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Abstract. We summarize the theory and modeling efforts for the STERHES3ion, designed for
data analysis of both the remote-sensing (SECCHI, SWAVES)ia-situ instruments (IMPACT,
PLASTIC). The modeling includes the background plasma @ dbrona, heliosphere, and solar
wind, but concentrates prominently on the dynamic phenamassociated with the initiation and
propagation of coronal mass ejections (CMEs). The modeifrtge CME initiation includes mag-
netic shearing, kink instability, filament eruption, andgnatic reconnection in the flaring lower
corona. The modeling of CME propagation entails interpianeshocks, interplanetary particle
beams, solar energetic particles (SEPs), geoeffectiveemions, and space weather.

1. Introduction

Theoretical modeling is of particular importance for ®&ar TErrestrial RElations
Observatory (STEREOpission because we obtain for the first tidvelimensional
(3D) information of solar-terrestrial phenomena, which carydod exploited with
realistic modeling of the 3D structure and dynamics of sh&iospheric plasma
and particles (Grigoryev 1993; Pizzo et al. 1994; Davilalefl896; Schmidt &
Bothmer 1996; Socker et al. 1996, 2000; Rust et al. 1997; 8dc%98; Liewer et
al. 1998; Howard et al. 2002; Davila & St.Cyr 2002; Muelleralblonado, & Dries-
man 2003). Table 1 yields an overview what the four instrunseites of the two
STEREO spacecraft perceive: SECCHI/EUVIis imaging tharsobrona, eruptive
filaments, flares, and coronal mass ejections (CMES) in terl@orona at EUV
wavelengths, SECCHI/COR and HI image the CME phenomenapiiugiagate
to the outer corona in white light, and SWAVES triangulates tadio emission
generated by CMEs and interplanetary shocks and partielmbgeThe IMPACT
and PLASTIC instruments are in-situ particle detectorsrti@asure particle distri-
bution functions and elemental abundances at 1 AU in the sotal or in passing
CMEs, interplanetary shocks, particle beams, osafar energetic particle (SEP)
events. The theoretical modeling of all these processdades bothmagneto-
hydrodynamic (MHD)and kinetic theories. A great potential, but also challenge
is the unprecedented computer power that supports theseetioal and numerical
modeling efforts today, never available to such a largergxteprevious missions.
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THEORETICAL MODELING FOR STEREO 3

TABLE |
Metrics of modeled solar/heliospheric phenomena verstectieg STEREO instruments.
SECCHI SWAVES IMPACT) PLASTIC
EUVI, COR/HI
Background Plasma:
Solar corona (82) EUV,WL
Solar wind (83) waves particles particles
CME Initiation:
Filament eruption (84) EUV,WL
Coronal mass ejection launch (85) EUV,WL radio, waves ...
CME Propagation:
Interplanetary shocks (86) WL radio, waves particles phesi
Interplanetary particle beams (87) ... radio, waves padic particles
Solar energetic particle events (88) ... particles iglasg
Geo-connected space weather (§89) ... particles pesticl

LIMPACT will also be able to make in-situ measurements of tiagnetic field at 1 AU.

We organize this review in the following order: First we dése theoretical
modeling of the solar/heliospheric background plasmaa¢sobrona in 82, solar
wind in 83), then processes of CME initiation (filament eroptin 84, CME
launch in 85), and then processes of interplanetary CMEgwaton (interplan-
etary shocks in 86, interplanetary particle beams and raxtission in 87, solar
energetic particles in 88, geoeffective events and spaegheein 8§9).

2. Modeling of the Solar Corona

2.1. AHYsicAL 3D-MODELING OF THEGLOBAL CORONA

The quantitative analysis of stereoscopic EUV images reguull 3D models of
the electron densityie(X,y,2) and electron temperaturg(x,y,z) of the coronal
plasma, so that emission measure imag&4(x,y) can be self-consistently pro-
duced by integrating thdifferential emission measure (DEM])stribution, i.e.,
dEM(x,y,T)/dT = [nd(x,y,z T)dz along each stereoscopic line-of-sight direc-
tion z The most detailed state-of-the-art models represennti@iogeneous 3D
solar corona with up tez 10° coronal loop structures, each one calculated based
on a physical model (e.qg., Schrijver et al. 2004). The otzd#evinput is a (synop-
tic) full-Sun magnetogram of the photospheric magnetiafed boundary con-
dition, which can be extrapolated into the 3D corona by me#na potential
field (source surface) model or a (non)linear force-freedfimlodel. An energy
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input into the corona has to be assumed, which could be aifunof the local
magnetic field strengtB(x,y) at the footpoint and the loop lengtlx,y), yielding
a local Poynting flux (or heating rate) & (x,y) 0 B?(x,y)L°(x,y) at position
(x,y). The physical model of a coronal loop can then be specified hydao-
static equilibrium solution, where the heating rate is bedsl by the conductive
and radiative losses, e.g., the RTV solutions known forarnif heating and con-
stant pressure (Rosner, Tucker, & Vaiana 1978), the RTVi&ieak corrected for
non-uniform heating and gravitation (Serio et al. 1981)empirical scaling laws
inferred from Yohkoh observations (Kano & Tsuneta 1995)e Tatest TRACE
studies imply deviations from the equilibrium scaling labecause of the asym-
metric heating functions caused by flows (Winebarger et@)22 The emission
measuresiEM(x,y,z T)/dT of the physical loops can then be filled into a data-
cube (x,y,2) aligned with a (stereoscopic) directianand integrated along this
line-of-sight. Full-Sun visualizations based on such paismodels have been
simulated for soft X-ray and EUV instruments (Fig. 1). Theuh parameters
(such as the magnetic field model or the heating scaling lam)tiben be varied
until the simulated images show the best match (quantifieafyvalue) with an
observed soft X-ray or EUV image. Fitting two stereoscopidVEmages from
SECCHI/EUVI simultaneously with the same physical 3D maataliously repre-
sents a very powerful method to constrain the heating fancth key observable
for solving thecoronal heating problem

3D reconstructions of the magnetic field and electron derwitthe global
corona have been attempted for decades (e.g., Altschul®)1®%om line-of-
sight inversions of the white-light polarization (e.g.,iMde Hulst 1950; Lamy et
al. 1997; Llebaria et al. 1999; Quémerais & Lamy 2002), frgmogptic maps com-
bined with magnetic field extrapolations (Liewer et al. 20dlom stereoscopic
image pairs in soft X-rays (Batchelor 1994), from sterepgcor multi-frequency
images in radio (Aschwanden & Bastian 1994a, 1994b; Aschemret al. 1995,
2004; Aschwanden 1995), from tomographic multi-image saqas in soft X-rays
or EUV (Hurlburt et al. 1994; Davila 1994; Zidowitz, Inhest& Epple 1996;
Zidowitz 1997, 1999; Frazin & Kamalabadi 2005), or from DHdfnographic
multi-filter images (Frazin 2000; Frazin & Janzen 2002; krakamalabadi, &
Weber 2005). However, these reconstructions of the 3D tlens(x,y,z) of the
global corona can recover onlysanoothedlensity distribution, with a resolution
of 2 15 in longitude. Such approaches can characterize the avdiagensity of
the background corona, but cannot be used to reconstruneetary coronal loop
structures (which require a spatial resolution ®1"). However, some numerical
simulation studies have zoomed into partial views of the 8®ga, rendering ac-
tive regions on the level of elementary loops, based on yer@amic loop models
(Gary 1997; Alexander, Gary, & Thompson 1998) or full-sdsllelD simulations
with realistic plasma heating from photospheric driversidiBsen & Nordlund
2002, 2005a,b; Mok et al. 2005).
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THEORETICAL MODELING FOR STEREO 5

Figure 1. Full-Sun visualization of stereoscopic corona modelingft sX-ray images from
Yohkoh/SXT from two different aspect angles (top row), aimdudated 3D corona images (bottom
row), both shown on a logarithmic scale with a total range ofders of magnitude in brightness.
The theoretical 3D model is based on the observed magnédticofiethe solar surface, a potential
magnetic field model, a heating function, hydrostatic sohg of~ 50,000 individual coronal loops,
and convolution with the filter response functions (Sclerijet al. 2004).

2.2. STEREOSCOPIC3D-RECONSTRUCTION OFCORONAL LOOPS

Although stereoscopic observations with two spacecraitige only limited con-

straints for 3D modeling of the global corona, the 3D recamsion of a single

elementary loop structure should be much better constaifieve manage to
isolate a single loop by appropriate subtraction of the gemknd corona. 3D
reconstructions of elementary loop structures are of furetdal importance for
studying the physical plasma properties, their (MHD) dymamthe associated
(non-potential) magnetic field and electric currents (eAgchwanden 2004, 83-
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6 ASCHWANDEN ET AL.
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Figure 2. Stereoscopic 3D reconstruction of individual loops in EUWages using the tie-point
method. Two corresponding loop structures have to be ifilethin a pair of images, pinpointed with
tiepoints for triangulation of their 3D geometry (courtesdyEric DeJong and Paulett Liewer).

8). The mathematical determination of the 3D geometry ofiglsiloop has been
formulated for planar loops (Loughhead, Wang, & Blows 19&8yvell as for non-
planar loops (Berton & Sakurai 1985). The determinationhef 8D position of
a point-like feature, such as the loop centroid in a paricwiewing plane, is
essentially a triangulation method @pipolar planegPortier-Fozzani & Inhester
2001, 2002), also calletie-point methodFig. 2) in some applications to solar
stereoscopy (Liewer et al. 2000; Hall et al. 2004).

Such stereoscopic 3D reconstructions of single loops haea lattempted in
the past by using the solar rotation to mimic two differerewing angles, which
of course works only for stationary loops. 3D reconstrutiof single coronal
structures (threads, rays, streamers) aligned with iddalicoronal magnetic field
lines have been achieved from white-light images taken @tBdapart (Koutchmy
& Molodensky 1992; Vedenov et al. 2000). In order to make rséation stere-
oscopy more general, the conceptdyhamic stereoscofyas been developed for
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the 3D reconstruction of coronal loops, which relies morstatic magnetic fields,
rather than on static brightness maps (Aschwanden et &9, 2Z2®@0). Alternative
3D reconstructions of magnetic field lines combine thecabt8D magnetic field
models with the observed 2D projection of a coronal loop framEUV image
(Gary & Alexander 1999; Wiegelmann & Neukirch 2002; Wiegahm & Inhester
2003; Wiegelmann et al. 2005), which can be even strongestianed by two si-
multaneous projections from two STEREO spacecraft. Fahfitting techniques
using some a priori constraints are expected to be supergtraightforward back-
projection techniques (Gary, Davis, & Moore 1998). The adfficy of stereoscopic
correlations can be considerably enhanced with automatediibn of loops, e.g.,
with the oriented-connectivity methddlee, Newman, & Gary 2005; Aschwanden
2005), with help of extrapolated magnetic field lines (Wieggnn, Inhester, &
Lagg 2005), or even by constraining the heating input withssuface (magneto-
convection) dynamics (Hurlburt, Alexander, & Rucklidge02). Stereoscopy of
coronal loops is expected to be most suitable at small separangles € 30°),
which has to take place in the initial phase (during the fiestry of the STEREO
mission.

3. Modeling of the Solar Wind

In order to understand the propagation of CMEs and energatiicles from the
corona through the heliosphere, detailed time-dependedets of the background
plasma and solar wind are required. Solar wind models carubdisded de-
pending on their boundary conditions, either given by theymesic field in the
lower corona (83.1), or by heliospheric conditions (83Rgcent space weather
models involve the fully connected Sun-to-Earth systemdaypting in also mag-
netospheric and ionospheric models, such as irCivemunity Coordinated Mod-
eling Center (CCMC)and these will provide the most comprehensive context for
STEREO data.

3.1. CORONAL SOLAR WIND MODELS

An approximate description of the global coronal magnegtdfclose to the Sun
is given by the so-callepotential field source surface (PF38¢del, constrained
by the lower boundary condition of the photospheric magniéid and an upper
artificial boundary condition at =~ 1.6 — 3.25 R, where the magnetic field is
assumed to be current-freg & B = 0). There exist a number or numerical codes
based on such PFSS models, initially developed by Altscl&uldewkirk (1969)
and Schatten, Wilcox, & Ness (1969), later refined by Hoels€rA84) and Wang

& Sheeley (1992), and recently used with input from WilcoXg8@bservatory
magnetograms (at CCMC), or fromfichelson Doppler Imager (MDImagne-
tograms onboard th&olar and Heliospheric Observatory (SoH@chrijver &
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TRACE 171A 2001/03/13 00:13:10 UT

Figure 3. Panel dMDI magnetogrampPanel eMDI magnetogram overlayed with TRACE 171 A ;
Panel FTRACE 171 A image of 2001-Mar-13, 00:13 UPPanel gPotential field extrapolation using
a source-surface model. Closed field lines of active regiwasndicated with black color, the open
field lines that connect to interplanetary space with whitlerc(Schrijver & DeRosa 2003).

DeRosa 2003). These codes are extremely useful to map ontroagnetic field
regions that connect not only from coronal holes but alsmfsome parts of active
regions out into the heliosphere (Fig. 3), outlining escagids for high-energetic
particles.

The Magnetohydrodynamics Around a Sphere (MAS)del is developed by
the Science Applications International Corporation (SA§Z9up, which is a phy-
sics-based MHD model of the solar corona extending over aagoof 1-30 solar
radii. The input of the model is (1) the radial magnetic fiBld3, @) as function
of co-latituded and longitudeg from a (full-Sun) synoptic magnetogram (e.g.,
from Kitt Peak National Observatory, KPN@hat is slightly smoothed, and (2) the
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THEORETICAL MODELING FOR STEREO 9

Figure 4. A 3D numerical computation of the solar corona with 2075 x 64 (non-uniform)
meshpointsr(9, @), (courtesy of SAIC group).

temperatur@e(3, @) and densityne(8, @) at the coronal base. The model computes
a stationary solution of the resistive MHD equations andvigles as output the
plasma temperaturé(r,9, @), pressurep(r,d,®), densityng(r,9,®), solar wind
velocity v(r, 8, @), and magnetic field(r,9,¢) as function of the distance, in the
range of 1< r < 30R,. An example of such a 3D model is shown in Fig. 4. The
MAS model has been used to simulate 3D coronal streamerkglt,.ilanHoven,

& Schnack 1990) and the solar corona during thieole-Sun montHLinker et

al. 1999). Given the full 3D model of the coronal densityretscopic images
in white-light can be integrated straightforwardly and qamed with observed
images from SECCHI/COR and Hl.
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3.2. HELIOSPHERICSOLAR WIND MODELS

Recent numerical codes that simulate or reconstruct trer sahd in the he-
liosphere (e.g., Schwenn & Marsch 1991a,b; Neugebauer; 2B8lbgh, Mars-
den, & Smith 2001) includeV/AS-IP (Riley, Linker, & Miki¢ 2001a; Riley et
al. 2001b),ENLIL (developed by D. Odstil), heliospheric tomographfdevel-
oped by B. Jackson & P. Hick), and tegospheric solar wind mod@leveloped by
H. Lamy & V. Pierrard), all part of the space weather modekfigrt coordinated
by CCMC. The aim of these codes is to provide components ful-te-end mod-
els” (e.g., CISM, UMich, and CCMC) that link the coronal aradies wind physics
and geometry - which is just what the STEREO combined imagimdjin-situ ex-
periments are trying to do. In the past we have had many sepaseonal/imaging
studies and on the other side in-situ studies. But linkirggrttdemands combined
data sets and coupled corona/solar-wind models with teatisaracteristics. For
example, the models tell us for a particular photospherigmatc field, where open
field regions (hence solar wind sources) should be locatetiwhich ones connect
to specific points in space (e.g. STEREO and the Earth). Soaweassociate a
particular coronal hole seen in an EUV image with a solar vandam we detect
on the spacecraft or at Earth.

The solar physics group at SAIC have developed a 3D MHD moti¢he
solar corona and heliosphere (Riley et al. 2001a,b). Thigytlsp modeling region
into two distinct parts: the solar corona (1-B9) and the inner heliosphere (30
R- — 5 AU). The combined model is driven solely by the observed-bifisight
photospheric magnetic field and can thus provide a realigtical picture of the
corona and heliosphere for specific time periods of intefggt 5 summarizes the
global structure of the inner heliosphere for the intenahciding with Carrington
rotation CR 1913 (1996 August 22 1996 September 18), which occurred near
solar minimum and overlapped the “Whole Sun Month” campa@omparisons
of Ulysses and Wind observations with the simulation residalt a variety of time
periods (e.g., Riley, Mild, & Linker 2003a) show that the model can reproduce the
overall features of observations. In a subsequent studyS#HiC team employed
this model to explore the evolution of tieliospheric current sheet (HC&)ring
the course of the solar cycle (Riley, Linker, & M&R002a). They compared their
results with a simple “constant-speed” approach for mappie HCS outward
into the solar wind, demonstrating that dynamic effectssuastantially deform the
HCS in the inner heliospheres(5 AU). They also noted that while the HCS may
almost always be topologically equivalent to a “ballerikats more complicated
shapes were possible. One example was an interval appngaitt@ maximum of
solar cycle 23 (CR 1960 and 1961) when the shape would ber lneseribed as
“conch shell-like.

ENLIL is a time-dependent 3D MHD model of the heliosphere, whidizeso
the MHD equations usingfux-corrected-transport (FC&)gorithm (e.g., Odstil
et al. 2002; Ods#il 2003). The inner radial boundary is located beyond thecso
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The Heliosphere During Whole Sun Month
August - September 1996

Radial
Velocity

Ulysses
Trajectory

Heliospheric Tr:}rlt&tgry

Current Sheet

Magnetic
Field Lines ="

Figure 5. Model solution for Carrington rotations (CR) 1912-1913eTheliospheric current sheet
(inferred from the isosurfacB; = 0) is displayed out to 5 AU. The central sphere marks the inner
boundary at 3R,. A meridional slice of the radial velocity is shown at an &y longitude.
Blue corresponds to slowest speeds%0 km s1). Superimposed is a selection of interplanetary
magnetic field lines originating from different latituddsinally, the trajectories of the Wind and
Ulysses spacecraft are marked (Riley et al. 2001b).

point (~ 21.5— 30R.), provided, e.g., by the MAS diVang-Sheeley-Arge (WSA)
code. The outer radial boundary can be adjusted to 1-10 At tlam latitudinal
extent coverse £60° north and south of the ecliptic.

In support of the STEREO mission, the CCMC is running a serfemlar and
heliospheric models (by coupling the MAS and ENLIL code) &ndaving model
input/output on a daily basis. Driven by synoptic magnedagidata obtained by
ground-based solar observatories, the solar coronal fatéield source surface
(PFSS) model represents the approximate coronal magneticwithin 2.5R.
The ENLIL solar wind is driven by the WSA model (Arge & Pizzo®Y) which
extends a PFSS magnetic field to 2R5 past the sonic point (where the plasma
velocity starts to exceed the sound speed) using a helidspherent sheet model
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12 ASCHWANDEN ET AL.

and a slow and high speed solar wind distribution dependmghe location of
coronal holes. ENLIL covers the radial distance betweeb RL. and 1.6 AU in
the inner heliosphere betweerb8 degrees heliographic latitude.

In both the PFSS and ENLIL models the time stamp of each fikerseb the
end time of the solar rotation period covered by the magmetoglata. Typically
this date lies about 2 days in the future, as magnetic fielde@solar disc can be
measured fairly reliably up to 30 degrees of heliographingitude away from the
disk center (Carrington longitude of the Earth).

The heliospheric tomography modalakes use ofnterplanetary scintillation
(IPS) data to tomographically reconstruct the global structudréhe solar wind,
provided by earlier IPS observations from STELab in Nagdgman. The model
ouptut yields solar wind density and velocity throughow itmer heliosphere, and
is able to make real-time heliospheric 3D reconstructidagkson & Hick 2002).
Since January 2003, ttolar Mass Ejection Imager Mission (SMpkpvides data
for the IPS Thomson scattering modeling of the all-sky hegliweric solar wind and
CMEs (Fig. 6).

The exospheric solar wind modélamy et al. 2003) is developed for coronal
holes over a radial range ef 2— 30 R, including protons and electrons, modeled
with a non-monotonic total potential for the protons, anthvai Lorentzian (kappa)
velocity distribution function for the electrons. The eghsric kinetic model as-
sumes that there is a critical height where there is a tiansitom a collision-
dominated to a collisionless regime fatl.1 — 5.0 R, called theexobasg

In addition to the CCMC effort, numeric codes to simulatesteady-state solar
wind with helmet-type streamer belt have been developedé&WHD modeling
group at the University of Michigan. An example of such a 3D Mkimulation is
shown in Roussev et al. (2003a), designed to reproduce dfsalgdtructure of the
solar corona and wind under realistic conditions. The magfield in the model
is split into a potential By, and a non-potentialB1, part: B = Bg+ B3, where
[ x Bg = 0. To obtain the bulk solar magnetic fieBy = — ), the PFSS method
by Altschuler et al. (1977) is used. In this method, the mégreesalar potential,
U, is evaluated as a series of spherical harmonics. The deetfidn the series are
chosen to fit real magnetogram data obtained from the WilaarSbservatory,
and most recently from SoHO/MDI. The MHD solution in the mbideevolved
from a static, potential initial configuration to a steadgts, non-potential solution
with a non-zero induced fiel®;. The solar wind is powered (heated and accel-
erated) by the energy interchange between the solar plasthi@e-scale MHD
turbulence, assuming that the additional energy is ster#uki “turbulent” internal
degrees of freedom. Note that close to the Sun, an additeonalint of energy is
stored in waves and turbulent fluctuations, hence the spéeifit ratioy, of the so-
lar plasma is close to 1 (e.g., Steinolfson & Hundhausen 198t lower values of
y near the Sun are assumed to be associated with those “turbinfernal degrees
of freedom. It is assumed that= ny + nyyp(R), where the number of “turbulent”
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THEORETICAL MODELING FOR STEREO 13

Figure 6. Time-dependent tomographic reconstruction of the soladwsing SMEI data during the
2003 May 28 CME (courtesy of Bernie Jackson).

degrees of freedom near the Swqyp(Rs), is = 10, while at larger distances it
drops to zero, i.efrb() =~ 0, similar to the approach described in Zeldovich &
Raizer (2002) for partially ionized plasmas. Specificatlyy,(R) = 10(R;/R)™,
with m= 1 is assumed in the original work by Roussev et al. (2003ajsThe
full energy equation is employed in the computations, witpadytropic index
Y(R) = [n(R) + 2]/n(R) that is now a function of radius describing the additional
energy density associated with turbulent motions. Thibriggie is an empirical
one inspired by the “hidden internal” degrees of freedorre physical motivation
is to bridge from a polytrope which is nearly isothermal tabyffledged energy
equation. The effective heating function automaticallpishes inside the helmet
streamer where the bulk radial flow is suppresaggdy 0), a physically reasonable
feature that is difficult to achieve otherwise.
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14 ASCHWANDEN ET AL.

The 3D models of the corona and solar wind described abovéelp to link
IMPACT solar wind measurements to the Sun by allowing olzt@ms of specific
electron populations, magnetic fields, and solar flare glarévents to be mapped
back to their source regions. The seven instruments of IMP&{l sample the 3D
distribution of solar wind plasma electrons and the locat@emagnetic field.

PLASTIC is a prime sensor on STEREO for studying coronaiselind and
solar-wind/heliospheric processes. It measures theitions of density, velocity,
and kinetic temperature (and its anisotropy), solar winatgis (H) and alphas
(He), the elemental composition, charge state distribytinetic temperature, and
velocity of the more abundant solar wind heavy ions (C, O Mg, Si, Fe), as well
as the distribution functions of suprathermal ions (H tigtodre). The PLASTIC
measurements at two different heliospheric positionsamifistrain better the rela-
tions between variations of the elemental compositionaliag the FIP effect) in
the solar wind and their coronal origin, by having two sgatfeckpoints at 1 AU
for theoretical time-dependent 3D models of the heliosplemiar wind. The hope
is to understand the acceleration of the solar wind, fomims¢ how the slow solar
wind originates near coronal streamer boundaries, or hewdburrent ion events
originate neacorotating interaction regions (CIRs)

4. Modeling of Eruptive Filaments

4.1. MHD MODELS OFERUPTIVE FILAMENTS

The trigger of a flare or CME is often the (magnetic) destasiion and subsequent
eruption of afilament(called aprominenceaf seen over the solar limb), which is
initially suspended over a highly-sheared neutral linee Testabilization of the
filament can be caused either by the kink instability, duargrocess of increased
twisting, or by some other equilibrium-loss process. It baninitiated by contin-
ued shearing of the magnetic field, by increasing currentgomverging motion
of magnetic footpoints, by bouyancy with subsequent ballag, or through new
magnetic flux emergence. The physical understanding ofriggnaf a CME has
now evolved from sketchy cartoons inspired by observatiofisll-scale numerical
3D MHD simulations constrained by observed magnetic fidhistecent reviews
see, e.g., Forbes (2000), Klimchuk (2001), Zhang & Low (30@Bd Roussev &
Sokolov (2005). Let us mention a few of the most recent 3D Mlibugations that
seem to be most relevant for modeling of STEREO data.

The eruption of a filament or magnetic flux ropén a gravitationally confined
helmet streamer cavity (in the form of cool, dense promirematerial) could be
initiated after draining of the prominence material. Theyency force causes the
rise and eruption of the flux rope, pushing aside the helmeauster field lines
(Low 1996). A time-dependent 3D (ideal) MHD simulation ofstiCME eruption
model was realized by Gibson & Low (1998), and the 3D strigcttiewed from
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Figure 7.Initial configuration of the 3D magnetic field of a flux rope pedato loss of equilibrium and
subsequent eruption. The solid lines are magnetic field lindere the false-color code visualizes
the magnetic field strength in units of Tesla. The surfaceletian gray is an isosurface Bt = 0
(Roussev et al. 2003Db).

different (stereoscopic) aspect angles is discussed is0Bi& Low (2000). Recent
3D MHD simulations of theGibson-Low modebf a buoyantly emerging magnetic
flux rope are performed by Manchester et al. (2004a). Thealgtstate coronal
field is generated from a prescribed dipole field that wasgigropened up by the
solar wind in the MHD model. Then@ibson-Low type flux ropés inserted inside
a closed magnetic loop. To initiate the filament eruptiomual20% of the balanc-
ing mass is removed from the flux rope, which produces an anbatl pressure
that brings the flux rope out of equilibrium. Future modeld wicorporate self-
consistent arcade eruptions, based on the new insighthteanhagnetic field and
shear velocity are not independent (Manchester 2003; Meatehet al. 2004b).
Another line of CME initiation models is based on the anabitimodel of Titov
& Démoulin (1999), which contains a flux rope that is suspenidethe corona by
a balance between magnetic compression and tension foncdse 2D models,
the flux rope with current has two possible equilibrium positions, provided that
the current is not too large: The lower position is stableilevthe upper position
is unstable. Above a critical current there are no equdiband a small outward
displacement leads to eruption of the flux rope. In a modifiedion of the Titov
& Démoulin (1999) model developed by Roussev, Sokolov, amdbés, the flux
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Figure 8. Three-dimensional view of the modeled CME from May 2, 19981.4 hrs after the
initiation [from Roussev et al2004]. The solid lines are magnetic field lines and the fatsderc
shows the magnitude of the current density in unitsafim2 (see color legend at top right). The
magnitude of flow velocity, in units of km's, is shown on a translucent plane (see color legend to
the left). Values in excess of 1,000 kmlsare blanked and shown in light grey. The grid-structure
on this plane is also shown as the black frame. The inner spt@responds t& = R. The color
shows the distribution of radial magnetic field in units ofuSa (see color legend at bottom right).
Regions with field strength greater than 3 G are blanked apdaapn grey (Roussev et al. 2004).

rope has a poloidal force-free field produced by a (toroidaly current and a
toroidal force-free field produced by azimuthal currents.eXample of such a 3D
MHD simulation of an erupting flux rope is shown in RoussevletZ003b), with
the initial configuration illustrated in Fig. 7. A special@igation of this CME
model is illustrated in Roussev et al. 2004 (Fig. 8). Theyf@ID numerical model
of a solar eruption incorporates solar magnetogram data doss-of-equilibrium
mechanism. The study was inspired by the CME event that ttastepn May 2,
1998, in NOAA AR 8210 and is one of the SHINE Campaign Eventee TME
model has demonstrated that a CME-driven shock wave cariogegi®dse to the
Sun ~ 3Ry), and is sufficiently strong to account for the prompt apaeee of
high-energy solar protons( 1 GeV) at the Earth. Using this CME model, Sokolov
et al. (2004) have carried out a numerical investigationliictvthey quantified the
diffusive acceleration and transport of solar protons atghock wave from the
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Figure 9. Top: TRACE 195 A images of the confined filament eruption on 2002 I2ayThe right
image shows the filament after it has reached its maximumhheBpttom: magnetic field lines
outlining the kink-unstable flux rope reproduced with 3D MHKiulations (Torok & Kliem 2004).

MHD calculations. The coupled CME-SEP simulation has destrated that the
theory of diffusive shock acceleration alone can accounthi® production of GeV
protons during solar eruptions.

A further line of CME initiation models focuses on the kinksiability of a
twisted flux rope. The force-free coronal loop model by TigDémoulin (1999)
is found to be unstable with respect to the ideal kink moddckvkuggests this
instability as a mechanism for the initiation of flares, oitlce average twist of
@ > 3.51is exceeded (Torok & Kliem 2003; Torok, Kliem, & Titov 2003]igm,
Titov, & Torok 2004; Rust & LaBonte 2005). A particularly fiiy simulation
of a kinking filament that becomes unstable is shown in FigwBere a close
ressemblance with EUV images from TRACE 195 A is demonsiréi@rok &
Kliem 2004). The magnetic field decrease with height aboeefitament is crit-
ical whether a confined eruption or a full (unconfined) emptdccurs. Because
this model predicts a fairly accurate evolution of the 3Drgetry of the kinking
filament, a time-dependent 3D reconstruction with two STBERIpacecraft using
EUVI images promises very stringent tests of this theoaétitodel.

More complex CME initiation models involve multiple magieeflux systems,
such as in thenagnetic break-out modéAntiochos, DeVore, & Klimchuk 1999).
In this model, reconnection removes unstressed magneficttiat overlies the
highly stressed core field and this way allows the core fieldrtgpt. The mag-
netic break-out model involves specific 3D nullpoints angbsatrices. Such more
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o0-fa-40 LT 0.0

Figure 10.Left: TRACE 1600 A images in C IV of the GOES-class X3 flare on 200245, 20:04
UT. The inserts illustrate the geometry of the helical duite, exhibiting 3- 4 turns. Note that
the helical structure expands, rises, and unwinds duriegthption (Gary & Moore 2004Right:
Geometrical models of helical fluxtubes with different ti8ig0.1, 0.5, 3.0 turns), projected onto
straight and curved cylinders.

complex magnetic configurations are difficult to disentangut two independent
views with the STEREO/EUVIimagers provide a more promisiagability to test
the 3D magnetic field configuration than previous singlezepeaft observations.

4.2. MODELING OFEUV AND WHITE-LIGHT EMISSION

While most theoretical models of eruptive filaments are idated in terms of the
3D magnetic field, quantitative tests with observationsueqgthe magnetic field
lines to be filled with plasma, so that emission measuresiaeef-sight integrated
images can be simulated and compared with observed imagesnewhite-light
for SECCHI/COR and Hl, or in EUV for SECCHI/EUVI.

Previous comparisons of theoretical models with obserweahes of eruptive
filaments showed evidence for the helical geometry of magfiak ropes (Rust &
Kumar 1996; Chen et al. 1997, 2000; Dere et al. 1999; Wood. 49819; Gary &
Moore 2004, Fig. 10 here), evident in EUV images in the lonsona as well as
in white-light images in the outer corona. There is a stramgnection between the
magnetic structure of interplanetary magnetic flux ropesr@gnetic clouds) and
that of the associated coronal fields at the site of eruptiaghénts/prominences
(Bothmer & Schwenn 1998; Bothmer 2003; Cremades & Bothm@&4p0Some
synthetic white-light images have been simulated for a ftypermodel by Chen et
al. (2000), but an unambiguous test of the 3D geometry reguit least two views
with different aspect angles, as SECCHI/COR and HI will jdev
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Figure 11.L eft: Two running-difference SoHO/EIT 195 A images of an EIT wabserved 16 min
and 30 min after launch of the CME on 1997-May-12, 04:34 Ribht: Simulation of an EIT wave
by a ray-tracing method of fast-mode MHD waves. The cologeaimdicates wave speeus> 500
km s1 (black) and lower speeds (white). The four simulated imagesespond to 2 min, 15 min
(middle column), and 30 min, 45 min (right column) after labrof the CME (Wang 2000).

The eruption of a filament or launch of a CME can also be trackeithe ground
of the solar corona: (1) where a dimming occurs in EUV (Hudsbal. 1998) due
to a temporary deficit of evacuated coronal plasma, (2) bgatiely the formation
of post-eruption arcades in EUV and white-light (Tripathiak 2004), or (3) in
the form of EIT waves (Thompson et al. 1999), which concealty propagate
over the entire solar surface, caused by theessure implosion‘at the epicen-
ter of the erupted filament. The propagation of EIT waves leenliheoretically
simulated in terms of fast-mode MHD waves (Wang 2000; Cheal.2002; Wu
et al. 2001), which helped to reconcile the observed spequtagagating EIT
waves with the theoretically expected speeds of (fast-nbd®) magnetoacous-
tic waves (Fig. 11). STEREO/EUVI images enable us to deteznthe average
local densityne(x) of the coronal plasma, while photospheric magnetograms pro
vide input for extrapolation of the coronal magnetic fi@lk), and this way the
local Alfvén speed x(x) and sound speeck(Xx) can approximately be computed
for every locationx in the global corona. This allows us then to predict the {fast
mode MHD) magnetoacoustic wave speed, which in turn can bgpaced with
the observed propagation speed of EIT waves. The SECCHlesnadl therefore
provide powerful constraints for the 3D propagation of gllolvaves in the corona.
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The data search, the objectivity of morphological char&agon, and the mod-
eling efficiency can considerably be enhanced by automagtsgttion algorithms,
as it has already been faciliated by automated filament ti@ie@pson et al. 2005;
Zharkova & Schetinin 2005), by automated detection of ElVegaand dimming
(Podladchikova & Berghmans 2005), by automated CME deteg¢tiRobbrecht &
Berghmans 2004), and by automated detection and 3D reootistr of EUV
prominences (Foullon 2003). In summary, powerful tools datomated feature
detection, theoretical 3D models of erupting filaments, sintllations of the cor-
responding EUV and white-light images have been developedtbe last decade,
but the feedback algorithms that vary the free parametdtsewretical models and
control the forward-fitting to observed images (as we exfrech STEREO) are
still lacking.

5. Modeling of Coronal Mass Ejections

5.1. MHD SMULATIONS OF CMEs

Some key questions of the STEREO mission address the 3w&wnd evolution
of CMEs from the solar corona to interplanetary space, iniqdar the physi-
cal understanding of the forces involved in various acegilen and deceleration
phases of propagating CMEs. These questions can only beeggtswy 3D MHD
simulations of CMESs constrained by 3D observations suchasetfrom STEREO.
Powerful numerical 3D MHD codes have now become availalkdt dhe capable
to perform the required simulations, such as the coupled MAEIL code used
by the SAIC and NOAA Team, or the BATS-R-US code used by thev&lsity of
Michigan Team.

As with the ambient solar wind model described in sectiona®d 3.2, SAIC
and NOAA/SEC have coupled their models to study the erugimhevolution of
CMEs through the corona and into the solar wind. The detétlseoalgorithm used
to advance the equations of the SAIC coronal models (MASpaen elsewhere
(Miki € & Linker 1994; Lionello et al. 1998, Miki et al. 1999). Briefly, the equa-
tions are solved on a sphericald, ¢) grid, which permits non-uniform spacing of
mesh points in both and3d, thus providing better resolution of narrow structures,
such as current sheets. Staggered meshes are employed, hvalsicthe effect of
preserving]- B = 0 to within round-off errors for the duration of the simudati
The NOAA/SEC heliospheric model (ENLIL) solves the timgdadent MHD
equations in a spherical geometry using either ffex-Corrected-Transporar
Total-Variation-Diminishingschemes (e.g., Odstl 1994; Toth & Odst€il 1996).
These high-resolution schemes produce second-orderaagycaway from discon-
tinuities, while simultaneously providing the stabilityatt ensures non-oscillatory
solutions.
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Figure 12.Evolution of a sheared helmet streamer via flux cancellafibie top panels show contours
of the magnetic flux function, which in two dimensions areiegjent to the magnetic field. The

bottom panels show the simulated polarized brightness faurecolumns summarize: (1) the state
of the unsheared corona; (2) the sheared corona; (3) théargs the flux rope after 10 hours; and
(4) the eruption of the flux rope after 20 hours, respectiyBijey et al. 2003b).

Fig. 12 illustrates how CME initiation can be modeled selfisistently. The
configuration of the solar corona prior to the emergence efflix rope is sum-
marized in the two left most panels. This type of equilibrismiution has been
discussed in more detail by Linker et al. (1999). Contourshef magnetic flux
function (fiduciaries of magnetic field lines in two dimenssp are shown by the
solid lines and shaded contours (Fig. 12, top). The systensists of a single
streamer belt displaced by 10° below the heliographic equator. The first column
shows the state of the corona after the system has reachigibragu. The second
column shows how this configuration is modified by energmatf the magnetic
field via photospheric shear (Linker & Miki1995). At this point, the system is still
in equilibrium. The polarized brightness (pB) is shown ia Fig. 12 bottom panels,
constructed by integrating the product of the number dengith the scattering
function (Billings 1966) along the line-of-sight (see Sent5.3). The resulting
image bears a strong generic resemblance to SOHO/LASC@-ligjiitt images
taken near solar minimum. The remaining panels of Fig. 12nsanze the lauch
of a flux rope following the cancellation of flux. As can be sethe origins of the
flux rope lie in the closed magnetic field lines embedded withe streamer belt.
As the flux rope erupts into the solar corona, overlying fieled, which are still
connected back to the Sun at both ends, are brought togettier the flux rope. As
they reconnect with each other, they contribute both to thedf the evolving flux
rope to the right of the reconnection site and to the re-dravfthe streamer belt
to the left. Note that the flux rope has developed an ellipbape, with its major
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axis approximately horizontal. Note also that the recotiorcite underneath the
erupting flux rope is visible in the simulated pB imagé at20 hours. This density
enhancement was produced by the vertical (i.e., approgisnparallel to the solar
surface) flow of plasma into the reconnection region and baa bbserved in white
light images (Webb et al. 2003). With regard to the simulgieldrized brightness
images, we also remark that they bear a strong resemblattoe ¢tassic three-part
structure of CMEs observed in white light: the bright frotérk cavity, and dense
core.

The BATS-R-US code solves a set of (ideal) MHD equationsguttire Block
Adaptive Tree Solar Wind Roe-type Upwind Scheme (BATS-R)-ti#le (Pow-
ell et al. 1999; Groth et al. 2000), in combination with tAetificial Wind ap-
proximate Riemann (AWR3olver (Sokolov et al. 2002). This is a conservative
finite-volume method with shock-capturing total variatidiminishing schemes,
explicit/implicit time stepping, a block-adaptive mesfimement scheme, that runs
on massively parallel computers. The energy equation iplgied by neglecting
radiative losses, heat conduction, and background heatisg dissipative effects
due to viscosity and electric resistivity are not includbdt the code has some
numerical dissipation. A series of BATS-R-US runs simutaglaunch of a CME
by loss of equilibrium of a flux rope anchored on the solaraef(Roussev et
al. 2003b), shock formation at a distance oR5 (Roussev et al. 2004), and the
evolution of the CME density structure during propagatian t 100R;, with
simulations of stereoscopic views in white-light (Figs) B3 it will be seen by
STEREO/HI-2 (Lugaz, Manchester, & Gombosi 2005).

The ENLIL code, described in the foregoing section on tharseind (83.2),
is a heliospheric code developed by the NOAA Team (@dsét al. 2002) and
covers the range from 3B, to 1-5 AU, using input at the lower boundary from
the MAS model that extends from 1 to 8),. The heliospheric code is somewhat
simpler than the coronal code (which requires to solve tkestiee MHD equa-
tions), because the ambient solar wind is everywhere supigral and the ideal
MHD equations can be used. This heliospheric code (Cdigtr al. 1996; Toth
1996; Odsttil & Pizzo 1999a,b) solves the ideal MHD equations with aplieit
finite-difference scheme, uses an adiabatic constant-ef5/3 to describe the
fully-ionized solar wind plasma, and produces accuratelsstrengths. This code
simulates the distortion of the interplanetary magnetid fy the 3D propagation
of a CME in a structured solar wind (Od&ir& Pizzo 1999a), the 3D propagation
of a CME launched within (Odstil & Pizzo 1999b) and adjacent to a streamer belt
(OdstEil & Pizzo 1999c¢) out to 5 AU. These runs have shown that tlseman-
gling of merged CME and CIR shocks require multi-spacearbffervations such
as STEREO will provide. Simulations of the 12 May 1987erplanetary coronal
mass ejection (ICMEgvent have enabled us to predict the arrival of the shock and
ejecta at Earth (Od4iil, Riley, & Zhao 2004a). Stereoscopic white-light images
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Figure 13.Top left: Line-of-sight image of a CME simulated with the BATS-R-USJlep 10 hours
after its launch, as seen from a coronagraph looking at thie CME with a field of view of 64R;,
centered at the Sun. The black disk, correspondingRg 2hows the occulting disk of the corona-
graph.Top right: Two isosurfaces showing the density increase by 30% (redipatensity decrease
of 20% (blue) over the pre-event density structure, 10 larddiunch of the CME. The yellow sphere
is positioned at the Sun and has a radius oRE0 Bottom left: Line-of-sight image of the CME,
49.6 hours after launch, with a field-of-view of 289,. Bottom right: Similar representation as top
right, at 49.6 hours after launch (Lugaz, Manchester, & GosnB005).

simulated from these 3D MHD outputs are expected to allowdfecrimination
between different event scenarios (OditPizzo, & Arge 2005).

The most comprehensive end-to-end approach of modeling SCMIS been
started at th&enter for Integrated Space Weather Modeling (C13&¢) by Boston
University (Principal Investigator: W. J. Hughes). The lgeato simulate the full
Sun-to-Earth system by coupling state-of-the-art codaghithann et al. 2004),
modeling the solar corona (MAS code), the solar wind (ENL&dde), the mag-
netosphere, and the upper atmosphere/ionosphere. Thagatam of a CME in
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Figure 14.Evolution of a flux rope through the inner heliosphere. Thegtmextendt60° in latitude
and from left to right, extend in heliospheric distance frihv@ Sun to 0.6 AU, 1.2 AU, and 5 AU. The
contours denote: radial velocity (color); density (recelily and magnetic field (black lines). (Riley
et al. 2003b).

a coupled coronal (MAS) and heliospheric (ENLIL) MHD codedscribed in
OdstKil et al. (2004b).

Fig. 14 summarizes the evolution of a flux rope and its aststidisturbances
between the Sun and 5 AU at 3 times. The displayed speeds bamnadstricted to
390-490 km s to emphasize flows associated with the disturbance. Notetthew
ejecta becomes progressively more distorted with inangaseliocentric distance.
By =~ 5 AU it has been squeezed so much at low latitudes that it halgezl/into
two lobes, connected by a thin band of compressed field. Sumghy, much of
this distortion can be described by kinematic effects (Rie Crooker 2004).
More importantly, even under such idealized conditiong, ftax rope develops
consiserable structure, suggesting that interpreting dmdonvolving STEREO
observations of the same ICME will be a challenge. We alse tia presence of
outflow associated with post-eruption reconnection ureinthe flux rope, which
has remained intact within the expansion wave (rarefacggion) behind the flux
rope; It has a limited latitudinal extent-(L5”) and trails the ejecta by 35R; at
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1 AU (middle panel). This aspect of the simulation is disedss more detail by
Riley et al. (2002b).

A comparison of different techniques that fit the magnetigciure of an ICME
to force-free and non-force free flux ropes was performed itgyFet al. (2004).
Such end-to-end models of the Sun-to-Earth system are ofemxtremely im-
portant to provide a self-consistent context for modelimg $TEREO multipoint
images and multipoint in-situ SEP measurements.

5.2. MODELING OFEUV EMISSION OFCMES

The field of view of the SECCHI/EUVI imager extends to abot R,, so EUV
emission of CMEs can only be imaged in the corona during teeféw minutes af-
ter their launch, while the propagation further out can heked in white light with
SECCHI/COR (COR1:1.1-3B;; COR2: 2-15R;) and SECCHI/HI (12-31&).
The 3D reconstruction of CMEs in EUV can be approached in tifferdnt ways:
either with forward-fitting using a parameterized 3D densibdelng(Xx,y,zt, T),
or by “tomographic” inversion (e.g., using a back-projestimethod). The first
method can be very computing intensive if there is a largebrrrof free param-
eters involved, while the second method suffers from extreimdersampling in
the case of two spacecraft only (though an additional thied/might be available
from the SOHO/EIT telescope).

Although no efficient method has been published yet for theeidnstruction
of CMEs from stereoscopic EUV images, we expect that somative forward-
fitting method will be developed in near future that has a lbee#t between the
goodness of the fit and the variation of the free model parrsednce a geometric
density model is specified for a given time.e.,ne(X.y,z T), the EUV intensity for
an optically thin spectral line of wavelengily (for transition from atomic energy
levelg; to a lower levek;) for a given line-of-sight in directioa is then

() = Ax | C(T.Njre) e iz, ®

whereAx = N(X)/N(H) is the abundance factor of elemefito hydrogenH, ne
the electron density)y the hydrogen density, ar@(T,Ajj, ne) is the contribution
function

_ hwij Aji Nj(XTT) N(XFE™)

N Aji 72 o1 aarl
C(T,Aij,ne) = 21 N NOXCT™) N(X) (ergcm“s -ster), (2

with N;(X*™) the population number of the ionization staten. Since the corona

is fully ionized, we can use the so-calledronal approximatioy setting the
hydrogen density equal to the electron density,~ ne, which demonstrates that
the (optically thin) EUV emission is essentially propon@bto the squared electron
density,| O nZ, for a given temperatur@. For the calculation of the contribu-
tion functionC(T,Ajj,ne), there are now codes available in the solar community,
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e.g., the CHIANTI code (Dere et al. 1997, 2001; Young et ab8&9 andi et
al. 1999; see also URL site in Table 2). The total density fioncat any point

in a CME can then be obtained (at tirteby integrating over all temperatures,
Ne(X,¥,zt) = [ne(Xy,zt,T)dT. If we manage to come up with an approximate
(time-dependent) density mode!(x,y,zt) from modeling the stereoscopic EUV
images, either by forward-fitting or by inversion, we cannthese this model as
input or test comparison for dynamic CME models simulateith ®D MHD codes
(85.1).

5.3. MODELING OF WHITE-LIGHT EMISSION OFCMESs

The SECCHI/COR1, COR2, and HI instruments will track CMEswhite light
over a range from 1.R; to 328R; (= 1.5 AU), so they are the primary imagers
for 3D reconstruction of propagating CMEs. 3D reconstanrctand visualization
of CMEs in white light is mostly led by thé&/aval Research Laboratory (NRL)
and Max Planck Institut fir Sonnenforschung (MPB)ams. The goal is to re-
construct the 3D density distributiom(x,y,zt) in the solar K-corona, such as
polar plumes, equatorial streamers, and CMEs. Informasaavailable in total
brightness (B)mages as well as ipolarized brightness (pBjnages. Standard
tomographic methods are not suitable for only two projesidMaximum entropy
and pixon methods (Puetter 1995, 1996, 1997; Puetter & M#&4P) are consid-
ered as more viable, currently investigated by the NRL Te@orrent tests with
a pixon code require relatively long computing times, bundastrate successful
reconstructions of simple CME geometries (e.g., conesrai-shells).

In order to reconstruct the electron density from the imafjthe K-corona
captured by the spacecraft, we have to integraterttmmson-scatterdiht from
all directions that are incident on the spacecraft. Thetesgat radiation can be
separated into tangentially and radially polarized ligkthe tangential emission
coefficients; may be written as (Billings 1966),

ur) = "ne(r)za  (photons s1). 3)
and theradial emission coefficierst may be written as
o0
&(r) = ; ne(r)[Zecos(xs) + Zc]  (photons s?) . (4)

lo is the solar intensity at disk centd®,is the solar radiug; is the distance of the
scattering point from Sun centeg,is the Thomson scattering cross sectiggis

the scattering angle, arith, g, andZ¢, are functions of /R which account for
the non-zero radius of a limb-darkened Sun (Billings 196@&idert 1930; Milne
1921; Neckel & Labs 1994). Note that there are two importé#ferences to EUV
imaging: (1) white light emission is proportional to theabtlensity, while EUV
emission is proportional to the squared density, and (2Jenight sees the total
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density summed over all temperatures, while EUV images Bbetioe density in

the temperature range of a particular filter. Simulationwloite-light images from
model 3D density distributions are visualized in Lugaz e{2005) and in Pizzo
& Biesecker (2004). The latter study demonstrates a robiastgulation method
to obtain the centroid location, approximate shape, andcitgl of CMES, using

a sequence of stereoscopic white-light images. Some neéghtngbout the 3D
configuration of CME shapes is also obtained from a recers daalysis study
by Cremades & Bothmer (2004), which shows that CMEs arise selfasimilar

manner from pre-existing small-scale loop systems, oirgglyegions of opposite
magnetic polarities, which can be exploited to predict sg®emetric properties
based on the relative orientation of the underlying nelitralin each hemisphere.

Based on the density determination of CMEs from white-ligiiges, the total
mass and velocity of a CME can be quantified during propagatidich allows
to study the energetic balance between potential, kinatid, magnetic energy,
whose sum is found to approximately conserved based on LASEO(Vourlidas
et al. 2000).

A complementary method of 3D reconstruction of CMEs in whigét is the
method of 3D polarimetric imaging (Moran & Davila 2004; Dexteal. 2005). The
underlying assumption in this method is that the polarizeghiness increases for
Thomson scattering with, [J sirPx, while the unpolarized brightness decreases
with increasingsir?y. This information can be used to distribute the mags, y, 2)
along each line-of-sight in such a way that it matches both the polarized bright-
nesspB(x.y) and unpolarized brightne€’(x,y). Although this method can be
used for a single white-light imager (e.g., as demonstraae@oHO/LASCO), it
promises an even better constrained 3D reconstructiomvfmstereoscopic space-
craft, and thus will provide a very useful test for altermatieconstruction methods
(such as pixon).

Further out in the heliosphere, the 3D density distribuitdnCMES can be
reconstructed tomographically either from polarized Hngss data or from in-
terplanetary scintillation (IPS) data (Jackson & Froehli®95; Jackson & Hick
2002, 2004), as mentioned in 83.2 (Fig. 6).

5.4. MODELING OF RADIO EMISSION OFCMES

Although there is no radio imaging capability onboard theEBREO spacecratft,
we emphasize that ground-based radio imaging can provieéeyaugeful comple-
ment for 3D reconstructions of CMEs. In the CME event of 1948-20 it was
demonstrated for the first time that an expanding CME can lag&u directly at
(metric) radio wavelengths, based on the nonthermal syt emission from
electrons with energies ef 0.5—5 MeV (Bastian et al. 2001). CMEs might even
be imaged in radio wavelengths based on their thermal fesedmission (Gopal-
swamy & Kundu 1993; Bastian & Gary 1997), which would help ¢émstrain their
3D density and temperature distribution. Joint radio imgdwith the Nancay ra-
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dioheliograph) and SoHO/LASCO observations of a CME in@iedso successive
magnetic reconnection events at the CME leading edge tleatesponsible for
multiple injections of electrons into interplanetary sp#@Pick et al. 1998).

6. Modeling of Interplanetary Shocks

6.1. MHD MODELING OF INTERPLANETARY SHOCKS

CMEs have typical propagation speeds ef 800 400 km s!, but fast CMEs
have been measured in excess ef 2000 km s?. The fast solar windhas a
typical speed of & 800 km s1. The fast-mode speed dictates whether a fast-mode
shock will form, leading to CME-driven transient interpéary shocks. Numerical
simulations with HD or MHD codes (e.g., Fig. 15), have beele &b reproduce
the observed speeds and pressure profiles of shocks and GME eut to large
distances from the Sun. In such simulations, a pressure fsilitiated in the
lower corona. As the front of a fast CME overtakes the slowdarsvind, a strong
gradient develops and pressure waves steepen into a foshack propagating
into the ambient wind ahead, and occasionally a reversekghimpagates back
through the CME towards the Sun. Numerical simulations ofEaNdropagating
from the corona (Miki & Linker 1994; Linker & Mikic 1995; Linker et al. 2001)
through the heliosphere can be found in Otikt al. (1996, 2002), Odgiil &
Pizzo (1999a,b,c), and Odéilr Pizzo, & Arge (2005). The shock strength as well
as the stand-off distance between the shock front and the @iv&r gas can vary
considerably across the structure, depending where casipreor rarefaction
occurs between the slow solar wind in the streamer belt aadat$t solar wind
in coronal holes (Odstil & Pizzo 1999b,c). The predicted arrival time of CME
shocks at 1 AU depends critically on the modeling of the bemlgd solar wind,
which controls the shock propagation speed (@ilstizzo, & Arge 2005).

There are a number of complications that can occur, suctedadhthat a faster
CME can catch up with a slower CME and interact (Gopalswanay. 2001). Such
interactions form compound streams in the inner heliogphEnese systems con-
tinually evolve further and merge with other CMEs and shakshey move out-
ward. In the outer heliosphere, beyond 5 AU, such structiomes Global Merged
Interaction Regions (GMIRsvhich become so extensive that they encircle the
Sun like a distant belt. Such regions block and modulatecgalaosmic rays (i.e.,
the flux of high-energy particles that continuously streamts the heliosphere).
Finally, a forward interplanetary shock wave that passe&tirth’s magnetosphere
may cause a sudden commencement wizgnetic stornor substormat the Earth
and change the electrical and magnetic connection of tleepllainetary magnetic
field with the Earth’s magnetic field.
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Figure 15.Numerical MHD simulations of a CME shock wave moving through ambient solar
wind. The CME is injected in the center of the heliospherirent sheet streamer belt (left), which
is tilted to the solar axis. The propagating CME is shown igeslin heliographic longitudes and
at a distance of 2.5-5 AU from the Sun 12 days after launch.slibes are 4 different heliographic
latitudes and show how the CME'’s shape, pressure and spegedefgending on the ambient solar
wind conditions (Courtesy of Victor Pizzo).

6.2. DETECTION OFINTERPLANETARY SHOCKS BY STEREO

The kinematic 3D reconstruction of a CME leading edge wittCE€HI/COR and
HI will provide the true 3D velocityv(r) of the propagating shock front, while
previous measurements with a single spacecraft (e.g. S0HO/LASCO) yielded
only the velocity component projected in the plane-of-skyd thus only a lower
limit. A large number of CMEs will therefore reveal a higheopagation speed
than previously reported values, which may also give a syatie correction from
subsonic to supersonic propagation speeds. Triangulaigasurements with SEC-
CHI will therefore be an important diagnostic of the true Mawmber of inter-
planetary shocks.

The double-spacecraft configuration of STEREO will alsovigte situations
where a CME shock passes one spacecraft, while the otherbsanve the CME
shock from the side. This provides a unique opportunity ateethe in-situ mea-
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surements of shock-accelerated or shock-trapped paratlene spacecraft to the
density and velocity diagnostic from the other spacec@tecific modeling of
such situations has not been published so far, but we aaticifhat such data
analysis will provide insights into shock acceleratiorg gnimary shock structure,
its interactions with corotating streams, interactiorioag (CIRs), secondary inter-
planetary shocks, and transient (solar wind) flows. Detaabf radio waves from
shock-associated particle beams and energetic part8lERY) will be discussed
in more detail in the next two sections (87, 8).

7. Modeling of Interplanetary Particle Beamsand Radio Emission

7.1. RRTICLE BEAMS AND RADIO TYPE Il EMISSION

Particle beams, i.e., nonthermal particles with an arepatrvelocity distribution
concentrated in parallel direction to the magnetic fieldeat flare-associated or
CME-associated acceleration processes. Flares can gratecplanetary particle
beams if the coronal magnetic reconnection site is condastth interplanetary
space via open magnetic field lines. Alternatively, intengtary particle beams
might be generated in situ in interplanetary super-AlfeédME shock waves. So,
the localization and tracking of these dual sources of jiiégetary particle beams
will be a fitting task for the STEREO mission.

Since the plasma in interplanetary space is collisionggserthermal and high-
energy particles can propagate through interplanetaigesmpad form particle beams
(e.g., electron beams or ion beams). The velocity dispersauses the higher
energy electrons to stream ahead of the lower energy etsctceeating a transient
bump-in-tail instability. The free (kinetic) beam energycbnverted into Langmuir
waves via the Landau resonance, and some Langmuir waveyaaeanverted into
radio waves at the fundamental or harmonic local plasmai&ecy (e.g., McLean
& Labrum 1985). Thus, beam-driven type llI-like radio bsrgire common in
interplanetary space. The spatial size of interplanetadyor bursts can be very
large, since the extent of the radio source grows with degtedrom the Sun. A
quantitative model of interplanetary type Il emission,igfhincorporates large-
angle scattering and reabsorption of fundamental emisaioid ambient density
flucutations, calledtochastic growth theoraccounts for anomalous harmonic ra-
tios, the exponential decay constant of bursts, burstinsest and the directivity of
type Il emission (Robinson & Cairns 1998a,b,c), which igadle for comparisons
with SWAVES and IMPACT measurements.

7.2. HoCK WAVES AND RADIO TYPE || EMISSION

A classic radio diagnostic of propagating shock fronts gpe tll bursts, which is
plasma emission at the fundamental and harmonic plasmaeney generated in
coronal and interplanetary shocks, appearing as sloviffady pair bands in radio
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dynamic spectra. Type Il bursts are interpreted in termshotlk waves, either
CME-driven or blast waves, that accelerate electrons aoduge radio emission
near the electron plasma frequenigy and near 2, in the upstream region (Wild
et al. 1963; Nelson & Melrose, 1985; Bale et al. 1999; Cairrisalser 2002; War-

muth & Mann, 2005). However, there is not a one-to-one cpoedence between
the existence of shocks and type Il bursts. Slowly-driftiyige Il bursts mark the
passage of a shock, but not all shocks produce radio bunstthdrmore, type |l

bursts do not outline the entire shock front, but occur onhere a shock wave
intersects preexisting structures (Stewart 1984; Rein&a&er 1999). However,
interplanetary type Il bursts were all found to be assodiatgh fast CMEs, with

shock transit speeds 500 km st (Cane, Sheeley, & Howard 1987).

Dynamic spectra of both coronal and interplanetary typeulists routinely
show multiple emission bands that appear and disappear different frequencies
and frequency drift rates, and time varying intensitieg.(eReiner et al. 1998a;
Cane & Erickson 2005). One goal of the two STEREO/SWAVESimsents is
to remotely track type Il bursts and interpret the varyinggfrency fine structures
in terms of emission from spatially distinct regions of theek as they move
through the inhomogeneous solar wind. This inversion regudetailed theoretical
modelling of type Il emission. Recent MHD simulations of CMdikocks show also
that a single flare/CME event can generate coronal distedsanbserved as two
separate type Il radio bursts (Odsk& Karlicky 2000).

A semi-quantitative theory exists for type Il bursts (Knaathkal. 2001, 2003a,b;
Knock & Cairns, 2005), which combines (i) “magnetic mirrggflection and ac-
celeration of upstream electrons incident on the shockgusiagnetic moment
conservation in thele Hoffman-Teller framg(ii) formation of foreshock electron
beams by “time-of-flight” effects, using Liouville’s thesm, (iii) estimation of the
net energy flow Langmuir waves driven by the electron beamsiaguguasilinear
relaxation and stochastic growth theory, (iv) conversibhangmuir energy into
radiation neaifpe and 2fpe, using nonlinear Langmuir wave processes with known
conversion efficiencies, with shock propagation throughinalwmmogeneous solar
wind. Fig. 16 shows the dynamic spectrum predicted for alsinoaving through
an MHD Parker-model solar wind with 2 corotating interactieegions (CIRSs),
two magnetic clouds (e.g., associated with CMESs), and nandmall-scale in-
homogeneities in plasma quantities like density, flow spaed vector magnetic
field (Knock & Cairns 2005). Features associated with thelskanteractions with
specific CIRs and clouds are identified (cf., Reiner & Kai#99, Gopalswamy et
al. 2001), while the smaller time scale variations are dubeaandom solar wind
turbulence leading to enhanced or decreased emission dicatided regions of the
shock. Moreover, predictions for multiple observers showsiderable differences
interpretable in terms of proximity and frequency-blockieffects, directly rele-
vant to future interpretations of STEREO data. The type tkbmodel of Knock
& Cairns (2005) reproduce a number of observed features#mdbe used for more
detailed diagnostic of the underlying shocks. For instatiee intensity of type I

ms. tex; 1/11/2005; 8:20; p.31



Frequeney (Hz}

32 ASCHWANDEN ET AL.

Dynamic Spectra  Observer at (100,-100) Gm
— T T T T T T

—=FT
]

a
=
1.1 I|

107

T T T T
a
| el
:

108 — = e =
E I
- , | , C:|H.bnw - | T x
L1} 5 10 15 20 25 jile ]
time [hours)
lag,s Flux (W m? Hz" sy
E 216 -20.6 ELY: ARG ATE

Figure 16. Dynamic spectrum of a type Il burst. The two solid curves & fundamental and
harmonic frequency drift rate of the shock’s leading eddee $tructures responsible for various
spectral features are indicated (Knock & Cairns 2005).

bursts is strongly diminished near a peak in the heliosph#fiven speed profile.
Other features observed in dynamic spectra of type Il busstsh as multiple-lane
effects, variations in the frequency-time drift rate/dt, onsets and turn-offs of
emission, narrowband and broadband emission, can be temddvith this type
I model by inserting local structures in the coronal or iptanetary plasma.

It is envisaged that the microscopic physics of this andratiweories will be
tested and improved using future IMPACT and SWAVES dateredtd to include
macroscopic shock and solar wind models and directivitgat, and used to in-
terpret STEREO white light and radio data in terms of CME®c&h, and other
interplanetary structures. For a full understanding oflihle between CMEs and
type Il bursts, knowledge on strong interplanetary shottks, macroscopic and
microscopic structure of CME-driven shocks, the genenatieechanism of radio
emission, and the radiation beaming pattern are required.

7.3. MODELING FORSTEREO/WAVES

Interplanetary radio bursts provide a rich diagnostic @nabceleration and prop-
agation of energetic particles and shock waves (Fig. 17JidRaursts with plasma
frequenciesz 20 MHz (above the Earth’s ionospheric cutoff frequency) ban
observed with ground-based radio telescopes, which extenly out to about 1-
2 solar radii, while all interplanetary radio bursts furtloeit have lower plasma

ms. tex; 1/11/2005; 8:20; p.32



THEORETICAL MODELING FOR STEREO 33

Radio Signatures of a Solar-Terrestrial Event

—
(=1
=
(=]

)

frequency (kHz

CMEIshock
at Wmd f
¥ |

"~ 09:00
time (UT)

21: 00 ‘—' 1 00 09:00

Solar - Terrestrial Radio Parad igm

Physical Flare/ Coronal Interplanetary Shock arrival Magnetospheric
Process: CTBME shock shock * at Earth (1AU) * response
{CME, Flare) (CME)
Radio Complex Coronal Interplanetary  Quasi-Thermal cf;;‘:ll:::ﬁl
Signature: type ITL type I1 type I (QT) noise AKR ’

Figure 17. Overview of physical processes and corresponding radinasiges produced by a
flare/CME event. The radio dynamic spectrum is observed byW#ND spacecraft for the 1998
Aug 24-27 geoeffective event (SWAVES website).

frequencies and require space-based radio detectors sSUSBEREO/SWAVES.
Previous stereoscopic radio experiments (STEREO-1) wsihgle spacecraft and
a ground-based instrument were able to map out the dirgcpeaittern of type Ill
bursts (Caroubalos & Steinberg 1974; Caroubalos, PogserdsSteinberg 1974,
Reiner & Stone 1986, 1988, 1989), while a combination ofdlgpacecraft was
able to resolve the 3D trajectory of type Il bursts and to destrate harmonic
emission (Gurnett et al. 1978; Reiner et al. 1998b; Dulk .1 285).

The STEREO/WAVES (SWAVES)nstruments will have two vantage points
in space, and can also be combined with a third viewpoint fgnound (at least
for frequenciesz 20 MHz). SWAVES will be able to triangulate type 1l and type
[l radio emission and can observe them remotely as well agtintogether with
associated plasma waves, while IMPACT and PLASTIC instnisiean detect
radio-associated nonthermal particles in situ. The twiotpmave measurements
by the two identical SWAVES instrument (combined with thetiote detections
by IMPACT and PLASTIC) can map out the acceleration efficjeand conver-
sion efficiency into radio waves at two geometrically diffier parts of a shock, for
instance in parallel shock regions (at the CME front) anddrppndicular shock
regions (in the flanks of a CME), for large stereoscopic sajar angles later in the
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mission. Previous measurements showed that type Il emiggistream of a strong
CME-driven interplanetary shock is strongest in quasppedicular shock regions
(Bale etal. 1999). The triangulation of the strongest rayje 11 source as function
of time will track the location of most efficient particle &teration and conversion
into radio emission within a propagating shock front. Thergulation of multiple
radio sources will reveal the detailed shock structure (8geshock regions). Fur-
thermore, since SWAVES can triangulate the absolute posif plasma emission
sources, the plasma frequency and related electron degéifycan be determined
directly without using heliospheric density models. Thartgulated radio source
will also yield the direct radial speedn) of the CME-driven shock from the Sun
to 1 AU, providing real-time predictions of the shock artiggEarth.

8. Modedling of Solar Energetic Particles (SEPs)

Solar energetic particle (SERyents refer to accelerated high-energy particles
detected in the heliosphere. Some originate in solar flavbde others are ac-
celerated in transient interplanetary shocks, as they rm@uped by fast CMEs.
The acceleration mechanisms can be DC electric fields, astichwave-particle
interactions, or shock acceleration mechanisms. Solagetie particle events are
classified into two typesgradualand impulsive SEP events, depending on their
energy versus time profilegGradual SEP eventsccur with a rate o~ 10/year
during the maximum of the solar cycle, each one can last akdays, and they
are likely to be accelerated directly in interplanetarycisorather than by flares in
the coronalmpulsive SEP eventsccur more frequently, with a rate of 100/year
during the maximum of the solar cycle, they last only a fewrspand they are
much weaker than gradual SEP events. Since they originatg ahagnetic field
lines connected to coronal flare sites, their acceleratmmdcbe governed by
the same magnetic reconnection processes that governsdbeiaed flare. So,
charged particles can be used to trace the interplanetddytéipology (Kahler
1997).

Because théHef*He ratio of SEPs is much higher than in the normal solar
wind, they are also calledHe-rich events. Interplanetary particles can also be
accelerated in the electric fields that are generated atatomg interaction regions
(CIR) between high-speed and low-speed streams. Thedooatiere acceleration
of interplanetary particles takes place can approximatelyletermined from the
velocity dispersion (i.e., time-of-flight effectsyop = L/v, of particles arriving
at Earth. Multi-spacecraft observations help us to map ffagia distributions
of the accelerated particles that flow out into the heliosptlisom the evolving
CME shock or those that remain trapped behind it (Reames)1®@irticularly
advantageous opportunities are in-situ particle obsenain CME fronts that are
observed irEarth-STEREO-Sun quadrature configurafjbig. 18), i.e., when the
CME is observed from the side (rather than head-on as withCspkéviously).
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Figure 18.Possible STEREO/IMPACT observations of SEPs at two macgigtidisconnected lo-
cations in the heliosphere: STEREO-A is located on an opegneti field line that is connected
to the coronal flare region and will probe flare-acceleratatigles, while STEREO-B probes SEPs
in-situ in a CME-driven shock in interplanetary space at 1(RWPACT website).

Such quadrature observations should reveal the shockeproéfe clearly than at
other viewing angles.

8.1. THEORETICAL MODELING OF SEP ACCELERATION

The most recent theoretical modeling of SEP acceleraticndies coupled hydro-
magnetic wave excitation and ion acceleration in an evglemronal/interplanetary
shock (Lee 2005), the injection problem at an CME-drivenckhZank & Li
2004), or SEP acceleration in solar wind compression resgessociated with
CIRs (Giacalone, Jokipii, & Kdta 2002). The acceleratiorsolfar energetic par-
ticles (SEPs) at an evolving coronal/interplanetary CMizesh shock is the most
promising theory for the origin of SEPs observed in the |langelual events associ-
ated with CMEs (Lee 2005). This calculation includes theetal features of the
process: diffusive shock acceleration, proton-excitedesaipstream of the shock,
and escape of particles upstream of the shock by magnetisifag The wave
spectra and particle distributions predicted are in gegn@ement with observa-
tions but improvement is needed including the form of théte’owave spectrum,
which affects ion fractionation and the form of the high+gyecutoff, and a more
general velocity distribution for the injected seed pofiala The seed populations
for quasi-perpendicular and quasi-parallel shocks argstshof current debates.
One thought is that quasi-parallel shocks generally draeir seeds from solar-
wind suprathermals, while quasi-perpendicular shoekequiring a higher initial
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Figure 19.Coupled evolution of 2.6 MeV proton intensity (left) and meeee path (right) versus
radius (Ng, Reames, & Tylka 2003).
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Figure 20.Proton acceleration (left) and Alfvén wave growth (righpstream of a moving shock at
~ 3.7 solar radii (Courtesy of Chee Ng and Don Reames).

speed for effective injection preferentially accelerate seed particles from flares.

These different origins of seed populations can explairotiserved differences in
the composition of high-energy SEPs (Tylka et al. 2005).

Numerical modeling of SEP acceleration is now approachembmbining MHD
fluid codes with kinetic codes, to obtain a self-consisteasctiption of CME
shocks and SEP acceleration. In a recent study SEP paréicdeaccelerated in

a CME-driven shock atf; when the shock exceeds a fast-mode Mach number

of 2 4, producing solar energetic protons with energies below&u, for which
a cutoff energy ok 10 GeV would be predicted by diffusive shock acceleration
(Sokolov et al. 2004; Roussev et al. 2004).
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8.2. MODELING OFSEPFORSTEREO/IMPACT

STEREO/IMPACT will sample the 3D distributions of SEP iomslaelectrons, as
well as the local magnetic field (Fig. 18). SEP modeling wipledfic relevance
for IMPACT is described in Ng, Reames, & Tylka (1999, 2003)isTline of SEP
modeling focuses separately on SEP transport over sevéfanl their exten-
sion to fast acceleration by a coronal shock on fine time aatladscales. Both
efforts study the coupled nonlinear evolution of SEPs arfgdéll waves in inho-
mogeneous plasma and magnetic field, featuring self-densiguasilinear wave-
particle interaction with full pitch-angle dependencettBmodels include focus-
ing, convection, adiabatic deceleration, and scattetigg{fvén waves) for SEPs,
and wave transport and amplification (by SEPSs) for the Alfw@&ves. The accel-
eration model treats, in addition, first-order Fermi aceglen and wave transmis-
sion/reflection at the shock. The results reveal that, eoyntio common assump-
tion, wave amplification strongly impacts SEP accelera@owl transport. This
transport model predicts the self-throttling of protomsport through wave exci-
tation (Ng, Reames & Tylka 2003), as shown by the evolutiothefradial profiles
of SEP intensityje and mean free path (Fig. 19). Wave growth also explains the
observed complex time variations of SEP elemental aburdafiylka, Reames,
& Ng 1999). The shock acceleration model predicts protoerisity and Alfvén
wave spectra evolving in tandem upstream of a 1800 km/s shaailing from 3.7
to 4.3 solar radii (Fig. 20). Acceleration of 1 MeV (70 MeV)opons “ignites” at
18 s (130 s), when wave growth drives the respectidown from 0.5 AU (1 AU)
to below 10* AU. Future work will attempt to integrate the shock acceieraand
interplanetary transport models and to generalize it sbitltan accept arbitrary
input of plasma and shock parameters from other CME and siaclels.
Attempts are being made to add SEPs to the Sun-to-Earthoeadet MHD
models at CCMC, CISM, and University of Michigan, which siate SEP accel-
eration in realistic CME environments (e.g., Roussev e2@04). The STEREO
multipoint measurements and multiple viewpoints of the S&ces will be com-
bined with the models to answer outstanding questionshi&edlative contribution
of flare versus IP shock-generated SEPs in major events.tBetkichigan group
and the CISM group are attempting these end-to-end systedelsyaand CCMC
has the role of a model component provider to STEREO and tgerlaommunity.

9. Modeling of Geoeffective Events and Space Weather

A key requirement in evaluating geoeffective events andespeeather is the de-
termination of CME trajectories towards Earth, with the Igmaestablish mag-
netic connectivity and to predict the timing and impact of Efihduced geo-
magnetic disturbances. While previous single-spaceotagervations (e.g., with
SoHO/LASCO) have difficulty in reconstructing the direcigdity of CMEs, in
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particular forfrontside halo CMEsthe dual vantage point of the two STEREO
spacecraft will provide unambiguous directionality measwents and better ar-
rival forecasts (in real time) from the true 3D vectdt) and velocityv(t) re-
constructions by the SECCHI/HI imagers. Once the Sun-Eamtimectivity of the
CME path is established, we further want to know whether th=Qits the Earth
directly, grazes it, or misses it, what the longitudinalestand cross-section of a
CME is, and what the southward magnetic field compoBgig (which determines
the geoeffectiveness).

Current modeling efforts of space weather are coordinayelddve Webb (see
chapter on Space Weather and Beacon mode) and by Jim KlinathiNiRL. MHD
Modeling for the ESA Space Weather Initiative is coordidaby David Bergh-
mans. An effort to model the geoeffectiveness of CMEs is qanby the 3D
reconstruction group led by Volker Bothmer. Modeling of thagnetic field that
connects the subphotospheric domain with the coronal ntiagesid during CME
initiation is also addressed by th®olar Multidisciplinary University Research
Initiative (SOLAR/MURI) at the University of California, Berkeley (UCB)Par-
ticular efforts to model space weather by end-to-end sitinla of CMEs and
SEPs are ongoing at th@enter for Integrated Space Weather Modeling (CISM)
at the University of California at Berkeley (UCB)and at theCenter for Space
Environment Modeling (CSEMat the University of Michigan, which we partly
described in Section 3.2 on heliospheric solar wind modéigir Space Weather
Modeling Framework (SWMFaims to come up with a self-consistent framework
of models that starts from the CME initiation in the solaraim, follows the CME
propagation and SEP acceleration through interplanetfaages and predicts the
consequences in the Earth’s magnetosphere. Part of thesie speather model-
ing includes also predictions of fluxes and arrival times ighkenergy protons
at spacecraft locations, which produce a real radiatioratoszfor manned and
unmanned spacecraft. More information of the activitiessafious groups that
perform space weather modeling relevant for the STEREOionissan also be
found from the URLSs given in Table 2.
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TABLE 1l
Acronyms and URLs of webpages relevant to modeling of STER&A.

Acronym Full Name
— Website URL
CACTUS Computer Aided CME Tracking
— http://sidc.oma.be/cactus/
CCMC The Community Coordinated Modeling Center
— http://ccmc.gsfc.nasa.gov/
CHIANTI Atomic Database for Spectroscopic Diagnostics straphysical Plasmas
— http://wwwsolar.nrl.navy.mil/chianti.html/
CISM Center for Integrated Space Weather Modeling
— http://sprg.ssl.berkeley.edu:80/cism/
CSEM Center for Space Environment Modeling
— http://csem.engin.umich.edu/
IMPACT In-situ Measurements of Particles and CME Transent
— http://sprg.ssl.berkeley.edu/impact/
PLASTIC PLastic And SupraThermal lon Composition investign
— http://stereo.sr.unh.edu/
SECCHI Sun Earth Connection Coronal and Heliospheric liyaison

— http://stereo.nrl.navy.mil/

SECCHI/MPS  The SECCHI website at Max Planck Institut flr semforschung
— http://star.mpae.gwdg.de/secchi/

SMEI/UCSD Solar Mass Ejection Imager, University CalifiarSan Diego
— http://cassfos02.ucsd.edu/solar/

SOHO SOlar and Heliospheric Observatory
— http://sohowww.nascom.nasa.gov/
SOLAR-B SOLAR-B mission website

— http://science.msfc.nasa.gov/ssl/pad/solar/soktrrb.
SOLAR/MURI  Solar Multidisciplinary University Researchitiative at UCB
— http://solarmuri.ssl.berkeley.edu/
STEREO The Solar TErrestrial RElations Observatory (STERE
— http://stereo.gsfc.nasa.gov/
STEREO/SW  The STEREO Space Weather Group
— http://stereo.nrl.navy.mil/swx/swindex.html

SWAVES The STEREO Waves Instrument
— http://www-lep.gsfc.nasa.gov/swaves/swaves.html
TRACE Transition Region And Coronal Explorer

— http://vestige.Imsal.com/TRACE/
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