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Abstract. The origin of relativistic solar protons
during large flare / CME events has not been
uniquely identified so far. We perform a detailed
comparative analysis of the time profiles of relativistic protons detected by the worldwide network
of neutron monitors at Earth with electromagnetic
signatures of particle acceleration in the solar corona
during the large particle event of 20 January 2005.
The intensity-time profile of the relativistic protons
derived from the neutron monitor data indicates two
successive peaks. We show that microwave, hard
X-ray and γ-ray emissions display several episodes
of particle acceleration within the impulsive flare
phase. The first relativistic protons detected at Earth
are accelerated together with relativistic electrons
and with protons that produce pion decay γ-rays
during the second episode. The second peak in the
relativistic proton profile at Earth is accompanied
by new signatures of particle acceleration in the
corona within about 1 R⊙ above the photosphere,
revealed by hard X-ray and microwave emissions of
low intensity, and by the renewed radio emission
of electron beams and of a coronal shock wave.
We discuss the observations in terms of different
scenarios of particle acceleration in the corona.
Keywords: energetic particles, solar flares, coronal
mass ejections

solar particles at the Sun with the measurements of
the relativistic particles at the Earth is often difficult,
unless particularly favourable conditions of interplanetary propagation are met. The GLE on 20 January
2005 displays a conspicuous and rapid increase of the
relativistic particle flux above the cosmic ray background
detected by neutron monitors. The prompt increase
and the high anisotropy suggest that the time profiles
suffered little distortion by interplanetary scattering. In
this paper we report on a detailed timing analysis in a
search for common signatures of particle acceleration
in GLE time profiles and in electromagnetic emission
at the Sun, especially at γ-ray, hard X-ray and radio
wavelengths. An extended report is in press (7). A
number of other publications has addressed this GLE
(8; 9; 10; 11; 12; 13; 14; 15).

I. I NTRODUCTION
It is still an open question how the Sun accelerates
particles, and more specifically, how it can accelerate
particles to the relativistic energies which are observed
during ground level enhancements (GLE). With flares
and coronal shock waves, which both accompany large
solar energetic particle (SEP) events (1; 2), solar activity
provides candidate environments for particle acceleration. But observations have so far not been able to show
unambiguously which of them is the key element for
particle acceleration to relativistic energies.
The links of particles detected near 1 AU with their
solar origin are blurred by their propagation in interplanetary space, through scattering by the turbulent magnetic
field and reflection at large-scale magnetic structures
(3; 4; 5; 6). Thus, comparing signatures of accelerated

Fig. 1: Time profiles of the normalized flux density
at 35 GHz (top) and normalized count rates of hard
X-rays and γ-rays (RHESSI, CORONAS-F/SONG) at
different energies. Each time profile is normalized by
its maximum, and a term is added in order to separate
properly the curves. The 35 GHz emission (Nobeyama
Radio Polarimeter, courtesy K. Shibasaki) is synchrotron
radiation, emissions at (50 − 100) and (550 − 800) keV
are bremsstrahlung. The high energy γ-rays are pion
decay photons from primary protons at energies above
300 MeV. Different episodes of particle acceleration are
distinguished by vertical stripes numbered 1 to 4.
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II. O BSERVATIONS
A. Particle acceleration in the 20 January 2005 flare
High-energy electrons and protons in the low corona
and chromosphere are revealed by their hard X-ray and
γ-ray bremsstrahlung, by gyrosynchrotron microwave
emission, and different types of nuclear γ radiation. Figure 1 displays the time profiles observed by the Reuven
Ramaty High Energy Spectroscopic Imager (RHESSI)
(16) in the photon energy ranges 50 − 100 keV (green
line) and 550−800 keV (blue line), emitted by electrons
with energies of order 100 keV and 1 MeV, respectively.
The red curve (bottom) shows CORONAS-F/SONG
measurements (12) of γ-rays from 62 − 310 MeV. The
curve at the top is the microwave time profile at 35 GHz
(Nobeyama Radio Polarimeter; 17), emitted by ∼1 MeV
electrons as gyrosynchrotron radiation.
These four time profiles have common structures that
reveal distinct episodes of particle acceleration during
the flare, with a distinct peak in one or several of these
spectral ranges. Four episodes are highlighted in Figure 1
by different tones of grey shading, and are labelled from
1 to 4.
The hard X-ray and microwave emissions start to
rise before 06:44 UT (between 06:42 and 06:43 UT at
35 GHz) and display several peaks. The time profile of
hard X-rays presents one peak in each of the acceleration
phases 1 and 2. The rise to the second peak hides the
decrease from the first and vice versa. Both peaks are
also seen in the 35 GHz time profile. The initial rise
of the hard X-rays is faster, and the first peak is more
pronounced, in the 50 − 100 keV range than in the
550−800 keV range. Hence relatively more high energy
electrons are accelerated during the second acceleration
episode than during the first. This reflects the continued
spectral hardening throughout most of the event (18).
The appearance of increasingly high particle energies
during episode 2 is also reflected by the γ-rays above
60 MeV (Fig. 1, bottom). The count rate starts to rise
between 06:43 and 06:45 UT, consistent with an early
start of acceleration phase 2, which is hidden in the
electron radiation profiles by episode 1. We use as the
earliest time the start of the high-energy γ-ray emission
at 06:45:30 UT. The count rate is dominated by pion
decay emission, as shown in (7).
We conclude from these time profiles that high energy
electrons and protons were accelerated in the corona
during the impulsive phase of the event, but that the
impulsive phase itself was structured into different acceleration episodes lasting about 1 min each. The most
energetic particles were not accelerated since the start
of the events, but during the second acceleration episode
identified in the time profiles, three to four minutes after
the first signatures of electron acceleration.
Imaging observations of this event at hard X-rays
and γ-rays (19) show the usual configuration of bright
chromospheric footpoints of coronal loops, on top of
UV ribbons, together with a presumably coronal γ-

ray source. Such observations are commonly ascribed
to a complex magnetic topology implying magnetic
reconnection in the low corona.

Fig. 2: Dynamic spectrum of the metric-to-decametric
radio emission during the 20 January 2005 event, observed at the Learmonth station of the RSTN network
(180 − 25 MHz) and the Wind/WAVES spectrograph
(14 − 1 MHz). The overplotted white curve is the time
history of the proton intensity at 5 GV rigidity (kinetic
energy 4.15 GeV), shifted backward by 216 s.

B. Particle confinement and escape in the 20 January
2005 flare inferred from radio observations
Metric-to-hectometric radio emissions of non-thermal
electrons from the middle corona to the interplanetary
medium are measured respectively by the RSTN network1 (25 − 180 MHz; we use data from the Learmonth
station) and the Wind/WAVES experiment in the range
0.04-14 MHz (20). The combined spectrum of the two
instruments in the 1 − 180 MHz band, corresponding
roughly to a range of heliocentric distances between 1.2
and 10 − 20 R⊙ , is represented in Fig. 2. Different burst
groups can be distinguished.
The emission below 14 MHz starts with two bright
type III burst groups (06:45 to 06:55 UT and 06:57
to 07:00 UT), which extend up to metre waves. This
emission is produced by electron beams near the electron
plasma frequency or its harmonic. The starting frequency
1 http://www.ngdc.noaa.gov/stp/SOLAR/ftpsolarradio.html#spectralgraphs
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is above the RSTN high-frequency limit of 180 MHz,
which means the electron beams started in the low
corona, where the ambient density exceeds 108 cm−3 .
Closer inspection of the spectra shows that the first metre
wave burst in the RSTN spectrum bends around to form
a type J burst between 35 and 25 MHz. Hence electrons
accelerated during the first acceleration episode (Fig. 1)
do not seem to get access to interplanetary space, but
propagate in closed coronal magnetic structures.
Thus, we conclude that the first injection of electron beams into interplanetary space is traced by the
first faint DH type III burst (frequency ≤14 MHz) at
06:45 UT±30 s, and is followed by a series of more
intense injections corresponding to the first bright DH
type III group. This means that the first high energy
electrons and protons, which were accelerated during
the second acceleration episode, got immediate access to
the high corona and interplanetary space through open
magnetic flux tubes.
C. The relationship with the GLE
This picture is consistent with the timing of the GLE.
The rigidity spectrum and the angular distribution of
relativistic protons was derived from the analysis of 40
neutron monitors of the worldwide network (15; 7). The
time profiles of the type III emission at 14 MHz and
of the proton intensity at 5 GV, which corresponds to a
kinetic energy of 4.15 GeV, display similarly rapid initial
rise phases and, broadly speaking, two peaks. These
similarities suggest a common release of the relativistic
protons and the radio emitting electron beams. The
initial rise phases coincide when the proton profile is
shifted backward by tshift = 216 seconds. This backward shifted proton profile is overplotted by the white
line on the radio spectrum in Fig. 2.
The delay of 216 s gives only a lower limit of
the travel time, because the acceleration region is presumably much closer to the Sun than the 14 MHz
source. We determine the upper limit of the path length,
assuming that the first escaping relativistic protons were
accelerated with the protons that created pions in the low
solar atmosphere. This implies a supplementary travel
time of the protons with respect to photons of 4.5 min.
Given the velocity of 0.98c of 5 GV protons and the
light travel time of 489 s from Sun to Earth on this day,
the delay of 4.5 min implies that the protons travelled a
distance of about 1.5 AU in interplanetary space.
We conclude that the γ-ray emission, the confinement
and escape of particles inferred from radio observations,
and the GLE timing observed by neutron monitors are
consistent with the common acceleration and release of
the flare–related radiating protons and the relativistic
protons during the first peak of the GLE.
D. The second peak of the GLE
The time profile of the proton intensity shows a
second peak that lasts longer than the first. Provided
the path length of the relativistic protons is the same
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as during the first peak, the onset of this second peak
coincides with the second group of type III bursts
seen from 1 to 180 MHz, and the entire peak of the
peak is accompanied by the type II burst between 75
and 180 MHz, which is generally interpreted as radio
emission from a shock wave propagating through the
corona. If it is harmonic plasma emission, the ambient
electron densities in the metric type II source range from
108 to 2 × 107 cm−3 .
The type III and type II bursts occur on top of
a diffuse background (green in Fig. 2) that reveals
gyrosynchrotron emission from mildly relativistic electrons. It starts together with the first metric type III bursts
and continues throughout the plotted time interval. It can
be identified until at least 07:50 UT in single frequency
records, with broadband fluctuations from centimetre to
metre waves that suggest repeated electron injection.
The start of the second peak of relativistic protons
is associated with a new, short group of type III bursts
and a faint rise of the decaying microwave and hard
X-ray time profiles. This implies a renewed acceleration, similar to the previous impulsive phase, which
might also accelerate relativistic protons. The bulk of
the proton peak accompanies the metric type II burst,
which may suggest shock acceleration of the second
peak (see also 14). But, as noted by (21), the shock
wave is not the bow shock of the CME observed by
LASCO/SOHO, whose front is near heliocentric distance
of 4.5 R⊙ when the type II burst starts. This distance
is inconsistent with metre wave type II emission, which
suggests a source within 2 R⊙ from the Sun’s centre. The
exciter of the type II burst is also much slower than the
CME front: the measured relative frequency drift rate is
−6.8 × 10−4 s−1 . Such a drift is produced by an exciter
that moves at a speed of roughly 500 km s−1 along
a hydrostatic density gradient (electron-proton plasma,
T = 1.5 × 106 K) at heliocentric distance 2 R⊙ . This
is much lower than the speed of the CME, which was
estimated between 2000 and 2600 km s−1 (13). If the
second peak in the relativistic proton profile is due to
shock acceleration, it must be accelerated at the flanks
of the CME, not at its front.
III. C ONCLUSION
The 20 January 2005 GLE displays two peaks in the
relativistic proton profile. The first is closely related
in time to the acceleration of high energy particles in
the flare, and their escape to interplanetary space.The
second could also be related with particle acceleration
in the corona, and possibly with a shock. GLE scenarios
including two components, called a prompt one and
a delayed one, had been introduced before (22; 23).
The delayed component was ascribed to acceleration at
a CME-driven shock wave. While the present analysis
is consistent with this two-component injection, it also
shows that the coronal acceleration history is much more
complex: there is no unique flare-related acceleration,
but the impulsive flare phase is itself structured, as has
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long been known from hard X-ray observations (24).
If a coronal shock wave accelerates relativistic protons
in a later phase of the event, it is not necessarily the
bow shock of the CME which is the key element.
Clearly, detailed comparative timing analyses of GLEs
and flare/CME tracers provide relevant constraints to
understand the origin of relativistic particles at the Sun.
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