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ABSTRACT

Understanding the energy budget in large solar flares requires a good knowledge of how and where the energetic charged particles are ac-
celerated. If they are mainly accelerated by a Coronal Mass Ejection (CME)-driven shock, then they do not have to derive their energy from
the flare region. Conversely, if the CME does not accelerate the particles, then the energy must be provided from elsewhere. Resolution of
this controversial issue may be aided if we can study events where the timing of the energetic charged particle acceleration may be tightly
constrained by the data. We report here on high resolution observations of such an event.

The intense ground level solar proton event of 20 January, 2005 had a rise to maximum at the South Pole of around 5 min, with a similar
decay time to 1/3 maximum. This suggests that the magnetic connection from the Sun to the Earth was good and that the proton injection
was impulsive on the timescale of a few minutes or less. Comparison of the proton onset time with the solar electromagnetic emissions which
accompany large flares, together with observations of the coronal mass ejection seen around the injection time suggests that the CME was not
responsible for the relativistic ion acceleration. The near-relativistic (~250 keV) electron intensity onset was some 8 min later than the proton
onset. Implications of this on the relative injection time of the particles are discussed. It is concluded that while the relativistic protons were
not accelerated by the CME-driven shock, the CME may have influenced the release of both flare-accelerated protons and electrons into the

interplanetary medium.
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1. Introduction

The exact physical processes involved in powering large so-
lar flares remain enigmatic. One of the unknowns is the accel-
eration of the most energetic particles, namely the protons of
energies above ~1 GeV. If protons of these energies are pro-
duced with a high enough intensity, then on reaching the Earth,
a ground level event (GLE) is initiated which may be detected
by the network of neutron monitors (NM) around the Earth. In
this paper we address the precise timing of relativistic proton
acceleration in the flare of 20 January, 2005, relative to other
contemporary transient phenomena.

This requires as complete an understanding of particle
propagation in interplanetary space as possible, as uncertain-
ties in this respect could lead to errors in interpretation. Particle
intensity-time profiles at 1 AU following flares are a mixture of
particles propagating directly from the Sun, plus background
particles. The latter include remnants from earlier activity, plus
flare particles which have propagated along magnetic field lines
remote from Earth, which are then backscattered beyond 1 AU
to return to the inner heliosphere (Meyer et al. 1956; Bieber
et al. 2002). The objective of the analysis is to understand the
particle injection profile. The work presented here is also aimed
at substantiating our understanding of the propagation.

http://www.edpsciences.org/aa

2. Statement of the problem

The acceleration of relativistic protons in flares is a contro-
versial issue. The controversy centres around acceleration by
a shock driven by a coronal mass ejection (CME) versus accel-
eration in the active region. Kahler (1994) studied the injection
time-profiles of >10 MeV protons from 5 flare events associ-
ated with fast CMEs and concluded that the peak of the proton
injection occurred when the CME was at a height of 5-15 R,
and that the onset was no earlier than the maximum of the flare
impulsive phase. This has been used to support the suggestion
of Debrunner et al. (1993) that the relativistic ions are acceler-
ated in a coronal shock rather than in the active region produc-
ing the flare.

Resolution of this controversy is long overdue as it has im-
portant consequences for the energy balance in flares. If the
bulk of the protons are accelerated by the CME-driven shock,
then they do not contribute to the flare energy budget, as they
would (presumably) derive their energy from the CME, which
is on a much larger scale than a flare volume, and may well
have more free energy than an active region. On the other hand,
if the characteristics of the observed protons are inconsistent
with CME-driven shock acceleration then the energy must be

http://dx.doi.org/10.1051/0004-6361:20053503
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an integral part of the flare, and be derived from the active
region or explained some other way (Simnett 2003).

A comprehensive statistical study of the injection onsets
of relativistic protons and electrons was performed by Cliver
et al. (1982) who concluded that the order in which the vari-
ous species were released was ~100 keV electrons, followed
within 5 min by the ~2 GeV protons, with the ~1 MeV elec-
trons following at least 5 min later. For the earliest arriving
particles of all species, from a flare favorably located on the
Sun at a longitude around W50-60°, scatter-free propagation
in the interplanetary medium between the Sun and the Earth
is deemed probable (Lockwood et al 1990; Haggerty & Roelof
2002). Later in the event detection of particles which have been
scattered from beyond 1 AU is probable (Meyer et al. 1956;
Lockwood et al. 1990; Bieber et al. 2002).

Study of the onsets of solar particle events is made diffi-
cult by the fact that the observer at 1 AU will detect particles
promptly if they are injected onto field lines connecting to him.
In this context the earliest-arriving particles are those which
travel without scattering along the magnetic field line connect-
ing the Sun to the Earth, which typically has a length, L, of
1.1-1.2 AU. Thus for a particle of velocity v, the transit time
is L/v. The observer will detect the particles with a delay from
this time if there has to be cross-field transport near the Sun, if
trapping or scattering in the interplanetary medium occurs, or
if the particles gradually fill up the inner heliosphere via scat-
tering from a region beyond 1 AU (Meyer et al. 1956). Thus
the most definitive results occur when we observe events with
a scatter-free onset, which normally would mean the particles
arrive as a highly anisotropic beam. This should be borne in
mind when comparing different studies.

Recent results from ~100 keV electron studies (Haggerty &
Roelof 2002; Simnett et al. 2002) which concentrated on short,
well-connected events with a scatter-free onset (spikes), have
shown that there is typically a delay of about 10 min between
the electromagnetic signature of a transient event at the Sun
and the injection into the interplanetary medium. Haggerty and
Roelof found that all the electron events they studied were pre-
ceded by a decametric type III radio burst. Most of the events
they studied were associated with CMEs, which were typically
around 2-3 R (heliocentric distance) when electron injection
occurred. However, there is another type of electron event, re-
ferred to as a coronal event (Lin 1985; Simnett 2005) where
impulsive events are seen at | AU which have no clear associ-
ation with activity in the chromosphere. If coronal events are
closely followed by a flare, then the resultant particles at 1 AU
will be a mixture of these sources. We suggest here that the
~100 keV electron onsets which Cliver et al. (1982) observed
prior to the relativistic proton onsets may come from the “coro-
nal” source.

Kahler et al. (2003) studied the particle onsets for the first
ten ground level events seen in solar cyle 23, and compared
the onset times of near-relativistic electrons and the protons
producing the GLE. They confirmed the Haggerty and Roelof
result that the electron injection occurred well after the deca-
metric/hectometric type III radio burst, but found that the four
most intense GLE increases had the relativistic proton injection
several minutes before the electrons. This suggests that we need
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to be cautious in interpreting the onset data for weak GLEs, in
case there is a threshold/sensitivity effect.

A further consideration is that the onset of a GLE might
be caused by relativistic neutrons, which would propagate in a
straight line from the Sun to the Earth. Shea et al. (1991) con-
cluded that the onset of the GLE on 24 May, 1990 at ground-
based neutron monitors close to the sub-solar point was due
to neutrons, and that the proton onset was delayed by around
15 min. The originating flare was located at N36W76 in helio-
graphic coordinates. The arrival of the first relativistic neutrons
clearly constrains the acceleration of the primary protons, as
the relativistic neutrons have to be produced in a knock-on pro-
cess from relativistic protons (Ramaty 1986). In the 24 May,
1990 event the first neutrons arrived within a minute of the ob-
served maximum in Ha soft X-rays and 15.4 GHz microwaves.
The latter is an indication of relativistic electrons in the chro-
mosphere/low corona. This flare was GOES (Geostationary
Operational Environmental Satellites) class X9.3 and had arise
to maximum of only 4 min. Thus the relativistic neutrons were
produced within 4 min of the flare onset. There were no instru-
ments making CME observations at the time of this event.

The timing of the relativistic proton acceleration, both in
terms of its duration and its occurrence relative to other signa-
tures of intense flare activity and any associated coronal mass
ejection provides important constraints on flare theories. There
have recently been detailed analyses of several major ground
level events: 14 July 2000 (Bieber et al. 2002), flare longi-
tude WO7; 15 April, 2001 (Bieber et al. 2004), flare longitude
W85; and 28 October, 2003 (Bieber et al. 2005), flare longi-
tude EO8. Of these three events, the risetimes of the NM in-
tensities were ~25 min (Oulu), ~32 min (Oulu) and ~30 min
(McMurdo). These results tend to show a complex picture,
sometimes involving relativistic solar neutrons (Bieber et al.
2005) and complex proton propagation paths. Note that none
of the flares responsible for these events was very close to the
nominal magnetic connection longitude of W60, which could
explain why the interpretation is complex and why we need to
understand the propagation as completely as possible.

Clearly the most definitive data on the acceleration problem
comes from the best observed events. An additional constraint
comes from solar gamma ray observations, and it was shown
by Forrest & Chupp (1983) that in some flares the electrons
and ions were accelerated simultaneously, to within seconds.
Thus we have observations of specific events (Shea et al. 1991;
Forrest & Chupp 1983) which show that ion acceleration oc-
curs early in the event, while more statistical studies (Cliver
et al. 1982; Kahler 1994) quite naturally would find significant
delays, as statistically there would be propagation effects intro-
ducing delays.

The role of particle trapping adds a further parameter. One
scenario would invoke an erupting magnetic structure (the
CME) which may serve to trap any accelerated particles be-
hind it. The higher the erupting structure moves into the corona,
the more likely it is to have good access to open magnetic
field lines linking to 1 AU. Haggerty & Roelof (2002) in their
study of electron beam event profiles which appeared as in-
tensity spikes lasting 30-60 min, argued against trapping, as
this would not produce the uniformity of event profile that they
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observed. Instead, they advocated CME-driven shock accelera-
tion as a likely cause. This received support when Simnett et al.
(2002) found an excellent CME association for most of their
events. Thus the electron data in spike events strongly support
CME-driven shock acceleration. However, the possible effects
of trapping cannot simply be dismissed.

One problem that has not been addressed by the CME-
shock proponents for the spike events is why the decay from
the peak is so rapid. Such a rapid decay suggests an impul-
sive injection lasting less than ~10 min. The finite risetime
provides constraints on propagation delays due to velocity and
path length differences. If it is shock acceleration, it would
be surprising for this to turn off so rapidly, as a typical fast
CME moves through the corona out to 10 s of Ry at a con-
stant speed, to the accuracy of the observations. However, the
alternative, acceleration matching the timescale of the hard
X-ray/microwave pulse, would, after folding in the propagation
effects, produce an intensity pulse at 1 AU rather like those ob-
served. For about half the electron spike events there is a long,
low level decay where the intensity is isotropic to better than
~10%. This can be measured directly from spacecraft such as
the Advanced Composition Explorer (ACE), while it may be
inferred from sophisticated analysis of the global network of
neutron monitors in some GLE.

The event we discuss in this paper, which occurred on
20 January, 2005, produced protons of energies above 1 GeV
with an intensity-time profile having a risetime of <10 min
with a similar initial decay time, which then developed into
a long decay lasting over 2 h. This intensity-time profile was
very similar to that of the electron spike events which have
been well-studied by Haggerty & Roelof (2002) and Simnett
et al. (2002), where clear limits on the injection time could be
obtained. From the benefit of these works we believe we can
provide a limit on the injection time for the relativistic protons
for the 20 January event. In the following section we present the
observations; in Sect. 4 we discuss propagation effects; and in
Sect. 5 we address how this event confirms that the relativistic
proton acceleration is unlikely to be at the CME-driven shock,
but in an earlier process related in time to the X-ray, gamma-ray
and microwave emissions.

3. Observations

The event we are discussing was a GOES class X 7.1 flare,
optical class 2B, from an active region at N12 W58 on the
visible solar disc. The onset in Ha was given as 06:41 UT
on 20 January, 2005 (Solar Geophysical Data, US Dept. of
Commerce, Boulder, CO). In the following we shall omit the
year unless different from 2005.

The event was well-observed by the “Reuven Ramaty High
Energy Solar Spectroscopic Imager” (RHESSI), which made
observations from soft X-ray enegies (3 keV) up to gamma-
ray energies (20 MeV). Figure 1 shows some sample light
curves from RHESSI. In soft X-rays the event started gradu-
ally, and at 06:37 UT there was a short burst which was also
seen at 25-50 keV (hard X-rays; HXR). However, the main
hard X-ray burst started at 06:38 UT. The 25-50 keV maxi-
mum intensity was at 06:46 UT = 1 min, while the maximum in
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Fig. 1. The X and gamma ray light curves on 20 January, 2005. Black:
3-8 keV, blue: 25-50 keV, orange: 0.8-7 MeV (Data courtesy of the
RHESSI team).

the 0.8—7.0 MeV channel, which includes the neutron capture
line at 2.223 MeV, was at 06:47 UT. The 4-7 MeV gamma-
ray burst, which includes prompt gamma-ray lines of C and O,
in addition to any continuum present, started at 06:44 UT and
was a maximum at 06:46 UT (Dr G.H. Share, private com-
munication). An intense microwave burst started at this time
also, which reached at least 5.3 x 10® Jansky at 15.4 GHz at
06:44 UT. Although the soft X-ray (SXR) event had a long,
low-level decay, the duration (full width at 1/10 maximum) was
less than 30 min. Thus this event is an excellent example of an
intense, impulsive, very energetic event which released rela-
tivistic particles into the interplanetary medium.

3.1. Energetic particles

Relativistic protons were detected by the network of neutron
monitors around the Earth. The counting rates of the NM op-
erated by the Bartol Research Institute, University of Delaware
are shown in Fig. 2 covering the main part of this event (Data
courtesy of Professor J.W. Bieber). The event is clearly very
anisotropic. The south polar neutron monitor recorded the
largest increase, starting no later than 06:49 UT, while other
stations such as Thule, Greenland, observed an increase less
than 5% of the South Pole, with the maximum delayed by
37 min. However, other northern latitude monitors showed an
impulsive increase similar to the South Pole. The neutron mon-
itor intensity-time profile from Climax (Colorado) is shown in
Fig. 3. It had a rise to maximum from the background level, and
a decay to 1/3 maximum intensity covering just 7 min, com-
pared to 10 min for the south polar monitor. Data from other
neutron monitors shown in Fig. 2 exhibit a variety of intensity-
time profiles which we interpret as due to a combination of
anisotropy and cut-off rigidity.

Near-relativistic electrons (~175—~300 keV) from the flare
were detected at around 06:57 UT by the Electron, Proton and
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Fig. 2. The counting rate recorded by the neutron monitors from the Bartol Research Institute, University of Delaware on 20 January, 2005.
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Fig. 3. The counting rate recorded by the Climax (Colorado) neutron
monitor on 20 January, 2005. (Data courtesy of Dr C. Lopate)

Alpha Particle Monitor (EPAM) instrument on the ACE space-
craft, which is spin-stabilised at 5 rpm. This is ~8 min after the
proton onset. EPAM provides electron data from three separate
detectors. These are from the LEFS60 and LEFS150 detectors
(see Gold et al. 1998 for a description of the instrument) which
are mounted at 60° and 150° to the spin axis respectively, and
magnetically-deflected electrons, which come through a cone
centred at 30° to the spin axis. All detectors have a full opening
angle of approximately 50°. The data are accumulated in either
4 or 8 sectors of the spacecraft spin, so that anisotropy informa-
tion may be obtained. ACE has a magnetometer (Smith et al.
1998). Figure 4 shows the intensity-time history of the elec-
trons detected above local background in the peak sectors of
the three detectors (see figure caption). The detector with both
the earliest onset and most rapid rise is LEFS150, sector 4.
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Fig.4. The ~175-~300 keV electron intensity for the peak sector in
the LEFS60 (green, sector 3), LEFS150 (blue, sector 4) and the de-
flected electrons (red, sector 2) telescopes from 06:30-08:30 UT on
20 January. The data are plotted at a time resolution of 1 min.

3.2. SOHO images

Coronal images provide important information of the progress
of the event through the upper solar atmosphere into the in-
terplanetary medium. The imaging observations we use were
taken with the Extreme Ultraviolet Imaging Telescope (EIT;
Delaboudiniere et al. 1995) and the Large Angle Spectroscopic
Coronagraph (LASCO; Brueckner et al. 1995) on the Solar and
Heliospheric Observatory (SOHO) spacecraft. These images
are used to give timing information of moving structures in the
low corona (EIT) and CMEs (LASCO). In Fig. 5 we show some
images from EIT up to and including the flare onset. The north-
west quadrant of the Sun is shown in the upper three images,
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Fig. 5. The eruption of a coronal loop as seen by EIT. The images show the NW quadrant of the Sun. The upper three images cover the active
region and show that the onset of the flare is between 06:36 and 06:48 UT. The lower three images are running differences, where the image
shown has had the previous EIT image subtracted from it. There is a faint expanding coronal loop visible in the images at 06:24 and 06:36 UT.
This has erupted by 06:48 UT. Note in the 06:48 UT image there is an enhancement towards the north, indicated by an arrow, which is consistent
with the northwest edge of the CME shown in Fig. 4. The white/black rectangles correspond to missing portions of the images. The position of

the solar limb is indicated by the white arc.

which are taken through the 19.5 nm filter. During active times
this has FeXII emission as the dominant contributor. The lower
three images are running differences, where the displayed im-
age has had the previous image subtracted from it. The typical
cadence for EIT images is 12 min. In the running difference im-
age at 06:24 UT a faint coronal loop is visible. This is slowly
expanding upwards into the corona at an estimated speed of
58 + 6 kms~! in the plane of the sky, based on the first two
images shown in Fig. 5. By the time of the image at 06:48 UT,
just after the hard X-ray maximum, this loop has erupted, to-
gether with a somewhat more extensive coronal mass ejection,
the northwest edge of which is indicated by an arrow in Fig. 5.

The LASCO image from the C2 coronagraph, taken at
06:54 UT, is shown in Fig. 6. The solar limb is indicated by
the white circle, and the occulting disc, which blocks direct so-
lar radiation out to a height of around 2.2 R, is shown in solid
black. Several dotted lines are added to this figure to aid the
eye. The two most extreme represent the edges of the CME,
and the one nearest the north pole is the edge indicated on the
EIT image in Fig. 5. The small white disc represents the flare
site and the radial arrow passing through this point represents
the top of the expanding (erupting) loop indicated in Fig. 5.
Although there is only one useful image of this mass ejection
off the west limb (subsequent images are grossly contaminated
by charged particles hitting the LASCO CCDs), it is possible
that there is more than one erupting structure visible in Fig. 6.
Note that the pre-existing streamer is not affected by the tran-
sient event. The background noise is partly due to charged par-
ticles from the flare hitting the CCD camera.
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Fig. 6. The image from the LASCO C2 coronagraph at 06:54 UT on
20 January. The outermost dotted lines are the suggested angular lim-
its to the CME, projected back to the centre of the Sun. The white
circle represents the photosphere and the black disc represents the po-
sition of the C2 occulter at around 2.2 Rs. The solid white circle is at
the position of the active region from which the flare erupted and the
middle dashed line is a radial line through this position.

4. Discussion of the particle intensity profiles

We know from the RHESSI and ground-based solar flare data
when the energetic electromagnetic emissions were produced
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at the Sun. EIT and LASCO data give us timing information on
the erupting structures. The charged particle data tell us when
the relativistic particles arrived at the Earth. Our task is to co-
ordinate these data to provide timing constraints on the accel-
eration of the particles at the Sun. However, first we must try to
understand the conditions in the interplanetary medium which
are influencing or controlling the evolution of the charged par-
ticle intensities.

4.1. Interplanetary propagation

To obtain unambiguous information on the injection of ener-
getic particles at the Sun, we need to examine the interplane-
tary magnetic field. The magnetic field at ACE experienced an
enhancement to around 40 nT on 17 January and for the next
three days dropped spasmodically to the typical field of ~5 nT.
Figure 7 shows the field magnitude, B, and the 6, ¢ components
from 17-21 January, plotted in RTN coordinates. RTN coordi-
nates have R as the outward radial component, T as the compo-
nent perpendicular to R in the ecliptic plane, and N completes
the orthogonal set. ¢ is the angle in the ecliptic plane, with
the 0° origin in the outward radial direction, increasing in the
anticlockwise direction when viewed from the north. 6 is the
angle the magnetic field vector makes out of the ecliptic plane,
with 0° being north and 180° south. From 19 January onwards
the fluctuations which are present for the previous 36 h have
largely died away. In Fig. 8 we show the same field compo-
nents plotted as 12s spin averages for the period 06—08 UT on
20 January. 6 is typically within 15° of north for an hour before
the onset of the proton event. The ¢ component is 315° (—45°
in Fig. 7) for the nominal Parker field direction if the field is
outwards from the Sun.

The 20 January flare occurred during a solar active period,
when the background energetic electron intensity near ACE
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was enhanced some three orders of magnitude above the nom-
inal background. Therefore we must take this into account.
The previous major particle event was on 17 January, associ-
ated with a GOES class X 3.8 flare at ~09:30 UT, from the
same active region as the event we are discussing here. Thus
by 20 January the electron intensity near ACE was approxi-
mately both constant and isotropic. Therefore we are able to
separate the direct electrons from the 20 January flare from this
local background intensity to derive an onset time.

It is believed that the inner heliosphere frequently acts as
a particle reservoir (Roelof et al. 1992). The outer boundary is
thought to be a fast/slow stream interface, after a concept first
discussed by Meyer et al. (1956). This could be a corotating
interaction region, or alternatively it could be a recent CME.
The exact form is not important to the present study. Thus on
20 January the picture we for the electrons is a fresh injection
into a volume already populated with a slowly-decaying inten-
sity from the earlier event, plus a magnetically complex pattern
in the interplanetary medium beyond 1 AU due to the earlier
activity (see Fig. 7).

Now that we have justified the subtraction of a significant
background, we are in a position to examine the behaviour of
the fresh injection on 20 January. The bulk of the electrons
propagate along the magnetic field outwards from the Sun, as
may be seen in Fig. 9. The upper panel shows the pitch angle
distribution from the LEFS60 detector from 07:06-07:09 UT
when the intensity is within a factor of three of the peak in-
tensity seen in the event. It is difficult to measure the onsets to
an accuracy of better than 1 min or so, due to the high back-
ground from the earlier event. However, the detector which
shows the fastest rise is LEFS150, where the intensity (E4) ex-
ceeds 10* (MeV cm? srs)~! some two minutes before this level
is exceeded in either of the other detectors. This is consistent
with the magnetic field direction. The lower panel of Fig. 9
shows the pitch angle distribution of the 170-280 keV elec-
trons from 06:58-06:59 UT, as they are rising towards
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Fig. 9. Upper panel: the 65-112 keV electron pitch angle distribution
from the LEFS60 detector from 07:06-07:09 UT on 20 January. The
pre-event background of 980 counts/s has been subtracted from all
sectors. Lower panel: the 170-280 keV electron pitch angle distribu-
tion from the LEFS150 detector from 06:58-06:59 UT on 20 January.
The pre-event background level of 250 counts/s has been subtracted
from all sectors. The numbers on the plot refer to the spin sector of
the accumulation at ACE.

maximum intensity. These distributions demonstrate that ini-
tially the electron onset at ACE was a field-aligned beam.

4.2. Effects of trapping

The relativistic proton intensity and anisotropy are inferred
from the secondary effects caused by their interaction in the
Earth’s atmosphere. We have no evidence that relativistic pro-
tons were produced from the 17 January event and therefore we
assume there is a negligible residual background. The neutron
monitor intensities shown in Fig. 2 suggest that the proton onset
was highly anisotropic, with the highest intensity observed near
the sub-solar point in Antarctica. The neutron monitor at Inuvik
is at a high geomagnetic latitude (~71°N) with a cut-off rigid-
ity of only 0.17 GV (Shea et al. 1991), and yet its response was
not only delayed from that at the South Pole, but the maximum
was <«10% of that station. However, during the decay the in-
tensity at most of the neutron monitors became almost equal, to
better than a factor of two, as may be seen from Fig. 2. This we
attribute to the reservoir concept discussed above, with a scat-
tering boundary somewhat beyond the orbit of Earth. However,
the exception is that at the South Pole itself. This station also
has a low cutoff rigidity and high sensitivity due to its altitude
of 2820 m. Therefore this suggests continued emission from the
Sun at a decreasing level of a few % of the peak intensity. We
advocate trapping of protons behind the CME front, with slow
leakage, to account for the continued anisotropy, and trapping
within the inner heliosphere to account for the long decay.
Trapping was advocated by Bieber et al. (2005) to explain
the long decay of the GLE following the 28 October 2003 flare,
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Fig.10. The neutron monitor records for 20 days in

October/November, 2003 and January, 2005 from Oulu, Finland.
(Data courtesy of Dr Ilya Usoskin).

which also had an intensity spike at the onset, albeit of much
longer duration than the event we are discussing here. The
20 January and 28 October 2003 events both were preceded
by interplanetary disturbances which resulted in Forbush de-
creases. That in January started around mid-day on 17 January
and was around —15% at Oulu, Finland by the beginning of
19 January. That preceding the 28 October 2003 event was
around —8% at Oulu. Thus, logically, if the structures in the
inner heliosphere are keeping out the galactic cosmic rays at
GeV energies, then they are likely to be preventing solar cos-
mic rays of similar energies from leaving the inner heliosphere.
Hence the long decay, with a trend towards isotropy. This situ-
ation has been illustrated schematically by Simnett (2005a, his
Fig. 7) following the original suggestion by Meyer et al. (1956).
Events such as these are typically followed by another Forbush
decrease when the CME from the initiating event passes over
the Earth. Figure 10 compares the neutron monitor records
from Oulu, Finland for the two events. If we compare the neu-
tron monitor record with the magnetic field at ACE (Fig. 7) then
the succession of Forbush decreases matches the time when the
magnetic field strength is above ~10 nT. For both events a de-
pression in the galactic cosmic ray intensity of ~10% is ob-
served for several days prior to the GLE, via a succession of
Forbush decreases.

4.3. Electron spectrum

We now turn to the electron differential energy spectrum.
Simnett (2005a,b) has discussed the spectral signatures of dif-
ferent types of electron event and has suggested that the spec-
tral index may be used to identify the source of the electrons,
whether they be from the corona (in the absence of a flare),
from a flare, or from a CME-driven shock. While his conclu-
sions still need to be ratified, it is worth pointing out here that
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Table 1. Timing of various electromagnetic and particle emissions.

G. M. Simnett: Solar flare proton acceleration

Category Starting time Maximum time Starting time Maximum time
1 AU (UT) 1 AU (UT) Sun (ST) Sun (ST)
15.4 GHz 06:35 06:44 06:27 06:36
SXR (1-8 A) 06:36 07:01 06:28 06:53
HXR(40 keV) 06:38 06:46 06:30 06:37
CME >06:40 06:32 >06:32
Flare (2B) 06:41 06:46 06:33 06:38
Gamma ray (4-7 MeV) 06:44 06:46 06:36 06:38
14 MHz (IP) 06:45 06:37
NM (2 GeV) 06:49 06:53 06:39" 06:43~
E4 (250 keV) 06:57 07:03 06:45* 06:51"

* Assuming scatter-free propagation of 1.1 AU (protons 9.6 m @2 GeV; electrons 12.2 m @250 keV).

electron events with a spectral index 7y less than 2.5 are con-
sidered likely to be from a flare origin. Here the differential
electron intensity dJ/dE o E77, where E is the electron kinetic
energy.

The spectral index of the peak sector is well-represented
by ¥ = 1.45 for the LEFS60 electrons and y = 1.05 for the
deflected electrons. Thus the hard spectrum strongly suggests
that we are witnessing directly-accelerated flare electrons. The
differences in spectral index are probably due to ion contami-
nation in the LEFS60 detector; thus we have more confidence
to the spectrum from the deflected electrons.

Electrons from a CME-driven shock have a spectrum typi-
cally with y above 3 (Simnett 2005a). Therefore in this event,
purely from spectral considerations, we would not expect the
dominant electron component at ACE to have been acceler-
ated by the CME-driven shock. The electron spectral index for
X-class X-ray flares where the intensity in the 38-53 keV elec-
trons exceeds 10° electrons (MeV c¢cm? sr s)~! is between 1.25
and 2.5 for events detected at ACE from 1997-2004 (Simnett
2005c). The electrons from the 20 January event satisfy this
criterion.

5. Timing analysis

The timing of the various electromagnetic and particle emis-
sions is summarised in Table 1. We are making use of remote
sensing data from Earth (or near Earth) which have times given
in UT, and in situ data, where the observed time is also in UT.
However, for the particles we wish to derive the injection time
at the Sun, which must have the propagation time subtracted.
Therefore we define solar time (ST) as the Universal Time of an
event at the Sun. Thus all the electromagnetic emissions have
8.3 min subtracted from the time observed at Earth, while the
particle times are corrected by L/v. The onset times and times
of maximum are given in Table 1 both in UT and ST.

The signatures of highly non-thermal electrons in the chro-
mosphere are the hard X-ray burst and the microwave burst,
for which we use the 15.4 GHz data. There are no reliable
proxies for relativistic protons in the chromosphere. However,
at lower energies the neutron capture line (2.223 MeV) is a
proxy for protons ~30 MeV, which is the threshold energy for

breaking up “He. Neutrons produced in this process are cap-
tured by ambient protons. Wang & Ramaty (1974) showed that
the neutron capture line was delayed from the production by
~100 s. The peak in the RHESSI channel which contains the
neutron capture line (Fig. 2) is at 06:47 UT, 2 min after the
peak in hard X-rays. The peak in the 4-7 MeV energy band,
which contains the prompt gamma ray lines of C and O, is at
06:46 UT (Dr G.H. Share, private communication). Thus the
RHESSI data are consistent with contemporary acceleration of
both energetic electrons and protons. If the acceleration process
is rapid, production of relativistic protons would not be delayed
significantly from that of the 30 MeV protons.

The electromagnetic emissions only give information about
the particles in or near the chromosphere; they do not give in-
formation about the escaping particles. The best information
we have on these comes from the type III radio burst, which is
produced by electron beams. Haggerty & Roelof (2002) have
noted that a typical electron beam seen by ACE is delayed
from the interplanetary (IP) type III radio emission by around
10 min. Their conclusions were similar to those of Krucker
et al. (1999) for a similar study.

The onset of the electron event (Fig. 4) is at 06:57 UT
which means they left the Sun at 06:44 ST. This is based on
a velocity of 0.75¢ (electron kinetic energy of 262 keV) and
a nominal path length of 1.1 AU. This is consistent with the
typical delay (Haggerty & Roelof 2002) from the onset of the
14 MHz type III burst (Data courtesy of Dr M.L. Kaiser). The
solar wind speed for the previous day was typically between
600 and 800 kms™' (ACE data archive). The onset of the rel-
ativistic proton event was at 06:49 UT, which means they left
the Sun no later than 06:39 ST. This is within a minute (later)
of the maximum of the 0.8—7 MeV gamma-ray burst shown in
Fig. 1. As there is no reason to suppose the path length for the
protons is different from that for the electrons, then the protons
were injected some 5 min before the electrons.

Note that the major injection of the protons responsible
for the ground level event at the South Pole is short lived and
does not extend significantly beyond 06:54 UT, or 06:44 ST.
However, it is clear from Fig. 2 (a) that the event continues
to be anisotropic at least until after 08:20 UT, and (b) that
the majority of neutron monitors, which typically have higher
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Fig. 11. The EIT rising loop and the C2 image, put together as a sug-
gested height-time plot. Note that the time at the Sun is ~8 min earlier
than plotted. Also, the time markers are 6 min.

threshold energies than the South Pole station, measure a simi-
lar intensity during the long decay. This would support the con-
cept of a particle reservoir in the inner heliosphere, which pro-
vides the continued supply of protons at high energies; plus
weak extended emission from the solar direction at the lower
energies responsible for the additional South Pole response.

We now examine the coronal images to discover what was
happening in the corona at the injection times of the relativistic
particles. Unfortunately the cadence of the EIT and LASCO
observations is an order of magnitude longer than the accuracy
we are seeking to achieve. Therefore we must turn to a more
subtle argument. We have shown in Fig. 6 that the image from
the LASCO C2 coronagraph appears to show the leading edge
of the CME attributed to the evolution of the rising loop seen
in EIT, at around 4.34 Ry. We shall call this the C2 point. If we
take the projected speed to be 2500 km s~!, which is around the
upper limit of CMEs observed by LASCO, then we may draw
a line corresponding to this speed through the data point. This
is shown in Fig. 11. The position angle of the measured C2
point is 309°. Position angle is measured anticlockwise from
the solar north pole. We may now plot the positions of the top
of the loop (leading edge) seen in Fig. 5. The intersection of the
line through these points with the 2500 km s~! line through the
C2 point gives the time of the onset, assuming that the structure
seen in the C2 image is actually the eruption of the loops seen
by EIT. This time is 06:40 UT, or 06:32 ST. Note that the onset
time calculated here is the latest possible CME onset time, as
we have extrapolated back from the C2 point with the highest
likely CME speed assuming instantaneous acceleration to that
speed.

Taking all these data into consideration, we have the
gamma-ray emission starting no later than 06:36 ST, the NM
protons starting no later than 06:39 ST, and the CME launch
time at or before 06:32 ST. However, the maximum of the NM
protons is no later than 06:43 ST, while the gamma-ray max-
imum is at 06:38 ST. If the energetic protons are accelerated
by the CME-driven shock, then there are two important ques-
tions: (1) why doesn’t the gamma-ray emission continue to in-
crease beyond 06:38 ST? and (2) why does the acceleration of
the relativistic protons cease when the CME is at a few R,? If
the CME-driven shock is doing all the acceleration, then there
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observed by LASCO following the major flare on 20 January.

is an additional question: (3) why isn’t the near-relativistic
electron injection at the same time as the protons?

We believe a solution that provides a satisfactory answer to
these questions is that all the relativistic particle acceleration
is at the flare site, and that it is effectively over by the time of
the maximum of the 15.4 GHz radio burst, the maximum of
the HXR burst, and the maximum of the gamma ray burst. We
suggest that the injection of the relativistic protons precedes
that of the electrons because the turbulence or waves associ-
ated with the CME-driven shock traps the low rigidity electrons
much more effectively than the protons. Hence release of the
electrons is delayed somewhat, for this event by around 5 min.
Other events (Kahler et al. 2003) will have differing delays.

There may well be electrons accelerated by the CME.
However, if there is a major flare component, as in the
20 January event, then emission into the interplanetary medium
is dominated by the flare component. The energy spectrum is
consistent with this. In the absence of a major flare, as in the
impulsive beam electron events studied by Haggerty & Roelof
(2002) the CME source may dominate, with a corresponding
spectral signature (Simnett 2005a,b).

5.1. Additional considerations

There was another CME visible in the LASCO C3 coronagraph
which was bright enough to be detected despite the charged
particle contamination. It first became clearly visible some
two hours after the flare onset, when the particle contamina-
tion was beginning to die away. This event had a wide angu-
lar extent, which could have encompassed the solar disc as a
halo. Figure 12 shows the height-time plot for the leading edge
of the “halo” measured at a position angle of 109°, projected
onto the plane of the sky. The projected speed is 604 kms™'.
The important point from Fig. 12 is that this CME projected
back to a nominal 1 R, around 07:15 UT + 5 min, well after
the flare and therefore could not be responsible for accelerating
the relativistic protons. However, this indicates that the mag-
netic fields in the corona continued to evolve rapidly following
the main event. As this CME is also probably heading directly
towards the Earth, it is most likely responsible for the shock
that hit the ACE spacecraft at ~16:47 UT on 21 January, with
a proton speed of over 940 kms~! (Courtesy of the ACE data

center). If this is true then the average speed is ~1225 kms™'.
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This would then be consistent with a very fast CME near the
Sun, yet there is no evidence for any additional proton accel-
eration, which supports our conclusion that the protons were
accelerated in the flare. The magnetic field enhancement at the
shock may be seen in Fig. 7.

6. Conclusions

The motivation for this work has been to provide constraints
on the energy budget of solar flares. The hard X-ray observa-
tions provide information on the timing and the energy in the
non-thermal electrons, which is normally interpreted accord-
ing to the thick-target model originally postulated by Brown
(1971). The energy in the flare ions (which are predominantly
protons) is more uncertain, as it is plausible that the bulk of
these may not actually come from the flare itself, but rather
from the CME. The event we have discussed here provides the
finest constraints on the timing of the relativistic proton accel-
eration that we have from any event studied to this date.

The primary evidence is the very fast rise of the GeV pro-
ton intensity detected by ground-level neutron monitors. An
equally rapid decay is also a crucial point. We have shown that
the near relativistic electron injection at the Sun is delayed by
~6 min from that of the GeV protons.

The conclusion we reach is that the protons responsible for
the ground level neutron monitor event and those electrons de-
tected by ACE/EPAM with a very hard spectral index were ac-
celerated in a process or processes directly related to the so-
lar flare, and were not accelerated by the CME. However, the
CME was probably responsible for delaying the release of the
flare electrons (from the release of the protons) by around 5 min
onto magnetic field lines connected directly to the ACE space-
craft. The timing of the various emissions, the short duration
of the relativistic proton event, and the energy spectrum of the
detected electrons are the most critical pieces of evidence for
this conclusion.

Finally, we point out that events such as 20 January, which
are magnetically well-connected to the Earth, give effects at the
Earth so quickly and with little warning, that they are particu-
larly dangerous to astronauts and to the well being of many
orbiting spacecraft.
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