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Abstract. Solar near-relativistic (NR) electrons are
observed in near-Earth space following different
types of solar transient activity, such as solar flares
and coronal mass ejections (CMEs). We have de-
veloped an inversion method that allows us to infer
both the solar injection profile and the interplanetary
transport conditions of NR electrons by fitting the
directional intensities observed by theACE spacecraft
at 1 AU. We apply the inversion method to six
large NR electron events temporally associated with
type III and type II radio bursts. For four events,
the source injecting particles is active for a long
period of time (> 3 h) whereas in two events, the
injection profile shows several short (< 15 min)
injection episodes. We compare the inferred injection
profiles with 20 kHz to 14 MHz radio observations by
WAVES instrument on the Wind spacecraft. Strong
type II radio bursts, revealing shock waves in the
corona, are associated with long-lasting injection
profiles, which suggests that coronal shocks have
an important role in the production of at least
some heliospheric NR electron events. On the other
hand, for other events, short injection episodes are
in temporal correlation with type III radio bursts.
In such cases, NR electrons are more likely injected
due to processes of coronal restructuring (magnetic
reconnection) following the CME lift-off.
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I. I NTRODUCTION

Solar near-relativistic (NR) electrons (> 30 keV)
are usually observed in interplanetary space as discrete
events following different types of solar transient activity
[1], such as flares and coronal mass ejections (CMEs).
In situ observations of NR electron events in the helio-
sphere can be used to infer the mechanisms of electron
production at the Sun (e.g., [2], for a review).

Comparisons between the timing of solar transient
electromagnetic phenomena and the inferred starting
time of the electron injection have been used to ex-
amine the solar sources of NR electrons. Observational
studies have suggested that most NR electron events
result from flares [2]. But other mechanisms, such as
magnetic restructuring in the aftermath of CMEs [3], [4]

or acceleration at shocks driven by fast (> 1000 km s−1)
CMEs [5], [6] have also been proposed as a mechanism
for the production of NR electrons.

Solar radio bursts provide diagnostics of the electron
acceleration mechanisms. Type III radio bursts drift
rapidly to low frequencies, and often occur in groups
lasting several minutes at∼14 MHz. They are usually
taken as signatures of the flare impulsive phase [7] and
trace 2–100 keV electron streams as they propagate
along open field lines from flaring regions near the Sun
into the interplanetary medium [8]. Type II bursts are
distinguished by their slower drift rates and longer last-
ing emission relative to type III bursts and are attributed
to shocks moving out in the solar corona with speeds of
∼1000 km s−1 [7].

The shock acceleration hypothesis was tested by
studying the association of NR electron events with type
II radio bursts and CMEs [9]. The event associations
with type II bursts were found to be 37%/17% for
metric/decametric-hectometric (DH) type II bursts and
only ∼ 50% of the electron events were associated with
wide (> 60◦) and fast (> 900 km s−1) CMEs. The
poor association led to the conclusion that at least some,
and perhaps most, NR electron events do not originate
from coronal shocks [9]. In a later study, Kahler et al.
[6] found that those NR electron events showing highly
anisotropic pitch-angle distributions at 1 AU for long
(> 2 h) time periods are well associated with metric
and DH type II bursts, supporting the possibility of a
class of shock-accelerated NR electron events.

Recent work based on fitting NR electron intensities
observed at 1 AU allows us to compare solar NR electron
injection profiles with corresponding white-light, X-
ray and radio signatures [10]. Inferring the injection
profile is a powerful tool to distinguish between different
mechanisms of particle acceleration and release into
interplanetary space.

In this paper, we address the question of the relative
contributions that flare and shock acceleration processes
have in large NR electron events. We make use of
simulations of the propagation of NR electrons along the
interplanetary magnetic field under reasonable fiducial
conditions to fit the directional intensities observed at 1
AU by the LEFS60 telescope of the EPAM experiment
on board theAdvanced Composition Explorer (ACE)
[12] and thus infer the electron injection profile close
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to the Sun and the interplanetary transport conditions.
We compare the inferred injection profiles with the low-
frequency (∼14 MHz) type III and DH type II bursts
observed by the WAVES instrument [11] on board the
Wind spacecraft.

In Section 2, we present the characteristics of the NR
electron events selected for the study and the associated
radio emissions. We review the transport model and
the fitting technique in Section 3. Section 4 gives an
overview of the results of deconvolving the directional
intensities observed during the selected events. Results
are summarized in Section 5.

II. DATA ANALYSIS

A. Event selection

We analyze 72 s averages of the electron intensities
measured by the LEFS60 telescope of the EPAM ex-
periment on boardACE [12] in three energy ranges:
E’2 (62–102 keV), E’3 (102–175 keV) and E’4 (175–
312 keV). The LEFS60 detector is pointed 60◦ from
the spacecraft spin axis. As the spacecraft spins, the
solid angle swept by the detector is divided into eight
sectors, each 45◦, providing directional information of
the incoming particles. We also make use of magnetic
field and solar wind data provided by the MAG [13] and
SWEPAM [14] instruments on boardACE to character-
ize the interplanetary magnetic field (IMF) during the
events.

We identified the NR electron events observed by the
LEFS60 telescope between 2000 and 2007 meeting the
following three criteria:

• Significant enhancement of NR electron intensities,
i.e., spin-averaged peak intensities at least 30 times
higher than the pre-event background intensities in
the E’4 energy channel

• Negligible proton contamination in the electron
energy channels of the LEFS60 telescope

• Quietness in the interplanetary medium, with stable
IMF and steady solar wind parameters from one
hour prior to the onset of the event until six hours
later.

We found 15 NR electron events that fulfill these three
criteria. Two electron events were excluded from the list
because there is evidence of previous events that caused
high background levels. By looking for the onset time of
the events at intensity levels which are a fixed percentage
of the maximum intensity in each energy channel [15]
and requiring velocity dispersion at their onset, we found
that seven other events had to be excluded. Therefore, 6
of 15 events were selected for further analysis.

For the selected events, we checked that the pitch-
angle distributions observed by the LEFS60 telescope
covered a wide range in pitch-angle cosine. We found a
reasonably good coverage in pitch-angle cosine (≥ 70%)
that qualified them to be studied (see [16] for a detailed
analysis of the pitch-angle coverage by the LEFS60
telescope).

Columns (1)–(5) of Table I give information about the
selected NR electron events: date; time of the onset,t0
and rise time (i.e. the time interval between the onset
and the maximum intensity) in the E’4 energy channel;
time interval selected for simulation; and event strength,
S, defined as the logarithm of the ratio between the
spin-averaged peak intensity,Ip, and the spin-averaged
mean intensity of the pre-event background,Ib, in the
E’4 energy channel; thusS = log10(Ip/Ib).

The selected events show, as a whole, a median event
strength of 2.5 and rise times longer than∼1 h. The
period of modelization has been chosen to be∼3–4 h,
since we aim at characterizing the solar injection profile
of the first arriving electrons at 1 AU.

B. Radio data

All the selected events were preceded by fast-drift
radio bursts. We use 20 kHz–14 MHz radio spectrograms
acquired by the WAVES experiment on theWind space-
craft [11] and available on the WAVES Web site1. The
spectral plots allowed us to estimate the start and end
times of the associated type III radio bursts at 14 MHz,
to the nearest 5 minutes. These times are given in column
(6) of Table I. All type III radio bursts happened in
association with the observations of soft X-ray emission
from the Sun and Hα brightenings from the western
hemisphere of the Sun2; except for the 2004 Sep 19
event when no Hα brightening was observed.

We obtained the start/end times and the characteristics
of the DH type II radio emission from the WAVES
Web site list1. Columns (7)–(8) of Table I give the
times of the type II radio bursts and the qualitative
assessments of the emission provided on the WAVES
Web site. Three out of the six of the selected electron
events were associated with strong type II bursts. The
other three events were associated with diffuse, sporadic
and intermittent type II radio bursts. CMEs with speeds
>1000 km s−1 were observed in association with most
of the electron events3; the speeds of the CMEs observed
in association with the 2004 Sep 19 and the 2005 Jun
16 electron events were not measured due to lack of
observations.

III. T RANSPORT AND INJECTION MODELING

We fit sectored intensities observed by the LEFS60
telescope of the EPAM experiment onACE by simulat-
ing the interplanetary transport of NR electrons and then
determining the optimal injection function near the Sun.

A. Interplanetary transport

We use a Monte Carlo model to simulate the inter-
planetary transport of SEPs injected at the root of an
Archimedean spiral magnetic field line. The transport
processes included are the following: particle streaming
along the magnetic field lines, pitch-angle focusing by

1http://www-lep.gsfc.nasa.gov/waves/waves.html
2http://sgd.ngdc.noaa.gov/sgd/jsp/solarindex.jsp
3http://cdaw.gsfc.nasa.gov/CMElist/
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TABLE I: Solar NR Electron Events and Associated Radio Bursts

NR Electron events Radio emission
t0 Rise Period S Type IIIa Type IIb Injection

Date (UT) (min) (UT) (UT) (UT) Comments typec

(1) (2) (3) (4) (5) (6) (7) (8) (9)

2000 Nov 08 22:55 60 22:55–03:00 4.3 22:55-23:05 23:20-12:00⋆ Intense L
2001 Dec 26 05:25 84 05:20–09:00 2.9 05:15-05:20 05:20-05:00⋆ Strong F-H L
2002 Aug 24 01:20 56 01:20–04:20 1.8 01:05-01:15 01:45-03:25 Strong F, Weak H L
2002 Dec 19 21:55 45 21:50–02:00 2.3 21:40-21:55 21:45-22:30 Broad, diffuse band S
2004 Sep 19 17:25 85 17:10–20:45 2.2 16:55-17:30 17:15-18:15 Very sporadic L
2005 Jun 16 20:25 130 20:25–24:00 1.7 20:10-20:20 20:25-21:40 Very intermittent S

a Duration of the type III bursts estimated at∼14 MHz to the nearest 5 min.
b DH type II bursts reported in the WAVES Web site. Times with⋆ refer to the next following day. (F = fundamental; H = harmonic).
c Electron injection type inferred from fitting the directional electron intensities observed byACE at 1 AU (S = short; L = long-duration).

the diverging IMF, pitch-angle scattering by magnetic
fluctuations, adiabatic deceleration resulting from the
interplay of scattering and focusing and solar wind
convection [17], [18]. The results of the simulation give
the directional distribution of particles at 1 AU, as a
function of time and energy range of interest (see [10]
for details).

As initial condition we consider all particles to be
injected instantaneously at two solar radii from the
center of the Sun. Thus, the results of the simulation
are expressed in terms of Green’s functions of particle
transport. The energy spectrum of the solar source is de-
scribed by a power law (dN/dE ∝ E−γs) with spectral
indexγs, which is estimated from the observational data
(see [10]).

In the solar wind frame, the pitch-angle diffusion
coefficient can be expressed asDµµ = ν(1 − µ2)/2,
whereν is the scattering frequency andµ is the particle
pitch-angle cosine. We assumeν(µ) = ν0

(

|µ|
1+|µ| + ǫ

)

,
whereǫ allows us to simulate different scattering con-
ditions, from quasi-isotropic (ǫ ≥ 1) to fully anisotropic
(ǫ = 0, totally decoupled hemispheres in theµ-space).
The scattering rate,ν0, is determined from the mean free
path parallel to the fieldλ||, or the radial mean free path
λr , which are related by

λr

cos2 ψ
= λ|| =

3v

4

∫ +1

−1

1 − µ2

ν(µ)
dµ (1)

where v is the particle speed andψ is the angle be-
tween the magnetic field and the radial direction [19].
Particle transport perpendicular to the magnetic field is
neglected. Following the procedure adopted in previous
works, we assume the radial mean free path to be
constant, independent of the radial distance and energy
[20], [21].

B. Fitting sectored intensities

The goal is to solve the inversion problem of inferring
the transport parameters (i.e.λr, ǫ) and the injection
time profile at the Sun from a set of in-situ measured
sectored intensitiesIs(t), where Is(t) is the intensity
measured at timet by sectors in a given energy channel.
By taking into account the angular response of the
sectors scanned by the LEFS60 telescope, we are able

to transform the simulated pitch-angle distributions into
sectored intensities measured by the telescope [10]. The
modeled sectored intensities,M s(t;λr), in sectors can
be written as

M s(t;λr) =

∫ T2

T1

dt′gs(t, t′;λr) q(t
′), (2)

whereq(t) -to be determined- represents the electron in-
jection function andgs(t, t′;λr) represents the contribu-
tion of an impulsive injection to the modeled intensities
for a given sectors, at a given timet, when the injection
of NR electrons took place at timet′.

Taking into account the eight sectors of the tele-
scope and discrete values of time, the best-fit injection
function can be determined by comparing the modeled
intensities with the observations. Letb be the sector-
averaged background intensity andJi = Ii − b, where
i = 1, 2, ..., n numbers the observational points. We want
to derive them-vector ~q that minimizes the length of
the n-vector ~J − ~M , that means minimizing the value
of || ~J− ~M || ≡ || ~J−g ·~q||, subject to the constraint that
qj ≥ 0 ∀j = 1, 2, ...,m, wherej numbers the injection
times. The best-fit injection function corresponds to a
combination ofm delta-function injection amplitudes at
timestj . To solve this inversion problem and obtain the
best-fit injection values, we use the non-negative least
squares method [22].

The best-fit transport parameters (λr and scattering
case) are determined by minimizing a goodness-of-
fit estimator which computes the sum of the squared
logarithmic differences between the observational and
the modeled data in each energy channel. The calculation
of the goodness of the fit is restricted to the time interval
selected. The goodness-of-fit estimator of the whole fit is
obtained by adding the values obtained for each energy
channel.

IV. RESULTS

We simulate the selected NR electron events following
the same procedure as described in [10]. We consider
three scattering cases: isotropic scattering (ν(µ) = ν0)
and twoµ-dependent scattering cases, one withǫ = 0.10
and one withǫ = 0.01, for several values ofλr, quasi-
logarithmically spaced between 0.04 AU and 1.5 AU.
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Fig. 1: Electron injection profiles derived for the E’2 energy channel (injection times are shifted by 8 min to
account for the light travel time). In addition to the fit result (histogram), a smoothed curve obtained by six-point
moving average is shown in the left panel. Radio flux (in dB over background) observed byWind/WAVES.

The fits succeed in reproducing most of the features
of the intensities observed in the eight different sectors
in the E’2, E’3 and E’4 energy channels. All the selected
events are best fitted assumingλr ≤ 0.24 AU (Note that
other events require largerλr such as the event analyzed
in [10]). According to the values of the goodness of fit
estimator, three of the events studied here can be best
fitted assumingµ-dependent scattering and three events
assuming isotropic pitch-angle scattering.

The inferred injection profile of four of the events
displays a prolonged injection lasting at least three
hours, whereas for two of the events the injection profile
is composed by several sparse short (< 15 min) injection
episodes. Column (9) of Table I lists the type of injection
profile that best fits the selected events. The injection
profile inferred for the 2001 Dec 26 and the 2002 Dec
19 events in the E’2 energy range is shown in Figure 1 to
illustrate the two categories, respectively. The injection
profile appears patchy in both cases, however, if we
convolve the modeled Green’s functions by a smoothed
injection profile (see smoothed curve in Figure 1) in the
case of a prolonged injection, the fit does not practically
differ from the best fit.

Four NR electron events associated with strong type II
radio bursts, revealing shock waves in the corona, show
long-lasting injection profiles, which suggests that, in
these cases, coronal shocks are most likely the source
of the NR electrons observed in the heliosphere. On
the other hand, the injection of two NR electron events
shows sparse short injection episodes while intermittent
and broad type II radio bursts are observed. Their sparse
occurrence, well correlated with several type III radio
bursts, suggests that they could be related to processes of
coronal restructuring (magnetic reconnection) occurring
after the CME lift-off.

V. CONCLUSIONS

Directional particle intensities observed at 1 AU allow
us to infer the injection profile of NR electrons at the
Sun by simulating the propagation of solar energetic

particles along the IMF. The injection profile allows us
to gain insight on the solar sources of these electrons as
it provides key information about the injection timing
and duration.

We simulated six large NR electron events and found
that coronal shocks and reconnection processes both
seem to play a role in the injection of NR electrons.
The observation ofstrong type II bursts may be a good
guide to infer shock acceleration of NR electrons since
coronal shocks producing strong type II radio bursts are
associated with long-lasting (> 3 h) injection profiles.
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