

If this process of particle transport applies, a plausible accelerator is related to the current sheets that
form in the wake of the erupting flux rope. The widely favoured idea of shock acceleration of the relativis-
tic protons (Reames 2009; Gopalswamy et al. 2012) is not excluded, but its presumed advantages over
acceleration processes at small spatial scales such as magnetic reconnection are called into question by
two facts: the fast acceleration of protons in the 2005 Jan 20 GLE, with the consistent onset timing of
protons at the Sun and at 1 AU, and the demonstration in the 2001 Apr 18 GLE of how transient magnetic
connections that deviate from the nominal one by several tens of degrees can be established. The present
work does not address the time evolution of GLEs, which may reveal complexities that point to different
particle acceleration regions (see, e.g., Kocharov et al. 2018). But it is another hint that the frequently
used opposition of >flare acceleration< and »CME shock acceleration« is not consistent with presently avai-
lable observational tools. Radio observations provide a most valuable contribution, because they allow us

to track magnetic field configurations through non-thermal electrons from the solar corona to the Earth.
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