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During August 2010 a series of solar particle events, oaijiy from the adjacent active regions
11093 and 11099, was observed by the two STEREO as well asdnybaeth spacecraft. For
the events occurring on the August 7 and 18 we combine inasitlremote-sensing observations
with predictions from our model of three-dimensional atrigpic particle propagation in order to
investigate the physical processes which cause the laggdarspreads of the energetic particles
during these events. In particular, we address the effdclateral transport of the electrons
in the solar corona as well as due to diffusion perpendidoléine average magnetic field in the
interplanetary medium. We also study the influence of twa@al Mass Ejections and associated
shock waves on the electron propagation, and a possiblétualimgal variation in space of the
transport conditions during the above period. For the Atd8sevent we additionally utilize
electron observations from the MESSENGER spacecraft atardie of 0.31 AU from the Sun
for an attempt to separate between radial and longitudieyaeddencies in the transport process.
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1. Introduction

Solar energetic particle (SEP) events as can be observed in the Edttarerbdetermined
by a combination of the underlying acceleration, injection and transpoditooms, respectively,
and therefore carry fundamental information on these processeswdHeTEREOQO spacecraft in
combination with observations close to Earth provide a unique platform totigats SEP events
over a wide longitudinal range but at nearly the same heliocentric distanbray radial gradient
effects. A series of SEP events in August 2010 originating from neaglgdime source regions at
the Sun lend themselves for a comprehensive investigation of the underjgntion and transport
processes. We apply a propagation model allowing for changing trer@puditions from event
to event to shed some light on the main processes leading to the wide angBlalishftbutions
during these events. The fact that, as the active regions rotated owgsithle disc of the Sun,
the flares associated with the consecutive SEP events were variably vggletically connected
to STEREO-A/B and ACE/SDO/Earth, respectively, offers an interestngpective to investigate
the relative contributions of particle transport effects in the solar coaoian the interplanetary
medium to the longitudinal variation of particle fluxes at 1 AU.

2. Observations

In this work we combine electron data from the SEPT instrument [1] of theAlMPsuite [2]
on board STEREO and from the EPAM instrument on board ACE [3] TH&TSEstruments mea-
sure electrons in the range of 45-400 keV. The LEFS60 telescope &iGEEEPAM instrument
provides electron measurements in the range of 40 to about 350 keV.d~andtysis presented
here we restrict ourselves to electrons from the three spacecraft endrgy range of approxi-
mately 65-105 keV. Both SEPT and EPAM provide directional intensity measemts which, in
combination with magnetic field measurements by STEREO/MAG [4] and ACE/MAGvse
used to determine pitch angle distributions of the electrons. Solar wind plagmardaided by
the STEREO/PLASTIC [6] and ACE/SWEPAM [7] instruments were useddonstruct the mag-
netic connections between the spacecraft and the solar corona. Eighi@vs observations of
energetic electrons and the solar wind speed obtained on STEREO-B,aAGETEREO-A dur-
ing the period of 2010 July 31 through 2010 August 20, during whichrizsef interplanetary
particle events was produced by solar active regions (AR) 11093 Hp@B1 In detail, the panels
of the figure display as a function of time (from top to bottom): the omni-directielegtron in-
tensities and pitch-angle distributions (binned in four sectors) of the et followed by the
solar wind speeds. Because of the limited space available we focus htre electron events of
August 7 and 18 during which SEPs were observed on all three spéicemd which were asso-
ciated with flare/CME activity for which comprehensive measurements, iimguel T-waves, type
Il and coronal and IP type Il radio bursts are available.

3. Interplanetary transport

In this work we consider the interplanetary transport of energetic partidtech are acceler-
ated impulsively in the solar flares, undergo some kind of lateral transptiré solar corona to a
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Figure 1. In-situ measurements of 65-105 keV electron intensitied solar wind speeds made by by
STEREO-B, ACE and STEREO-A during the time period 30 JulyGa2gust 2010.

magnetic field line connected with the observer, and subsequently ptepadgiae solar wind. The
latter can usually be described as adiabatic motion along the average indésipfanagnetic field,
pitch angle scattering off the fluctuations superimposed on the field, diffgggoendicular to the
average magnetic field due to scattering of the particles’ gyrocenter fnefield line to another,
and due to particles propagating along meandering field lines. The condisg Fokker-Planck
equation which describes the above effects is solved using a time-fosiaritastic process with
an implicit scheme [8, 9]. The remaining two stochastic differential equatmmnthé propagation
of electrons in a static Parker field under neglecting solar wind effectbanegiven by

dr(t) :uUdtb+\/ 2D, dWJ_(t)“‘DDJ_dt (31)
—— Vv o 0Dy

whereW,(t) and W, (t) denote one-and two-dimensional Wiener processes, respectively,
B/B a unit vector in the direction of the average magnetic fiBldThe focusing of particles due
to the divergence of the magnetic field is described by focusing ldr@th= —(b-0In B(r))~L.
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Figure 2: Left panel: Longitudinal positions of the EartACE), STEREO-Aand STEREO-Bon 2010
August 7. The flare longitude is marked by the solid black.lifibe longitudinal separations between the
spacecraft magnetic foot points and the equatorial foatpaf the magnetic field line from the active region
are listed in the upper right corner. Right panel: Synoptiific Plane Field Plot overlying a magnetogram
map by the Global Oscillation Network Group (GONG) for Cagtion rotation 2099. Also marked are the
estimated positions of the magnetic foot points of the tlspcecraft and the position of the flare.

From the pitch angle diffusion coefficieb\,,, a parallel mean free path

_du g, (-

can be defined which relates the pitch angle scattering rate to the spatialafiffarallel to the
ambient magnetic field. Apitch-angle dependergerpendicular mean free path, (1), and a
related perpendicular diffusion coefficiddt (i) can be formulated from the diagonal elements of
the perpendicular diffusion tens@, (v, p, ), according to [9]

A(p) = 3/u-Di = a-A(r)-(r/1AU)?-cosp(r) - /1—p2 = a-A;-Z(r,y,u) (3.4)

wherey(r) is the angle between the magnetic field and the radial directiony asd parameter to
model the relative contributions of parallel and perpendicular diffusidre spatial perpendicular
diffusion coefficientK ;| and mean free path, which are used in diffusion-convection transport
models for isotropic distribution functions, and describe the combined wansffects due to
magnetic field line and gyro-center diffusion, can be defined by taking itbk-angle average
of the above equation. Following the lines of our analysis of the transpatectrons in the
2010 February 7 solar particle event [9] we assume that the electrsingrfdergo lateral transport
away from the flare site in complex magnetic fields in the solar corona. Whgmaheh an open
magnetic field line they start a three-dimensional transport processagheedsabove. In extension
of our earlier analysis of the 2010 February 7 event [9], we here al@ariation of the transport
parameters also with heliolongitude.

4. The 2010 August 7 solar particle event

The patrticle event on 2010 August 7 was associated with an M1.0/2F /Eptasal flare at
N15 E37 which started around 18:00 UT. The sketch in the left panel aff&ig shows the lon-
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Figure 3: Upper left panel: Angular dependence of electron injectiom the solar source surface. Lower
left panel: Schematics of longitudinal variation of traogparameters assumed for the three-dimensional
modeling of electron transport in the 2010 August 7 solatigarevent. Right panel: Comparison of
simulation results (solid lines) with electron intensitydeanisotropy observations fro8TEREO-A/Band
ACE (dots).

gitudinal positions of the flare and of the three spacecraft on 2010 #tugu STEREO-A and
STEREO-B were separated from the Earth-Sun line at 79 degrees2adegrees, respectively.
Also shown are the magnetic field lines connecting the solar wind sourcaceuahd the space-
craft which were obtained assuming a Parker magnetic field. The longitudethe magnetic foot
points were determined accordingdo = ®y+ Q- r/Vsw, wherer and®, denote the radial dis-
tances and projected longitudes of the spacecraft, respecfvidyhe solar rotation frequency, as-
sumed to correspond to a sidereal rotation period of 25.5 day¥sgrid the solar wind speed taken
at the time of the event onset at the respective spacecraft. The riggltgfaigure 2 shows a Po-
tential Field Source Surface (PFSS) Carrington map overlying a magnetogag of Carrington
rotation 2099, provided by the Global Oscillation Network Group (GONG,: Mgipng.nso.edu/).
The white wavy line represents the neutral sheet, separating the nquatviéy sector (marked in
red) from the positive polarity sector (marked in green). The flare padgimarked by the yellow
star, the positions of the estimated positions of the magnetic foot points of tleesibmeecraft on
the solar wind source surface by crosses. We note that due to variatitiressolar wind velocity
in time and space between the Sun and 1 AU the above positions carry anferrd 0 degrees
(indicated by the circles), and that due to the strong magnetic field in the aegjign, open field
lines can spread to a larger range of longitude and latitude on the souf@eesu

As one might expect from the relative positions of the flare and the fantgof the field lines
connecting to the spacecraft, the maximum electron intensities are highdRE®-B, lowest
at STEREO-A and in between at ACE. The electron event on STEREGI:BHig. 3, right) is
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Figure4: Left: Longitudinal positions of the EarttACE), STEREO-AandSTEREO-Bon 2010 August 18.
Right: Synoptic Ecliptic Plane Field Plot overlying a matpggam map by the Global Oscillation Network
Group (GONG) for Carrington rotation 2099, and the estimigtesitions of the magnetic foot points of the
three spacecraft and the position of the flare. Notations &g 2.

characterized by a fast rise of the intensity and anisotropy profiles.mEx@mum anisotropy of
~ 1.8 indicates a large parallel mean free path. The steep drop in the anjsaftep- one hour,
followed by a period of slightly negative values, is not consistent with absinucted discharge
of the electrons from the inner heliosphere but rather suggests atimflet the particles at an
obstacle not too far beyond 1 AU. A candidate for such an obstacle ¢mulal CME with an
associated shock which could have been released in an event ontAugtis Fig. 1). The fluxes
observed on ACE exhibit a gradual rise of the intensity and only a smabtanjgy, indicating a
small value ofA in the region surrounding ACE. The electron measured on STEREO-#tstar
slightly exceed the background from a previous event around 03:08nAugust 8, accompanied
by a small rise in the anisotropy. These observations suggest that ¢tregeoh the accelerated
electrons had reached the connecting field line, and that the detectedreddwid possibly reached
the spacecraft by diffusion perpendicular to the magnetic field in the irelersbhere. Based on
the above, we assume an injection energy spectrum with a power law expdBeand an injection
function Q(r= 0.05AU, 0, E) = Qo E~3 exp{—0?/(20%)} whereo is the total angular distance
from the acceleration site (assumed to be the location of the flarejg@eitaracterizes the spread
of the electrons on the injection surface close to the Sun. Because ourtgimsiiat the current
stage can handle only an interplanetary magnetic field structure corcksgda one value of the
solar wind speed (equivalent to a rotational symmetry in the equatorial)phantok forVs,, the
average of the values observed on STEREO-B and ACE. Simulationarioug combinations of
the modeling parameteds, a, andop were performed. A good overall agreement with the electron
observations was found for an injection with = 44° (Fig. 3, upper left) and a time dependence
shown in the upper panel of Figure 3, right side. For the parallel argepédicular mean free paths
everywhere except in the magnetic field sector surrounding STERES2&Kig. 3., lower left)
values ofA| = 0.12/cos’y(r) AU (equivalent to a radially constait = 0.12 AU) and ofa = 0.08
were assumed. For the sector surrounding STEREO-B we determjned0.5/cosy(r) AU
(equivalent toA; = 0.5 AU) anda = 0.02. For this sector also a boundaryrat 1.4 AU with a
reflection probability of 90% had to be assumed. Panels 2-5 of Figuretf)(sigow that the results
of the simulation reproduce the observed intensity and anisotropy prafdssmably well.



Modeling of solar particle events in August 2010 Wolfgang Droge

3 2010 Aug 18 65-105 keV electrons. STA | @ 5 1f ‘
> - ACE | 5 S o5} H
- 10% N > Q9
B0y <+ STB 3 £ ol . . . . . .
N = T T T T T T T
E, > N ‘?—5 B 2010 Aug 18 65-105 keV electrons  STEREO-A / SEPT
> + . =t = 10°] STEREO-B / SEPT]
g 10° AN 2 3 ACE / EPAM
£ Reid injection N 5 E W'l MESSENGER
£ 05:40 - 06:00 UT U+ = 5
£ 102l 5 = \ 5 ~ T s Sves
= 10 0y = 25 deg N § g ITe S SENU I I e Y eeeee ]
= . . £ < -
0 50 100 150 ‘% ) T _
Footpoint Angular Distance From Flare (deg) S 10°F injection function
c PR R centered at N17 W104
. = il -
/2010 Aug 18 y Y 107, ‘ , Op=25deg ‘ ‘
i _ = ‘ ‘ ‘ ‘ =
<V, > = 345 kmis F 2 . A =022AU/ cos(y)
3 o 2 1r [\\—L«m Ay=0.17*0.06* X ()
\:/ A 0 ®eee® o° 3 rs .'..m:"- eoe 00000°% 000
S n n n n n n
g o : - — : =
-IE —05 2 ol }\” =0.06 AU / cos*(W) Ay=0.17*0.06* X (r,l]J,p)A
z < MMNL
8 0 o sacadedsaadhg
g = ‘ = = = = =
) magnetic 2[5 = 2 A =0.17*0.06 * = (W) |
cloud 2 4l )\” 0.12 AU /cos. (W) - ( ,w,u)A
2 .
) S e S N oY
-1 -0.5 0 0.5 1 S L -
HEEQ X - direction (AU) 0 4 8 12 16 20 24

Time (hours)

Figure 5: Upper left: Angular dependence of electron injection frdra solar source surface. Lower left:
Longitudinal variation of the radial mean free path assufedthe three-dimensional modeling of electron
transport in the 2010 August 18 solar particle event. Ritgig,to bottom: injection function, comparison
of simulation results (solid lines) with electron integsitnd anisotropy observations @TEREO-A/Band
ACE (dots).

5. The 2010 August 18 solar particle event

The particle event on 2010 August 18 was associated with a C4.5 X-rayftaurring slightly
behind the west limb~ 20°, as viewed from Earth), starting around 04:45 UT. In a similar way as
before, Figure 4 shows the longitudinal positions of the flare and of tke 8pacecraft, as well as a
GONG map of Carrington rotation 2099 on which the locations of the flare anelsfimated posi-
tions of the magnetic foot points of the three spacecraft are marked v pssstudy of the August
18 particle event [10] reported that the structure of the interplanetarpetiadgield at that time de-
viated strongly from regular conditions. In particular, it was found figasma properties and the
observation of large bi-directional anisotropies that STEREO-A hadeshtemagnetic cloud with
about one and a half hours after the flare onset in which it stayedu8t00 on August 19. To al-
low for a variation of transport conditions as a function of longitude wenéefectors in the ecliptic
plane around STEREO-B, ACE, and the remaining area including STEREBEGd the magnetic
cloud (see sketch in Fig. 5 bottom left). Figure 5 (right) shows that the iitiehen STEREO-A
and ACE start to rise simultaneously. On STEREO-A they reach a first maxinhioh is a factor
of ~ 3 below the maximum on ACE, and start to rise again after entering the magnetit &es
our simulation is not able to handle short-time reconfigurations of the magnédicviie decided
to model the electron observations on STEREO-A only in the early phase tiibespacecratft is
not yet in the magnetic cloud. Similar as for the August 7 event we tried aidugaparame-
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ter combinations, and found a best overall agreement for the followihgesaa short injection
(Fig. 5, upper right) withog = 25° (Fig. 5, upper left), and parallel mean free path in the magnetic
field sectors surrounding STEREO-A, ACE, STEREO-B\pt= (0.22/0.06/0.12) /coSy(r) AU,
respectively. For the perpendicular mean free path we assumed a longjityichdependent value

of A, =0.17-0.06- Z(r,, 1). The results of the simulation reproduce the observed intensity and
anisotropy profiles (Fig. 5 right, panels 2-5) well, with the exception of thiscdropy observed

on STEREO-B where we have not been able to model the high values Ine®¥e20 and 08:00

UT for any reasonable combination of transport parameters. A possiplenation could be that
the spacecraft was temporarily in a magnetic flux tube with a larger valag afd a better con-
nection to the flare. A comparison of MESSENGER observations [11] afreles in a similar
energy range with the prediction from the simulation for the STEREO-A settor3 AU (black
dots and line) shows a good agreement in the shapes of the intensity pwfilgas there is a
difference of a factor ofv 2 in the absolute values. The latter could be due to the fact that the
exact pitch angles of the MESSENGER electrons are not known and tha&iebtron transport
here could also have been affected by the magnetic cloud, as indicated mgehsity increase
observed after 09:00 UT.

6. Conclusions

In this work we have presented transport modelings of two solar electmrissobserved by
STEREO-A/B and ACE in August 2010 which were produced by a paictéaregions as they
rotated around the Sun. We have demonstrated that our simulation methodncke ddvanced
features of interplanetary propagation recently found in wide spreditipsevents ([12]), e.g., a
longitudinal variation of the transport parameters and the effects of déstaes in the solar wind
during times of high solar activity, and that it allows to disentangle varioefiinvolved in the
particle transport, such as diffusion parallel and perpendicular to thplatetary magnetic field,
and in the magnetic field structures in the solar corona.

The STEREO/SEPT projects are supported under Grant 50 OC 1302 Betiman Bundes-
ministerium fur Wirtschaft through the Deutsches Zentrum fir Luft- undri®ahrt (DLR). We
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