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Abstract Solar energetic particle (SEP) events are a key ingredient of solar—terrestrial
physics both for fundamental research and space weather applications. Multi-satellite ob-
servations are an important and incompletely exploited tool for studying the acceleration
and the coronal and interplanetary propagation of the particles. While STEREO uses for
this diagnostic two identical sets of instrumentation, there are many earlier observations
carried out with different spacecraft. It is the aim of the SEPServer project to make these
data and analysis tools available to a broad user community. The consortium will carry out
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data-driven analysis and simulation-based data analysis capable of deconvolving the effects
of interplanetary transport and solar injection from SEP observations, and will compare the
results with the electromagnetic signatures. The tools and results will be provided on the
web server of the project in order to facilitate further analysis by the research community.
This paper describes the data products and analysis strategies with one specific event, the
case study of 13 July 2005. The release time of protons and electrons are derived using data-
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driven and simulation-based analyses, and compared with hard X-ray and radio signatures.
The interconnection of the experimental and the simulation-based results are discussed in
detail.

Keywords Solar energetic particles - Coronal mass ejections - Interplanetary propagation -
Monte Carlo simulation - Radio signatures

1. Introduction
1.1. Solar Energetic Particles

The acceleration mechanisms and transport processes of solar energetic particles (SEP) con-
stitute up-to-date highly important scientific issues. SEP events and their transport through
interplanetary (IP) space offer a unique opportunity to analyze their acceleration mecha-
nisms and their sources while at the same time provide the testing of the energetic particles
propagation theories through numerical simulations and comparisons with the in-sifu mea-
surements. SEP events originate by either solar flares or coronal mass ejections (CMEs)
(Reames, 1999) and are frequently (but roughly) categorized as gradual or impulsive. The
production of SEP events related to solar flares represents the outflow of particles during
magnetic reconnection in active regions (Klein and Posner, 2005). SEP events are also pro-
duced by acceleration of particles at collisionless shock waves driven by CMEs (Reames,
1999, 2009). Shock-accelerated particles are injected into the heliosphere and propagate
along interplanetary magnetic field (IMF) lines. When the magnetic connection between the
observer and the field lines along which these particles propagate is established, particle
flux enhancements are observed at the detectors in space (Heras et al., 1992, 1995; Lario,
Sanahuja, and Heras, 1998; Aran et al., 2007).

Multipoint particle measurements are an important tool to understand the origin and
propagation of SEP. They are one of the drivers of the STEREO concept (Kaiser et al.,
2008). However, many independent measurements from earlier spacecraft are available for
exploitation. One limitation to their usefulness is that the data are not publicly available
or, if they are, through instrument-specific access procedures and in different data formats.
Advanced tools to interpret the data, including the analysis of particle propagation to the
spacecraft, are only used by a few experts. There is furthermore a potential for the compari-
son of SEP measurements with electromagnetic signatures of particle acceleration at the Sun
that is presently underexploited. Usually the access and handling of electromagnetic data are
completely independent of SEP data. The SEPServer project aims at facilitating SEP analy-
ses themselves and comparative studies of SEP and electromagnetic emission signatures by
making the data and analysis tools available on a unique internet-based server. It will also
include state-of the-art analysis tools based on numerical simulations on particle transport
in the interplanetary medium (for more details of the SEPServer project, see Vainio et al.,
2012). In this work we present the case study of the 13 July 2005 SEP event which con-
stitutes first collaborative results and demonstrates the new perspectives that will be made
available to the future user of SEPServer.

2. Instrumentation and Data Description
2.1. SOHO/ERNE

The Energetic and Relativistic Nuclei and Electron (ERNE) experiment onboard the So-
lar and Heliospheric Observatory (SOHO) provides proton and heavy-ion data for the
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SEPServer project. ERNE operates in the proton energy range of 1.5—140 MeV by using
two sensors. For heavy ions the energy range extends up to ~ 500 MeV/nucleon. Parti-
cle identification is based on the well-known delta E-E method. The Low Energy Detector
(LED) is a simple stack of silicon detectors with the first detector layer divided into seven
independent parts and covering a view cone with full opening angle of 64°. The High En-
ergy Detector (HED) operates from 12 MeV upwards and has a field of view of 120°. Due
to this wide field of view the path length variations of particles in the detectors have to
be taken into account in order to preserve a good mass resolution. This is achieved by us-
ing silicon strip detectors measuring the angle of incidence of particles with an accuracy
of ~ 6°. Thus, the strip detectors also allow detailed directional measurements of particles
within the wide field of view of HED. Operational energy range of HED up to 140 MeV
for protons is accomplished by using two layers of heavy scintillators (CsI(T1) and BGO)
stopping the particles. The geometric factor of LED is 0.915 cm? sr. In HED the geometric
factor is strongly dependent on particle species and energy varying within 13 -47 cm? sr.
Since SOHO is a 3-axis stabilized spacecraft pointing to the center of the Sun, ERNE mea-
surements are limited within the 64° and 120° fields of view around the instrument axes,
which are pointed along the nominal interplanetary magnetic field direction, 45° to the west
of the Sun. More detailed descriptions of the ERNE experiment can be found in Torsti et al.
(1995) and Valtonen et al. (1997).

2.2. SOHO/EPHIN

The Electron Proton and Helium Instrument (EPHIN) onboard SOHO is part of the
COSTEP (Comprehensive Suprathermal and Energetic Particle Analyzer) experiment that
studies the suprathermal and energetic particle populations of solar, interplanetary, and
galactic origin. The EPHIN sensor is a stack of six cylindrical solid state detectors sur-
rounded by a plastic scintillator. The two first thinner detectors are divided in six sectors
to allow a rough trajectory determination and particle range corrections, which improve
isotopic discrimination (Miiller-Mellin ez al., 1995). The sensor points along the nominal
direction of the interplanetary magnetic field 45° west with respect to the spacecraft-Sun
line. The maximum temporal resolution is 1 minute and the nominal geometric factor is
5.1 cm?sr.

2.3. ACE/EPAM

The Electron Proton and Alpha Monitor (EPAM) measures ions and electrons over a broad
range of energy and intensity with five separate telescopes that provide nearly full cov-
erage of the full sky in one spin period (Gold et al., 1998). For the purposes of the cur-
rent study high-resolution electron data obtained by two telescopes onboard EPAM, i.e.
the Low-Energy Magnetic Spectrometer (LEMS30) and the Low-Energy Foil Spectrometer
(LEFS60), have been used. The first telescope, LEMS30, registers electrons by the magnetic
deflection of the incoming particles with energy below 315 keV into the detector. Thus the
electrons measured in this technique are called deflected electrons (DEs). Deflected elec-
trons are measured in four electron channels in the energy range 38 —315 keV. LEMS30
sweeps out an annulus centered at 30° (4 25°) to the sunward spin axis of ACE spacecraft
(Stone et al., 1998), and data are accumulated in four 90° sectors. The LEFS60 telescope reg-
isters electrons (E’s) using a foil to absorb ions with energies below approximately 350 keV,
while allowing electrons with energies > 45 keV to pass through to the detector. LEFS60
measures electrons into four energy channels between 45—-312 keV, while it samples an
annulus centered at 60° (£ 25°) to the ACE spin axis, divided into eight 45° sectors.
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2.4. Wind/3DP

The three-dimensional Plasma and Energetic Particle Investigation (3DP) is designed to
make measurements of the full three-dimensional distribution of suprathermal electrons and
ions from solar wind plasma to low energy cosmic rays, with high sensitivity, wide dynamic
range, excellent energy and angular resolution, and high time resolution. Three arrays, each
consisting of a pair of double-ended semi-conductor telescopes, measure electrons and ions
above 20 keV. One side of each telescope is covered with a thin foil which absorbs ions
below 400 keV, while on the other side the incoming < 400 keV electrons are swept away
by a magnet, therefore electrons and ions are cleanly separated. Full sky coverage can be
obtained in one spin (Lin ef al., 1995).

3. Data Analysis Methods
3.1. Onset Time Determination

Similar algorithms for both EPHIN and EPAM level 2 data have been developed, for the
automatic determination of SEP event onset times at a given instrument channel. The basic
concept of the algorithm, which aims to an objective criterion, is to compare the counts of
the detector of a specified time window with the data just ahead of it. The main steps can be
summarized as follows: Firstly, the algorithm determines the average intensity (/) and the
standard deviation ¢ inside the specified time window; next, it compares the data just ahead
of this window with a threshold (/) 4+ n - o, where n can be chosen by the user (typically
3.0 or4-o are used). When a number m of consecutive points fulfils such condition (m can
be chosen by the user, typically set to m = 2 for EPHIN and m = 4 for EPAM), the onset is
defined as the time stamp of the first point above the threshold.

If the condition is not fulfilled, the sampling window is moved one point forward in time
and the process is repeated. In general the method is able to find onset times that match well
the results obtained by human eye. In case of pre-event enhancements (e.g. events closely
spaced in time or presence of X-ray contamination) the algorithm could fail to find the onset.
Depending on the event conditions (poor statistics, very slow increase) longer time averages
and different values of n and/or m could be required.

In order to determine the channel that will be used from the onset determination al-
gorithm, one should take advantage of the fact that EPAM provides coverage of the full
sky (see 2.3). This results into the identification of the anisotropic features of the electron
recordings through the electron pitch-angle distributions (PADs). PADs from both LEFS60
and LEMS30 are used to pinpoint the sector of a specific detector that measures the particles
more closely aligned to the IMF and therefore which system (LEMS30 or LEFS60) should
be used to establish a precise electron onset time (Haggerty and Roelof, 2002). However, at
this point it is important to note that LEFS60 is preferable as it provides much better angular
coverage and has a larger geometrical factor. DEs and consequently LEMS30 are used only
in case of significant ion contamination of E’s during the onset time of the SEP.

Haggerty and Roelof (2002, 2003) used simulations to examine the effect of high-energy
electrons which deposit only a fraction of the energy at the detector and thus are counted as
low energy electrons. They concluded that while the effect can be significant in the lowest-
energy channel (depending on the steepness of the incident electron spectrum) it is negligible
in the highest two channels (E’3 and E’4) and consequently, those should be used in order
to define the precise onsets of SEP events. In the current study, sectored recordings of E’4
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(175-312 keV), the highest-energy channel, were used to reliably determine the onset of
the events (see Section 4.1.2).

Onset time determination for SOHO/ERNE and Wind/3DP was done by using the so-
called Poisson-CUSUM method (Huttunen-Heikinmaa, Valtonen, and Laitinen, 2005). This
is analogous to a statistical quality control scheme deciding whether or not a process is in
control, and if not, gives the exact moment of time when the failure happened. In this case,
the failure is an SEP event causing intensities to rise above the pre-failure background. The
updated algorithm used in this work allows changing background, which is often necessary
to take into account, e.g., SEP events preceding the one under investigation, when the back-
ground has not yet reached a constant quiet-time value. Other criteria used for event onset
determination were described in Huttunen-Heikinmaa, Valtonen, and Laitinen (2005).

3.2. Velocity Dispersion Analysis

Velocity dispersion analysis (VDA) of an SEP event is based on determining the onset times
of the event at various energies and presenting these onset times as function of inverse ve-
locity of the particles at respective energies. The velocity dispersion equation at 1 AU can
be written as
[min] 1

tonset(E)—t0+8-33m 'S'/g (E), (1)
where fonse¢ (E) is the observed onset time in min at particle kinetic energy E, 1, is the release
time (min) from the acceleration site, s is the apparent path length (in AU) traveled by the
particles, and B~1(E) = " (‘;5) is the inverse velocity of the particles. Thus, by linear fitting
of the onset times as a function of the corresponding inverse velocity, estimates for both the
release time and the apparent path length of the particles can be obtained. We apply VDA
for both SOHO/ERNE and Wind/3DP measurements.

4. Analysis of the 13 July 2005 SEP Event

Time evolution of both electron and proton profiles as observed by different instruments is
presented in Figure 1. A series of successive SEP events starts on 13 July 2005 between
14:00 and 15:00 UT. In the following we analyze the first of these events.

4.1. Onset Time Determination by In-situ Measurements
4.1.1. SOHO/ERNE and Wind/3DP

ERNE proton data suffer from intermittency during large parts of the 13 July 2005 event
making it difficult to determine accurate onset times at various energies. The intermittency
is due to the operational mode of ERNE favoring heavy-ion data at the expense of protons.
In this mode, protons are observed only during 4-minute intervals followed by 16 min in
the “heavy-ion mode”. Proton intensities during these 16 min are obtained by interpolation
from averages before and after the interruption.

Proton intensities of the 13 July 2005 event show somewhat different characteristics de-
pending on the energy range under inspection. In the MeV range the event occurs in the
aftermath of a structured event starting early on 10 July 2005. At 2 MeV the onset time is
before 19:00 UT with proton intensities rising with some fluctuations by almost two orders
of magnitude reaching the maximum at around 04:00 UT on 14 July 2005.
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Figure 1 Particle recordings from 13 to 16 July 2005. From top to bottom curves display: Wind/3DP elec-
trons 24—-231 keV in three energy ranges; ACE/EPAM electrons from 45-312 keV in two energy ranges;
SOHO/EPHIN electrons from 0.25-0.70 MeV; SOHO/ERNE protons from 15.4—57.6 MeV/n in four en-
ergy ranges and SOHO/EPHIN protons from 25 to 55.0 MeV. A dashed line indicates the onset of the event
at 14:30 UT, approximately.

In the 10-MeV range there are clearly two events on 13 July 2005 and a third one on
14 July 2005. The first event is obviously the one also seen at MeV-energies and for this
event the VDA using the Poisson-CUSUM algorithm (see Section 3.2) at 17 energy chan-
nels (three highest energies discarded) gives the solar release time of 14:31 UT &£ 15 min
and the apparent path length of 2.84 £+ 0.19 AU. The results of the VDA are presented
in Figure 2 (left panel), where the onset time of the proton event observed in each energy
channel as a function of the proton inverse velocity of the mean energy of each channel is
shown. Due to the intermittency of ERNE data this algorithm does not necessarily give very
accurate results. By inspecting the data by eye and determining the onset times in the same
energy channels, the corresponding values of 14:40 UT % 17 min and 2.32 4+ 0.21 AU were
obtained.

We have also used electron measurements by the SST telescope of the 3DP experiment on
board the Wind spacecraft (Lin et al., 1995) in the energy range 25— 650 keV. We estimated
the event onset time in each energy channel using the Poisson-CUSUM method (Huttunen-
Heikinmaa, Valtonen, and Laitinen, 2005), as described in Section 3.2.
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Figure 2 Start times of the proton event observed by SOHO/ERNE (left panel) and the electron event ob-
served by Wind/3DP (right panel), as a function of inverse velocity. Straight lines in both panels show a linear
regression to the observations, where the slope corresponds to the apparent path length, and the intersection
gives the solar release time for both protons and electrons. The blue line indicates VDA results by Wind/3DP
taking the high-energy limit of the channels as a reference (see text for details).

Figure 2 (right panel) shows the onset time of the electron event observed in each energy
channel as a function of the electron inverse velocity of the mean energy of each channel.
Using a velocity dispersion analysis, we obtained an electron apparent path length L =
1.2 £ 0.1 AU and a solar release time #, = 14:11 UT & 2 min (14:19 UT if we add the
500 s for comparing to electromagnetic emissions). We performed a bootstrapping analysis
to evaluate an error in the path length and the release time and we obtained L = 1.24+0.2 AU
and a solar release time of 14:11 & 2 min. When identifying the onset time of the event at
the spacecraft we focus on the first signature of the electrons. Therefore we repeated the
VDA analysis taking the high-energy limit of each channel as the reference. In this case,
we obtained an electron apparent path length L = 1.3 £ 0.1 AU and a solar release time
to =14:11 UT &2 min (L = 1.3 0.2 AU and a solar release time of 14:11 £ 3 min, when
bootstrapping). From the above investigation it is not unreasonable to suggest an IP path
length between 1.2 and 1.3 AU, assuming that none of the measurements can be excluded
from the VDA analysis.

4.1.2. SOHO/EPHIN and ACE/EPAM

Concerning ACE/EPAM a comparison of the intensity profiles of electrons (from LEFS60)
with the intensity profiles of the deflected electrons (from LEMS30) (not shown) reveals that
the former follow closely the latter in structure during this period. Thus, it is concluded that
LEFS60 response is primarily due to electrons. Given the fact that the geometrical factor of
LEFS60 is larger than the LEMS30 one, the electron measurements from LEFS60 (E’s) are
used. Furthermore we note that this comparison also indicates that electron measurements
from LEFS60 are considered clean (not contaminated by ions) during the initial phase of
the SEP event and thus electron measurements from LEFS60 are ideal for the onset time
determination.

Ten-minute averaged PADs for E’4 at 15:00 UT are embedded in Figure 3. Inspection
of the PADs show that electrons do not exhibit strong anisotropic characteristics after the
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Figure 3 Electron recordings from 13 to 14 July 2005 from Wind/3DP (24 —231 keV in three energy ranges),
ACE/EPAM (45-312 keV in two energy ranges) and SOHO/EPHIN (0.25-0.70 MeV). The dashed line
represents the onset of the event at ~ 14:30 UT. The embedded figure represents the pitch-angle distributions
of ACE/EPAM high-energy electrons.

onset of the event, although the event is listed as a beam-like event.! Nevertheless, as can
be inferred from Figure 3, sector 7 is being distinguished as the one along the magnetic
field at the onset of the event. According to the method described in Section 3.1, we found
that the 1-min high-energy electrons E’4 (175-312 keV) registered at sector 7, present an
onset of the event at 14:33 UT. This result is in good agreement with the one presented at
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/.

The EPHIN intensity—time profiles of 0.25 to 0.7 MeV electrons are presented in Fig-
ure 3. Applying the onset time algorithm, described in Section 3.1, reveals an increase of
the near-relativistic electrons at 14:27 UT.

The anticipated release time from ACE/EPAM measurements is based on the assumption
that the velocity vector of the first arriving particles constitutes an angle of 0° with the
vector of the magnetic field. Using the measured solar wind velocity of 600 kms~! by the
SWEPAM experiment? (McComas et al., 1998) on board ACE at the time of the onset of the
electron event, the length of the Parker spiral connecting Earth to the Sun, was numerically
calculated to be L = 1.09 AU (Malandraki et al., 2002; Vainio et al., 2012). We calculate
the travel time of the E’4 high-energy electrons along the aforementioned path length to be
12.2 min. The corresponding release time (adding 500 s for direct comparison with 1-AU
observations) is identified as 14:29 UT.

1 http://www.srl.caltech.edu/ACE/ASC/DATA/level3/epam/BeamElectronEvents.pdf.
2 http://www.srl.caltech.edu/ACE/ASC/level2/index.html.
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4.2. Solar Observations

From the velocity dispersion analysis of the onset times of the SEP event solar release times
of the electrons and protons were inferred near 14:00—14:30 UT (Section 3.2). Starting
12:54 UT, SOHO/LASCO observed a sequence of CMEs above the western solar limb. The
brightest one was first seen at 14:30 UT above the occultation disk. SOHO/EIT observed
eruptive activity in the underlying corona, including a system of rising loops that erupted
between the images taken at 14:00 UT and 14:12 UT. This time interval marks the start and
early rise of an M6.0 soft X-ray burst observed by GOES (Figure 4, bottom panel). This ac-
tivity was accompanied by an Ha flare reported in Solar Geophysical Data (Comprehensive
Reports) at N1I0OW8O0 in active region NOAA 10786.

During this sequence of solar events, neither an interplanetary shock * nor an interplan-
etary coronal mass ejection* were registered. The origin of the SEP event under discussion
must therefore be related to the dynamical processes in the corona related with the flare and
CME near 14:00 UT. At this time the corona was perturbed by the previous CME, whose
front was about 5 solar radii above the west limb near 14:00 UT. This may have some influ-
ence on particle transport.

The radio and hard X-ray emissions of this event were also discussed elsewhere
(Battaglia and Benz, 2006; Chernov et al., 2007; Krucker et al., 2008; Caroubalos et al.,
2009). The time history of X-ray and radio emissions associated with the 13 July 2005
SEP event is shown in Figure 4. The panel displays, from bottom to top, the time profiles
of soft X-ray and hard X-ray emissions, radio spectra and imaging observations. Hard X-
ray data are provided from the Anti-Coincidence Shield (ACS) of the INTEGRAL hard X-
ray and gamma-ray spectrometer and the Ramaty High Energy Solar Spectroscopic Imager
(RHESSI) mission (Lin et al., 2002). INTEGRAL/ACS was able to observe solar hard X-
rays during the entire time interval plotted here (second panel from bottom), while RHESSI
had many interruptions due to the occultation of the Sun by Earth, known as satellite night
and the passage through the South-Atlantic Anomaly. Only the time profile observed dur-
ing the second flare is shown here (red line). Dynamic radio spectra were provided by the
ARTEMIS-IV spectrograph (Kontogeorgos et al., 2006) in the range 20-650 MHz, the
Nangay Decameter Array (Lecacheux, 2000) in the range 20—70 MHz and the WAVES
spectrograph aboard the Wind spacecraft (Bougeret et al., 1995) in the range 13.8 MHz—
20 kHz. The fourth and fifth panel from bottom show the spatial evolution of radio sources at
327 and 164 MHz observed by the Nangcay Radioheliograph (Kerdraon and Delouis, 1997).
Each 2D image is transformed into a 1D scan along the solar east-west axis by summing all
pixels in the south—north direction. The field of view in these panels extends from the center
of the solar disk to 2 Rg.

The plotted interval comprises two soft X-ray bursts (bottom panel). Both are associated
with several intense type III bursts at decameter and longer wavelengths (v < 70 MHz; three
top panels), which show that electron beams escape from the corona. The first soft X-ray
burst (actually a superposition of two bursts) started near 12 UT and reached a peak flux
3 x 107> Wm™2 (M3 class). INTEGRAL saw a short hard X-ray burst associated with the
early phase of the soft X-ray burst. The type III bursts observed by ARTEMIS, NRH, NDA
and WAVES, which show electron beams traveling through the corona and the interplanetary
medium, clearly come later. The radio sources at meter waves were located at the western
solar limb, as shown in Figure 4, where the projected distance from disk center is 1 Rg.

3 http://www.ssg.sr.unh.edu/mag/ace/ACElists/obs_list.html#shocks.
4http://www.srl.caltech.edu/ACE/ASC/DATA/IeveI3/icmetab|e2.htm.
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count rates in two photon energy ranges observed by the INTEGRAL/ACS and RHESSI instruments; (iii) ra-
dio spectrum at dm—m waves (ARTEMIS spectrograph); (iv) one-dimensional brightness, projected onto the
solar east—west direction (Nangay Radioheliograph, NRH) between the center of the solar disk (0) and 2 R
west of it; (v) decameter-to-kilometer wave spectrum (Nangay Decameter Array, NDA, and Wind/WAVES
radio spectrograph). Inverse color scale is used in the grey-scale plots (grey shading shows strong emission).
The slow rise in the count rates of INTEGRAL/ACS starting near 14:40 UT is due to a contamination by
energetic protons. The horizontal arrow above the plots and the two vertical dashed-dotted lines mark the
time interval of solar proton release inferred from the velocity dispersion analyses of the SOHO/ERNE mea-
surements.

A more conspicuous rise of the HXR emission started near 14 UT, up to a small peak,
followed at 14:12 UT by the rise to the main peak. This burst was also detected by RHESSI.
Its time profile was rather smooth as observed by INTEGRAL, but more structured into
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bursts in the RHESSI records at lower photon energies. No relevant data exist in the minutes
after 14:30 UT, when RHESSI was in the South Atlantic Anomaly, while INTEGRAL was
hit by energetic ions that created the systematic rise seen until the end of the plotted time
interval. Clearly the 14 UT soft X-ray burst was accompanied by efficient electron acceler-
ation to tens and hundreds of keV in the low solar corona. But the relative timing of bright
hard X-rays and metric and longer radio waves was unusual.

While the combination of soft and hard X-ray emissions with the type III bursts looks at
first glance like a classical impulsive flare, the radio emissions from the middle corona (about
0.1-1 Ry above the photosphere) show a more complex picture. The strongest emission
(ARTEMIS, third panel from bottom) was a broad band type IV burst, which gradually
drifted towards lower frequencies during the early rise of the second soft X-ray burst. It
accompanied the first minor peak of hard X-ray emission and the most intense DH type 111
bursts. The NRH (panels 4 and 5 from bottom in Figure 4) observations show that this burst
was part of a long-lasting emission, which actually started near 12:30 UT during the first soft
X-ray burst. Different sources are apparent in the 1D plots. The source split in two during
the 14 UT burst, with one source moving westward (moving type IV burst). This shows that
different magnetic structures were involved in the emission, probably related to the early
evolution of the CME. A counterpart of this long-lasting dm—m wave type IV burst is the
diffuse drifting emitting feature observed by NDA from 13 UT onward at frequencies below
70 MHz. This emission exists at m and dm wavelengths, as shown by NRH, but is hidden
within the background of the ARTEMIS spectrograph.

The dm-m-wave radio emissions suggest a connection between the two flares. The
brightest part of the type IV burst near 14 UT displays an unusual timing with respect to
the X-ray emission. Type IV bursts are generally found during the gradual phase of flares,
near and after the maximum of the SXR burst. Here, however, the type IV emission occurred
in the early impulsive phase, and before the strongest HXR emission. This timing suggests
that the 14 UT burst was not a new event independent of the first, near 12 UT. Compar-
ison of radio maps taken by NRH with EUV images from SoHO/EIT (not shown here)
show that the radio sources are located in the vicinity of a system of EUV loops, which
gradually rose from the first flare until 14:00 UT, and appeared disrupted in the following
image (14:12 UT). It is tempting to relate the timing and location of the type IV emission
to the evolution of these loops. Since the type IV burst occurred together with DH type III
emission, it is closely related to the acceleration of electrons that escape to interplanetary
space. This episode seems to precede the strongest hard X-ray emission. We cannot exclude
that the main HXR peak was also associated with the release of electrons to interplanetary
space, because the WAVES spectrum does show a faint third type III burst at that time. The
velocity dispersion analysis of protons led to a later solar release, indicated by the vertical
dashed-dotted lines in Figure 4. The bulk of HXR emission falls into this interval. As has
been shown by earlier work, the injection time delays with respect to the impulsive flare
phase are well possible during complex events (Aurass et al., 20006).

So the electromagnetic emissions show that the solar release of SEP occurred during a
complex sequence of acceleration episodes in the corona, related both to flaring activity and
to the evolution of the magnetic environment over time scales from tens of minutes to several
hours.

5. Modeling of Electron Transport and Injection

We modeled the 13 July 2005 electron event observed by the three-dimensional plasma and
energetic particle (3DP) experiment on board the Wind spacecraft (Lin et al., 1995), making
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use of simulations of the interplanetary transport of solar energetic particles, followed by
optimization of injection and transport parameters. In this section we compare three sets of
simulation and fitting techniques.

5.1. Interplanetary Transport Models

In the absence of large-scale disturbances such as coronal mass ejections (CMEs) and
shocks, the interplanetary magnetic field (IMF) can be described as a smooth average field,
represented by an Archimedean spiral, with a superposed turbulent component. In this case,
the propagation of charged particles along the IMF has two components, adiabatic motion
along the smooth field and pitch-angle scattering by magnetic turbulence.

The quantitative treatment of the evolution of the particles’ phase space density,
f(z, 1, t), can be described by the focused transport equation (Roelof, 1969):

af of 1—u2 af @ af
A A2 (p, ) =gz 0. 2
or TV T oL Ve T ap\ Py, ) Ta@ w0 @

Here z is the distance along the magnetic field line, w is the particle pitch-angle cosine,
and ¢ is the time. The systematic force is characterized by the focusing length, L(z) =
—B(z)/(0B/dz), in the diverging magnetic field B, while the stochastic forces are described
by the pitch-angle diffusion coefficient D, (1t). The injection of particles close to the Sun
is given by g(z, i, t). This simple form of the equation neglects convection and adiabatic
deceleration (see Ruffolo, 1995, for the full equation), but at the electron energies of interest
in this paper, this is typically a small effect. Also we neglect here the effects of diffusion
perpendicular to the average magnetic field (e.g., Droge et al., 2010). Instead, it is assumed
that there is no variation across the magnetic field, and that the respective solutions are
identical in neighboring flux tubes.

Numerical methods are applied to solve Equation (2). Since early 1980s, finite-
differences (FD) have been used for this purpose. Also, more recently, Monte Carlo (MC)
simulations were employed to solve the corresponding stochastic differential equations
(SDE).

In this work we use three different techniques to model the particle transport: a FD model
(Droge, 2003) that solves Equation (2) at a fixed particle energy, but has the advantage
of being fast (~ one minute for one run), and two MC models (Kartavykh et al., 2007;
Agueda et al., 2008) to solve the corresponding SDEs for an energy range adjusted to the
width of the instrument channel under consideration. As usual, these models assume an
Archimedean spiral magnetic flux tube connecting the Sun and the spacecraft, consistent
with the solar wind speed measured in situ. As initial condition, electrons are released close
to the Sun (at 10 and 2 solar radii, respectively), following a power law in energy in the
MC models. The results of the models are intensity directional distributions of electrons at
the spacecraft location resulting from an instantaneous injection close to the Sun, i.e., they
provide the Green functions of interplanetary transport.

The “standard model” (Jokipii, 1966; Jaekel and Schlickeiser, 1992) of particle scattering
predicts a pitch-angle diffusion coefficient of the form D, = %v(u)(l — u?), where v
is the scattering frequency v(u) = vg|u|?~!, and g is the spectral slope of the magnetic
field power spectrum. For practical purposes often a pitch-angle diffusion coefficient of the
form

Dye= 5 (1l + H)(1 = ) 3
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is assumed (Beek and Wibberenz, 1986), which partially resembles the result of the stan-
dard theory and additionally introduces a parameter H to phenomenologically describe an
enhancement of scattering through © = 0 by non-resonant and nonlinear effects. It is also
possible to use a special dependence of v(u) that resembles Equation (3), for example by
assuming a scattering frequency of the form v () = vy( llr"“'” + €), where € is a parameter
that allows us to consider a range of scattering conditions (Agueda et al., 2008). For a num-
ber of parameters, the two models can be shown to be almost equivalent, for example they
give very similar results for (¢, H) = (1.67,0.05) and € = 0.045.

Under strong scattering conditions, the relation of D, to the parallel scattering mean
free path, A, is given by (Hasselmann and Wibberenz, 1970)

3 1 1— 232 3 1 1— 2
A= —v/ wdu= =z - du. “)
8 —1 DMM 4 -1 V(M)

However the mean free path has proved to be a convenient parameter to characterize the
degrees of scattering even when the transport process cannot be considered as spatial diffu-
sion because A adopts values close to or larger than the observer’s distance from the Sun.
Following previous work (e.g. Palmer, 1982; Kallenrode, Wibberenz, and Hucke, 1992), we
take the electron radial mean free path, A,, to be spatially constant. Then the mean free path
parallel to the IMF line is given by A; = A, sec? {, where 1 is the angle between the field
line and the radial direction.

5.2. Fitting Techniques

Solutions of the transport equation have been widely used to model in-situ observations of
SEP events with the goal of deriving the injection function and the interplanetary transport
parameters. To this end, it is important to make use of the directional information contained
in the data to be able to untangle the injection history and the transport scenario of the SEP
events observed in situ (e.g. Agueda et al., 2009b).

From a mathematical point of view, intensities measured at the spacecraft position can be
seen as the “response” of the transport process, that is, as a result of a convolution between
the Green function of interplanetary transport and the particle injection function (Ruffolo,
Khumlumlert, and Youngdee, 1998). Thus, in principle, one can determine from in-situ data
the transport conditions and the injection function close to the Sun by two approaches. One
approach consists of assuming a parametrized injection function and finding the best fit by
varying the injection and transport parameters. Another approach consists of tackling the
inversion problem by solving a least-square problem with the constraint that the injection
must be a non-negative function (see Agueda et al., 2008 for more details). Finally, the set
of “best fit” parameters can be found either “by eye” (e.g. Droge and Kartavykh, 2009) or
by an automated procedure that uses an estimator of the goodness of the fit (e.g. Maia et al.,
2007; Agueda et al., 2008).

In this section, we compare several fitting techniques employing two different sets of data
(omnidirectional intensities and first order anisotropies versus pitch-angle distributions) and
two fitting methodologies (convolution and eye-ball fit versus inversion and goodness-of-fit
estimator).

We use 50— 82 keV electron measurements by Wind/3DP. The 3DP experiment uses sev-
eral telescopes to cover the full sky in one spacecraft spin period, which allows a complete
scan of the particle angular distribution. Pitch-angle distributions by Wind/3DP are normally
provided with a pitch-angle resolution of 22.5° and they allow the omnidirectional intensity-
and anisotropy-time profiles to be calculated for a given event.
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Figure 5 Fits to the omnidirectional intensity—time and anisotropy—time profiles of 50—82 keV electrons
observed by Wind/3DP on 13 July 2005. Left panel: MC solution for 50— 82 keV electrons. Right panel: FD
solution for 66 keV electrons. For each model, the top panel shows the derived injection function.

Figure 5 shows the omnidirectional intensity- and anisotropy-time profiles observed by
Wind/3DP on 13 July 2005. The two panels show two different fits, both obtained by the
“eye-ball”-fit method. In one case, the solutions of a MC transport model in the 50 — 82 keV
energy range are used (left panel), while in the other a FD model is employed to solve the
transport equation at the fixed energy of 66 keV. In both cases, the omnidirectional intensity
and the first order anisotropy were tried to be simultaneously fit by means of varying the
injection parametrization and the interplanetary transport conditions.

The transport parameters obtained from the two fits are very similar: A, = 0.06 AU for
the MC model, and A, = 0.07 AU for the FD model. An instantaneous injection at 14:06
UT is deduced using the MC model, while a slightly longer injection is deduced from the
FD model (see upper panels in Figure 5) starting at 14:04 UT. These differences possibly
reflect the fact that the spread of electron energies (and resulting speeds) in the finite energy
range of the MC model had to be mimicked by a spread in injection times in the fixed energy
FD model for a similarly good fit. Therefore, the prediction of the MC model regarding the
injection profile might be more realistic.

Figure 6 shows 50—82 keV electron intensities at eight different pitch-angles observed
by Wind/3DP on 13 July 2005. Using solutions of a MC transport model in the 50 — 82 keV
energy range and an inversion fitting approach together with an automated estimation of the
goodness of the fit, we found that the best fit radial mean free path is A, = 0.06 AU. The
injection profile for A, = 0.06 AU shows a prompt injection episode from 13:57 to 14:08
UT (peaking at 14:06 UT) that represents the 78 % of the whole injection. Another short
and small injection episode starting around 15:18 UT is inferred from the fit. Figure 7 shows
the inferred injection profile together with some of the electromagnetic emissions associated
with the electron event. A comparison of timing indicates that the solar source is reasonably
well represented by the type III radio burst, at energies 50— 82 keV.

We performed a similar analysis for the 62—102 keV electron event observed by the
EPAM experiment on board ACE (Gold et al., 1998). We made use of the intensities mea-
sured by the LEFS60 telescope in eight different sectors. By taking the angular response
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Figure 6 Electron 50-82 keV intensities at eight different pitch-angles observed by Wind/3DP on 13 July
2005 (black dots). Each panel shows the time-intensity profiles in a pitch-angle («) bin with a resolution of
22.5°. The red curves show the modeled intensities inferred using an inversion fitting approach (see text for
details) and assuming € = 0.01.

of each sector into account, the simulated Green functions were transformed into sectored
Green’s functions that allowed us to invert the observations (see Agueda et al., 2009a for
details). We obtained the best fit for A, = 0.055 AU and the injection profile was consis-
tent with the timing and values inferred from the Wind observations (results not shown
here).

We conclude that under similar assumptions, the values of the radial mean free path in-
ferred either by eye-fitting the omnidirectional intensity and the first order anisotropy or by
directly inverting the pitch-angle distributions do agree. Moreover, the injection profile de-
duced from a convolution approach agrees with the results obtained by using the automated
inversion fitting technique.
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6. Discussion and Conclusions

In this work a case study of the 13 July 2005 event has been carried out using data from a
large variety of instruments provided by the SEPServer project. Based on the observations
by the SOHO/ERNE, SOHO/EPHIN, ACE/EPAM and Wind/3DP instruments it is evident
that the event is clearly detected over an extensive energy range of 0.024—-3.00 MeV for
electrons and 7.8 —57.6 MeV for protons (Figure 1). The VDA analysis of the high-energy
proton and the near-relativistic electron measurements as provided by the SOHO/ERNE and
the Wind/3DP instruments respectively, revealed a long apparent path length for protons,
equal to 2.84 AU, whereas a shorter one was derived for electrons (1.2 AU, Table 1). The
solar release times of the first near-relativistic electrons are inferred to occur 20 min before
the energetic protons. We cannot say, based on one event study, if the difference of early
release times of protons and electrons is a significant and systematic feature. However, we
point out that Helios studies from the inner heliosphere did show different early release times
of energetic electrons and protons (Kallenrode and Wibberenz, 1991) and that Krucker and
Lin (2000) reported occasional findings where different path lengths were inferred from
VDA for near-relativistic electrons and for protons at MeV energies. The SEPServer project
aims at providing the data and tools necessary for comprehensive studies, using multiple
spacecraft and complementary methods of analysis including interplanetary propagation.
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Table 1 Observational onset

times from EPHIN and EPAM (e) Insm:lment/ Energy Onset time Path length Release time
and anticipated release time from  SPEcies (MeV) un (AU) Uum
ERNE (p) and 3DP (e).
ERNE (p) 1.58-67.3 2.84 14:31 £ 15
1.58-67.3 2.32 14:40 £ 17
EPHIN (e) 0.25-0.70 14:27 1.09
EPAM (e) 0.175-0.312 14:33 1.09
3DP (e) 0.025-0.65 1.2 14:11 +£2

Inspection of the calculated electron pitch-angle distributions, as measured by the
ACE/EPAM instrument, revealed that moderate anisotropic characteristics are observed af-
ter the onset of the event, which strongly implies scattering of the energetic particles in the
IP space. The onset time of the event using SOHO/EPHIN and ACE/EPAM measurements
has been determined and found to be at ~ 14:30 UT for the electrons. The correspond-
ing onset time for Wind/3DP 231 -394 keV electrons, is 14:25 UT, therefore comparable,
within errors, to the ones derived by SOHO/EPHIN and ACE/EPAM. The VDA analysis of
Wind/3DP electrons provided a solar release time of 14:19 UT (adding 500 s for comparison
reasons) and it is in good agreement with the associated EM solar emissions observations
(Section 4.2) which showed that intense type III radio bursts, denoting solar electron release
into open IMF field lines, occur from 14:00 UT onwards.

Using a different analysis perspective, the electron observations by both Wind/3DP and
ACE/EPAM have been modeled during this event. Based on the fitting of the intensity and
anisotropy time profiles observed, short mean free paths were derived for the electrons,
denoting that those experienced significant scattering. This is in agreement with the ob-
served pitch-angle distributions from ACE/EPAM which showed moderately anisotropic
characteristics. Furthermore, the long apparent path length of protons obtained through the
SOHO/ERNE VDA is consistent with a highly turbulent IP medium (Lintunen and Vainio,
2004; Saiz et al., 2005). Note, however, the Wind/3DP VDA result for the path length
(1.2 AU) seems too short for propagation in a turbulent medium. The results of Wind/3DP
VDA may be somewhat compromised by the delayed onset of the highest-energy channel
and the early onset of the lowest-energy channel (see Figure 2, right panel). Dropping these
channels from the VDA would give a path length of 1.5 AU and the solar release time of
14:05 UT, which are already more consistent with the simulation results. This highlights the
fact that VDA results cannot be trusted blindly but need to be taken with some precaution.
It is noteworthy that the testing of the VDA method serves as an example of the systematic
studies that will be enabled through SEPServer. The main result of the simulation analysis is
that during this SEP event several impulsive injections take place, in close association with
the aforementioned DH type III radio bursts starting at 14:00 UT and persistently observed
afterwards, with the first prompt electron injection episode lasting from 13:57—14:08 UT
(14:05-14:16 UT if we add 500 s for comparing to the EM emissions) representing the
~ 78 % of the total injected particle population. The latter result is also in a reasonable good
agreement with the results of the data-driven analysis which presents a coherent timing of
the 13 July 2005 event.

The case study of the 13 July 2005 SEP event that has been analyzed in detail in the
current work, is an illustration of the overall information that SEPServer will include and at
the same time demonstrates the capabilities offered to its future users.
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