THE ASTROPHYSICAL JOURNAL, 799:55 (17pp), 2015 January 20

© 2015. The American Astronomical Society. All rights reserved.

doi:10.1088/0004-637X/799/1/55

CIRCUMSOLAR ENERGETIC PARTICLE DISTRIBUTION ON 2011 NOVEMBER 3

R. GOMEZ-HERRERO' 2, N. DRESING?, A. KLASSEN?, B. HEBER?, D. LARIO?, N. AGUEDA?,

O. E. MALANDRAKI®, J.J. BLANCO' 2, J. RODRIGUEZ-PACHECO' %, AND S. BANJAC®
I SRG, Universidad de Alcald, E-28871 Alcald de Henares, Spain; raul.gomezh @uah.es
2 Guadalab, Parque Cientifico y Tecnolégico de Guadalajara, E-19005 Guadalajara, Spain

3 [EAP, Christian-Albrechts-Universitit zu Kiel, D-24118 Kiel, Germany

4 The Johns Hopkins University, Applied Physics Laboratory, Laurel, MD 20723, USA

5 Departament d’ Astronomia i Meteorologia. Institut de Ciéncies del Cosmos. Universitat de Barcelona, E-08028 Barcelona, Spain
6 JAASARS, National Observatory of Athens, GR-15236 Penteli, Greece
Received 2014 June 19; accepted 2014 November 5; published 2015 January 15

ABSTRACT

Late on 2011 November 3, STEREO-A, STEREO-B, MESSENGER, and near-Earth spacecraft observed an energetic
particle flux enhancement. Based on the analysis of in situ plasma and particle observations, their correlation with
remote sensing observations, and an interplanetary transport model, we conclude that the particle increases observed
at multiple locations had a common single-source active region and the energetic particles filled a very broad region
around the Sun. The active region was located at the solar backside (as seen from Earth) and was the source
of a large flare, a fast and wide coronal mass ejection, and an EIT wave, accompanied by type II and type III
radio emission. In contrast to previous solar energetic particle events showing broad longitudinal spread, this event
showed clear particle anisotropies at three widely separated observation points at 1 AU, suggesting direct particle
injection close to the magnetic footpoint of each spacecraft, lasting for several hours. We discuss these observations
and the possible scenarios explaining the extremely broad particle spread for this event.
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1. INTRODUCTION

Solar energetic particle (SEP) events are commonly classified
into two distinct classes: impulsive and gradual (e.g., Reames
1988, 1999, 2013). Impulsive SEP events are believed to be
the consequence of particle acceleration in a spatially compact
region, where magnetic reconnection takes place during solar
flares. This kind of events show relatively short temporal pro-
files, are electron-rich, and tend to show, among other composi-
tional signatures, large enhancements of the *He/*He isotopic
ratio with respect to the coronal and solar wind abundances.
Gradual SEP events are the result of particle acceleration in the
corona and the solar wind by shock waves driven by coronal
mass ejections (CMEs). They are characterized by longer time
durations and typically by much higher intensities than impul-
sive events, and their composition is closer to the coronal and
solar wind abundances. According to this picture, impulsive
events generate narrow particle distributions, only observable
when the observer’s magnetic footpoint is within ~20° from
the source region (Reames 1999), while gradual events are able
to produce much wider longitudinal distributions due to the ex-
tended nature of the source. During gradual events, the shape
of the particle intensity temporal profiles is conditioned by the
dynamic evolution of the shock strength and by the location of
the observer with respect to the traveling CME-driven shock
(e.g., Cane et al. 1988).

Observations carried out by single spacecraft orbiting near
Earth have shown the existence of SEP events with sources lo-
cated at longitudes well separated from the nominally magnetic
well-connected regions. For example, there have been cases of
SEP events originating at longitudes close to 180° apart from
the Central Meridian line (Dodson & Hedeman 1969; Torsti
et al. 1999; Cliver et al. 2005) or at longitudes close to the east
limb (Cliver et al. 1995). Such gradual events have been of-
ten interpreted in terms of acceleration at CME-driven coronal

shocks covering broad angular regions, meaning that the most
extreme propagation cases could provide an indirect evidence of
the existence of “quasi-circumsolar’” shocks (Cliver et al. 1995).

A primary tool to investigate the spatial distribution of en-
ergetic particles during SEP events is the combination of ob-
servations performed simultaneously by spacecraft at different
locations in the heliosphere. Out-of-the-ecliptic observations
by Ulysses have proven that solar energetic particles often reach
high heliographic latitudes (e.g., Dalla et al. 2003b, 2003a; Lario
et al. 2003; Malandraki et al. 2009; McKibben et al. 2003). The
delay in the particle onset observed at high latitudes compared
with in-ecliptic observations has been interpreted in terms of
either interplanetary (IP) cross-field diffusion or as a conse-
quence of the time required by a shock to intercept the mag-
netic field lines connecting to the high-latitude observer (e.g.,
Malandraki et al. 2009). Similar multi-point observations of SEP
events widely separated in longitude have been performed in the
ecliptic plane combining Helios and near-Earth observatories
(e.g., Kallenrode 1993b, 1993a; Lario et al. 2006). Wibberenz
& Cane (2006) analyzed observations of impulsive events by the
two Helios and near-Earth spacecraft and found that relativistic
electrons are often detectable at longitudinal separations beyond
80° from the flare position.

The Solar-TErrestrial RElations Observatory (STEREO;
Kaiser 2005) consists of two nearly identical spacecraft
launched in 2006 October. Both spacecraft follow heliocentric
orbits, with STEREO-A moving around the Sun faster than Earth
and STEREO-B moving slower. This results in progressively in-
creasing longitudinal separations with respect to Earth while
both STEREO spacecraft stay always at heliocentric distances
close to 1 AU and near the ecliptic plane, minimizing the effect
of radial and latitudinal energetic particle gradients. This con-
figuration provides an ideal platform to study the longitudinal
variations of SEP event properties near 1 AU (see, e.g., Dresing
etal. 2012, 2014; Cohen et al. 2012; Lario et al. 2013; Mewaldt
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et al. 2013; Richardson et al. 2014). In contrast to Ulysses and
Helios, apart from the in situ instrumentation, both STEREO
spacecraft are equipped with a complete set of remote-sensing
instruments, which continuously monitor the solar surface and
track the propagation of solar disturbances from the corona to
the IP medium. Wiedenbeck et al. (2013) reported combined
near-Earth and STEREO observations showing that the detec-
tion of 3He-rich events from a pair of spacecraft (s/c) separated
by more than 60° is not uncommon, and in some cases, such
as the 2010 February 7 event, 3He increases become observ-
able over regions covering more than 130° in longitude at 1 AU.
Dresing et al. (2012) used STEREO and near-Earth observations
to investigate the longitudinal distribution of energetic particles
for the 2010 January 17 SEP event. During this event, energetic
electrons and protons were observed over a wide longitudinal
range at 1 AU, while the magnetic footpoints of the three s/c
were separated by more than 100° in longitude from the source
active region (AR). This event onsets showed large delays and
lack of clear anisotropies. The event was accompanied by type
II radio emission and by an EIT wave, but there were no ob-
servational evidences of a particularly wide shock able to reach
the magnetic footpoints of the three spacecraft. Using a three-
dimensional SEP propagation model, the authors concluded that
the main observational features of the event and the nearly 360°
particle spread can be explained in terms of SEP perpendicular
diffusion in the IP medium.

Observations of gradual events have been successfully repro-
duced using numerical models that combine particle injection
at an evolving CME-driven shock moving away from the Sun
and energetic particle transport throughout the interplanetary
medium (e.g., Heras et al. 1992, 1995; Kallenrode & Wibberenz
1997; Lario et al. 1998; Lee 2005; Zank et al. 2007; Luhmann
et al. 2007, 2010; Verkhoglyadova et al. 2009). The complexity
of these models has increased in order to account for contri-
butions such as self-amplified waves (e.g., Lee 2005; Ng et al.
2003), shock acceleration processes (e.g., Zank et al. 2000; Li
etal. 2003; Li et al. 2005), the presence of multiple shocks, or the
possible mixture of a flare-accelerated component which can be
further accelerated at the shock (Li & Zank 2005; Li et al. 2012;
Verkhoglyadova et al. 2010). These models also have important
applications from the point of view of space weather forecasting
(e.g., Aran et al. 2008; Luhmann et al. 2010; Verkhoglyadova
et al. 2012; Horne et al. 2013, and references therein).

1.1. Physical Processes Responsible for
the Longitudinal Spread of SEPs

The observations described above illustrate the observational
evidence of SEP distributions covering wide angular regions
at 1 AU. Several physical processes have been proposed in the
literature to explain how energetic particles are distributed in
longitude either close to the Sun or during IP transport.

1. An extended or moving particle source. Acceleration at
coronal or IP shocks covering or propagating over extreme
longitudinal distances of up to ~300° would provide a
straightforward explanation for wide-spread SEP events.
Indeed, observations of SEP originating from active re-
gions poorly connected to the observer have been often
interpreted as an indirect evidence of very wide coronal
shocks (e.g., Cliver et al. 1995, 2005). However, direct
observational evidence of such wide shocks has not been
found. Based on a sample of 40 IP shocks, Richardson &
Cane (1993) concluded that shock drivers (understood as
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the ejecta or the interplanetary counterpart of the CME,
henceforth ICME) can extend at 1 AU up to a full-width of
about 100° in longitude, centered on the solar source longi-
tude. The IP shocks themselves extend beyond the longitu-
dinal span of the corresponding ICME (Cane 1988, 1995),
but, according to Cane (1996), the longitudinal extent of IP
shocks at 1 AU is at most 180°. Using multi-point observa-
tions by Helios, IMP-8, and ISEE-3, de Lucas et al. (2011)
investigated the angular extent of ICME-driven IP shocks
during 1974-1986. They concluded that shock waves have
about a 50% chance to be observed by two different loca-
tions separated by 90°. The number of multi-spacecraft ob-
served shocks clearly drops off for separation angles larger
than 100°, and only four cases were found covering angular
separations between 120° and 160°.

While the angular extent of IP shocks can be directly
investigated using multi-point in situ measurements, the
size of coronal shocks can only be indirectly inferred
via remote-sensing observations of the electromagnetic
emissions associated with them. According to Nelson &
Robinson (1975), the average angle subtended at the solar
surface by fundamental metric type II radio emission
sources is 43°. Aurass et al. (1994) found particular cases
with larger, double type II source structures covering
a separation angle beyond 90°. Type II radio sources
often show non-radial propagation trajectories (see Mann
et al. 2003, and references therein). Wave-like large-scale
disturbances propagating over the solar disk in extreme
ultraviolet observations (usually referred to as “EIT waves”
or “EUV waves”) are in close empirical correlation with
type II radio bursts (Klassen et al. 2000). Most EIT
waves are accompanied by CMEs, and observations and
MHD modeling suggest that they are driven by the lateral
expansion of CMEs, while the ultimate nature of the
phenomenon remains under debate and could consist of
true waves, pseudo waves (e.g., reconnection fronts), or
a combination of both (Patsourakos & Vourlidas 2012;
Nitta et al. 2013b, and references therein). According to
Patsourakos & Vourlidas (2012), EIT waves can reach
distances up to 1.3 Ry (850 Mm) from the source. Single-
case studies reported some EIT waves covering a whole
solar hemisphere (Klassen et al. 2000; Kienreich et al.
2009; Thompson & Myers 2009). Connections between
EIT waves and SEP events have been often suggested (e.g.,
Bothmer et al. 1997; Krucker et al. 1999), and recently
Rouillard et al. (2012) hypothesized that the EIT wave
can be used to track the expansion of a coronal shock
responsible for particle acceleration. Other authors question
the EIT wave acceleration scenario for SEPs, with many
EIT waves being observed at well-connected positions
having no associated SEP increase (Miteva et al. 2014).

. Longitudinal particle transport in the corona. The existence

of some kind of “coronal diffusion” process was one of the
earliest suggested hypotheses to explain fast SEP propa-
gation far from the optimal connected longitudes during
impulsive SEP events (Reid 1964). Different physical pro-
cesses were proposed to be responsible for such diffusion,
for instance, field line reconnection allowing the transfer
of particles between neighbor coronal loops (Newkirk &
Wentzel 1978). Reinhard & Wibberenz (1974) examined
the time of SEP maximum intensity versus the source lon-
gitude, concluding that there is a wide region extending
up to 50° in longitude from the AR, where the particles
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propagate equally fast (the so-called Fast Propagation Re-
gion (FPR)), suggesting the existence of a fast azimuthal
propagation process operating close to the Sun. Field lines
emerging from active regions often show a strongly diverg-
ing topology between the photosphere and the solar wind
source surface, as illustrated by Potential Field Source Sur-
face (PFSS) models (e.g., Schrijver & De Rosa 2003). Klein
et al. (2008) used PFSS models and radio-heliographic ob-
servations to trace the coronal propagation of energetic par-
ticles, concluding that particles can propagate along open
flux tubes rapidly diverging with height, connecting the par-
ent active region to the Parker spiral at the source surface
even when the active region is as far as 50° away from the
nominal connection longitude. A new model presented by
Masson et al. (2012) proposed that energetic particles can
be injected continuously along open field lines that are un-
dergoing slip-running reconnection. Field lines could slip
over large distances progressively farther from the acceler-
ation site.

3. Sympathetic activity. Sometimes SEP events are nearly
simultaneously observed by widely separated spacecraft,
although they are originating from different active regions.
This can be either the result of unrelated solar activity at
distant active regions that (by chance) are closely spaced
in time, or consequence of a physical link through large-
scale coronal magnetic field (see, e.g., Wang et al. 2001;
Schrijver & Title 2011; Shen et al. 2012; Schrijver et al.
2013).

4. Cross-field transport in the IP medium. Energetic charged
particles traveling through the interplanetary medium can
effectively propagate perpendicular to the average direc-
tion of the interplanetary magnetic field (Droge et al. 2010;
Giacalone & Jokipii 2012, and references therein). There
are several physical processes contributing to the particle
movement across the field: drifts, scattering by interplan-
etary magnetic field turbulence, field line meandering, or
interaction with magnetic field decreases (da Costa et al.
2013). Drift effects are commonly assumed to be negligi-
ble for SEP propagation; however, recent simulation works
by Marsh et al. (2013) and Dalla et al. (2013) suggest
that drifts due to curvature and gradient of Parker spi-
ral could be a considerable source of asymmetric cross
field transport for high-energy SEPs. The existence of
particle intensity dropouts (Mazur et al. 2000) suggests
that there is little diffusion across magnetic field lines
during SEP propagation, consistent with very low values
of the perpendicular to parallel diffusion coefficient ratio
Kifky ~ 10~*. Even in the absence of cross-field dif-
fusion of the particles from the initial field lines, large-
scale field line meandering can be an effective contribu-
tion to cross-field transport (Giacalone & Jokipii 2012;
Kelly et al. 2012; Laitinen et al. 2013). According to
Giacalone & Jokipii (2012), for SEPs below 1 GeV, cross-
field transport results primarily from the particles follow-
ing meandering magnetic field lines (see also Giacalone &
Jokipii 1999). Observations of Jovian electrons propagat-
ing from Jupiter to Earth and modulation of low-energy
galactic cosmic rays suggest values of /iy ~ 1072
(Chenette 1980; Ferreira et al. 2001; Heber & Potgieter
2006). Based on the analysis of time delays between type
IIT radio burst reaching the local plasma frequency and
the burst onset at the Sun, and its comparison with SEP
arrival time delays, Cane & Erickson (2003) concluded
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that SEP cross-field transport occurs in the interplanetary
medium. Interplanetary transport models including cross-
field diffusion have been used by different authors to infer
the variations of particle anisotropies, intensities, and time
delays as a function of the source longitude in SEP events
(e.g., Droge et al. 2010; Wang et al. 2012). Simulations by
Dresing et al. (2012) required values of the perpendicular
to parallel mean-free path ratio as large as ~0.3 in order to
reproduce the observations of the wide-spread nearly rela-
tivistic electron event on 2010 January 17. Variable condi-
tions in the interplanetary magnetic field turbulence provide
a natural source of variability of « | /«| values, which would
explain why SEP behavior varies between very broad lon-
gitudinal spread events and spike-like events that require
nearly scatter-free propagation (e.g., Klassen et al. 2011,
2012). Since the Parker spiral geometry is not azimuthally
symmetric, West—East asymmetries can arise as a result of
the IP particle transport (He et al. 2011).

5. Deviations from the ideal interplanetary magnetic field spi-
ral structure. Large-scale transient structures propagating
through the solar wind such as ICMEs can substantially
modify the structure of the interplanetary magnetic field. An
observer crossing these structures can become connected to
a different location in the corona, shifted from the nominal
connection point (e.g., Richardson et al. 1991; Richardson
& Cane 1996; Torsti et al. 2004; Chollet et al. 2010). Even
if the ICME is not passing by the observer’s location, it can
distort the Parker spiral between the observer and the Sun,
displacing the nominal location of the magnetic footpoint
(e.g., Gémez-Herrero et al. 2007). These kinds of processes
can provide an explanation for SEP events originating from
active regions distant from the optimal nominal connection,
while undisturbed lines could still transport particles to a
different observer well connected to the source region.

Complex scenarios involving a combination of more than one
of the processes described above are likely to happen (Dresing
et al. 2014). For instance, cross-field diffusion combined with
acceleration by a moving IP shock provides a scenario in which
an observer could detect particles before being magnetically
connected to the shock (Wang et al. 2012). Single observational
signatures can have multiple interpretations: for instance, time
delays of particle onsets can be interpreted in terms of (1)
the time needed by a shock to laterally intercept a field line
connecting to the observer, (2) the time required for the shock
to reach certain height in the corona (Kahler 1994; Reames
2009a), or (3) as diffusion times in the IP medium required for
the particles to reach the field line connected to the observer.
Moreover, often these times are comparable, and therefore it
is difficult to discern the processes responsible for the delay
in the first arriving particles. Consequently, timing alone does
not provide enough information to firmly establish the physical
scenario under which particles reached the field lines connected
to the observer. Additional insights can be obtained analyzing
other observational signatures such as particle anisotropies that
are of critical importance to determine if the source directly
injects particles in a field line connecting with the observer
(e.g., Agueda et al. 2014).

1.2. Circumsolar Energetic Particle
Increase on 2011 November 3

Late on 2011 November 3, Earth was separated by 10523 of
heliographic longitude with respect to STEREO-A and by 10225



THE ASTROPHYSICAL JOURNAL, 799:55 (17pp), 2015 January 20

o
Om

N
OA

N
o

Intensity (cm2 s sr MeV)‘1
84

SN —

= N

3 Nov 4 Nov 5 Nov

—— 175-312 keV electrons
0.7-3.0 MeV electrons
2.2-6.4 MeV protons

—— 59-101 MeV protons

STEREO A/ IMPACT

-
o
w

N
OA

Intensity (cm® s sr MeV)”'
= =

3 Nov 4 Nov 5 Nov 6 Nov

—— 165-335 keV electrons
1.4-2.8 MeV electrons
2.2-6.5 MeV ions

—— 60-100 MeV protons

GOMEZ-HERRERO ET AL.

STEREO B/ IMPACT

]

N
o
w

N
A

Intensity (cm” s sr MeV)”
> 3

3 Nov 4 Nov 5 Nov 6 Nov
165-335 keV electrons

1.4-2.8 MeV electrons

2.2-6.5 MeV ions

—— 60-100 MeV protons

103}

VN

1 )
10 N/ U

107

10°%

Intensity (cm? s sr MeV)”'

3 Nov 4 Nov 5 Nov 6 Nov

— 141-224 keV electrons
0.7-1.0 MeV electrons

Figure 1. Overview of the 2011 November 3 nearly circumsolar energetic particle enhancement: electron and proton increases observed by STEREO-B, STEREO-A,
SOHO, ACE, and MESSENGER. The central panel shows the orbital location of each spacecraft and nominal Parker spirals connecting them with the Sun. These
spirals correspond to the solar wind speed observed in situ at the time of particle onset. The black arrow shows the location of the active region that is the likely source
of the event, located 102° west from STEREO-A ’s point of view. The inner black arches mark the longitudinal separation between the spacecraft magnetic footpoints

and the active region.

with respect to STEREO-B, with the longitudinal separation be-
tween both STEREO spacecraft being 152°2. At the end of the
day, energetic particle increases were observed by in situ parti-
cle instruments on board both STEREO spacecraft as well as by
Wind, the Advanced Composition Explorer (ACE), and the So-
lar and Heliospheric Observatory (SOHO) orbiting near Earth.
The increase was also observed by the MErcury Surface, Space
ENvironment, GEochemistry, and Ranging (MESSENGER)
spacecraft, in orbit around Mercury at 0.44 AU from the Sun
and 107° eastward from Earth (5° eastward from STEREO-B).
Figure 1 shows a sketch of the orbital location of STEREO-A,
STEREO-B, Earth, and MESSENGER, the nominal Parker spi-
rals connecting them with the Sun, and a summary of the ener-
getic electron and proton observations at different energy ranges.
Clear enhancements of proton intensities up to energies above
60 MeV and relativistic electron intensities beyond 2 MeV were
observed near Earth and by both STEREO spacecraft. MES-
SENGER does not provide high-energy proton observations,
but a clear intensity increase was observed by all the electron
channels, covering the 20—1000 keV energy range. Relativistic
electron increases started at 22:38 UT + 3 min at STEREO-A,

23:35UT =+ 10min at STEREO-B, at 23:02 & 2 min at SOHO,
and at 23:07 £ 5min at MESSENGER (see Section 4.1 for a
caveat on SOHO and MESSENGER pointing directions).

This event has been analyzed by Park et al. (2013) and
Prise et al. (2014), with deeper focus on remote-sensing ob-
servations. The analysis by Prise et al. (2014) suggested that
the particle intensity enhancement observed by both STEREO
spacecraft had a common origin, while the increase observed
by Wind (located near Earth) probably originated from a dif-
ferent solar event. Conversely, Park et al. (2013) suggested dif-
ferent origins for the SEP events observed by STEREO-A and
STEREO-B and a common origin for the energetic protons ob-
served by STEREO-A and Earth. This event is also included
in the analysis of more than 200 proton events observed by
STEREO recently presented by Richardson et al. (2014), who
considered that the increases observed from these three loca-
tions had a common solar source rather than being being the
result of multiple injections by sympathetic flares. The goal
of this paper is to present observational evidences confirm-
ing a common solar origin for this almost circumsolar par-
ticle enhancement (CPE) and the discussion of the possible
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physical scenarios responsible for the broad particle spread
around the Sun.

2. INSTRUMENTATION

We use data from instruments on board STEREO-A,
STEREO-B, ACE, SOHO, Wind, the Geostationary Operational
Environmental Satellites (GOES), MESSENGER and the Solar
Dynamics Observatory (SDO). Remote-sensing observations of
the CME and the activity phenomena over the solar surface were
provided by the Sun Earth Connection Coronal and Heliospheric
Investigation (SECCHI) instrument suite on board STEREO
(Howard et al. 2008), the Large Angle and Spectrometric
Coronagraph experiment (LASCO) on board SOHO (Brueck-
ner et al. 1995), the Atmospheric Imaging Assembly (AIA;
Lemen et al. 2012) on board SDO, and the X-ray telescopes
on board GOES. Synoptic maps including PFSS model results
provided by the Global Oscillation Network Group (GONG,
http://gong.nso.edu/) and by Solarsoft PFSS package were also
examined. Radio observations were provided by the S/WAVES
(Bougeretetal. 2008) investigation on board STEREO and by the
WAVES (Bougeret et al. 1995) experiment on board Wind. In situ
energetic particle observations were provided by the Solar Elec-
tron and Proton Telescope (SEPT; Miiller-Mellin et al. 2008),
the Low Energy Telescope (LET; Mewaldt et al. 2008), and the
High Energy Telescope (HET; von Rosenvinge et al. 2008) on
board STEREO (all of them part of the IMPACT instrument
suite; Luhmann et al. 2008), the Comprehensive Suprathermal
and Energetic Particle Analyzer (COSTEP; Miiller-Mellin et al.
1995), and the Energetic and Relativistic Nuclei and Electron
(ERNE; Torsti et al. 1995) instrument on board SOHO, the Elec-
tron, Proton, and Alpha Monitor (EPAM; Gold et al. 1998) on
board ACE, the 3D Plasma and Energetic Particle Investigation
(3DP) on board Wind, and the Energetic Particle and Plasma
Spectrometer (EPPS; Andrews et al. 2007) on board MESSEN-
GER. Additionally, Fe/O ratios at ACE were obtained using data
from the Solar Isotope Spectrometer (SIS; Stone et al. 1998). Fi-
nally, solar wind plasma and magnetic field data were obtained
from the Plasma and Suprathermal Ion Composition (PLAS-
TIC; Galvin et al. 2008) investigation on board STEREO, the
STEREO Magnetic Field Experiment (Acufia et al. 2008), the
ACE Magnetic Field Experiment (Smith et al. 1998), and the
ACE/Solar Wind Electron Proton Alpha Monitor (SWEPAM,;
McComas et al. 1998). Due to gaps in ACE/SWEPAM data,
plasma data from the Charge, Element, and Isotope Analysis
System (CELIAS; Hovestadt et al. 1995) instrument on board
SOHO were also used. Magnetic field data from MESSENGER
were obtained from the Magnetometer Instrument on board this
s/c (Anderson et al. 2007). Interplanetary disturbance identifi-
cations were cross-checked using the STEREO and ACE level
3 event list maintained by L. Jian (http://www-ssc.igpp.ucla.edu/
forms/stereo/stereo_level_3.html, http://www.srl.caltech.edu/
ACE/ASC/DATA/level3/) and the near-Earth ICME list main-
tained by I. Richardson and H. Cane (http://www.srl.caltech.edu/
ACE/ASC/DATA/level3/icmetable2.htm; see also Cane &
Richardson 2003).

3. OBSERVATIONS
3.1. Remote-sensing Observations

The top panel of Figure 2 shows the soft X-ray flux measured
by GOES-15 from November 3 21:00 to November 4 00:00 UT.
GOES observed four C-class X-ray flares starting at 22:12 UT,
22:28 UT, 22:56UT, and 23:05UT, and one M-class flare
starting at 23:27 UT. The GOES X-ray flare list maintained
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Figure 2. Top panel: soft X-ray observations by GOES 15 between November 3,
21:00UT and November 4, 00:00 UT. Panels 2—4: radio dynamic spectra
observed by Wind/WAVES, STEREO-A/SWAVES, and STEREO-B/SWAVES
during the same time interval. The sharp intensity decrease observed by Wind/
WAVES at ~1 MHz is caused by the different sensitivity of the RAD1 and
RAD2 receivers. At higher frequencies, a genuine attenuation was observed by
RAD2. A type Il radio burst observed by STEREO-A and STEREO-B is marked
by white arrows. The black arrows mark a low-frequency intensification of the
type III radio emission observed by STEREO-A, indication of locally generated
Langmuir waves (see text for further details).

by NOAA/NGDC attributes all these soft X-ray increases
to NOAA AR#11339, located at N20E62 from Earth’s point
of view, 40° eastward of the nominal magnetic footpoint
of STEREO-B. According to Park et al. (2013), the flare at
22:12 UT originated from NOAA AR#11333, close to the solar
west limb, but the examination of AIA images supports the
source location at AR#11339. This region showed considerable
activity during the day, including a large X1.9 flare at 20:16 UT
(not shown in Figure 2), which in spite of the large X-ray
intensity was radio-silent (Park et al. 2013). According to
Chen et al. (2013), this X1.9 flare was accompanied by a
failed filament eruption that remained confined by pre-existing
magnetic arcades.

Panels 2-4 in Figure 2 show the radio dynamic spec-
tra measured by Wind/WAVES, STEREO-A/SWAVES, and
STEREO-B/SWAVES, respectively. The three spacecraft ob-
served a sequence of type III radio bursts starting at 22:17 UT
(determined at a frequency of 1MHz), showing a strong
attenuation above 4MHz for STEREO-A and Wind. For
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http://www.srl.caltech.edu//ACE/ASC/DATA/level3/
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm
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Figure 3. Summary of remote sensing observations by STEREO-B (left), SOHO and SDO (center) and STEREO-A (right). The top panels show EUV difference images
by STEREO/EUVI (195 A) and SDO/AIA (193 A). Nominal magnetic footpoints for STEREO-B, ACE, STEREO-A, and MESSENGER are marked by blue, green,
red, and orange circles, respectively (see Section 3.3). White arrows mark the EUV front observed by STEREO-B. The bottom panels show difference images of the

CME observed by SECCHI and LASCO coronographs.

STEREO-B this sequence was more intense and did not show
high-frequency attenuation. STEREO-A observed a number of
bursty intensifications at the low boundary of the type III ra-
dio emission close to 25 kHz, when it reached the local plasma
frequency (marked by black arrows in the figure). This sig-
nature is commonly interpreted as an indication of Langmuir
waves locally generated when the electron beam responsible
for the type III radio burst reaches a spacecraft magnetically
connected to the source flaring region (e.g., Lin 1990; Er-
gun et al. 1998; Cane 2003; Klassen et al. 2012; Thejappa
et al. 2012). STEREO-B observed a clear type II radio burst
(see white arrows in the figure), starting at the upper limit
of SWAVES frequency range (16 MHz) at around 22:30 UT,
overlapped with the type III burst sequence. This type II radio
burst showed fundamental and harmonic emission lanes, slowly
drifting with intermittent emission to low frequencies, being
still visible below 1 MHz early on November 4 (not shown in
the figure). The type II burst was also visible at STEREO-A,
but with weaker intensity in comparison to STEREO-B. There
were no clear evidences of type Il radio emission at Wind (see
http://ssed.gsfc.nasa.gov/waves/bursts_2011.html).

Since the solar backside remained invisible for GOES, the
STEREO-SECCHI extreme ultraviolet imager (EUVI) on board
both STEREO spacecraft can be used for flare identification
(Nitta et al. 2013a). A summary of EUV and coronographic
observations from STEREO-B, SOHO/SDO, and STEREO-A
is shown in Figure 3. Nominal magnetic footpoints along the
Parker spiral for STEREO-B, ACE, STEREO-A, and MESSEN-
GER are marked in the top panels by blue, green, red, and orange
solid circles, respectively. These footpoints have been estimated
using the one-hour averaged solar wind speed measured in situ at
the time of electron onset at STEREO-B, ACE, and STEREO-A
and a fixed value of 350kms~! for MESSENGER (see Sec-
tion 3.3). The nominal magnetic footpoint of STEREO-A was
located at less than 15° eastward from the AR; whereas the sepa-

rations of the nominal footpoints of MESSENGER, STEREO-B,
and Earth with respect to the AR were 75°, 132°, and 138°,
respectively.

STEREO-B/EUVI observed a large two-ribbon flare at
N10ESO0 from that s/c point of view, which corresponds to 12°
behind the west limb from the point of view of STEREO-A
and to the distant backside (E152) from Earth’s point of view.
Evolving loops were observed above this AR before 22:00 UT,
and the loop brightening started between 22:11 and 22:16 UT
at the top of the loop, southwest from the AR. According
to Nitta et al. (2013a), who developed a method to estimate
soft X-ray flare peak intensities from EUV 195 A fluxes, the
X-ray flare peaked at 22:41 UT, with an estimated peak inten-
sity between M4.7 and X1.4 (henceforth the M4.7-X1.4 flare).
An EIT wave propagating from this flaring AR was clearly ob-
served in STEREO-B/EUVI difference images. By 22:21 UT,
this EIT wave had already surpassed STEREO-A magnetic foot-
point (see top left panel in Figure 3). The wave disappeared
around central heliolongitudes (from the STEREO-B point of
view), before reaching the STEREO-B nominal magnetic foot-
point. Figure 4 shows STEREO/EUVI and SDO/AIA difference
images at ~22:21 UT. The contrast has been enhanced to high-
light the expanding “dome” structure observed over the solar
limb by the three s/c. The approximate geometry of this struc-
ture is sketched in the center of the figure. Note that this structure
is not spherically symmetric around the flare location (marked
by a black arrow), but a slight shift toward STEREO-B is re-
quired to reproduce the observations. From the SDO point of
view, this is a remarkable case of a far backside-propagating
EUV front observed over the limb. The average EIT wave speed
determined by Prise et al. (2014) using an intensity-profile tech-
nique, applied to a wave sector propagating south—west, was
221 + 15kms~!, while Park et al. (2013) obtained an aver-
age speed of 473kms~! between the AR and the STEREO-A
nominal magnetic footpoint.


http://ssed.gsfc.nasa.gov/waves/bursts_2011.html
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Figure 4. STEREO-A/EUVI 195 A, STEREO-B/EUVI 195 A, and SDO/AIA 193 A difference images at 22:20:30 UT, 22:21:31 UT, and 22:21:33 UT, respectively.
The cartoon in the center outlines the approximate geometry of the EUV “dome” structure observed over the solar limbs by the three s/c. The external dotted circle

corresponds to 1.7 solar radii (EUVI field of view radius).

The M4.7-X1.4 flare peaking at 22:41 UT was accompa-
nied by a fast halo CME, which appeared over the west so-
lar limb at the STEREO-A/CORI field of view at 22:22UT
(see top right panel in Figure 3) and over the east limb at
STEREO-B/CORI field of view at 22:26 UT. The angular width
of the CME on STEREO-A/COR2 is 216° according to the
Cactus CME list (http://secchi.nrl.navy.mil/cactus/). The cor-
responding backside halo CME from Earth’s point of view
appeared in the LASCO/C3 field of view (heliocentric dis-
tance of 9.71 solar radii) at 23:30 UT. According to the LASCO
CME Catalog (http://cdaw.gsfc.nasa.gov/CME_list/), the plane-
of-sky CME speed was 991 kms~!. Prise et al. (2014) estimated
a radial speed of 972kms~! from STEREO-A coronograph ob-
servations and a lateral expansion speed of 674 £ 38kms™!,
concluding that while the EIT wave was too slow to explain the
SEP timing, the CME lateral expansion was consistent with the
SEP release times at STEREO-A and STEREO-B footpoints (but
not for Earth).

3.2. In situ Plasma and Magnetic Field Observations

Figure 5 shows a summary of in situ plasma and mag-
netic field observations from STEREO-B (left panel), ACE and
SOHO (central panel), and STEREO-A (right panel) from 2011
November 2 (day 306 of year) to November 10 (day 314 of
year). Each panel shows from top to bottom: solar wind pro-
ton speed, proton density, proton temperature, magnetic field
magnitude, magnetic field vector latitudinal angle, and mag-
netic field vector azimuthal angle in the Radial Tangential Nor-
mal (RTN) coordinate system. The color bands in the mag-
netic field magnitude panel indicate the in situ magnetic field
polarity estimated from the magnetic field azimuth (red de-
notes inward polarity, green outward polarity and intervals
with field orientations close to perpendicular to the nominal

Parker spiral are marked in yellow). The arrows in the bot-
tom X-axis mark the SEP onset time for relativistic electrons
at each s/c (see Section 4.1). When the SEP event started,
STEREO-B and STEREO-A were in regions of negative mag-
netic field polarity (red), while ACE was in a positive polarity
sector (green). The three s/c were embedded in slow solar wind
streams (Vsw < 350kms™).

STEREO-A observed a pair of IP shocks on November
5 21:12UT (forward shock) and on November 6 12:35UT
(reverse shock), bounding a stream interaction region (SIR)
corresponding to the density increase from late November 5
to early November 6. These shocks are indicated by vertical
dashed lines in the right panel of Figure 5. A second, closely
spaced SIR observed in November 7 was not accompanied by
developed shocks at 1 AU.

According to the near-Earth ICME list by Richardson and
Cane, ICME transits were identified between November 2,
01:00 UT and November 3, 04:00 UT and during November 7,
17:00-23:00 UT (indicated by shaded areas in the center panel
of Figure 5). November 2 ICME was already beyond 1 AU at the
time of particle onset (based on solar wind speed, its trailing edge
would have been 0.17 AU beyond Earth). In situ speed during the
November 7 ICME was 312 km s~!. Assuming an average prop-
agation speed in the range 312-450km s ™', the inferred launch
window would be between early November 2 and late November
3. The parent CME is uncertain, but CME activity registered by
STEREO/CORI (see http://corl.gsfc.nasa.gov/catalog/) points
to one faint candidate CME observed over the east limb by
STEREO-A and over the west limb by STEREO-B on November
3,21:05UT.

STEREO-B observed an interplanetary shock before the SEP
event onset, on November 2, 22:08 UT (first vertical dashed
line in Figure 5 left panel). Another IP shock was observed by


http://secchi.nrl.navy.mil/cactus/
http://cdaw.gsfc.nasa.gov/CME_list/
http://cor1.gsfc.nasa.gov/catalog/
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Figure 5. In situ plasma and magnetic field observations by STEREO-B, ACE/SOHO, and STEREO-A (left, center, and right panels, respectively). The plots show
from top to bottom: solar wind proton speed, proton density, proton temperature, magnetic field magnitude, magnetic field RTN latitudinal angle, and magnetic field
RTN longitudinal angle. The color bands on the magnetic field plot mark the in situ magnetic field polarity (red: negative, green: positive). IP shock transits and ICMEs
are marked by dashed lines and shaded areas, respectively. SEP onset times for relativistic electrons are marked by arrows in the bottom X-axis.

STEREO-B on November 6, 05:11 UT (second vertical dashed
line). This quasi-parallel shock (0p, = 2921, http://www-ssc.
igpp.ucla.edu/forms/stereo/stereo_level _3.html) was followed
by an ICME from November 6, 22:50 to November 9, 04:00 UT
(shaded area in the left panel of Figure 5). Although the magnetic
field enhancement was moderate, this structure showed clear
ICME signatures including low proton temperature, decreas-
ing solar wind speed, smooth magnetic field rotation, and bi-
directional suprathermal electron fluxes (see STEREO/SWEA
pitch angle distributions at http://stereo.cesr.fr/plots.php). As-
suming that this ICME is the interplanetary counterpart of
the CME launched at 22:22UT on November 3 (as seen
by STEREO-A/COR1), the average shock and ICME transit
speeds from the Sun to STEREO-B would be 825kms~! and
623 kms~!, respectively. The orientation of the flux-rope axis
obtained from a minimum variance analysis of the magnetic
field data during the period DOY 311.197-312.077 is along the
RTN direction (—0.28,0.91,0.31), meaning that its angle with
respect to the radial direction (XgyN) was 106°.

Figure 6 shows magnetic field observations by MESSEN-
GER, in orbit around Mercury. The light blue shaded areas
delimit intervals when MESSENGER observed structures re-
lated to Mercury’s magnetosphere identified by B. Anderson
(JHU/APL, 2013, private communication). Outside these in-
tervals, the s/c was in the solar wind. MESSENGER observed
an IP shock transit on November 4 15:09 UT (vertical dashed
line in the figure), followed by a region showing ICME signa-
tures such as enhanced field and magnetic field rotation, from
November 5 00:30 to 18:00 UT (gray shaded area in the figure).
Taking into account that the heliocentric distance of MESSEN-
GER was 0.44 AU, if the IP shock and the ICME originated
during the launch of the CME at 22:22 UT on November 3 (the
same ICME observed in situ by STEREO-B on November 6-9),
the average transit speed to travel from the Sun to MESSENGER
would be 1090kms~! for the shock, and ~700kms~' for the
ICME. The orientation of the flux rope axis obtained from a
minimum variance analysis during the period DOY 309.135-
309.571 (excluding the magnetospheric crossing during
309.23-309.50) is along the RTN direction (—0.15,0.96,0.25),
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Figure 6. In situ magnetic field observations by MESSENGER. From top to
bottom: magnetic field magnitude, magnetic field RTN latitudinal angle, and
magnetic field RTN longitudinal angle. IP shock and ICME are marked by a
black dashed line and a gray shaded area, respectively. Light blue shaded areas
mark time intervals when the s/c was inside Mercury’s magnetosphere.

99° from the radial direction. Given the small longitudinal and
latitudinal separation between STEREO-B and MESSENGER at
the time of the ICME transit (6° and 3°, respectively) and as-
suming a radial propagation for the ICME, we infer that both


http://www-ssc.igpp.ucla.edu/forms/stereo/stereo_level_3.html
http://www-ssc.igpp.ucla.edu/forms/stereo/stereo_level_3.html
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Figure 7. Synoptic map from GONG showing the PFSS open magnetic field lines connecting to the ecliptic plane. Spacecraft projections and magnetic footpoints
are marked by squares and circles, respectively. STEREO-A is plotted in red, ACE in green, STEREO-B in blue, and MESSENGER in orange. The AR is marked by a

white diamond.

s/c crossed essentially the same section of the ICME, showing a
significant expansion with radial distance and comparable flux
rope orientation.

3.3. Magnetic Connectivity

Figure 7 shows a synoptic map from GONG with open
field lines connecting to the ecliptic plane computed us-
ing the PFSS model, overplotted on top of a solar magne-
togram taken at 22:14 UT on November 3 (http://gong.nso.edu/
data/magmap/pfss.html). The source surface is fixed at a height
of 2.5 Ry . Red denotes negative polarity and green positive po-
larity. The white diamond marks the location of the flaring AR.
The polarity separator (heliospheric current sheet) is marked by
the white wavy line and the dotted areas correspond to coro-
nal holes. STEREO-A, STEREO-B, ACE, and MESSENGER
projections (radial mapping of the s/c to the source surface)
are marked by red, blue, green, and orange squares, respec-
tively. Their corresponding nominal magnetic footpoints along
the Parker spiral are marked by circles. These footpoints have
been calculated using the one-hour averaged solar wind speed
measured in situ at the time of electron onset: 321, 346, and
267 kms~! for STEREO-B, ACE, and STEREO-A, respectively.
A value of 350 km s~! has been assumed for MESSENGER, with
no in situ solar wind measurements available. The correspond-
ing ideal Parker spiral lengths are 1.37, 1.18, 1.25, and 0.46 AU
for STEREO-B, ACE, STEREO-A, and MESSENGER, respec-
tively. Although the PFSS model uses several days old magne-
tograph data for the backside hemisphere, the polarities match
well the in situ observations described in Figure 5, supporting
that PFSS results offer an adequate overall description of the
large-scale coronal magnetic fields. For a detailed discussion on
the limitations and accuracy of PFSS models to extrapolate the
photospheric magnetic field to the corona, we refer the reader to
Nitta & De Rosa (2008) and references therein. Table 1 shows
the location of the spacecraft projections, nominal footpoints
and their separation with respect to the flare location.

3.4. In situ Energetic Particle Observations

Figure 8 shows an overview of energetic particle observa-
tions from STEREO-B, Earth (ACE and SOHO), and STEREO-A,

Spacecraft Locations, Footpointsr,rzgjiesleparation with Respect to the AR

R® b° 92 bt Ap? Aa?
(AU)

STEREO-A 0.97 267.8 -7.0 356 14 21

ACE 0.98 162.5 4.0 232 138 136

STEREO-B 1.09 60.0 4.8 142 132 130

MESSENGER 0.44 55.1 —2.0 85 75 75

AR® 10 8

Notes.

2 R: heliocentric distance in AU; ¢: Carrington longitude; 6: heliographic
latitude; ¢ ¢: nominal magnetic footpoint’s Carrington longitude; A¢: longi-
tudinal separation footpoint to AR; Aa: angular separation footpoint to AR. All
the angular values are in degrees.

b AR location has been marked at the ribbon brightening, rather than at the top
of the erupting loop.

during 2011 November 2—10. Omnidirectional one-hour aver-
aged electron and proton fluxes observed in different energy
bands are shown in the top two plots, while the bottom plots
show the temporal evolution of the *He to proton and Fe/O abun-
dance ratios. Electron fluxes below 500keV (from STEREO/
SEPT and ACE/EPAM-LEFS60) are prone to ion contami-
nation, which becomes significant during periods of strongly
enhanced flux of sub-MeV protons, for instance around the
shock passage at STEREO-B on November 6 or during the
CIR-associated shock-pair passage at STEREO-A. The inter-
vals with contaminated electron fluxes have been plotted using
dashed lines. The three spacecraft observed velocity dispersion
during the proton event onset. In all cases, energetic electrons
and >30MeV protons reached the maximum intensity within
few hours after the onset, with a faster rise at STEREQO-A and
then showed an exponential decay (see detailed onset timing
information in Section 4.1). STEREO-A registered the highest
intensities for all energies and species, with the exception of the
local enhancement after the shock passage at STEREO-B, which
yielded the highest fluxes for protons below 4 MeV. Low-energy
(<10 MeV) proton intensity at STEREO-B matches the expected


http://gong.nso.edu/data/magmap/pfss.html
http://gong.nso.edu/data/magmap/pfss.html
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Figure 8. Hourly averaged energetic electron and protons temporal profiles observed by STEREO-B, ACE/SOHO, and STEREO-A over comparable energy channels.
Vertical solid lines mark IP shocks and shaded areas ICME transits. The bottom plot shows the temporal evolution of one-hour averaged “He/'H abundance ratios
at ~5MeV/n measured by STEREO/LET and SOHO/EPHIN and daily averaged Fe/O ratios measured by STEREO/LET at 4-6MeV/n and by ACE/SIS at

10—15MeV /n. Vertical error bars represent statistical uncertainties.

behavior for a gradual event observed from a location westward
from the source region, progressively better connected to the
central region of the IP shock as it approaches 1 AU and reach-
ing the best connection after the shock passage (see, e.g., Cane
et al. 1988). The local shock had little influence for relativistic
electrons and for protons above 10 MeV, which showed very
similar temporal profiles at STEREO-B and Earth, with a factor
of ~2 higher intensities at STEREO-B compared to Earth (see
quantitative comparisons in Section 4.4).

The “He/'H abundance ratios at ~5MeV/n (blue solid
squares at the bottom plots in Figure 8) show nearly constant
values close to 0.005 during the course of the event for Earth
and STEREO-B, with an enhancement up to 0.006-0.007 dur-
ing the shock passage at STEREO-B, followed by a depletion
in the downstream region and inside the ICME. At STEREO-A
the ratio was maximum during the early phase of the event,
with values still small, around 0.008 early on November 4,
decreasing to an almost constant value of 0.004 during Novem-
ber 5. These helium-poor values are very far of the typical
He/H~0.1 for impulsive SEP events and below the ~0.01 av-
erage ratios of gradual SEP events (e.g., Kallenrode 2003).
He/H ratios during gradual SEP events are influenced by dif-
ferent factors such as the seed population (see, e.g., Kocharov
et al. 2010) and differential scattering of “He and 'H by proton-
generated waves (Reames & Ng 2002). Solar flares are very
unlikely to contribute material with suppressed He/H (Reames
& Ng 2002).

Red solid squares at the bottom plots in Figure 8 show
Fe/O ratios measured by STEREO at 4-6MeV/n and by
ACE/SIS at 10-15MeV/n. Daily averages have been used
due to the statistical limitations of the data. STEREO-A ob-
served values decaying from 0.38 on November 4 to 0.27 on
November 6. STEREO-B registered constant values ~0.3 on
November 4 and 5 and a statistically significant drop down
to 0.05 during November 6. ACE observed Fe/O ~ 0.46 dur-
ing November 4, decaying to 0.17 on November 6. These
Fe/O values lie within the wide range of variation typically
observed during gradual events (see Desai et al. 2006) and
below the average values for impulsive *He-rich events (see
Mason et al. 2004).
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Figure 9. Velocity dispersion analysis and linear fits for STEREO-A and
STEREO-B.

4. DATA ANALYSIS
4.1. Energetic Particle Timing

Prise et al. (2014) presented a multi-point Velocity Disper-
sion Analysis (VDA) of the SEP event based on onset times
determined using the traditional n-sigma threshold approach
(see Krucker et al. 1999). We have determined onset times for
electron and proton data from the SEPT, HET, and LET instru-
ments on board STEREO A and B, using the Poisson-CUSUM
approach described by Huttunen-Heikinmaa et al. (2005), which
generally provides more robust onset detection capabilities.

The resulting VDA plots and linear fits are shown in
Figure 9 and, as an example, Figure 10 shows the rising phases of
one of the nearly relativistic electron channels of the instruments
STEREO-A/SEPT, STEREO-B/SEPT, and ACE/EPAM-
LEFS60. The fit parameters (effective path length, L and in-
ferred release time at the Sun (SRT)) are listed in the second
and third columns of Table 2 (for a discussion on the reliabil-
ity of the VDA technique, see Saiz et al. 2005; Lintunen &



THE ASTROPHYSICAL JOURNAL, 799:55 (17pp), 2015 January 20

T T T T
—— STEREO-A SEPT 65-105 keV
—— STEREO-B SEPT 65-105 keV

10° E ACE EPAM LEFS60 62-103 keV .

10°E

10°

10°F mwﬂﬂ E
ﬂﬂ&%ﬁﬁw
10’ 3 . |

21:30

Intensity (cm® s sr MeV)"

23:30 .
uT

Figure 10. Rising phase of nearly relativistic electrons observed by STEREO-A,
STEREO-B, and ACE. Onset times are marked by vertical dashed lines.

22:30 00:30

Table 2
Velocity Dispersion Analysis Results
L? SRT® f° hd
(AU) UT) UT) (Ro)

STEREO-A 1.87 £ 0.05 22:21 + 2 min 22:29 2.3
STEREO-B 1.90 £ 0.06 22:55 &+ 4 min 23:04 52
Earth 1.86 £ 1.44°¢ 22:47 + 15 min® 22:55 4.4
Notes.

 Effective propagation path length.

b Solar release time (at the Sun).

¢ Solar release time shifted by light propagation time to 1 AU in order to compare
with electromagnetic observations.

4 CME height at the time of particle release.

¢ Results for Wind electrons obtained by Prise et al. (2014).

Vainio 2004; Kahler & Ragot 2006; Reames 2009a; Rouillard
et al. 2012; Vainio et al. 2013). The results agree within er-
ror bars with the values found by Prise et al. (2014). During
this period, the SOHO s/c was rotated 180° with respect to its
nominal pointing, meaning that the fields of view of all particle
instruments were looking perpendicular to the nominal Parker
spiral direction. Since first arriving particles tend to propagate
field-aligned (see Section 4.2), SOHO data would yield delayed
onset times. For this reason and since SOHO is required to cover
the high-energy proton and electron observations at 1 AU, we
did not attempt a VDA for near-Earth s/c. A reduced VDA fit,
using only Wind electron data, performed by Prise et al. (2014)
yielded a path length of 1.86 &£ 1.44 and an SRT of 22:47 + 15
minutes MESSENGER /EPPS has a similar problem due to its
anti-sunward pointing direction (Anderson et al. 2007) that does
not allow us to estimate the time of the first arriving particles
at 0.44 AU. The 141-224 keV electron flux onset was observed
by MESSENGER at 23:07 UT + 5 minutes. Since this value
corresponds to sunward-propagating electrons, it is not valid
for SRT estimation; however, it sets an upper limit for the SRT
of 23:01 UT (23:09 UT when shifted by the light-time travel to
1 AU).

The fourth column in Table 2 lists the SRT values shifted
by the light travel time to 1 AU, in order to compare with the
electromagnetic observations. The last column shows the CME
heliocentric height at the time of particle release, obtained from
STEREO-A/CORI1 observations of the CME over the west solar
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limb. According to the VDA analysis results, and interpreting the
delays in terms of delayed injection close to the Sun, energetic
particles were released first at magnetic field lines connecting to
STEREO-A, when the leading edge of the CME was at 2.3 solar
radii, then to Earth, when the leading edge of the CME was at 4.4
solar radii and shortly after at magnetic field lines connecting
to STEREO-B (and MESSENGER) when the leading edge of
the CME was already at 5.2 solar radii. Note that according to
this analysis, it takes less than 40 minutes to get the particles
injected over a broad longitudinal range connecting to the four
locations (270°, see footpoint separation in Figure 1). Reames
(2009b) studied the CME-driven shock heights at the time of
energetic particle release during ground level enhancements
(GLEs) and found that for well-connected events the particle
release begins when the shock reaches radial distances of ~2
solar radii. Analogously, according to Gopalswamy et al. (2012),
the release of GLE particles for well-connected events occurs
when the CME:s reach an average height of ~3 solar radii. For
poorly connected events, the average values of the CME heights
atthe time of particle release is larger, which has been interpreted
as an indication that the CME has to expand further before the
shock crosses the field line connecting to the observer (Reames
2009a, 2009b; Gopalswamy et al. 2012).

According to the analysis by Prise et al. (2014), the lateral
expansion speed of the CME (674 + 38kms~!) was not fast
enough to explain the early release of energetic particles at
Earth’s footpoint. In order to estimate the speed required for
an azimuthally propagating source to explain the particle tim-
ing, Richardson et al. (2014) divided the angular distance be-
tween STEREO-A and SOHO footpoints by the onset delay of
24-41MeV protons at Earth compared to STEREO-A, inferring
an estimated angular speed of 5°3 minute ™!, which corresponds
to a speed of 1070 km s~! over the solar surface. A similar calcu-
lation using the release times presented in Table 2 provides an es-
timated angular speed of 428 minute~! (equivalent to a minimum
speed of 964 kms~!, when a height of 1 solar radii is assumed).

4.2. Energetic Particle Anisotropies

The SEPT instruments on board the three-axis stabilized
s/c STEREO consist of four apertures pointing sunward along
the Parker spiral, anti-sunward along the Parker spiral, North
and South. The directional information provided by these four
sectors can be used to reconstruct the electron pitch-angle
distribution. The pitch-angle coverage is limited compared
with rotating s/c such as Wind, and varies depending on the
orientation of the local magnetic field vector. Figure 11 shows
anisotropy information for nearly relativistic electrons observed
by STEREO-A (left panel), Wind (center panel), and STEREO-B
(right panel). The plots show from top to bottom: (1) pitch-
angle distribution with color-scaled intensity and divided in four
pitch-angle bins, (2) orientation of each instrument sector in the
pitch-angle space, (3) intensity registered by each sector, and
(4) first-order anisotropy index (intervals in gray correspond to
periods at background level, when the anisotropy index has no
meaning. Intervals with pitch-angle coverage under 45° have
been excluded, introducing artificial data gaps). STEREO plots
correspond to 55-105 keV electrons and Wind plot to 50-82 keV
electrons. The first-order anisotropy index A is defined by

+1
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Figure 11. Temporal evolution of electron pitch-angle distributions measured by STEREO-A/SEPT, Wind/3DP, and STEREO-B/SEPT (see text for details).

STEREO-B / SEPT 55-85 keV Nov 4, 00:00 UT

o ACE/EPAM 45-62 keV Nov 3 23:40 UT
= WIND /3DP 50-82 keV Nov 3 23:40 UT

STEREO-A / SEPT 55-85 keV Nov 3, 23:46 UT

. . S . . .
3 1or —— x 10f=o 1 x 10} s, ]
© © ©
S 1S . €
o osf { o 08f . 1 2 o8} 1
© © el
@ g os} i 8
N o6} 4 N % . N o6} .
£ £ £
S 04f .
G 04} { © °o S 04f North y
c c c —_—-
> > 02r - 1 > South
% 02t 1 % 0w 0 % 0.2f ASun 1
c c a8 [ [] c
Q ASun Soyth North o 00r 1 K]
< 0.0 I T L < L L L £ 00 L L L
45 90 135 180 0 45 2 135 180 45 ) 135 180

Pitch-Angle (°)

Pitch-Angle (°)

Pitch-Angle (°)

Figure 12. Snapshots of electron pitch-angle distributions from STEREO-B (left panel), ACE, and Wind (center panel) and STEREO-A (right panel). The corresponding

times are marked by arrows under the third panel in Figure 11.

where p is the pitch-angle cosine and f'(u) the pitch-angle dis-
tribution, which is estimated using a second-order polynomial
fit for each five-minute averaged pitch-angle distribution (using
four points in the case of STEREO/SEPT and eight points for
Wind/3DP). Figure 12 shows snapshots of the pitch-angle dis-
tribution at the times marked by arrows under the third plots in
Figure 11.

STEREO-A ’s pitch-angle coverage is seriously limited during
the event onset, improving as the event progresses, while
STEREO-B and Wind offer good coverage during the whole
event. In spite of this limitation, data show clearly that the three
s/c observed anisotropic electron fluxes lasting for several hours
during the rising phase of the event and in the early decay phase.
The examination of proton pitch-angle distributions (not shown
in the figure) also reveals clear anisotropies during the early
phase of the event for STEREO-A, STEREO-B, and Earth.

Electron anisotropies at STEREO-B were particularly large
and showed a clear indication of reflected particles. This back-
scattered SEP population is identified in the top plot of Fig-
ure 11 by the flux increase at the pitch-angle sector closer to
0 (orange line in the second plot), which, given the negative
polarity, corresponds to particles propagating sunward. This is
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also seen in the third panel showing the sector intensities (or-
ange line representing the intensity measured by the anti-Sun
telescope). In contrast to the progressive isotropization observed
by STEREO-A and Wind, the anti-sunward pointing telescope
of STEREO-B observed an increase well before the telescopes
pointing North and South, that stayed enhanced during several
hours. The first IP shock marked in the right panel of Figure 5,
observed in situ by STEREO-B on November 2, 22:08 UT, could
provide the structure acting as a reflecting barrier located beyond
STEREO-B at the time of the SEP event onset. This structure
may create the appropriate conditions to mirror energetic par-
ticles back to the observer in sunward direction, as previously
suggested by different authors (Anderson et al. 1995; Bieber
et al. 2002; Malandraki et al. 2002; Roelof 2008; Tan et al.
2009; Agueda et al. 2010; Klassen et al. 2012). Note that this
reflecting boundary may have also contributed to the observation
of sunward-directed particles by MESSENGER.

Strong anti-sunward anisotropies are commonly interpreted
as an evidence of both a direct injection of energetic particles
at the observers’ magnetic footpoint and weak scattering during
their IP transport. On the contrary, the combination of long onset
delays, low anisotropies, and poor nominal magnetic connection
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is often interpreted as evidence of cross-field IP diffusion (e.g.,
Dresing et al. 2012). This does not seem to be the case for the
2011 November 3 SEP event.

4.3. Interplanetary Transport Simulations

In order to have further insights on the temporal evolution of
the electron release close to the Sun, we make use of a Monte
Carlo interplanetary propagation model developed by Agueda
et al. (2008) combined with an inversion procedure to fit the in
situ SEP observations (Agueda et al. 2014). The Monte Carlo
transport model is based on the focused transport equation,
including the effects of scattering by magnetic fluctuations,
focusing, convection, and adiabatic deceleration. Only parallel
transport along magnetic field lines is considered. The model
assumes an Archimedean spiral magnetic flux tube connecting
the Sun and the spacecraft. The value of the solar wind speed
measured by the spacecraft is used to estimate the curvature of
the Parker spiral and constrain the global scenario. A turbulent
component is assumed to be superposed onto the large structure
of the IMF. In this work, we use the radial mean free path, A,,
to describe the pitch-angle scattering processes undergone by
the energetic particles. Based on previous works (Palmer 1982;
Kallenrode et al. 1992; Ruffolo et al. 1998), we assume that it is
a good approximation to take A, to be independent of distance.
The particle source is located at an heliocentric distance of
2 solar radii and the release time history is considered to be a
succession of impulsive (delta) isotropic injections. The timing
and intensity of each injection episode is inferred by using
an inversion approach to fit the measured directional electron
intensities with the model results. Each s/c observations are
independently fitted. The free parameters of the model are the
radial mean free path, X,, and the injection profile at the Sun
(details can be found in Agueda et al. 2014).

Figure 13 summarizes the transport model results for
STEREO-B (left), ACE (center), and STEREO-A (right). The
top panels show the observed sector intensities (blue solid
circles) corresponding to 62-102keV electrons for STEREO/
SEPT and 65-105keV electrons for ACE/EPAM. STEREO-
A and STEREO-B sectors 1-4 correspond to Sunward, Anti-
Sunward, Northward and Southward pointing fields of view.
A selection of six (out of eight) sectors of the LEFS60 sensor
is shown for ACE/EPAM. The simulated sector intensities are
represented by a solid black line. The small plots under each
temporal profile show the pitch-angle corresponding to each
sector. The three bottom panels show the injection profile at the
Sun derived from the best fits. The profiles have been shifted by
+500 s to allow comparison with the electromagnetic emissions.
The dashed areas in the injection panels mark the time intervals
when the results of the inversion should be taken with care,
as release episodes occurring during these periods produce a
response at the spacecraft location peaking after the selected fit-
ting period. The best fits correspond to parallel mean free paths
of 1.2, 0.7, and 0.4 AU for STEREO-B, ACE, and STEREO-A,
respectively.

Under the assumptions of the model, the best fit for
STEREO-A is achieved for A, = 0.4 AU and an extended in-
jection close to the Sun starting around 22:30 UT and lasting for
several hours. The fit reproduces reasonably well the sectored
intensities observed by SEPT, with the exception of the late
increase measured by the anti-sunward pointing telescope and
a transient decrease observed by the telescope pointing north-
ward, which is likely related to local variations in the solar
wind plasma.
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The model reproduces very well the sector intensities ob-
served by ACE, with an optimal fit for A, = 0.7 AU, requiring
an extended injection close to the Sun, starting around 22:55 UT
and showing intensities about two orders of magnitude lower
than the intensities at STEREO-A. The intensity discontinuity
around 00:00 UT on November 4 is caused by a sudden change
in the magnetic field direction which permits a direct observa-
tion of field-aligned directions (pitch angles near 0° in sector 4),
which show the highest intensity.

Under the assumptions of the model, the best fit for
STEREO-B observations is obtained for A, = 1.2 AU, requir-
ing also an extended injection close to the Sun starting around
23:10 UT and with intensity levels much lower than STEREO-A.
The model fails to reproduce the high intensities measured by
the antisunward-pointing telescope, supporting the idea of the
presence of a reflecting barrier located beyond the s/c, which
has not been included in the simulation (see Agueda et al. 2010).

4.4. Longitudinal Dependence of the Electron Peak Flux

Following the approach by Lario et al. (2006), the broadness
of the longitudinal distribution of the particles can be character-
ized plotting the peak intensities as a function of the longitudinal
separation between each s/c footpoint and the flaring region.
Since this involves data from different instruments, it requires
an adequate inter-calibration of the data. Lario et al. (2013) pre-
sented inter-calibration factors for ACE/EPAM-DE electrons
and the E300 SOHO/EPHIN electron channel, which permit
a quantitative comparison with measurements by STEREO/
SEPT and STEREO/HET. We have used these factors and pre-
event background subtracted intensities to obtain Gaussian fits
for the longitudinal distribution of electron peak intensities at
different energies:

I=1Iy-exp[ — (A¢/(v20))]. @
where [ is the peak intensity, A¢ the longitudinal separation
between the observer’s footpoint and the AR. Since we will
consider only the s/c close to 1 AU, we have neglected any
radial dependence in the intensity. We have also assumed that
the Gaussian is centered at the optimal nominal connection
A¢ = 0, thus the free fit parameters are Iy and o. The resulting
sigmas are 45°3 £ 27,4622 £ (027, 4629 £ (026, and 4622 £+ (29
for mean electron energies of 75keV, 133keV, 235keV, and
1.5MeV, respectively. As an example, the Gaussian fit for
235 keV electron observations is shown in Figure 14. The almost
energy-independent value of ¢ ~ 46° is a consequence of
the similar electron spectral shapes measured at STEREO-A,
STEREO-B, and near Earth. The extrapolation of the Gaussian
to the borders of the longitudinal interval (—180°,+180°) for
133keV electrons is above typical instrumental background,
meaning that the event would have been detectable over the
whole longitudinal interval around the Sun. Similar analysis
for protons yields o values of 44°6 4 0°3 and 4628 £ 1°7 for
14-24 MeV and 24-40.5 MeV, respectively.

5. SUMMARY AND DISCUSSION

On 2011 November 3, energetic particle flux enhancements
were observed by spacecraft near Earth (SOHO, ACE, Wind),
STEREO-A, and STEREO-B, and by MESSENGER in-orbit
around Mercury. These observing locations cover a wide interval
of heliolongitudes around the Sun. The examination of multi-
point remote-sensing and in situ observations show strong
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Figure 13. Monte Carlo transport model results for STEREO-B (left), ACE (center), and STEREO-A (right). The top panels show observed sector intensities (blue
solid circles) compared with model predictions (solid black line). The small plots under each temporal profile shows the pitch-angle pointing for each sector. The three
bottom panels show the injection profile at the Sun derived by the model best fits.

evidence that these particle increases observed over a broad
longitudinal region have a common origin at a flaring region
located at the distant solar backside (E152) from Earth’s
point of view. Several observational evidences support this
common origin.

1. Very similar, strong, long-lasting type III radio-emission
patterns were observed at the three locations close to 1 AU
(STEREO and Earth), showing high-frequency attenuation
for STEREO-A and Wind, supporting the origin in a back-
side region from these two points of view.

2. Only one CME was observed during the period compatible
with the particle release timing at the Sun. This moderately
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fast (991kms~!) and wide CME was clearly originating
from the backside flaring region.

. Relativistic electrons and high-energy protons (E >

100 MeV) were observed at the three locations (STEREO-A,
STEREO-B, and Earth). While this is not extremely
uncommon, it should be noted that not all SEP events show
acceleration up to such high energies.

. None of the four observation points revealed evidence of

resolved multiple injections that might support acceleration
at different sources closely spaced in time. The strong
anisotropies observed at the onset of the event by the
three s/c close to 1 AU, indicate that scattering process
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EPAM-DE (green). The pre-event background has been subtracted and EPAM
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was not a factor to smooth the time-intensity profiles and
blur individual separated injections.

5. Similar “He/'H and Fe/O ratios were observed by SOHO/
ACE and both STEREO spacecraft, characterized also by
depleted “*He abundance.

6. The longitudinal distribution of the electron peak intensities
is well organized with respect to the longitudinal separation
between the magnetic footpoints of each s/c and the
backside flaring AR, with the highest intensity measured
by the best connected s/c (STEREO-A). This behavior
is consistent with previous multi-point observations of
SEP events showing broad particle spread. Moreover, the
independence of the distribution widths with the electron
energy is a consequence of similar electron spectral shapes
observed by both STEREO spacecraft and from ACE and
SOHO. This energy-independent width can be represented
by Gaussians with o ~ 46°. Similar values of o are found
for protons.

The backside location of the single source implies that
energetic particles during this period covered an extremely broad
longitudinal spread in the inner heliosphere, filling a region of at
least 258° at 1 AU (the longitudinal sector covered by STEREO-
B-Earth-STEREO-A). Considering the location of the nominal
magnetic footpoints, particle injection close to the Sun should
encompass a region at least 270°wide. Indeed, the extrapolation
of the Gaussian fits of the peak intensity as a function of the
observer’s footpoint separation (Figure 14) suggests that the
SEP event would be detectable over the full 360° longitudinal
range at 1 AU.

From the analysis of the particle onsets times at different
energies and from the modeling of the IP particle propagation,
we conclude that the particle injection started at 22:29 UT
at the STEREO-A footpoint, well connected to the source region.
This time is in good agreement with the type III and type Il radio
emission, and corresponds to a CME height of 2.3 solar radii.
The injection at Earth and STEREO-B ’s footpoints occurred
shortly after, at 22:55 and 23:04 UT, respectively. This implies
a relatively quick injection of the particles, before the CME
reached 5.5 solar radii of heliocentric height, over a broad
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longitudinal span covering a region of at least 270° close
to the Sun. The fast longitudinal propagation and the clear
anisotropies observed by STEREO-A, STEREO-B, and the near-
Earth s/c supports the scenario of a direct particle injection
at each observer’s footpoint rather than cross-field diffusion
in the interplanetary medium. The IP transport simulation
results indicate extended injections lasting for several hours.
The CME was accompanied by an EIT wave and by type II
radio emission observed by both STEREO spacecraft, indicating
a shock propagating through the corona and the IP medium.
However, radio and EUV observations did not reveal signatures
of a possible source extending to the visible hemisphere from
Earth’s point of view. After the SEP event, MESSENGER and
STEREO-B, located 45° and 50° far from the AR, consecutively
observed the transit of an IP shock and an ICME almost certainly
related to the November 3 CME. However, this ICME was
observed neither by STEREO-A nor from Earth. Assuming that
the ICME was symmetric and centered at the AR, this provides a
lower limit of 100° for the longitudinal full-width of the ICME
and the IP shock. The lack of signatures at STEREO-A sets
an upper limit of 204° for the ICME and shock full-width.
Therefore, while particle observations support the existence of a
broad source when the CME was at a height of few solar radii, we
did not find direct observational evidences of an exceptionally
wide coronal or IP shock, large enough to explain the broad
particle injection close to the Sun.

Prise et al. (2014) concluded that the CME lateral expansion
was consistent with the particle release times at STEREO-A
and STEREO-B footpoints, but was unable to explain the SEP
onset at Earth. One possible hypothesis is that magnetic field
lines below the source surface could shift Earth’s magnetic
connection by some tens of degrees westward from the nominal
footpoint location, providing access to the region influenced by
the CME lateral expansion. Our examination of the PFSS model
results from GONG and the Solarsoft PFSS package suggests
that the field lines below the source surface around Earth’s
nominal footpoint do not show such topology. An alternative
explanation could be the presence of a previous ICME distorting
the Parker spiral connecting to Earth. Only one ICME on
November 7 17:00-23:00 UT was identified in ACE in situ data
that would be located between Sun and Earth at the time of
particle onset.

6. CONCLUSIONS

Our observations show evidence that the circumsolar particle
enhancement observed on 2011 November 3 is associated with
activity originating at a single AR at the Sun. Clear anisotropies
and short onset delays disfavor a major role of cross-field IP
diffusion and support a quick particle spread close to the Sun,
before the CME reached a heliocentric height of six solar radii.
Particle timing requires that the source expands longitudinally
at a rate of ~5° minute™! (equivalent to ~1000kms~! over the
solar surface), reaching longitudes at least 138° far from the
AR. Neither remote sensing observations nor in situ ICME and
IP shock measurements show visible signatures of a structure
covering such wide extent. The markedly different signatures
regarding timing and anisotropies of this event compared with
the 2010 January 17 SEP event (in which IP cross-field diffusion
likely played a major role; Dresing et al. 2012) support that the
wide spread of SEPs in the heliosphere is caused by different
physical processes with relative contributions that vary from
event to event.
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