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ABSTRACT

An X3.4 solar flare and a fast halo coronal mass ejection (CME) occurred on 2006 December 13, accompanied by a high
flux of energetic particles recorded both in near-Earth space and at ground level. Our purpose is to provide evidence
of flare acceleration in a major solar energetic particle (SEP) event. We first present observations from ACE/EPAM,
GOES, and the Apatity neutron monitor. It is found that the initial particle release time coincides with the flare emission
and that the spectrum becomes softer and the anisotropy becomes weaker during particle injection, indicating that the
acceleration source changes from a confined coronal site to a widespread interplanetary CME-driven shock. We then
describe a comprehensive study of the associated flare active region. By use of imaging data from HINODE/SOT and
SOHO/MDI magnetogram, we infer the flare magnetic reconnection rate in the form of the magnetic flux change rate.
This correlates in time with the microwave emission, indicating a physical link between the flare magnetic reconnection
and the acceleration of nonthermal particles. Combining radio spectrograph data from Huairou/NOAC, Culgoora/IPS,
Learmonth/RSTN, and WAVES/WIND leads to a continuous and longlasting radio burst extending from a few GHz
down to several kHz. Based on the photospheric vector magnetogram from Huairou/NOAC and the nonlinear force
free field (NFFF) reconstruction method, we derive the 3D magnetic field configuration shortly after the eruption.
Furthermore, we also compute coronal field lines extending to a few solar radii using a potential-field source-surface
(PFSS) model. Both the so-called type III-l burst and the magnetic field configuration suggest that open-field lines
extend from the flare active region into interplanetary space, allowing the accelerated and charged particles escape.
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1. Introduction

Based on decades of observations, it has been widely ac-
cepted that there are two classes of solar energetic particle
(SEP) events (Cane et al. 1986; Kallenrode et al. 1992). The
first class, lasting for hours, known as impulsive SEP events,
are characterized by a distinct enhancement of high-Z el-
emental abundance (Reames et al. 1994) that presumably
arises from resonant wave-particle interaction in the flare
reconnection region (Roth & Temerin 1997; Miller 1997).
The second class, lasting for days and known as gradual
SEP events, are more intense and geo-effective. Such grad-
ual events, so-called major events, are always associated
with fast coronal mass ejections (CMEs) that drive shocks
capable of accelerating the particles they encounter (Kahler
et al. 1986; Cane et al. 1991). However, fast CMEs are asso-
ciated with flares, representing different manifestations of
the same magnetic energy release process (Harrison 1995;
Zhang et al. 2001; Wang et al. 2003). Both are capable
of accelerating particles that form part of an SEP event,
so which process dominates the particle injection remains
enigmatic.

The present paradigm decouples the source of the par-
ticles from flares in major events for two main reasons.
First, the particle release time generally occurs somewhat
later than the flare soft X-ray emission peak (Cliver et

al. 1982; Kahler 1994). However, if we consider the effect
of interplanetary scattering, and compare it to the flare
nonthermal emissions (for instance hard X-ray, gamma-
ray, and microwave emissions), the particle release time
could still be consistent with the flare emission (Tang et
al. 2006). Another argument against flare acceleration in
major events is the belief that all flare-accelerated parti-
cles are trapped on closed magnetic field lines beneath the
CME and cannot escape to interplanetary space (Reames
2002). However, Cane et al. (2002) found that major events
are always accompanied by continuous and longlasting ra-
dio bursts from around 500 MHz down to less than 1 MHz
generated by flare-accelerated electrons as they propagate
away from the Sun. This indicates that there should be
open-field lines extending from beneath CMEs such that
interplanetary particles originating in flare regions might
be expected in major events.

Observational results have been found to support the
flare acceleration of SEPs in major events. The time-
intensity profiles of the SEP events that occurred on 2000
July 14 and 2003 October 28 both displayed two injection
peaks: an initial impulsive increase corresponding to the
flare eruption, followed by a gradual component until the
CME-driven shock arrived at Earth (Li et al. 2007a; Li et
al. 2007b). It thus appears that there are two populations of
SEPs: the prompt one displays an impulse-like increase with
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a high Fe/O ratio, being flare-related; the delayed one has a
slow intensity rise, and a low Fe/O ratio, being CME-driven
shock related (Cane et al. 2003). Desai et al. (2004) exam-
ined five interplanetary shocks associated with SEP events,
and found that the Fe/O ratio increases with increasing
energy. This observation contradicts the anticipation that
the shock-accelerated Fe/O ratio will decrease with increas-
ing energy. Furthermore, Cane et al. (2007) found that the
Fe/O ratios in these events can decrease even when the
shock is traveling through an Fe-rich ambient plasma. This
observation does not support the proposal of shock accel-
eration of the suprathermal ion population, which is used
to explain the high-Z element abundance in major events
(Tylka et al. 2005).

Numerical models also suggest that mixed particle ac-
celeration by both flares and CME-driven shocks provide
much better fits to the in-situ observations. Li & Zank
(2005) found that the proton intensity profile of the flare-
shock-mixed case shows an initial rapid increase, owing to
the flare acceleration, and followed by a plateau similar to
that of a pure shock case. Furthermore, Verkhoglyadova et
al. (2008) showed a good agreement between the mixed ac-
celeration modeled spectra of heavy ions and the in-situ
particle data.

So the classical two-type classification of SEP events
appears not to be so clear-cut. In an event, both the flare
and CME-driven shock could accelerate particles. To de-
termine their relative roles in particle acceleration during
different phases of an event is the main goal of this work.
Fortunately, the event that occurred on 2006 December 13,
the last ground level enhancement (GLE) event of solar
cycle 23, gives us such an excellent opportunity.

This paper is organized as follows: Section 2 starts with
an overview of the instrumentations applied in this study.
Section 3 presents the observational results in detail, in-
cluding the dynamics of SEPs (time history, spectrum and
anisotropy) and a study of the associated flare active re-
gion (magnetic reconnection rate and radio dynamic spec-
tra). In section 4, we use both the nonlinear force-free
field (NFFF) reconstruction method and the potential-field
source-surface (PFSS) model to obtain the coronal mag-
netic configurations above the flare active region. In section
5, we discuss interpretation of the above analysis. Section
6 is dedicated to conclusions.

2. Instrumentations

In this study, neutron monitor (NM) and spacecraft parti-
cle data are presented to help us interpret the SEP event,
and multi-wavelength observations are used to study the
associated flare active region.

2.1. Particle emission

The proton data in the energy range of 15 – 500 MeV,
with a temporal resolution of 1 minute, was obtained by
Geostationary Operational Environment Satellite (GOES)
11, which is in geostationary orbit above the Pacific ocean.
The one-minute-averaged solar cosmic ray (SCR) intensity
was obtained from the Apatity NM, which is located at
N67.57E33.40 and has a very low cut-off rigidity of 0.63
GV. At the time of the event, the Apatity NM was viewing
in the direction towards the Sun along the interplanetary

magnetic field (IMF) lines, so it was in a suitable position
to detect the direct prompt SCR intensity.

The electron data from the Electron, Proton, and Alpha
Monitor (EPAM) onboard Advanced Composition Explorer
(ACE) was used in the 53 – 103 keV and 42 – 65 keV energy
band with, respectively, temporal resolutions of 12 s and 5-
minute-averaged. ACE orbits the L1 libration point which
is a point of Earth-Sun gravitational equilibrium about 1.5
million km upstream from Earth. The ACE/EPAM is de-
signed to make in-situ measurements of ions and electrons
in interplanetary space. It is composed of five detectors with
either 4 or 8 sectors that divide the spin space into approxi-
mately equal regions, give us the opportunity to investigate
particles anisotropy. Details are given in Gold et al. (1998).
Using the LEFS60 detector, which is one of the two Low-
Energy Foil Spectrometer systems (LEFS60 and LEFS150)
that points in a sunward direction, we obtain electron in-
tensities in 8 angular sectors in the 42 – 65 keV energy band
which allows us to determine the anisotropy of interplane-
tary particles.

2.2. Multi-wavelength emission

The light curve of the flare active region and the post
flare loop-like structure were obtained from the Transition
Region and Coronal Explorer (TRACE, Handy et al. 1999)
in the 195 Å passband. The hard X-ray (HXR) flux in 12 –
25 keV energy band was obtained from the Reuven Ramaty
High Energy Solar Spectroscopic Imager (RHESSI, Lin et
al. 2002). Using the maximum entropy method (MEM-
Sato algorithm, Sato et al. 1999), we also reconstructed
the RHESSI HXR sources respectively in 12 – 25 keV and
25 – 50 keV energy band.

The imaging data obtained from Hinode Solar Optical
Telescope (Hinode/SOT, Tsuneta et al. 2008) in the Ca
II H line at 396.85 nm were used to investigate the evolu-
tion of the chromospheric flare ribbons, and the Michelson
Doppler Imager (MDI, Scherrer et al. 1995) onboard the
Solar and Heliospheric Observatory (SOHO) provided the
longitudinal magnetic field map. To investigate the coro-
nal large scale disturbance, the 195 Å images of Extreme-
Ultraviolet Imaging Telescope (EIT, Delaboudinière et al.
1995) on board the SOHO were also used.

The vector magnetogram, the microwave radio dy-
namic spectrum ranging from 2.6 – 3.8 GHz, and the ra-
dio flux at 3.8 GHz were all obtained from the Huairou
Station of the National Astronomical Observatories of
China (Huairou/NAOC). The decimeter radio dynamic
spectrum ranging from 180 to 1800 MHz was obtained from
Culgoora radio observatory, which is one of the stations of
IPS radio and space services (IPS), it has a temporal res-
olution of 3 seconds. The metric radio dynamic spectrum
ranging from 25 to 180 MHz was obtained from the so-
lar radio spectrograph located at Learmonth in Australia,
which is one of the instruments of the Radio Solar Telescope
Network (RSTN). It has a temporal resolution of 3 seconds.
The decameter and hectometer (DH) radio dynamic spec-
tra in the frequency range of 20 kHz – 13.875 MHz and
with a temporal resolution of 1 minute, was recorded by
the WAVES experiment (Bougeret et al. 1995) onboard the
Wind spacecraft.
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Fig. 1. Temporal profiles of electrons, protons, and SCRs, com-
pared with SXR emission, HXR emission, and light curve of the
flare active region. Upper panel: SXR flux ( 1 – 8 Å, GOES),
HXR flux (12 – 25 keV, RHESSI), and light curve of the active
region (195 Å, TRACE) in arbitrary unit, plus symbols indicate
the data number (DN). Lower panel: electron intensity (53 –
103 keV, ACE/EPAM) with a temporal resolution of 12 s, one-
minute-averaged proton intensity (40 – 80 MeV, GOES), and
SCRs counts rate (Apatity NM) in arbitrary unit.

3. Observations

3.1. Dynamics of SEPs

On 2006 December 13, an X3.4 class flare occurred with a
fast halo CME, bathing the Earth in a high flux of SEPs and
a strong interplanetary shock. In this section, we present
the dynamics of SEPs during the major event.

3.1.1. Time history

Figure 1 shows the SXR, HXR, and TRACE light curve
histories (upper panel), together with the rise of electron,
proton, and SCR count rates (lower panel). This figure in-
dicates that the SXR event in GOES 1 – 8 Å started at
02:15 UT, peaked at 02:40 UT, followed by a ∼ 2hr decay
phase. The HXR emission in 12 – 25 keV was observed by
RHESSI from 02:29 UT, peaked at 02:32 UT, with a decay
phase lasting to 03:10 UT. The derivative of the SXR pro-
file peaked at 02:30 UT, which manifests as an approximate
match in time to the maximum of HXR emission. This con-
sistent with expectations from the Neupert effect (Neupert
1968) which describes the relationship between the energy
input by the nonthermal electrons and the plasma’s thermal
response. The light curve of the flare active region (X: [250,
500], Y: [-200, -50]) in unit of data number (DN, plus sym-
bols in the upper panel) obtained from TRACE 195 Å is
also plotted. Although there was a data gap between 02:05
UT and 02:47 UT, we use a polynomial fit (short dashed
line in the upper panel) to the DN and this predicts the
peak time as 02:50 UT.

The arrival of energetic particles are traced by
ACE/EPAM, GOES-11, and the Apatity NM (shown in the
lower panel of Fig. 1). We assume that energetic particles
travel along the IMF lines at a speed of υ with no scattering.
Thus, with respect to the flare emission time, we estimate

Fig. 2. From top to bottom: SXR flux (1 – 8 Å, GOES), mag-
netic field magnitude (ACE/MAG), proton intensity (15 – 500
MeV, GOES), and spectral index evaluated during the injec-
tion of protons. Vertical dashed lines indicate the time of flare
eruption and CME-driven shock reaches 1 AU.

the particle release time by subtracting ∆t = S/υ − 8.3
minutes from the observed time at 1 AU, where S is the
length of IMF lines and υ is the velocity of energetic par-
ticles. S ∼ 1.1 AU corresponding to a solar wind velocity
of about 700 km/s during this event. The intensity onset is
determined by 3σ excess above background, where σ is the
standard deviation of the particle count rates. For GOES
P5 (40 – 80 MeV) and ACE electrons (53 – 103 keV), we
take υ to be approximately 0.4c and 0.6c, where c is the
velocity of light. Then the evaluated proton and electron
release times are respectively 02:45 UT and 02:41 UT. For
Apatity NM SCRs, because of its low cut-off rigidity, we
take the associated proton energy as the atmospheric ab-
sorption cut-off energy of 435 MeV and υ to be 0.7c. Then
the evaluated SCRs release time is 02:45 UT. Combining all
the results and taking the systematic errors into account,
we obtain the SEPs release time is 02:43 UT ± 3 minutes.

From Fig. 1, the comparison between the increase pro-
files of SEPs and SXR emission, HXR emission, 195 Å light
curve of the flare active region, and the above analysis, it is
found that the particle release time coincides with the flare
emission, namely with the rising phase of the 195 Å light
curve, the peak of the SXR emission, and the decay phase
of the HXR emission.

3.1.2. Spectrum

Figure 2, from top panel to bottom, respectively shows tem-
poral profiles of SXR flux, magnetic field magnitude, pro-
ton intensity, and derived proton spectral index for a period
of two days. It is found that the injection profiles of pro-
tons have an impulsive component during the flare emis-
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Fig. 3. The spectra at three different times during the SEP
event. The data are obtained from GOES with the energy range
of 15 – 500 MeV. Note that the spectrum becomes softer and
softer during the proton injection. Dashed lines indicate spectral
hardening in high energy band.

sion, which is followed by a gradual one. The latter lasts
until the CME-driven shock reaches 1 AU at 14:00 UT on
14 December, as marked by vertical dashed lines, when the
magnetic field shows large increase, while the proton inten-
sity shows an obvious decrease.

Assuming a power law spectrum f(E) ∝ E−γ , and us-
ing the different channel data from GOES in the energy
range of 15 – 500 MeV, we get the proton spectral index
during the particle injection, which is shown in the bot-
tom panel of Fig. 2. It shows a soft background spectrum
with an index γ ∼ 5 before the SEP event. This suddenly
becomes obviously hard during the flare eruption, then be-
comes increasely softer during the particle injection until
the CME-driven shock reaches 1 AU.

Furthermore, we present the spectra at three individ-
ual times in Fig. 3. At the first peak flux, consistent with
velocity dispersion that results in lower energetic particles
reaching the peak a bit later than the higher ones, the spec-
tral index γ ∼ 1.6; at 18:00 UT 13 December, the spectral
index γ ∼ 2.7; at 14:00 UT 14 December, when the CME-
driven shock reaches 1 AU, the spectral index γ ∼ 3.6. It is
evident that the spectrum becomes softer and softer during
particle injection. Another interesting phenomena to note is
that the spectra at all three times appear to become harder
in high energy band, which are shown by the dashed lines.

3.1.3. Anisotropy

In Fig. 4, three anisotropy pie plots derived from electron
intensities of 8 sectors of ACE/EPAM LEFS60 detector are
shown during the SEP event, each of them corresponds to
the individual time of the spectrum shown in Fig. 3. The
large anisotropy at 03:00 UT 13 December is clearly seen in
the left panel of Fig. 4, where the electron count rates reach
nearly 4000 c s−1 in sectors 3 and 4, smaller count rates are
recorded by sectors 2 and 5. The very weak anisotropy at
18:00 UT 13 December is shown in the middle panel, where

Fig. 4. Anisotropy plots from ACE/EPAM (42 – 65 keV elec-
tron). Left panel: strong anisotropy is seen in sectors 3 and
4 measured at 03:00 UT 13 December. Middle panel: weak
anisotropy is only seen in sector 8 at 18:00 UT 13 December.
Right panel: nearly isotropic distribution measured at 14:00 UT
14 December.

only sector 8 records obviously smaller count rates than
other sectors. From the above two panels, we can surmise
the accelerated particles direction of travel relative to the
spacecraft is from sectors 3 and 4 to sectors 7 and 8 during
the first several hours. The right panel shows the nearly
isotropic distribution at 14:00 UT 14 December, indicating
particles impact the spacecraft from all the directions when
the CME-driven shock reaches the near-Earth space. Such
a change in anisotropy suggests that particle acceleration
source shifts from a confined coronal site to a widespread
interplanetary region.

3.2. Associated flare active region

The source region of the major event was rooted in NOAA
active region 10930. When the flare occurred, the position
of this region was roughly at S06W24, which was near to
the nominal well-connected region or the foot-point of in-
terplanetary magnetic field (IMF) lines connecting the Sun
to the Earth. In this section, we present observations of the
associated flare active region.

3.2.1. Flare magnetic reconnection

Figure 5 shows the post-flare loop-like structure in the high-
pass filtered TRACE 195Å image at 03:20:39 UT, which is
overlaid with MEM-Sato reconstructed RHESSI hard X-ray
sources. Blue contour lines indicate the 25 – 50 keV non-
thermal bremsstrahlung sources integrated from 02:47:20
to 02:52:20 UT, and red contour lines indicate 12 – 25 keV
thermal sources integrated from 02:42:20 to 02:47:20 UT.
It is evident that the flare is a typical two-ribbon system.

From the analytical (Forbes & Lin 2000) and numerical
(Chen et al. 1999) results, along with a large amount of
two-ribbon flare observations, it is accepted that the flare
ribbon expansion in the chromosphere is the signature of
progressive magnetic reconnection in the corona. The free
energy contained in the non-potential magnetic field can
be rapidly dissipated into particle acceleration and plasma
heating at the reconnection region. How fast the magnetic
reconnection proceeds corresponds to how quickly the rib-
bons expand and how strong the magnetic field is that the
ribbons sweep through. Thus we can estimate the magnetic
reconnection rate in the form of the magnetic flux change
rate (Qiu et al. 2002):

ϕrec =
∂ΦB

∂t
=

∂

∂t

∫
BndA, (1)
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Fig. 5. Post flare loop-like structure shown by the high-pass fil-
tered TRACE 195Å image at 03:20:39 UT, overlaid by RHESSI
hard X-ray sources (Rotating modulation collimators 4 – 8, with
MEM-Sato image reconstruction algorithm). Blue contour lines
indicate 25 – 50 keV hard X-ray sources integrated from 02:47:20
to 02:52:20 UT, and red 12 – 25 keV integrated from 02:42:20
to 02:47:20 UT.

where ΦB is the magnetic flux, Bn the magnetic field that
the flare ribbons sweep through, and dA the new area swept
through by the ribbons. It can be further compared with
the microwave emission to understand the role of the flare
magnetic reconnection in accelerating nonthermal particles.

Figure 6 shows the X3.4 flare observed by Hinode/SOT
and the SOHO/MDI magnetogram of the flare active re-
gion with the trajectories of the two ribbons superposed.
The Hinode/SOT Broadband Filter Imager (BFI) produces
images with broad spectral resolution in 6 bands (CN band,
Ca II H line, G-band, and 3 continuum bands) at the high-
est spatial resolution, 0.0541 arcsec/pixel, over a 218” ×
109” field of view (FOV). The Ca II H line at 396.85 nm
image shows the chromospheric structure, so we use it to
evaluate the flare ribbon separation and get the new area
dA swept through by the ribbons, the time cadence is ∼ 2
minutes during the flare eruption. The magnetic field Bn

can be obtained from the longitudinal component of the
MDI magnetogram at 01:39:01 UT before the flare erup-
tion. Then the magnetic reconnection rate described in for-
mula 1 can be obtained.

The rate of magnetic flux change is evaluated for each of
the two ribbons, which respectively sweep through positive
and negative magnetic field, as ϕrec(+) and ϕrec(−), ϕrec

is the average of them. In Fig. 7, the inferred magnetic re-
connection rate is shown in comparison with the microwave
emission at 3.8 GHz generated by high-speed electrons via
synchrotron. Both the radio flux of right-handed circular
polarization (RHCP) and left-handed circular polarization
(LHCP) are shown. Generally speaking, a good temporal
correlation is found. Furthermore, the correlation coefficient
of ϕrec(+), ϕrec(−), and ϕrec with the RHCP radio flux is
calculated as 0.72, 0.80, and 0.87, with the LHCP radio flux
as 0.84, 0.74, and 0.90. Such a good correlation indicates a
strong physical link between the flare magnetic reconnec-
tion and the energy release, and the flare magnetic recon-
nection plays an important role in accelerating nonthermal
particles.

Fig. 6. Left panel: Snapshot of the X3.4 flare observed by
Hinode/SOT at 396.85 nm. Right panel: SOHO/MDI magne-
togram of the NOAA active region 10930 with the trajectories
of the two ribbons superposed. The color from dark to white
indicates the separation process of the ribbons.

Fig. 7. Magnetic reconnection rate inferred from the X3.4 two-
ribbon flare compared with the microwave radio emissions at
3.8 GHz. In the upper pannel, the magnetic reconnection rate is
evaluated for each of the two ribbons as ϕ

rec(+) and ϕ
rec(−), ϕrec

is the mean value of the two. In the lower panel, the solid line
is the radio flux of right-handed circular polarization (RHCP),
dashed line of Left-handed (LHCP).

3.2.2. Radio dynamic spectra

Solar radio bursts provide a clue to examine whether or not
particles accelerated in the flare site could escape and be
observed in near-Earth space. We combine various spectro-
graphs to analyze the radio dynamic spectra over an ex-
tended frequency range. Figure 8 shows a continuous and
longlasting type III radio burst from ∼ 1 GHz to 20 kHz,
that starts at 02:24 UT and lasts about 20 minutes in low
frequency. This kind of type III burst, or so-called type III-l
burst, shows characteristics of low-frequency extension and
longlasting duration (longer than the usual type III burst
of 5 – 10 minutes). A type II radio burst starts at 02:27 UT
with an initial frequency of 180 MHz is also recorded.

Radio bursts (type I through V) are generated by elec-
tron streams as they propagate along magnetic field lines
from solar corona to interplanetary medium (Wild et al.
1963). The emission frequency corresponds to the local
plasma frequency (9

√
ne kHz). In detail, the plasma fre-

quency of 1 GHz corresponds to ne ∼ 1010 cm−3 and a
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Fig. 8. From top to bottom: the radio dynamic spectra combin-
ing Huairou/NAOC with the frequency range of 2.6 – 3.8 GHz,
Culgoora/IPS of 180 to 1800 MHz, Learmonth/RSTN of 25 –
180 MHz, WAVES/WIND Rad2 1.075 MHz – 13.875 MHz, and
Rad1 of 20 kHz – 1.04 MHz.

coronal height of less than 0.1 Rs above the photosphere,
20 kHz corresponds to ne ∼ 10 cm−3 and the near-Earth
plasma. Thus the type III-l burst suggests the existence of
open magnetic field lines from a low coronal site, probably
the flare active region, to the interplanetary space.

An phenomena to note in Fig. 8 is that the type III-l
burst seems to be an extension of the 2.6 – 3.8 GHz mi-
crowave emission. This suggests that the related electrons
arise from the same flare magnetic reconnection region, one
population is trapped in closed magnetic field and generates
microwave emission through synchrotron, another popula-
tion escapes along opened magnetic field and generates type
III-l burst through plasma emission.

4. Magnetic field modeling

Another way to answer the question consists of examin-
ing the magnetic field configuration above the flare active
region. There is currently no direct high-quality measure-
ment of coronal magnetic field. One method of obtaining
the magnetic field configuration is the precise extrapola-
tion of the accurately observed photospheric magnetic field.
Song et al. (2006, 2007) developed a fast upward integra-
tion NFFF reconstruction method. Instead of using finite
difference to express the basic NFFF partial derivatives,

Fig. 9. Magnetic field configuration of the NFFF lines com-
puted based on the photospheric vector magnetogram of
Huairou/NOAC. The spatial domain of the magnetogram is
169”

× 169”, and the calculated height is 122000 km. X and Y
axes respectively indicate west and north direction of the solar
disk, and Z indicates radial direction.

Fig. 10. Magnetic field configuration of the PFSS lines com-
puted based on the photospheric longitudinal magnetogram of
SOHO/MDI. The green lines mark the closed-field lines, and red
lines mark the open-field lines. Upper panel: the view direction
is from the Earth. Lower panel: the view direction is from the
solar north pole.
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they introduced smooth continuous functions to approach
magnetic field values, and a self-consistent compatibility
condition for field boundary values was considered.

Based on the photospheric vector magnetogram from
Huairou/NAOC at 03:07 UT, just after the flare eruption,
and the NFFF reconstruction method, the 3D magnetic
field configuration above the flare active region is obtained
and shown in Fig. 9. The magnetogram has magnetic field
noise levels of ± 10 G for longitudinal fields and ± 100 G
for transversal fields, the spatial resolution is 2.8”, and the
spatial domain is 169” × 169”. The magnetic field configu-
ration is computed upwards to a height of 122000 km, 0.17
Rs above the photosphere. It is evident that the magnetic
configuration shows non-potential complexity and loop-like
structure in the low corona, gradually becoming much po-
tential and then “open” in the high corona above ∼ 0.1
Rs. Similar extrapolation results by various reconstruction
methods are also derived by Schrijver et al. (2008) and Guo
et al. (2008). Note that the “open” lines mainly extend
along the northwest (XY direction) of the solar disk, in
this direction charged particles can easily access the nom-
inal well-connected region and then be released into inter-
planetary space.

Furthermore, we use the PFSS model developed by
Schrijver & DeRosa (2003), which is available in the IDL-
based solar software (SSW) package, to identify the large-
scale coronal magnetic configuration. This model assumes a
spherical source surface (where the magnetic energy density
equals to the plasma energy density). Inside of this surface
the magnetic field is derived from a potential Laplace equa-
tion: ∇2φ, outside which the magnetic field is frozen into
the solar wind (Schatten et al. 1969). It has been success-
fully applied to confirm the existence of coronal magnetic
flux tubes, in which the type III radio sources originate
(Klein et al. 2008).

Based on the photospheric longitudinal magnetogram
from SOHO/MDI at 00:04 UT and the PFSS code, the coro-
nal magnetic field lines extending to 2.5 Rs are obtained
and shown in Fig. 10. The green lines mark the closed-field
lines, and red lines mark the open-field lines. The upper
panel displays the view from the Earth, with the top of the
map indicating solar north and the right, solar west. The
lower panel displays the view from the solar north pole,
map bottom towards to the Earth. As in the NFFF model
the open-field lines, which are rooted in the active region,
follow the westward direction to the well-connection region
and extend to interplanetary space. Such open-field lines
are a possible route for transporting particles from the flare
site.

5. Discussion

5.1. Interpretation of particle release times

In section 3.1.1, we find that there is no contradiction be-
tween the particle injection and the flare emission. However,
the evaluated proton release time is ∼ 02:45 UT, which is a
few minutes later than the electron release at ∼ 02:41 UT.
Similar delays are also reported by Klein et al. (2005a) and
Le et al. (2006) in the SEP events occurred on 1999 June
29, 2000 May 01, and 2005 January 20.

One may suppose that the electron release coincides
with the flare eruption and is related to type III burst
(Lin 1985), while protons are accelerated in the subse-

quent CME-driven shock and related to type II burst
(Reames 1999). However, according to the observations
from Culgoora/IPS, the type II burst started at 02:27 UT,
which is much earlier than both of the proton and electron
releases. Shock acceleration has no species selectivity, so
the question is why did it not accelerate electrons and pro-
tons at the same time? Another suggestion, introduced by
Krucker & Lin (2000), is that protons are released at a much
higher altitude than electrons, and protons with succes-
sively lower energies are released as the CME-driven shock
propagates to successively greater heights, corresponding to
the release times being successively delayed. However, from
analysis of the radio observations and the escaping deka-
MeV protons, Klein & Posner (2005b) found that the ini-
tial particles are accelerated behind the front of the CME-
driven shock. Moreover, it still cannot explain the same
release times between relativistic SCRs and lower energetic
protons in this event.

A reasonable possibility is that the interplanetary tra-
jectories of protons and electrons are different due to their
distinct pitch-angle scattering and mean free paths. For in-
stance, Krucker & Lin (2000) analyzed 26 events, and found
that the derived electron travel length is 1.1 – 1.3 AU, but
the proton travel length is around 2 AU in 9 events. Using
numerical models of interplanetary transport to fit the in-
situ observations from the 2000 July 14 event, Bieber et al.
(2002) found that the electron and proton mean free path
are respectively 0.75 AU and 0.27 AU. Thus, taking the
interplanetary scattering and the mean free path of 0.08 –
0.3 AU (Palmer 1982) into account, the proton release time
could be brought forward by a few minutes (Kahler 1994).

5.2. Interpretation of particle spectra

In section 3.1.2, we derive the proton spectra and find sig-
nificant change of the spectral index. For acceleration at
a parallel shock, particles gain energy by scattering freely
between the converging upstream and downstream plasma
without influencing the shock structure. The accelerated
particle distribution function is a power law form in mo-
mentum (Blandford and Ostriker 1978), f(p)d3pp−σd3p,
where f(p)d3p is the number of particles in the volume
d3p of momentum space per unit volume. The spectral in-
dex γ depends only on r, inverse of the compression ratio,
γ = 3r/(r − 1), where r = u1/u2 and u1(u2) is the up-
stream (downstream) bulk plasma flow velocity. r can be
determined from the Rankine-Hugonoit conservation rela-
tion. With assumptions that the shock is planar (the gyro-
radii of all particles are small compared to the curvature
of the shock), the gas is ideal, and the adiabatic index 5/3,
the relation can be reduced to (Ferraro and Plumpton 1966;
Ellison and Ramaty 1985):

Q1r
2 + (5Q1 +

5

3
M2

1 )r − 20

3
M2

1 = 0, (2)

where Q1 is the upstream magnetic to gas pressure ratio
and M1 is the upstream Mach number. For the coronal
shock, taking typical values of T ∼ 106 K, n ∼ 109 cm−3,
B ∼ 10 G, and the CME speed of 1774 km/s, we get r

.
= 2.7.

For the interplanetary shock at 1 AU, taking observational
values from ACE data of T ∼ 105 K, n ∼ 10 cm−3, B ∼ 5
nT, and M1 ∼ 8, we get r

.
= 2.6.

If particles are only accelerated by the CME-driven
shock, we would expect almost the same spectral index be-
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Fig. 11. The coronal disturbance on 2006 December 13. The
four images show SOHO/EIT 195 Å ones at 02:12, 02:24, 02:36,
and 03:00 UT with a pre-event image subtracted from them,
respectively. Dashed lines indicate the fronts of the disturbance
or the EIT wave.

tween the initial coronal shock accelerated particles and
the near-Earth interplanetary shock accelerated particles.
However, it is not the case, and the fact is that the spectrum
obviously becomes softer. In the current work, we are not
able to exclude the influence of energetic storm particles
(ESPs) during the passage of IP shocks, which are either
accelerated at the front shocks or trapped in the vicinity of
shocks. Although there are evidence that only ESPs with a
few MeV or below show obvious enhancement in this event
(Liu et al. 2008), and that only 40% of 330 shock-related
ESP events with energies greater than 1.5 MeV (Huttunen-
Heikinmaa & Valtonen 2009).

We cannot exclude an ideal model in which the accel-
eration shifts from the coronal perpendicular shock to the
interplanetary parallel shock. The coronal transient wave
or EIT wave might provide the observational evidence.
Krucker et al. (1999) found that the electron release ap-
peared related to the passage of EIT waves. Torsti et al.
(1999) found that the initial injection of deka-MeV pro-
tons occurred during the period when the EIT wave was
traversing the western hemisphere of the Sun, which was in-
terpreted as a moving skirt of a quasi-perpendicular shock
wave. However, recent studies (Dalannée 2000; Harra &
Sterling 2003; Chen et al. 2005; Attrill et al. 2008; Dai et al.
2009) revealed that EIT waves are not real material shocks,
but coronal manifestations of the expanding and opening
magnetic fields. A large-scale coronal disturbance or EIT
wave was observed during this event. From the running dif-
ference of EIT 195 Å images (shown in Fig. 11), it is found
that a large amount of coronal material was ejected around
02:36 UT or before, corresponding to the process from the
coronal brightening to dimming. This process may open or
reconfigure quite much of the magnetic field in the corona,
allowing the flare-accelerated particles to escape into inter-
planetary space.

We find that the proton spectra appear to become
harder in high energy band (shown by the dashed lines
in Fig. 3). This is in contradiction with the pure shock ac-
celeration which would produce a softer spectrum beyond
30 MeV (Ellison and Ramaty 1985), on the other hand,
is in favor to the contribution of flare acceleration which
is believed more prolific than the shock at producing high
energy particles (Tylka et al. 2005).

The unusual features of spectra, including spectral soft-
ening during particle injection and spectral hardening in
the high energy band, give a reasonable possibility of the
mixed particle acceleration by both flare and the CME-
driven shock.

5.3. Interpretation of flare magnetic reconnection

In section 4.1.1, we derive the magnetic reconnection rate
in the form of magnetic flux change rate. There still exists
other forms, such as continuous blue shift (Schmieder et
al. 1987) and separation velocity (Fletcher et al. 2004) of
the flare ribbons. Both are consistent with the concept in
this study that the observed signatures in chromosphere
and the energy release in flares are due to the magnetic
reconnection at coronal site.

Assuming the separation of flare ribbons is translational
symmetry, and in a two-dimensional configuration, we can
estimate the induced electric field Erec along the current
sheet in the magnetic reconnection region by Erec = V‖Bn

(deduced from formula 1), where V‖ is the horizontal ve-
locity of the ribbon expansion, Bn the longitudinal mag-
netic field that the flare ribbons sweep through. Given the
magnetic field 650 G in the flare active region, and the
expansion velocity 14 km/s at the peak of ϕrec, we get a
maximum electric field of ∼ 10 V/cm.

Based on the DC electric field acceleration mechanism
(Litvinenko & Somov 1995), this value is effectively enough
to accelerate protons to a GLE typical energy of ∼ GeV in
a time of < 0.1 s. In this event, according to the registra-
tion of SCRs by middle and low latitude neutron monitors,
the maximum energy of the protons is estimated to be ∼
10 GeV (Karapetyan 2008). For the electrons, based on the
neutral beam current sheet theory (Martens 1988), the en-
ergy is always a factor me/mp less than proton energy, and
could reach the value of ∼ MeV. However, the DC elec-
tric field acceleration mechanism could hardly produce the
high-Z elemental abundance, which probably arises from
the stochastic acceleration or the resonant wave-particle in-
teraction.

6. Conclusions

This study contributes to the ongoing debate about which
process, flare or/and CME-driven shock, is responsible for
particle injection in major events (Tylka & Lee 2006; Cane
et al. 2007; Gopalswamy 2008). By use of particle data from
near-Earth spacecraft and ground-based neutron monitor,
along with multi-wavelength observations of the flare ac-
tive region, we analyze the roles of flare magnetic recon-
nection and CME-driven shock in accelerating SEPs dur-
ing the 2006 December 13 event. The key conclusions are
as follows:

1. The particle initial release time coincides with the
flare emission. The spectrum becomes softer and the
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anisotropy becomes weaker during the particle injection,
indicating the acceleration source may change from a
coronal site in the flare active region to a widespread
interplanetary CME-driven shock.

2. The inferred magnetic reconnection rate is temporally
well-correlated with the evolution of the microwave
emission, indicating a strong physical link between the
flare magnetic reconnection and the acceleration of non-
thermal particles.

3. The continuous longlasting type III-l radio burst and
the computed magnetic field configuration suggest the
existence of open magnetic field lines extending from
the flare active region to interplanetary space. Flare ac-
celerated particles should thus be present in the major
event.
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